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Controlling inelastic light scattering quantum
pathways in graphene
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(Vg). The doping dependence of electrical transport, optical transmission and inelastic light scattering are measured on the same graphene
devices. Figure 1b shows the electrical resistance curve of a graphene
device, which has a charge neutral point (CNP) at 1.2 V. The resistance
decreases from the CNP value on both electron and hole doping. A
lower resistance, corresponding to a higher carrier concentration and a
larger shift of Fermi energy, is achieved in the hole-doping region; such
hole doping in graphene will be the focus of our study.
To determine the gate-induced Fermi energy shift in graphene
samples, we use infrared transmission spectroscopy18,19. This approach
is based on the fact that an optical transition can be blocked by hole
doping when the initial state has an energy higher than the Fermi level
and is not occupied (Fig. 1c). Figure 1d displays the gate-induced
change in the real part of graphene optical conductivity (Ds9) at different gate biases. The spectra exhibit distinct step-like behaviour,
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Inelastic light scattering spectroscopy has, since its first discovery1,2,
been an indispensable tool in physical science for probing elementary
excitations, such as phonons3, magnons4 and plasmons5 in both bulk
and nanoscale materials. In the quantum mechanical picture of
inelastic light scattering, incident photons first excite a set of intermediate electronic states, which then generate crystal elementary
excitations and radiate energy-shifted photons6. The intermediate
electronic excitations therefore have a crucial role as quantum
pathways in inelastic light scattering, and this is exemplified by
resonant Raman scattering6 and Raman interference7,8. The ability
to control these excitation pathways can open up new opportunities
to probe, manipulate and utilize inelastic light scattering. Here we
achieve excitation pathway control in graphene with electrostatic
doping. Our study reveals quantum interference between different
Raman pathways in graphene: when some of the pathways are
blocked, the one-phonon Raman intensity does not diminish, as
commonly expected, but increases dramatically. This discovery
sheds new light on the understanding of resonance Raman scattering
in graphene. In addition, we demonstrate hot-electron luminescence9
in graphene as the Fermi energy approaches half the laser excitation
energy. This hot luminescence, which is another form of inelastic
light scattering, results from excited-state relaxation channels that
become available only in heavily doped graphene.
Graphene, a two-dimensional carbon sheet10,11, is an attractive system in which to explore novel inelastic light scattering phenomena.
Raman scattering from few-layer graphene is readily observable, and
has been widely used to distinguish layer thickness12, characterize
quality13–15, and probe electron–phonon interactions16,17. At the same
time, graphene has unique optical transitions that can be tuned
through electrostatic gating18–20. However, using electrostatic doping
to control quantum pathways of inelastic light scattering has presented
a challenge, because it requires the modification of intermediate
excited states with transition energies close to the laser photon energy.
Here we achieve this goal by combining highly efficient ion-gel gating
(Methods) and near-infrared laser excitation. This combination
enables us to control intermediate optical transition pathways and
reveal interesting new optical phenomena. We show that, counterintuitively, the one-phonon Raman signal increases dramatically when
certain quantum pathways are blocked. This represents a notable
manifestation of quantum interference between different Raman scattering pathways. On the other hand, the two-phonon Raman signal
decreases monotonically with reduced quantum channels. In addition,
we observe the emergence of hot luminescence9 when the Fermi energy
(EF) approaches half the value of the photon excitation energy. This hot
luminescence in graphene arises from new dynamic relaxation channels
of the photo-excited states.
The excitation pathways in graphene samples are controlled
through electrostatic doping using a high-capacitance ion-gel gate
dielectric21,22. Figure 1a displays a diagram of a typical device. The
carrier concentration in graphene is controlled by the top gate voltage

–1.5

0.0
Vg (V)

1.5

3.0

0.00
–0.25
–0.50
–0.75

EF

–1.00
0.5

1.0
1.5
Energy (eV)

Figure 1 | Controlling the optical transitions in graphene with ion-gel
gating. a, Illustration of an ion-gel-gated graphene device on a SiO2 substrate. G,
gate; D, drain; S, source. b, Graphene resistance (R) as a function of gate voltage,
Vg; R has a maximum at the charge neutral point VCNP 5 1.2 V. The largest
resistance decrease, corresponding to the highest carrier density, occurs at
Vg 5 –3 V with hole doping. c, Illustration of gate-induced change in graphene
absorption. Electronic states are filled (red line) below EF and empty (green line)
above EF. Electronic transitions (blue arrows) from zero energy to 2 | EF | get
blocked by hole doping due to empty initial states. d, Change in the real part of
optical conductivity, Ds9, when Vg – VCNP is varied from 20.25 to 24 V in steps
of 0.25 V. The optical conductivity is reduced for optical excitation energies
below 2 | EF | , which increases with gating strength. 2 | EF | values up to 1.8 eV are
achieved using the ion-gel gate. (The feature around 1.3 eV is an artefact due to a
minimum spectral density of our lamp light source at this energy.)
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Figure 2 | Controlling inelastic light scattering with electrostatic doping.
Graphene inelastic light scattering intensity (colour scale, arbitrary units) is
plotted as a function of Stokes Raman redshift and 2 | EF | for 1.58-eV laser
excitation energy (Eex). G-mode Raman intensity (G; ,1,600 cm21) is strongly
enhanced as 2 | EF | approaches Eex, thus blocking some of the Raman quantum
pathways. In contrast, the 2D-Raman peak (2D; ,2,600 cm21) is suppressed
and eventually disappears with increasing 2 | EF | . Broadband hot luminescence
(HL) emerges when 2 | EF | is lower than but close to Eex.

with reduced optical conductivity below the threshold energy, 2jEFj.
The transition width of the threshold is due largely to the lifetime
broadening from the excited state, and the transition centre yields the
2jEFj value with an uncertainty less than 100 meV. From these spectra,
we can also determine the carrier concentration n 5 (EF/BvF)2/p
(refs 10, 11), where vF is the Fermi velocity. With ion-gel gating,
vertical electronic transitions with excitation energies as high as
1.8 eV can be blocked. This corresponds to an induced carrier concentration of 6 3 1013 cm22.
This large gate-induced shift in Fermi energy with ion-gel gating not
only allows for controlled optical absorption, but also enables control
over inelastic light scattering by varying the allowed intermediate
excitations. Using a 785-nm excitation laser (that is, Eex 5 1.58 eV),
a

we examine the evolution of inelastic light scattering spectra as 2jEFj is
varied from 0 to 1.8 eV. Figure 2 shows the inelastic emission intensity
as a function of the Raman shift and of 2jEFj. At low doping, the spectra
are characterized by prominent G-mode (,1,600 cm21) and 2Dmode (,2,600 cm21) phonon Raman peaks, as observed in previous
studies12. But two new features emerge when 2jEFj becomes large
enough to significantly alter intermediate-state pathways. (1) With
larger 2jEFj blocking part of the Raman quantum pathways, the
G-mode Raman intensity does not decrease as one might expect, but
increases and reaches a much higher peak value. This behaviour is in
contrast to 2D-mode Raman intensity, the intensity of which does
decrease monotonically as the resonant Raman pathways are blocked.
(2) Photoluminescence over a wide spectral range emerges when 2jEFj
is slightly below the laser excitation energy. This hot-electron luminescence from continuous-wave laser excitation is quite unexpected,
and it is distinctly different from recently observed nonlinear photoluminescence using femtosecond laser excitations23,24.
We start our investigation by examining the unusual behaviour of
G-mode phonon Raman intensity. The measured Raman peak position
VG blue-shifts linearly with Fermi energy as DVG 5 jEFj342 cm21 eV21
(Fig. 3a inset). This blue shift is due to phonon renormalization from
non-adiabatic electron–phonon coupling, and has been well-studied
previously16,17. The behaviour of the integrated G-mode Raman intensity
with 2jEFj (Fig. 3a), however, has not been observed before. Increased
event probability with reduced pathways, as observed in the G-mode
Raman intensity here, is a canonical signature of destructive quantum
interference. This result highlights the quantum nature of Raman
scattering, and provides a valuable probe for microscopic Raman processes in graphene.
G-phonon Raman scattering has been extensively studied for characterizing graphitic materials12,13,25, and is widely assumed to be a
resonant Raman scattering process dominated by pathway I depicted
in Fig. 3b (ref. 13). This picture, although appealing, cannot account
for our observation. The possibility of enhancement in the Raman G
signal on doping because of quantum interference between different
Raman pathways was discussed in a recent theoretical study8. The
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Figure 3 | Quantum interference between graphene Raman pathways.
a, G-mode Raman intensity as a function of 2 | EF | (symbols). A large
enhancement is observed when some of the Raman pathways are blocked,
which is a hallmark of quantum interference. Black line, theoretical prediction.
Inset, doping dependence of G-mode frequency. b, Illustration of two
representative G-mode Raman pathways (I and II) through two different
intermediate excited states. c, Quantum phase of Raman pathway amplitude
illustrated as a function of intermediate excitation energy. Raman pathways
with intermediate excitation energy above and below Eex 2 BVG/2 (dashed
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line) have an average phase difference of p and interfere destructively. Blocking
pathways below Eex 2 BVG/2 therefore leads to large enhancement of G-mode
Raman scattering. d, Doping dependence of 2D-mode Raman intensity
(symbols). It drops quickly to zero when 2 | EF | approaches Eex 2 2BVD (dashed
line), and agrees well with two-phonon Raman scattering theory (black line).
e, Two representative pathways for the 2D Raman mode. f, Two-phonon
scattering pathways illustrated in e have the same phase and interfere
constructively. Blocking these pathways diminishes the intensity of 2D Raman
scattering.
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Figure 4 | Hot luminescence in graphene. a, Hot luminescence at
2 | EF | 5 1.4 eV shows a broad emission spectrum. It has an integrated intensity (in
therange1.2–1.4 eV)morethan100timesstrongerthanphononRamanscattering.
b, Normalized luminescence intensity as a function of 2 | EF | for three different
emission energies. Higher energy photon emissions have higher onset values for
2 | EF | . c, Illustration of the hot luminescence generation mechanism. Red and green

lines and circles correspond to filled and empty electronic states, respectively. On
optical excitation (blue arrow), an excited electron can emit a photon (red arrow)
during its relaxation process (dashed arrow), which occurs only if the final valence
band state is empty and leads to a broadband emission at energies below 2 | EF | .
Luminescence at a given frequency emerges when 2 | EF | approaches the emission
energy and disappears when 2 | EF | surpasses the excitation energy.

Raman pathways in graphene can be on resonance (I in Fig. 3b), close
to resonance (II in Fig. 3b), or off resonance. For a given final state of
excitation (that is, emission of an optical phonon with defined
momentum and polarization), pathways involving different intermediate states are indistinguishable. Therefore, all the pathways having
different quantum mechanical amplitudes (that is, phase and magnitude) will interfere with each other. As such, blocking one quantum
pathway can not only decrease but also increase the Raman intensity,
depending on its phase relative to other pathways.
G-mode Raman intensity for any specific final one-phonon and
one-photon state can be described by6:
2


P

I~ Ck Rk 

as when every pathway is allowed (2jEFj 5 0). It shows that the simple
picture of G-mode graphene Raman scattering, in which only the onresonance pathways are considered, is invalid.
The integrated intensity of the 2D-mode Raman peak, which results
from simultaneous excitation of two phonons with wavevector close to
the K-point in the graphene Brillouin zone, exhibits a doping dependence
completely different from that of the integrated intensity of the G-mode
Raman peak. Figure 3d shows the 2D-mode Raman intensity as a function of 2jEFj. The 2D intensity decreases slowly with increased doping
when 2jEFj is relatively small, which was observed previously14 and can
be explained theoretically through the excited state broadening14,26. Here
we focus on the behaviour when 2jEFj approaches Eex. Instead of an
enhanced scattering intensity as in G-mode Raman, the 2D-mode
intensity drops quickly at the threshold energy 2jEFj 5 Eex 2 2BVD,
where VD is the zone-boundary phonon frequency.
The intensity of 2D-mode Raman scattering is also determined by
quantum interference between different pathways. Figure 3e illustrates
two representative Raman pathways, including one satisfying the double resonance condition (pathway I)12. Such two-phonon Raman pathways have one more virtual transition than one-phonon processes, and
it has a profound effect on the Raman interference behaviour.
Quantitatively, quantum interference in 2D-mode Raman for a specific final two-phonon and one-photon state is described by6:
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Here Ck and Rk are the matrix element and resonance factor, respectively, for a Raman pathway through a vertical electronic transition at
wavevector k. Ek is the transition energy, Eex the excitation energy, VG
the G-phonon frequency, and c the energy broadening of the excited
state. Phase differences between different pathways come mainly from
the resonance factor Rk. For example, Rk for pathways resonant with
incident light (Ek 5 Eex) and scattered light (Ek 5 Eex 2 BVG) have
opposite sign for small c, and their Raman amplitudes largely cancel
one other. In Fig. 3c we plot the phase of quantum pathways,
W 5 arg(Rk), through different intermediate electronic transitions
for Eex 5 1.58 eV. We have set c 5 0.2 eV, which is estimated from
the energy broadening in optical absorption spectra. The phase varies
rapidly close to the resonance condition Ek < Eex. In particular, pathways with transition energy Ek above and below energy Eex 2 BVG/2
have an average phase difference of p. They interfere destructively if all
quantum pathways are allowed, and this leads to a weak overall Raman
signal. When 2jEFj is increased to block pathways with transition
energies below Eex 2 BVG/2, the destructive interference is eliminated,
and this leads to the observed large enhancement of Raman intensity.
When 2jEFj is increased further, more in-phase pathways are blocked
and the Raman intensity starts to decrease. A quantitative evaluation of
the matrix elements and a summation of all quantum pathways with
c 5 0.2 eV was performed following ref. 8, and the result (black line in
Fig. 3a) fits our experimental data (red squares) well. Because the
cancellation from destructive interference from different Raman pathways is not perfect with energy dependent transition matrix elements
and density of states, the G-mode Raman signal is still observable in
undoped graphene. Nevertheless, the Raman intensity with all resonant pathways blocked (2jEFj 5 1.8 eV) is approximately the same

Here Dk is the matrix element of 2D-mode Raman scattering for a
pathway starting at transition k. Ek, Ek9 and Ek99 are the energies of the
three intermediate states. The resonance factor Rk determines the
relative phase between different pathways. Figure 3f plots the phase
of quantum pathways, involving the emission of two phonons with a
specific wavevector, as a function of first-intermediate-state energy Ek
for processes similar to those depicted in Fig. 3e (see also Supplementary Information). All the different pathways have the same
phase and they interfere constructively. As a result, any reduction in
quantum pathways leads to decreased Raman intensity, and when all
resonant channels are blocked, the 2D-mode Raman signal becomes
negligible. In Fig. 3d we show a more quantitative comparison between
this theoretical picture (black line) and experimental results (symbols).
Last, we examine the graphene hot luminescence. Figure 4a shows
the hot luminescence spectrum at 2jEFj 5 1.4 eV, which is characterized
by a broadband emission. To investigate the effect of carrier doping, we
plot in Fig. 4b the normalized luminescence intensity as a function of
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2jEFj for several emission energies (symbols). The luminescence is distinctly different from electronic Raman scattering27 because zeromomentum electron–hole pair excitations required for the electronic
Raman scattering do not exist in the strongly doped graphene. The peak
observed in the hot luminescence when 2jEFj approaches Eex also has a
different physical origin compared with that in G-mode phonon
Raman. Instead of being an interference phenomenon from blocked
Raman quantum pathways, the hot luminescence maximum is a consequence of newly opened dynamic pathways for photo-excited hot
carriers.
We depict this dynamic process in Fig. 4c. An incident photon
generates an electron and a hole, which then relax to the Fermi level
through interactions with low-energy electrons and phonons. During
the relaxation process, a hot electron has a finite probability of emitting
a photon, but requires the final valence band state to be empty because
of Pauli blocking (Fig. 4c). This pathway is opened up only when 2jEFj
exceeds the light emission energy, and defines a threshold doping level
for hot luminescence generation. The qualitative features observed in
Fig. 4b can be understood using this picture: hot luminescence emerges
when the energy 2jEFj is higher than an onset value that increases with
the emission photon energy. When 2jEFj is further increased to a value
greater than the laser energy, hot luminescence at all energies suddenly
disappears as the initial photoexcitations are blocked. Because the hot
luminescence arises from radiative decay of excited electrons right
after photoexcitation, it could become a valuable probe for ultrafast
electron dynamics in graphene9.
Our study shows that inelastic light scattering phenomena can be
explored by controlling the intermediate excited states. In graphene, it
enables us to demonstrate the critical role of quantum interference in
Raman scattering, and to reveal a new broadband hot luminescence.
Such inelastic light scattering control could also be applied to general
nanoscale material research, because electronic transitions in many
nanostructures can be modified in a controlled fashion (for example,
electrostatic gating of carbon nanotubes28 and electrochemically tuned
semiconductor quantum dots29). This control will make inelastic light
scattering a more powerful tool for probing novel nanoscale physics. It
could also lead to optimized inelastic light scattering in nanomaterials
for biological sensors and optoelectronic applications.
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In this study we use large area graphene grown by chemical vapour deposition30.
Graphene is grown on copper films using CH4 as the feed gas, which was then
transferred with poly(methyl methacrylate) (PMMA) support to a fused silica
substrate after wet-etching to remove the copper film by FeCl3. The PMMA
support is dissolved in acetone solution. Subsequently, Ti (10 nm) and Au
(40 nm) were deposited in vacuum through stencil masks onto the graphene
sample for the source, drain and gate electrodes.
The ionic liquid, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulphonyl)imide ([EMIM][TFSI]), was purchased from EMD Chemicals. The ionic liquid was
dried at T 5 100 uC under vacuum (,200 mtorr) for 3 days and then transferred to
an inert-atmosphere glove box. Polystyrene-b-poly(ethylene oxide)-b-polystyrene
(PS-PEO-PS) triblock copolymer was purchased from Polymer Source and used as
received. The quoted molecular weights of the block copolymer moieties were 10-4410 kg mol21 for the PS-PEO-PS blocks, respectively (PEO volume fraction 5 0.67).
The physically crosslinked, ionic liquid/triblock copolymer gel (ion gel) was produced
in the following manner. In an inert atmosphere glove box, 0.55 g of [EMIM][TFSI]
were dissolved with 21 mg of PS-PEO-PS in 2 ml of dry dichloromethane. The
solution was stirred overnight at room temperature. The ion gel was removed from
the glove box and spin-coated on the graphene sample at a rate of 4,000 r.p.m.
Infrared transmission measurements were performed with a Fourier transform
infrared spectrometer at the Advanced Light Source, Lawrence Berkeley National
Laboratory. Inelastic light scattering was measured with a micro-Raman set-up
with a 785-nm excitation laser. The Raman set-up has a spectral resolution of
1 cm21. All measurements were performed in air and at 300 K.
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