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ABSTRACT: We report on infrared (IR) nanoscopy of 2D
plasmon excitations of Dirac fermions in graphene. This is
achieved by conﬁning mid-IR radiation at the apex of a nanoscale tip: an approach yielding 2 orders of magnitude increase in
the value of in-plane component of incident wavevector q
compared to free space propagation. At these high wavevectors,
the Dirac plasmon is found to dramatically enhance the nearﬁeld interaction with mid-IR surface phonons of SiO2 substrate.
Our data augmented by detailed modeling establish graphene
as a new medium supporting plasmonic eﬀects that can be
controlled by gate voltage.
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S

urface plasmons are fundamental collective modes of electrons that enable functionalities at the intersection of nanophotonics and electronics.15 Dirac plasmons of graphene,
which are the density waves of Dirac fermions, are predicted
to enable both low loss and eﬃcient wave localization up to
mid-IR frequencies.610 Theoretical studies show that the
combination of tunability and low loss is highly appealing for
implementation of nanophotonics, optoelectronics, and transformation optics based on Dirac plasmons.912 Electronenergy-loss spectroscopy studies of epitaxial graphene on SiC
substrate veriﬁed plasmonic eﬀects.1315 So far, optical phenomena associated with surface plasmons of the massless quasiparticles in graphene have remained unexplored. This is in part
due to the diﬃculty of carrying out IR experiments at wavevectors matching those of plasmons, which are beyond the
reach of conventional transmission or reﬂection measurements.16 To overcome this limitation, we employed scattering-type scanning near-ﬁeld optical microscope (s-SNOM).
Previously, this technique was widely applied to studying surface phonons and phonon polaritons.17,18 In this Letter, we
identiﬁed spectroscopic signatures attributable to the Dirac
plasmon and its interaction with the surface phonon of the SiO2
substrate. Our work aﬃrms the under-exploited capability of
r 2011 American Chemical Society

tip-based optical nanoscopy to probe collective charge modes
far away from q ∼ 0 of conventional optical spectroscopy.
In our experiments, we utilized a commercial s-SNOM
(NeaSNOM, neaspec.com) coupled to several interchangeable
lasers: two quantum cascade lasers (daylightsolutions.com) and
two CO2 lasers (accesslaserco.com). These lasers allow coverage
of the mid-IR region from 883 to 1270 cm1 (Figures 1 and 2).
This region accommodates characteristic features of the electromagnetic response of monolayer graphene1921 along with vibrational modes of SiO2. The IR nanoscope is built on the basis of an
atomic force microscope (AFM) operating in tapping mode. We
acquired near-ﬁeld images with tapping frequency Ω ∼ 270 kHz
and tapping amplitude Δz = 40 nm at ambient conditions. The
backscattered signal is demodulated at the second, third, and
fourth harmonics of the tapping frequency yielding backgroundfree images.22 The scattering amplitude s and phase ϕ at all
harmonics are obtained simultaneously with AFM topography
by pseudoheterodyne interferometric detection.23
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Figure 1. (a) Schematics of the near-ﬁeld nanoscopy experiment used to study monolayer graphene on top of SiO2/Si substrate. In the bottom left
corner of the structure, SiO2 has been etched away to enable tip contact with Si wafer. (b) Infrared near-ﬁeld images displayed at four representative
frequencies. The strong IR contrast between Si, SiO2, and graphene (G) is clearly seen to vary systematically with the probing frequency. The plotted
quantity s(ω) is the normalized backscattering amplitude deﬁned in the text.

Figure 2. Spectra of the near-ﬁeld amplitude s(ω) and phase ϕ(ω). (a,c) Experimental data extracted from images as in Figure 1b for SiO2 (black
squares) and graphene on SiO2 (red circles). The inset of Figure 1a shows gating measurement results for the graphene near-ﬁeld amplitude at ω =
1150 cm1. The dotted line marks the value of gate-independent SiO2 amplitude also probed at 1150 cm1. Top axis of the inset marks the calculated
chemical potential of graphene. (b,d) Dipole model spectra for SiO2 (black) and graphene on SiO2 (colors) for three diﬀerent choices of the chemical
potential |μ| = 600, 1600, and 2400 cm1; the predicted low-frequency resonance, the onset of which is seen in (c), reveals direct near-ﬁeld coupling to
the Dirac plasmon of graphene.

Figure 1a displays a schematics of the nanoscopy experiment.
The beam of an IR laser is focused on the metalized tip of an
AFM cantilever. The strong near-ﬁeld conﬁnement of mid-IR
radiation at the tip apex has two principal eﬀects. First, the
collection of backscattered light from a conﬁned volume characterized by the tip radius a enables IR imaging/spectroscopy at
subdiﬀractional resolution.22 Second, the light-matter interaction
induced at the vicinity of the tip peaks for in-plane momenta q ≈
1/a far beyond the light line given by q = ω/c. It is this
combination of high spatial resolution and high-q coupling that
enables us to investigate the spectroscopic signatures of Dirac
plasmons by means of IR nanoscopy.
Graphene samples were fabricated by mechanical cleavage of
graphite and then transferred to the surface of a 300 nm thick SiO2
on a Si wafer. Commonly, graphene on SiO2 is characterized by a
rather high carrier density due to unintentional doping.24,25

Raman spectroscopy26 was used to select monolayer samples
with nearly identical hole doping n = (2.9 ( 1.0)  1012 cm2
corresponding to a chemical potential of |μ| = (1600 (
300) cm1 that we determined as |μ| = pvF(πn)1/2 (vF ≈ 1 
106 m/s is the Fermi velocity of graphene). The uncertainty in the
estimate of the graphene chemical potential is due to ambiguities
in Raman measurements of the carrier density as well as data for
the Fermi velocity of graphene. For the purpose of absolute
spectroscopic measurements, we etched oﬀ SiO2 in several
regions of the wafer to access the Si surface. The near-ﬁeld
response of Si is frequency-independent in the mid-IR region.
Therefore, Si can serve as a convenient reference for a quantitative
analysis of the nanoscale electrodynamics of graphene on SiO2.
For gating experiments, we fabricated electric contacts to the
graphene surface. By varying back-gate voltage Vg, we are able to
tune the carrier density of graphene n = Cg  |Vg  VCN|/e, where
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dx.doi.org/10.1021/nl202362d |Nano Lett. 2011, 11, 4701–4705

Nano Letters

LETTER

Figure 3. (a) The momentum dependence of time-averaged near-ﬁeld coupling weight function Æq2 exp(2qzd)æt which peaks at q = 3.4  105 cm1
for our tip radius a = 30 nm. (bd) Imaginary part of the reﬂection coeﬃcient rP(q, ω) calculated using eq 1 with chemical potentials |μ| = 600, 1600, and
2400 cm1, respectively and displayed in false color scale. Vertical yellow dashed lines in (ad) mark the dominant q for maximum near-ﬁeld coupling.
White dotted lines in (bd) mark the boundaries of single-particle intra- and interband excitation continua of graphene; these two boundaries meet at
(q = kF, ω = |μ|/p).

Cg = 115 aF μm2, and VCN is the gate voltage corresponding to
the charge neutral graphene.
In Figure 1b we show representative IR nanoscopy images, in
which we plot the backscattering amplitude normalized to Si:
s(ω) = s3(ω)/s3Si(ω). Here, the backscattering amplitude s3(ω)
is demodulated at the third harmonic of the tip tapping
frequency. The simultaneously recorded AFM topography is
displayed in Figure S1 in the Supporting Information. These
images reveal nearly uniform signals in either SiO2 or graphene
regions with characteristics varying systematically with IR frequency. In Figure 2a,c we present these results in the form of
both amplitude s(ω) and phase ϕ(ω) = ϕ3(ω)  ϕ3Si(ω) spectra.
Each data point in Figure 2a,c was obtained by averaging over
corresponding areas in images similar to those displayed in
Figure 1b.
We ﬁrst consider the amplitude spectra of SiO2 which reveal a
near-ﬁeld resonance centered at ω = 1128 cm1 due to the
surface phonon of SiO2 in accord with the earlier data.27,28 The
dominant feature of the s(ω) spectrum for graphene on SiO2 is
similar to that for SiO2 alone. However, the most surprising
ﬁnding is that graphene strongly enhances the amplitude s(ω) in
the 11101250 cm1 spectral region and also blue shifts the
peak frequency by about 10 cm1. We hypothesize that both
eﬀects are related to the high density of mobile carriers present in
our graphene samples. In order to verify this hypothesis, we
monitored the evolution of the resonance with gating voltage Vg
that enables controlled variation of the carrier density in graphene. In the inset of Figure 2a, we show the results of gating
experiments performed at ω = 1150 cm1 where grapheneinduced enhancement of the scattering amplitude is most
prominent (160% compared to SiO2). At negative Vg corresponding to the increase of the hole density, the scattering
amplitude is further enhanced (up to 300% at Vg = 50 V).
On the contrary, positive Vg, which reduces the hole density,
signiﬁcantly suppresses the contrast between graphene and the
oxide. The contrast is minimized at Vg = (40 ( 5) V, which we
assign to charge neutrality voltage VCN. This estimate of VCN is in
accord with the Raman probe of the carrier density in ungated
graphene layers (see Supporting Information). In addition,
graphene induces a steep increase of the near-ﬁeld phase below
970 cm1 (Figure 2c). We will show that the latter eﬀect stems
from direct interaction of ultralocalized IR light with the Dirac
plasmon whereas SiO2 resonance modiﬁcations originate from
plasmonphonon coupling at the grapheneSiO2 interface.

The physics of the near-ﬁeld interaction is that the tip,
polarized by incident IR light, gives rise to evanescent ﬁelds with
a wide range of in-plane momenta q. When the tip approaches a
polar and/or conducting surface, the evanescent ﬁelds are altered
which in turn aﬀects the tip polarization. To quantify this interaction we introduce the reﬂection coeﬃcient, rP(q,ω), deﬁned as
the ratio of the amplitude of the P-polarized reﬂected ﬁeld Er to
that of the P-polarized incident ﬁeld Ei. This frequency- and
momentum-dependent response function completely describes
the electrodynamics of the grapheneSiO2 interface, not only
in the near ﬁeld, but also in the far ﬁeld (see Supporting
Information)


4πk0 k1 σ
ε1 k0  ε0 k1 þ
ω


ð1Þ
rP ðq, ωÞ ¼
4πk0 k1 σ
ε1 k0 þ ε0 k1 þ
ω
In eq 1, ε0 is the dielectric constant of vacuum, ε1 is the
complex dielectric function of SiO2, kj = (εj(ω/c)2  q2)1/2 are
the out-of-plane components of momenta, and σ = σ (q,ω) is the
in-plane optical conductivity of graphene that was obtained from
the random phase approximation (RPA) method (see Supporting
Information). From eq 1, one can see that the in-plane properties
of graphene are responsible for its response in s-SNOM experiments. This is due to the radial component of the tip’s scattered
ﬁeld, which drives charges within graphene. Likewise, these
charges impact the tip polarization in response. Note that rP(q,ω)
diverges at q and ω values given by the dispersion of the two
surface modes at the graphene/SiO2 interface: the SiO2 surface
phonon at 1128 cm1 and Dirac plasmon of graphene. A formal
connection between rP(q,ω) and the direct experimental observable of IR nanoscopy, seiϕ, is worked out in the Supporting
Information (eq S3) by modeling the apex of the tip as a point
dipole. Here we only brieﬂy comment on the essential aspects of
the modeling procedure. An important parameter of our pointdipole model is the AFM tip radius a, which we have set at a =
30 nm according to the speciﬁcations of our cantilevers. The tip
radius determines the eﬀective dipole polarizability a3. Another
signiﬁcant parameter b is the distance between the point dipole
and the apex of the tip. Finally, we stress the central result of the
dipole-model analysis: the near-ﬁeld coupling integral G has the
weight function of the form q2 exp(2qzd), where zd = b +
Δz(1 cos Ωt) is the distance between the tip dipole and the
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sample surface (eq S2 in Supporting Information). The magnitude
of zd is varying with time due to tip tapping. The plot of the timeaveraged weight function Æq2 exp(2qzd)æt reveals a bell-shaped
momentum dependence that peaks around q = 1/a (Figure 3a).
Thus the dominant in-plane momenta contributing to near-ﬁeld
coupling are distributed around q = 1/a (dashed line in
Figure 3ad). For that reason, the s(ω) spectra show resonances
if and only if the dispersion curve of a mode intersects the dashed
line that marks the dominant near-ﬁeld momentum. For a typical
value of our tip radius, a = 30 nm, the probing in-plane momentum
exceeds that of the incident light at ω ∼ 1000 cm1 by about 2
orders of magnitude. These virtues of tip-enhanced near-ﬁeld
coupling enable the exploration of both the Dirac plasmon of
graphene and plasmonphonon coupling, which are fundamentally ﬁnite-momenta eﬀects.
The dipole model of the near-ﬁeld interaction,17,2730 which
we have adapted to the grapheneSiO2 interface and augmented
with the explicit account of the high-momentum coupling,
reproduces all aspects of the data (Figure 2b,d). We ﬁrst consider
the near-ﬁeld spectra of SiO2. Comparing the results of dipolemodel calculations with measurements, we ﬁnd near quantitative
agreement. Despite overall agreement between the data and
modeling, one witnesses minute discrepancies that may stem
from two main factors. First, we used bulk optical constants of
SiO2 extracted from far-ﬁeld ellipsometry measurements of our
wafers in modeling the surface response (see Supporting Information). Second, the point-dipole model neglects the actual
geometry of the tip that may introduce ﬁnite dipole or even
higher multipoles to the near-ﬁeld interaction.28,31,32
We now proceed to describe the dipole-model results for
graphene on SiO2. In Figure 2b,d we plot spectra of both
amplitude and phase, displaying the evolution of the near-ﬁeld
response with variations in the chemical potential μ. For the
speciﬁc choice of |μ| = 1600 cm1 (consistent with our Raman
measurements and also gating experiments), we ﬁnd that the
model spectra reproduce the key characteristics of the data:
enhancement of the resonance and its blue shift. The net result is
that the Dirac plasmon of graphene radically modiﬁes the SiO2
surface phonon response, which is the experimental manifestation of the plasmonphonon interaction at the graphene/SiO2
interface.
In order to map the dispersion of the plasmon, we evaluated
the divergence of rP(q,ω) using eq 1 (Figure 3c,d). The dispersion of the Dirac plasmon approximately follows the square-root
q-dependence ωP(q)  (kFq)1/2 for q values smaller than the
Fermi wavevector kF.33 Moreover, the plasmon frequencies are
also governed by the chemical potential or carrier density n in the
graphene layer since kF = (πn)1/2. The value of the chemical
potential also determines the onset of interband transitions and
cut-oﬀs for intraband excitations20 (white dotted lines in
Figure 3bd). Within the RPA approximation and considering
constant scattering rate of quasiparticles in graphene (due to
phonons or impurities), the chemical potential alone deﬁnes the
optical conductivity of graphene in the mid-IR region (see
Supporting Information).19,20,34 In weakly doped graphene, the
Dirac plasmon and the surface phonon of SiO2 are well separated
from each other (Figure 3b). Both modes can be excited in the
near-ﬁeld experiment since their dispersion curves fall within the
momentum range of the probe. We note here that surface
phonons are extremely localized in real space: a product of their
nearly ﬂat dispersion. In contrast, the Dirac plasmon of graphene
is a propagating mode, and the real-space aspects of this plasmon
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will be a subject of future imaging experiments. At moderate
levels of carrier density, the plasmon approaches the surface
phonon of SiO2 leading to the familiar eﬀects of mode repulsion
and hybridization (Figure 3c). Increasing the carrier density
further leads to drastic changes in the dispersion of both the
plasmon and the surface phonon (Figure 3d). In the panels of
Figure 3bd, one can also notice a structure near 850 cm1
originating from the plasmon coupling to a weaker lowfrequency phonon mode of SiO2.
The dipole model predicts that the plasmonphonon interaction and hybridization at the grapheneSiO2 interface
(Figure 3bd) can be readily observed by near-ﬁeld nanoscopy.
We focus again on the chemical potential |μ| = 1600 cm1. The
dipole model calculations show that the anticrossing of the Dirac
plasmon and the phonon not only causes the blue shift of the
peak in s(ω) spectra but also increases the strength of the
resonance (Figure 2b). Both eﬀects were observed by our
experiment. Furthermore, the model predicts the systematic
variation of the scattering amplitude with the chemical potential
in the 11001250 cm1 range, which was observed by our gating
experiments (inset of Figure 2a). Because graphene on SiO2 is
unintentionally doped, the enhancement of s(ω) is expected to
show an nonmonotonic variation with the gate voltage and have
the minimum near charge neutrality point. This is also in accord
with the data presented in the inset of Figure 2a. In combination,
near-ﬁeld spectra in Figure 2 and gating data at a selected probing
frequency attest to the hybrid character of the resonance,
involving coupled plasmonphonon oscillations that dominate
the mid-IR response of the grapheneSiO2 interface. One can
also anticipate a hardening of the phonon resonance of SiO2 due
to screening associated with mobile charge in the graphene layer,
a complementary viewpoint on the eﬀects reported in Figure 2a
(Supporting Information).
Yet another salient feature of the modeled spectra is a strong
near-ﬁeld resonance close to the low-energy cutoﬀ of our data
(Figure 2b,d), which originates from the direct near-ﬁeld coupling to the Dirac plasmon of graphene. This low-frequency
resonance is clearly broadened compared to the hybrid plasmon
phonon mode discussed above. A detailed discussion of the
line width of both modes is provided in the Supporting Information. Resonance structure due to the Dirac plasmon is clearly
visible both is in the s(ω) and ϕ(ω) spectra (Figure 2b,d); these
features systematically shift to higher frequencies with increasing
doping level of graphene. For |μ| = 1600 cm1, the amplitude
resonance of the Dirac plasmon appears at ω = 600 cm1, which
is beyond the accessible range of our lasers. Modeling also shows
that the feature in the phase spectra ϕ(ω) originating from the
Dirac plasmon occurs at higher frequency compared to the
amplitude spectra and can therefore be probed by our experimental setup (Figure 2d). We attribute the observed increase of
the phase at low frequencies (Figure 2c) to direct near-ﬁeld
coupling to the Dirac plasmon. This ﬁnding, along with the
ﬁngerprints of plasmonphonon interaction, establishes graphene as a new medium supporting plasmonic eﬀects. Unlike
noble metals, traditional materials supporting surface plasmons,
graphene is inherently tunable by electric and magnetic ﬁelds,
thus enabling functionalities not attainable with metal plasmonics.
The combination of high-momentum spectroscopy and
nanoimaging demonstrated in our work sets the stage for studying
many other properties of Dirac plasmons in graphene. Of special
interest are eﬀects pertaining to the real-space conﬁnement
and propagation of plasmons in nanostructures/ribbons. 35,36
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A modiﬁcation of the plasmon dispersion and/or ultrafast modulation37 of the Dirac plasmon can be conveniently carried out
through back-gating with a degree of control that is diﬃcult to
obtain within all-metal plasmonics. Turning to the high-q
spectroscopy aspects of tip-induced light-matter interaction, we
wish to point out that a much broader range of q may be
interrogated using super sharp silicon tips (a < 10 nm) and even
sharper tips based on carbon nanotubes (a down to 1 nm).38
Such a further expansion of the momentum space accessible by
IR nanoscopy, combined with the improved spatial resolution, is
especially appealing in the context of studying collective modes
in the vicinity of the single-particle excitation continuum, and
manipulating light in graphene-based nanostructures or transformation optics elements.
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