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1 Introduction

The magneto-phonon resonance (MPR) effect has been

ABSTRACT

In this work, we report the electrical field tuning of magneto-phonon resonance
in monolayer graphene under magnetic fields up to 9 T. It is found that the
carrier concentration can drastically affect the G (E,;) phonon response to a
varying magnetic field through a pronounced magneto-phonon resonance
(MPR). In charge neutral or slightly doped monolayer graphene, both the
energy and the line width of the E,, phonon show clear variation with magnetic
fields. This is attributed to magneto-phonon resonance between magnetoexcitations
and the E,, phonons. In contrast, when the Fermi level of the monolayer
graphene is far away from the Dirac point, the G band shows weak magnetic
dependence and exhibits a symmetric line-shape. This suggests that the
magneto-phonon coupling around 4 T has been switched off due to the Pauli
blocking of the inter-Landau level excitations. Moreover, the G band asymmetry
caused by Fano resonance between excitonic many-body states and the Ey,
phonons is observed. This work offers a way to study the magnetoexcitation
phonon interaction of materials through magneto-Raman spectroscopy with an
external electrical field.

investigated in a variety of two-dimensional systems
[1-9] and predicted to exist in graphene-related
systems. For example, the G phonon in monolayer
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graphene would show magnetic field dependent
variation due to the coupling to the electronic mag-
netoexcitations [10, 11]. Especially, the inter-Landau-
and LL"| are

level (LL) electronic transitions LL™]

expected to have strong coupling with the G phonons
at about 5 and 30 T [11], respectively. Here, LL™""/"

stands for the inter-LL transitions both from L_  to
L and from L to L , (L, represents the LL with

an index of n, where n=0, 1, 2...). Raman spectroscopy
is a widely employed technique to study various
properties of graphene [12-21]. Recently, the MPR effect
in graphene-related systems was observed through
magneto-Raman spectroscopy (Raman spectroscopy
in a magnetic field) by several groups [22-26], where
the G phonons exhibit a clear magnetic dependent
variation. The Fermi level or filling factor was
anticipated and observed to greatly affect the MPR
effect in monolayer graphene [7-10]. Potemski’s
work observed the magneto-phonon effect due to the

coupling between the G phonons and LL’, in mecha-

nically exfoliated monolayer graphene [7]. From their
results, the sample was identified to be p-type doped
and the filling factor value is between 2 and 6 at
about 25T. However, this work only studied
accidentally doped graphene samples with carrier
concentrations typical for graphene deposited on
Si/SiO, substrates. Kim et al. studied the MPR in
adsorption-doped CVD-grown monolayer graphene
samples [8]. The different doping levels were
obtained by adjusting annealing parameters and by
exposure to ambient pressure N, gas or air, which
is not very tunable compared to electrically gated
graphene in the sense of uniformity or control. Very
recently, a comprehensive study of the electrical
tuning of the fundamental MPR induced by LL;;

excitations in CVD grown graphene has been reported
[9]. The measurements were conducted at extremely
high constant magnetic fields around 25T while
sweeping the gate voltage. However, a study of the
effect of relatively high doping levels on MPR under
a relatively low magnetic field is still missing and the
topic needs to be investigated.

Here, we report a study on the MPR effect involving

LL7}} in an electrically tuned monolayer graphene

by magneto-Raman experiments. The carrier con-
centration in the sample was tuned by a back gate, so
that the filling factor of LL under a magnetic field
was altered accordingly. Consequently, responses
of the G phonons of monolayer graphene to the
magnetic field with different gate voltages reflect the
filling factor effect on MPR. By tuning the Fermi level
to reach zero/large filling factors, we clearly show
that the MPR effect can be switched on/off in magnetic
fields around 4 T. Suspended exfoliated monolayer
graphene, which is newly studied, presents an obvious
MPR effect. In addition, an asymmetric line-shape of
the Raman G band is observed in electrically neutral
graphene at low temperature and interpreted in terms
of Fano resonance.

2 Experimental

Graphene samples were prepared by mechanical
exfoliation from natural graphite crystals and trans-
ferred onto a 300 nm SiO,/Si substrate [27]. Monolayer
graphene flakes were identified by using both optical
contrast spectroscopy and Raman spectroscopy
[28, 29]. Electron beam lithography was utilized to
define the geometry of electrodes [30], and then Ti
(5 nm)/Au (60 nm) were deposited to form contact
electrodes. The electron and hole mobilities can be
extracted from the transport data and the values are
about 9,490 and 8,050 cm*V"s7, respectively (Fig. S4
in the Electronic Supplementary Material (ESM)).

The low-temperature magneto-Raman measurements
were performed in a cryostat with a custom designed
confocal micro-Raman spectroscopy/image system (see
Fig. 1(a)). A linearly polarized incident laser (Nd:YAG,
532 nm) with a ~1 um beam size and a power less
than 5 mW was used to illuminate the sample. The
diameters of the optical fibers for delivering the laser
and collecting signal were 5 and 50 um, respectively.
Similar to our previous experimental setup [25], both
co-circular and cross-circular polarized signals can be
simultaneously collected. Perpendicular magnetic
fields of up to 9 T were generated by a superconductor
magnet mounted inside the cryostat. A Keithley 4200
semiconductor characterization system was used to
measure the electrical response of the graphene device
and to provide a fixed gate voltage.
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Figure 1 (a) A schematic for the experimental setup for the magneto-Raman measurements. (b) Raman spectra on monolayer graphene
at room temperature (~300 K, black curve) and low temperature (~5 K, red curve). Inset is optical image of the graphene device. (c)
Raman spectra of a graphene device under various gate voltages at 5 K. The red curve (V4 = -6 V) corresponds to the case when the
Fermi level is brought near to the Dirac point. (d) Positions (black spheres) and widths (red spheres) of the G peak as a function of the

gate voltage. Simulation results are shown in blue and green lines.

3 Results and discussion

Raman spectra of the monolayer graphene device are
shown in Fig.1(b). The Raman D peak which is
located around 1,350 cm™ is undetectable, indicating
the high quality of the sample. To tune the doping
level, it is necessary to know the charge neutral point
(NP, also known as the Dirac point) of the graphene
sample [31]. We prefer to use gated Raman measure-
ments rather than electrical transport measurements
to examine the NP value since Raman spectroscopy
can reflect the local properties. Gated Raman meas-
urements were performed (at ~ 5 K) by sweeping the
gate voltage (V) from —40 to 40 V and selected spectra
are shown in Fig. 1(c). The frequency and full width
at half maximum (FWHM) of the G band as a function
of gate voltage were extracted by fitting each peak
into a single Lorentzian peak and are plotted in
Fig. 1(d). Softened G phonons can be observed at the
charge neutral Dirac point due to the Kohn anomaly

[13,18] and hence the NP of the sample can be
determined to be at -6 V.

Magneto-Raman spectra of the monolayer graphene
when V, =6 and 24 V are shown in Figs. 2(a) and 2(b),
respectively. In these spectra, the G bands show a
single peak profile with no obvious G peak split.
However, when V, is -6V, asymmetric broadening
on the lower frequency side of the G band can be
observed (see Fig. 2(c)). G peak asymmetry/splitting
has also been previously observed and was attributed
to the circular dichroism effect occurring only under
a high magnetic field [7, 32]. However, our measured
Raman G peak shows maximum asymmetry at a zero
magnetic field. Thus, the asymmetric line shape
presented here is most probably due to other reasons.
Fano resonance between the renormalized phonon
excitation and a continuum of excitonic many-body
states, therefore, could be responsible and the peaks
can be fitted by the Breit-Wigner-Fano (BWF) line
shape [33, 34]
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Figure 2 Raman spectra of monolayer graphene at different magnetic fields measured at low temperature (~ 5 K) with back gate voltages
of (a) Vy = -6 and (b) 24 V applied. Blue spheres represent raw data and the red dashed lines are the fitting curves. Green dashed lines
are a guide to the eyes. (c) Comparison of the G peak line shapes for a graphene sample in the cases of the neutral point (V, = -6 V) and
electrically doped (Vg = 24 V; Vy = =36 V). The solid lines are obtained by fitting the data points to the BWF line shape using Eq. (1).
(d) The summarized asymmetry factor —1/q for the Raman spectra recorded under these three gate voltages.
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where 1/1gl is the asymmetry factor or coupling
coefficient, and I, ®,, and /" are the intensity,
uncoupled BWEF peak frequency and broadening
parameter, respectively. In the limit g—oo, the line
shape is symmetric and shows the standard Lorentzian
profile, indicating a weak interference or coupling.
The extracted values for -1/q under various gate
voltages (see Fig. S5, in the ESM) are comparable to
previous work by Yoon et al. [33]. Both sets of —1/g
data are within the range of 0.08 to 0, and vanish
when the Fermi energy is sufficiently large (~0.2 eV
for both our sample and Yoon’s sample). When the
graphene is either electron or hole doped to a certain
extent, the values of —1/g are around 0. The absence
of Fano resonance in doped graphene is consistent
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with a previous report and is attributed to the
suppressed excitonic processes [33]. The fitted -1/g
values as a function of magnetic field under three
different gate voltages are summarized in Fig. 2(d).
When the Fermi level of graphene is tuned to be near
Dirac point, the —1/g values are all non-zero and show
a maximum value at 0 T. The presence of a magnetic
field splits the continuum band structure of graphene
into discrete Landau levels, thereby weakening Fano
resonance as the magnetic field increases. A similar
modification of Fano resonance by magnetic fields
has been reported in quantum wells [35, 36]. Note that
the Fano resonance is not considered to be an important
factor affecting the MPR effect in this work.

The evolution of the frequency and the FWHM of
the G peak for the monolayer graphene with magnetic
field at three different gate voltages are shown in
Figs. 3(a) and 3(b), respectively. As shown in Fig. 3(a),
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Figure 3 The evolutions of (a) the BWF peak frequency and (b) the width of the G peak for the monolayer graphene with magnetic
field under different gate voltages. V, values are —6, 24 and -36 V for black, blue and green curves, respectively. Simulation results are
also shown. Schematic images for different doping situations in monolayer graphene when different back gate voltages are applied at B =
3.5 T. Discrete LLs are labeled with corresponding LL indexes. Fermi levels in these cases are also indicated. Vertical blue lines indicate
the inter-LL transitions. (c) Vg = -6 V. The indicated inter-LL transitions are possible in this case. (d) Vy = 24 V. The indicated inter-LL
transitions are suppressed in this case. (e) Vy = —36 V. The indicated inter-LL transitions are suppressed in this case.

it is clear that the frequency of the G phonons shows
a magnetic field dependent variation when V, is -6 V.
In detail, the G band frequency decreases (with
fluctuations) before reaching its minimum value of
about 1,589.5 cm at about 4 T. After this point, it keeps
rising to its maximum value of about 1,593.0 cm™
at 9 T. For the FWHM values shown in Fig. 3(b), the
maximum is located at about 3.5T and then the
FWHM value decreases with further increases in
the magnetic field. In contrast, both the frequency
and the FWHM of the G peak show weak magnetic
dependence when the sample is highly n-type or
p-type doped.

The results shown in Fig. 3 can be well interpreted
by the MPR theory. Discrete LLs appear when the
graphene is subjected to a magnetic field. The energy
of the LL with an index of n (E,) is proportional to

the square root of the index n and the magnetic field
strength B [37, 38]

E, = sgn(n),|2¢hv,’ B|n| (1)

where vy is the Fermi velocity, and #n>0 and n<0
represent electrons and holes, respectively. The energy
of the inter-LL electronic excitations for LL”"/ i (which
is denoted by EZ"\"! here) is

Enel (\/ﬁ + \/;)\/m (2)

—-n-1,n

MPR occurs when the energy of the inter-LL transitions
is equal to the E,, phonon energy at a certain B field
(i.e. the resonant magnetic field), which leads to
magnetic oscillation of the G-band phonons. According
to Ando’s calculations, the spectral width will become
a maximum and the frequency will changing rapidly

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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at the resonant B field [10]. We therefore deduce that
MPR occurs at about 3.5T and is associated with
the LL7,’ transition according to our experimental
data. Considering the MPR condition of E)7 =
196.8 meV (the G phonon energy is ~ 196.8 meV at 5K
without a magnetic field), the Fermi velocity vr of the
sample can be calculated to be about 1.21 x 10° m*s™.
This vr value is reasonable [39, 40] and agrees well
with the values given in other reports for monolayer
graphene [37, 38, 41]. We also carried out simulations
using the same model as in Potemski’s work [42] (see
details in the ESM), and extracted the following
parameters: The interaction parameter 4 =5 x 10‘3,
the broadening factor & =400 cm™ =49.6 meV, the
phonon energy at zero magnetic field &, =1,586.6 cm™,
and the Fermi velocity v, =1.21 x 10° m*s™. These
values are comparable to earlier reports [7, 26, 32, 42].
Furthermore, substituting these values in Ando’s model
for the phonon anomaly phenomenon (see details in
the ESM) at B =0 T [32], the experimental data can be
fairly well reproduced as shown in Fig. 1(d).

Now we would like to discuss the doping effect on
MPR in the monolayer graphene sample. When a V,
of 6 V was applied to the sample, its filling factor v
is around 0. In this case, only the central LL (n = 0) is
half filled. Thus, inter-LL electronic excitations LL"%
are allowed and can couple to the G phonon. Both
high level p-type and n-type doping, which yield
large filling factors, can block the inter-LL electronic

excitations and thus suppress MPR effect in graphene.

The filling factor in monolayer graphene can be
calculated [41, 43, 44]

n

S

D=
eB/h
n =C,|v, -V,

/e (3)

irac

v=g (n+1/2)

where v is the filling factor and n_ is the carrier
density. g =4, accounting for the spin degeneracy and
sublattice degeneracy. C, denotes the gate capacitance
and is ~115 aF-um™. Based on Eq. (3), the filling factor
in our sample is v =26 under a field of B=3.5T when
Ve =24 V/-36 V, which means that the electrons will
fill to the LL with index n =+6. Schematic images for
these three different doping situations (B=3.5T) in

UNIVERSITY PRESS

monolayer graphene are shown in Figs. 3(c)-3(e).
Consequently, the inter-LL excitations LL7}’ become
inactive in both cases resulting in the suppression of
their hybridization with the G phonon.

The MPR effect in several as-prepared mechanically
exfoliated supported and suspended monolayer
graphene samples was also investigated. Here we
should mention that weak residual strains (less than
1%) may exist in the samples after cooling to low
temperatures [16]. The interpretation of the data is
not be affected, however, because the weak strain
should not significantly affect the MPR [9, 45]. The
results for a suspended monolayer graphene are
displayed in Fig. 4. There are more than ten suspended
regions in this graphene sample (Fig. 4(a)) and distinct
magnetic field dependent variations of the frequency
and the FWHM of the G peak can be observed from
all randomly measured regions. The results shown in
Fig. 4(b) are obtained from the region numbered 5 and

(@)
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Figure 4 (a) Optical image of the as exfoliated sample on a
substrate with patterned holes. More than 10 holes on the substrate
were covered by this monolayer graphene (indicated by the red
arrow, holes are numbered to identify different suspended graphene
areas). The diameter of a hole is about 3 um while the laser spot
size is about 1 um. (b) G peak center (black spheres) and width
(blue spheres) as a function of magnetic field for the suspended
monolayer graphene region numbered 5 (indicated by the blue
square).
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the resonant field is about 3.6 T. Notice that the
oscillation in the suspended sample is the most obvious
among all the graphene samples studied in this work.
Comparing the widths of their G bands (Figs. 3(b)
and 4(b)), we can see that the suspended graphene
sample possesses a narrower G band than the supported
graphene, suggesting a longer phonon lifetime. We
suspect that the longer phonon lifetime in the sample
represents a higher quality, which is an important
factor affecting the MPR in graphene [46]. Due to the
elimination of both the substrate effect and the
influence caused by device fabrication, the suspended
graphene can have the longest lifetime of all these
samples. This assumption can be further confirmed
by the fact that the graphene-like region on the graphite
substrate with a much narrower G peak width of
~4 cm™ shows a more prominent MPR effect than
other graphene samples [22, 25].

4 Conclusions

We have reported magneto-Raman results obtained
by sweeping relatively low magnetic fields in
mechanically exfoliated monolayer graphene under
different situations: (1) Fabricated as field-effect devices
and electrically tuned to fixed doping levels; (2)
supported on SiO,/Si; (3) suspended from the substrate.
The MPR effect involving LL”}’ transitions appears
when the filling factor is near zero, and disappears
when the sample is highly doped due to Pauli blocking.
A filling factor effect on MPR in monolayer graphene
is thus experimentally observed and matches well
with theoretical predictions. This is the first reported
MPR study of suspended samples and the fact that
they show the clearest oscillations of all the studied
samples indicates the importance of sample quality. In
addition, Fano resonance is proposed to explain the
observed asymmetric line shape of the Raman G band
in electrically neutral graphene. Furthermore, the
magnetic field effect on the Fano resonance has been
demonstrated in our work. A detailed understanding
of the magnetic field induced modification of Fano
resonance in graphene and other 2D materials could
be useful in future work. These findings extend our
knowledge of MPR in graphene and may trigger
pertinent theoretical studies. We believe that the

findings here will be of interest to the graphene and
other 2D system research communities.
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1 Calibration test for the custom designed magneto-Raman system

A commercial calibration grating sample [S1] (Anfatec-UMG02) was used to test our system. A SEM image of
the calibration sample is shown in Fig. S1(a). The chess pattern structure makes it suitable for the lateral
calibration. Confocal Rayleigh mapping images at room temperature and low temperature are shown in
Figs. S1(b) and S1(c), respectively. From these test results, it is concluded that the spatial resolution can reach
about 1 pm in our system.

Figure S1 Calibration of our custom designed system. (a) SEM image of the sample which was used to calibrate our experimental
setup. (b) Confocal mapping image of the calibration sample at room temperature (about 300 K). (c) Confocal mapping image of the
calibration sample at low temperature (about 5 K).

2 Magneto-Raman scattering study on supported monolayer graphene

Magneto-Raman scattering experiments were carried out on several supported monolayer graphene samples.
Exfoliated samples were prepared on top of the commonly used SiO, (300 nm)/Si substrate. An optical image of

Address correspondence to yuting@ntu.edu.sg
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one representative graphene sample is shown in Fig. 52(a), where the monolayer region is indicated by the red
arrow. Magnetic field dependent evolution of the G peak center and the FWHM for the monolayer graphene
are shown in Fig. S2(b). This result is similar to that for the gated graphene when V, is -6 V (as shown in Fig. 3).
A possible reason for this is that this as-exfoliated sample is nearly intrinsic or not highly doped at low
temperature in the vacuum environment.
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Figure S2 Magneto-Raman scattering in supported monolayer graphene. (a) Optical image of the as-exfoliated sample which contains
monolayer graphene (indicated by the red arrow). (b) Evolution of the G peak center and the FWHM under magnetic fields for the

monolayer graphene.

3 Simulation studies on the monolayer graphene

Based on the prediction by Ando [S2], an equation (Eq. (51)) was developed in Potemski’s work [S3] to analysis
the magneto-phonon resonance in graphene. The same model was used here to extract the parameters

o0 T 1
F g =2e AEY  —— = (S1)
PR (5+is) -T2 T,

E=¢—ill (52)

Tk = (\/%"' Vk+1)E1rE1 = VZEhUFZB/(k =0’1’2"") (83)

where g, stands for the phonon energy at B=0T, & and 7~ stand for the energy and width of the G phonon
under magnetic field, A is the interaction strength between the G phonon and the magnetoexcitation, & stands
for the broadening of the magnetoexcitation, T, denotes the energy of the magnetoexcitation and v, represents
the Fermi velocity.

Experimental data and simulation results are compared in Fig. 3. Extracted values are: the interaction
strength 1=5x10", the broadening factor § =400 cm™ =49.6 meV , the phonon energy at zero magnetic

@ TSINGHUA &) Springer | www.editoriaimanager.com/nare/default.asp
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field ¢, =1,586.6 cm™', and the Fermi velocity v, =1.21 x 10° m*s™.. They are reasonable and comparable to
previous results.

Although the detailed field dependent features such as the oscillations of both G peak center and FWHM
found in the theoretical curves are not clearly reflected in the experimental data, the dominant feature near B =
3.5 T corresponding to the strongest MPR due to the LL™} transition can be seen. The deviation between the
theoretical and experimental data could be due to the relatively poor quality of the sample and/or the
uniformly distributed non-intentional doping from the substrate.
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Figure S3  Simulation results compared with experimental data for the G peak center and the FWHM as a function of magnetic field for
the exfoliated suspended monolayer graphene shown in Fig. 4. The parameters A and & used in the simulations are specified in the figures.

Experimental data and simulation results for the suspended monolayer graphene are compared in Fig. S3.
Extracted values are: The interaction strength 2 =2x10", the broadening factor § =200 cm™ =24.8 meV, the
phonon energy at zero magnetic field &, =1,585 cm™, and the Fermi velocity v, =1.21 x 10° m>s™. In addition
to the main features, another small oscillation is also observed, which corresponds to the MPR caused by

another transition between LLs as illustrated.

4 Mobility of the carriers in graphene devices
The mobility of the monolayer graphene device can be extracted using the following formula [S4]
L Clv,-v,

, N
2 2 e
Wey\/n0 +n

riac

RTotal = Rcontact +
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where Ry, is the total resistance, L and W represent the length and width of the device, respectively, n denotes
the carrier density and #, is the residual carrier concentration in the device, x is the mobility of the device and
C=1.15 x10* F is the capacitance of 300 nm SiO,. The transport data measured from the studied device are
shown in Fig. S4 and the electron and hole mobilities can be fitted to be about 9,490 and 8,050 cm>V~"s™,
respectively.

(@) 11 (b) 11
10k 10p
9} oF
8} 8
Q 7k g 7k
= 6F ~ 6F
< .t = st
4F * Experimental 4F * Experimental
st + Simulation 3¢ * Simulation
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Ve (V) Ve (V)

Figure S4 Simulation studies used to extract the values of the mobilities for (a) electrons and (b) holes.

5 Phonon anomaly in graphene devices

Ando’s model was used to analyze the phonon anomaly phenomenon shown in Fig. 1(d). The formula we use
(see below) is the same one as shown in Remi’s work [S5]

1 g +2&, +18
eV=Jde. - Z(e +i0)| In| Z2F ~ 7 |4 in 54
H( 0) F 4( 0 )[ [50_25F+i5J J .
& :th\/E (55)
Clv. -V, B
nzgz 718 x10° S|V, <V, 50
e

where, ¢, stands for the phonon energy at B= 0T, 1 is the interaction strength, ¢ stands for the broadening
factor, v, represents the Fermi velocity, n means carrier concentration and ¢, is the Fermi level. The shift and
broadening are given by the real and imaginary part of the Eq. (54).

Substituting for values obtained from the MPR fitting (Fig. 3) into Eq. (54) the interaction strength 1 =5x10",
the broading factor 6 =49.6 meV =400 cm™, the phonon energy at zero magnetic field ¢, =1,587.6 cm™, the
Fermi velocity v, = 1.21 x 10° m*s™, the phonon energies and the FWHMs for different back gates can be
calculated. As shown in Fig. 1(d), good agreement between the simulated curves and the experimental data
points is achieved.

6 Fano Resonance in graphene devices

The extracted asymmetry factors (-1/4) of our graphene device under various gates for B = 0 are provided and they
are comparable to the previously reported values (see Fig. S5). Both sets of —1/q data are within the range of 0.08
to 0, and vanish when the Fermi energy is large enough (~0.2 eV for both our sample and Yoon’s sample) [S6].

UNIVERSITY PRESS
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Magnetic field induced modification of Fano resonances has been reported in previous studies of several
materials like quantum wells, carbon nanotubes and topological materials [S7-S10]. Similar decreases of Fano
resonances due to the presence of magnetic fields have also been experimentally observed in quasi-2D
quantum wells [S7, S8]. The presence of the Fano resonances was confirmed by applying a magnetic field perpendicular
to those quantum wells. Under various magnetic fields, the continuum of states in quantum wells splits into discrete
excited excitonic states, thereby resulting in a progressively vanishing Fano resonance [S7].

As shown in the theory, the asymmetry factor —1/q is proportional to the coupling strength between discrete
states (G phonons here) and continuum states [S8]. When the magnetic field is applied perpendicular to graphene, the

continuum band structure of graphene splits into discrete Landau levels. Thus, —1/q decreases as B increases due to the
weaker coupling.
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Figure S5 Asymmetry factor —1/q as a function of the Fermi energy for graphene.
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