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We report an infrared (IR) imaging study of trilayer graphene (TLG) with both ABA (Bernal) and
ABC (rhombohedral) stacking orders using the scattering-type scanning near-field optical microscope
(SSNOM). With the SSNOM operating in the mid-IR region, we map in real space the surface plasmon
polaritons of ABA TLG and ABC TLG, which are tunable with electrical gating. Through quantitative
modeling of plasmonic imaging data, we find that the plasmon wavelength of ABA TLG is signifi-
cantly larger than that of ABC TLG, resulting in a sizable impedance mismatch and hence a strong
plasmon reflection at the ABA/ABC lateral junction. Further analysis indicates that the different plas-
monic responses of the two types of TLG are directly linked to their distinct electronic structures and
carrier properties. Our work uncovers the physics behind the stacking-dependent plasmonic responses of
TLG and sheds light on future applications of TLG and the ABA/ABC junctions in IR plasmonics and
planar nano-optics.
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I. INTRODUCTION

In recent years, graphene plasmonics has become an
active research field due to the discovery of surface plas-
mon polaritons (SPPs) in single-layer graphene (SLG) with
many superior properties, such as high confinement, gate
tunability, and a broad spectral range from terahertz (THz)
to infrared (IR) [1–18]. Moreover, graphene can serve as
a basic building block for the construction of a family
of plasmonic materials by van der Waals stacking. For
example, it is found that AB-stacking bilayer graphene
(BLG) supports gate-tunable IR SPPs [19], which can
couple strongly with the intrinsic phonons of BLG [20]
and exhibit peculiar reflection properties at the AB/BA
domain walls [21]. Plasmonic studies are also performed
on twisted BLG, where SPPs are demonstrated to have a
sensitive dependence on the twist angle between the two
graphene layers [22]. So far, experimental plasmonic stud-
ies are focused mainly on SLG and BLG. The plasmonic
responses of multilayer graphene (MLG) with thicknesses
beyond two layers are not fully explored.

One of the most popular MLGs is trilayer graphene
(TLG), which is formed by stacking three graphene lay-
ers together. TLG exfoliated from natural graphite has two
common stacking orders: ABA (Bernal) stacking and ABC
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(rhombohedral) stacking [see insets of Figs. 1(b) and 1(c)].
The two stacking orders of TLG result in their dramatically
different electronic structures. In Figs. 1(b) and 1(c), we
plot the band structures of both ABA-stacked TLG (ABA
TLG) and ABC-stacked TLG (ABC TLG) calculated with
the tight-binding method [23,24]. Details of the calcula-
tions are given in Appendix F. The band structure of ABA
TLG [Fig. 1(b)] close to the charge-neutrality point con-
sists of a set of Dirac bands (labeled as “v1”) like those of
single-layer graphene and a set of parabolic bands (labeled
as “v2”) like those of AB-stacked BLG. Therefore, the
low-energy carriers in ABA TLG are a mixture of mass-
less and massive carriers. The ABC TLG [Fig. 1(c)], on
the other hand, has a set of parabolic bands (labeled as
“v3”) at low energies, so the carriers of ABC TLG are mas-
sive. TLG is studied extensively by transport, Raman, and
far-field optical spectroscopies, where distinct electronic
and phononic responses are observed in the two types of
stacking orders [25–33]. Recently, near-field imaging and
spectroscopy have also been used to map in real space
the stacking structures, domain walls, and hot-electron
phonons of TLG with high spatial resolution [34–39].

Here, we perform a systematic nano-IR imaging study
on TLG to explore the stacking-dependent plasmonic
responses. To image SPPs in TLG, we employ a scattering-
type scanning near-field optical microscope (SSNOM)
operating in the mid-IR region. The SSNOM is built based
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FIG. 1. (a) Illustration of the nano-IR imaging experiment of TLG with SSNOM. GND, ground. (b),(c) Band structures and lattice
structures (insets) of ABA TLG and ABC TLG, respectively. Here, v1, v2, and v3 mark the three sets of bands that are responsible for
the plasmonic responses of the two types of TLG. (d) Optical photograph of a TLG sample on a SiO2/Si substrate. (e),(f) AFM and
nano-IR imaging data over the sample region marked in panel (d) (blue rectangle). Inset of panel (e) plots the AFM topography profile
taken along the white dashed line.

on an atomic force microscope (AFM), so we can obtain
simultaneously the nano-IR and AFM topography images.
For IR excitations, we utilize a continuous-wave (cw) CO2
laser with a wavelength set to 11.2 µm, corresponding to
a photon energy of 0.11 eV. Upon laser illumination, the
metalized tip of the SSNOM can efficiently launch and
detect SPPs [14,15]. The samples studied here are obtained
by the mechanical exfoliation of bulk graphite crystals
onto standard SiO2/Si substrates. A more detailed intro-
duction to the experimental setup is given in Appendix A.

II. RESULTS AND DISCUSSION

In Fig. 1(d), we show an optical photograph of a typi-
cal sample region that includes both ABA TLG and ABC
TLG. We determine the thickness and stacking orders of
these samples by a combination of AFM and nano-IR
imaging and spectroscopy via SSNOM. With AFM, we
measure the thickness of the sample to be about 1.0–1.2 nm
uniformly throughout the sample [see Fig. 1(e) and inset].
With nano-IR imaging [Fig. 1(f)], we can visualize the two
stacking orders: ABA TLG has a higher IR signal com-
pared to that of ABC TLG, as discussed in detail in the
literature [35,36]. Here, the signal shown in the SSNOM
images corresponds to the near-field scattering amplitude

(s) [14,15]. In all the SSNOM images and spectra, s is
normalized to that of the SiO2/Si substrate. With nano-IR
spectroscopy, we are able to measure the IR phonon reso-
nance [39], which can also be used to distinguish between
the two stacking orders: ABC TLG has a strong IR phonon
resonance, while ABA TLG’s IR phonon is too weak to be
seen (see Appendix B).

A. Nano-IR imaging of SPPs in TLG

From Fig. 1(f), we can see bright fringes close to the
edges of the TLG sample. To visualize more clearly these
fringes, we plot in Fig. 2 magnified nano-IR images close
to the sample edge taken at various back-gate voltages.
Here, the voltages correspond to Vg–VCN, where Vg is the
applied gate voltage and VCN corresponds to the charge-
neutrality point (Vg–VCN < 0 corresponds to hole doping).
As shown in Fig. 2, we can see bright fringes close to
the edges of both ABA TLG and ABC TLG, which are
generated due to the interference between tip-launched
and edge-reflected SPPs [14,15,19,21]. These plasmonic
fringes are stronger at higher doping (i.e., larger |Vg–VCN|)
and almost completely disappear close to the charge-
neutrality point (i.e., Vg–VCN= 0 V). Such gate dependence
is signature behavior of SPPs in graphene or other two-
dimensional (2D) materials. Moreover, we find that the
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FIG. 2. Nano-IR imaging data of ABA TLG and ABC TLG at various gate voltages. Voltages marked here correspond to Vg–VCN.
Dashed lines in panel (a) mark the directions along which we extract the line profiles shown in Fig. 3.

fringes are different in the two types of TLG: plasmonic
fringes are stronger and brighter in ABA TLG than those
of ABC TLG.

B. Numerical modeling of the plasmonic fringe profiles

For quantitative analysis, we extract the line profiles
perpendicular to the edges of ABA TLG and ABC TLG
along the white dashed lines in Fig. 2(a). A selected set
of line profiles (black curves) at different gate voltages
are plotted in Fig. 3. Here, the peaks in the profiles cor-
respond to the bright fringes in the nano-IR images in
Fig. 2. To extract the key plasmonic parameters of TLG,
we fit the line profiles with a quantitative model that is
introduced in detail in previous works [14,19,22]. The
key modeling parameter of the sample is the plasmonic
wavevector, qp , based on which we can obtain the plas-
mon wavelength, λp ≡ 2π /Re(qp ), and plasmon-damping
rate, γ p ≡ Im(qp )/Re(qp ). The modeling profiles are plot-
ted as red dashed profiles in Fig. 3, which show good
agreement with the experimental profiles. From the fit-
ting, we determine λp and γ p of both ABA TLG and
ABC TLG, which are plotted in Fig. 4(a) and Fig. 8 in
Appendix E, respectively. We discuss mainly λp of TLG
in the main text and the discussions of γ p can be found
in Appendix E. As shown in Fig. 4(a), λp increases sys-
tematically with |Vg–VCN| for both ABA TLG and ABC
TLG. This is expected since higher doping leads to higher
conductivity, and hence, a larger λp . Moreover, we find
that λp of ABA TLG is much larger than that of ABC
TLG, which is the key origin for the distinct plasmonic and
nano-IR responses of the two types of TLG [see Figs. 1(f)
and 2].

C. Theoretical calculations of SPPs in TLG

The plasmon wavelength λp is directly associated with
the optical conductivity, σ (ω), of the sample. Under
the long-wavelength and 2D approximation, the plasmon
wavevector (qp ) can be written as [14]

qp ≈ iκω/2πσ(ω). (1)

Here, κ ≈ (εS+ 1)/2 is the effective dielectric constant
of the environment, and εS is the permittivity of SiO2.
Under the Drude approximation, σ (ω) can be written as
σ (ω) = σ 0/(1 − iωτ ), where σ 0 is the dc conductivity and
τ is the carrier relaxation time. Therefore, the plasmon
wavelength, λp ≡ 2π /Re(qp ), is roughly proportional to
σ 0. Based on the Einstein relation, σ 0 has the following
form:

σ0 ≈
∑

all bands

1
2

e2N (EF)vF(EF)2τ . (2)

In Eq. (2), N (EF ) is the carrier density at the Fermi energy
(EF ) and vF is the Fermi velocity. The summation is over
all bands crossing the Fermi level [see Figs. 1(b) and 1(c)].
Based on Eqs. (1) and (2), we know that the plasmon wave-
length, λp , is roughly proportional to the DOS and v2

F at
EF .

To determine DOS and v2
F at the Fermi level, we

first calculate EF at various gate voltages. As shown in
Fig. 4(b), the EF of ABA TLG is close to and slightly
higher than that of ABC TLG throughout the voltage
region. We then calculate the total DOS and v2

F at the Fermi
level for both types of TLG, which are plotted in Figs. 4(c)
and 4(d), respectively. From Fig. 4(c), one can see that the
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FIG. 3. Plasmon fringe profiles of ABC TLG and ABA TLG
at various gate voltages (Vg–VCN). Black curves are experimental
line profiles taken perpendicular to sample edges (along white
dashed lines) of the nano-IR images in Fig. 2. Red curves are the
fitting profiles using a quantitative SSNOM model.

total DOS of ABA TLG is slightly larger (≤20%) than that
of ABC TLG in the high-doping regime (|Vg–VCN| > 40 V)
and smaller at lower doping. A more dramatic difference
can be seen in Fig. 4(d), where v2

F of the Dirac-like bands
of ABA TLG [band v1, see Fig. 1(b)] is significantly larger
than that of the parabolic bands [band v2 of ABA TLG
and v3 of ABC TLG, see Figs. 1(b) and 1(c)]. In the high-
doping regime, v2

F of the Dirac bands is about 2 times that
of the parabolic bands. The ratio increases to over 10 times
at lower doping, as the parabolic bands become more flat-
tened. Based on Figs. 1(b) and 1(c), we believe that the big
deviation of λp in ABA TLG and ABC TLG shown in our
data is mainly due to the difference in Fermi velocity. In
other words, the Dirac carriers of ABA TLG with higher
vF are mainly responsible for the higher conductivity and
larger λp of ABA TLG.

By calculating DOS and v2
F for every single band

involved, we are able to compute λp of ABA TLG and
ABC TLG using Eqs. (1) and (2) (Einstein relation), which
are plotted in Fig. 4(a) as dashed curves. Calculations are
also performed using the optical conductivity computed
with the Kubo formula [solid curves in Fig. 4(a)] (see
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FIG. 4. (a) Experimental (data points) and theoretical (curves)
plasmon wavelength, λp , of ABA TLG and ABC TLG at var-
ious gate voltages (Vg–VCN). (b) Calculated EF at various gate
voltages for both ABA TLG and ABC TLG. (c) Calculated DOS
at various gate voltages for both ABA TLG and ABC TLG. (d)
Calculated v2

F at various gate voltages for the Dirac-like bands
v1 and paraboliclike bands v2 of ABA TLG [see Fig. 1(b)] and
for the parabolic bands v3 of ABC TLG [see Fig. 1(c)].

Appendix F for details of the calculations). The results of
the two theoretical methods agree with each other. From
Fig. 4(a), one can see that both the doping and stacking
dependence of the theoretical curves are qualitatively con-
sistent with experimental data points. We also notice that
the calculated λp of ABA TLG is smaller (≤30%) than the
experimental data points in the high-doping regime. The
causes of the deviation are not fully understood. It could be
due to the tight-binding parameters (see Appendix F) that
we adopt from previous reports in the literature [32,40],
which might not be perfect for our TLG samples.

D. Plasmonic responses of the ABA/ABC junctions

Finally, we wish to discuss the plasmonic responses at
planar junctions of ABA TLG and ABC TLG (termed
“domain-wall solitons” in Refs. [34,41]). As shown in
Figs. 1 and 2, bright plasmon fringes can also be seen at
the ABA/ABC junctions, indicating that they are efficient
plasmonic reflectors. This is primarily due to the big dif-
ference in λp of the two types of TLG, leading to a sizable
impedance mismatch of SPPs. Potential applications of
these junctions include plasmonic resonators, where SPPs
can be strongly confined and resonantly enhanced. One
simple example is demonstrated in Figs. 5(a)–5(c), where a
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FIG. 5. (a)–(c) Nano-IR imaging data of a sample area con-
taining an ABC/ABA/ABC TLG junction at various gate volt-
ages (Vg–VCN). (d) Line profiles extracted along the dashed lines
in panel (a). Arrows mark the resonant peaks in the profiles.

special plasmon resonator formed by two ABA/ABC junc-
tions is shown. Due to plasmon reflection at the two junc-
tions, one can see the plasmon fringe pattern evolves sys-
tematically with gate voltages and the width of ABA TLG.
At Vg–VCN=−100 V [see Fig. 5(a) and the fringe profiles
in Fig. 5(d)], the number of plasmon fringes or peaks drops
as the two junctions get closer to each other. Resonant
enhancement is observed when the width of ABA TLG
drops to about 300 nm, where one strong plasmon fringe
or peak is observed [see the black profile in Fig. 5(d)].
Similar plasmonic patterns have been studied previously
in etched graphene nanoribbons with the graphene edges as
the plasmonic reflectors [15]. These graphene edges poten-
tially have a lot of dangling bonds, so they are sensitive to
chemical dopants and air molecules under ambient con-
ditions. The ABA/ABC junctions of TLG, on the other
hand, preserve relatively intact crystal structures [35,42],
so they are more robust and less sensitive to the environ-
ment. Moreover, it is demonstrated that these junctions can
be engineered in a controllable way by a variety of physical
or chemical methods [35,36,38,41–44]. Therefore, plas-
monic resonators based on ABA/ABC planar junctions are,
in principle, reconfigurable, which is not possible for those
fabricated with lithography patterning and etching.

III. CONCLUSION

We perform a systematic nano-IR imaging study of
SPPs in TLG with both ABA and ABC stacking orders.
Through quantitative modeling of the interference fringe
profiles of SPPs, we find that the plasmon wavelength

of ABA TLG is significantly higher than that of ABC
TLG, which is mainly due to the larger Fermi velocity
of Dirac carriers in ABA TLG. Furthermore, we find that
the planar junctions of ABA TLG and ABC TLG are effi-
cient plasmonic reflectors. Plasmonic resonators formed
by these junctions enable nanoscale localization and res-
onant enhancement of SPPs. Our work paves the way for
future applications of the two types TLG and their planar
junctions in reconfigurable IR plasmonics and nano-optics.
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APPENDIX A: EXPERIMENTAL SETUP

To perform nano-IR imaging studies of SPPs in TLG,
we employ a SSNOM from Neaspec GmbH. The SSNOM
is built based on the tapping-mode AFM. The tapping fre-
quency is about 270 kHz, and the tapping amplitude is
set to be around 50 nm. The AFM tips used in the work
are Pt/Ir-coated silicon tips (NanoAndMore GmbH). The
radius of the tip apex is about 25 nm, which defines the
spatial resolution of the SSNOM. The excitation laser used
in this work is a mid-IR CO2 laser (Access Laser Co.)
with a wavelength tunable from 10.7 to 11.3 µm. Through-
out this work, we set the laser wavelength to be 11.2 µm.
Upon laser excitation, the tip acts as both the launcher
and scatterer of SPPs. The experimental observable of the
SSNOM is the complex scattering signal demodulated at
the nth (n = 3 in the current work) harmonic of the tapping
frequency. We discuss mainly the amplitude part of the sig-
nal, which is sufficient for the description of the plasmonic
responses.

APPENDIX B: SAMPLE FABRICATION AND
CHARACTERIZATION

Our samples are prepared by the mechanical exfoliation
of bulk graphite and then transferred to the Si wafer coating
with a 285-nm-thick SiO2 layer. Back gating is used to tune
the carrier density of the samples. As discussed in the main
text, we use AFM to determine the sample thickness and
use nano-IR imaging or spectroscopy to distinguish ABA
TLG and ABC TLG. As shown in Fig. 1(f), ABA TLG and
ABC TLG are easily distinguishable due to the clear IR
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contrast originating from their different optical conductivi-
ties. Besides nano-IR imaging, we also record the nano-IR
spectra of the two types of TLG. In Fig. 6, we plot the
nano-IR spectra of both ABA TLG and ABC TLG, where
one can see that the spectrum (black curve) of ABC TLG
has a clear IR phonon resonance close to 1600 cm−1. In
the case of the spectrum (red curve) of ABA TLG, there is
no clear strong phonon resonance. More discussions of the
distinct phonon responses of ABA TLG and ABC TLG are
given in the previous work [39].

APPENDIX C: FRINGE-FORMATION
MECHANISM

In Figs. (1) and (2), we show the near-field-amplitude
images of TLG, where we can see bright fringes close
to the edges of the samples. These fringes are generated
due to plasmonic interference close to the sample edges,
boundaries, or defects, where SPPs can be effectively
reflected. The general mechanism for the interference is
sketched in Fig. 7. When excited by the IR laser, the
SSNOM tip launches SPPs. These SPPs propagate toward
the sample edge and then get reflected back to the tip.

SiO2

z
x

Si

SPPs

LaserTo detector Tip

Sample

FIG. 7. Illustration of the interference mechanism of SPPs.

The reflected SPPs then interfere with those just gener-
ated by the tip. Depending on the distance between the
tip and sample edge, the interference can be construc-
tive or destructive. In the case of constructive interference,
the Ez field underneath the tip will be strongly enhanced.
The measured near-field amplitude is roughly proportional
to the electrical field amplitude (|Ez|) underneath the tip.
Therefore, one expects to observe bright fringes in the
case of constructive interference. Due to the limited prop-
agation length of SPPs (<1 µm), we can normally see
1–3 bright fringes. A more detailed introduction to the
fringe-formation mechanism can be found in the literature
[14,15].

APPENDIX D: MODELING OF THE FRINGE
PROFILES

To extract the plasmonic parameters of TLG, we adopt
the numerical model from previous work [14]. In this
model, we compute quantitatively the SSNOM signals
of TLG by considering propagative SPPs. More specif-
ically, the SSNOM tip is approximated as a conducting
spheroid, which is a common approach in SSNOM model-
ing. The SSNOM signal is approximately proportional to
the electrical field (Ez) underneath the tip as well as the
total dipole moment (pz) of the tip. TLG is modeled as a
plasmonic medium with a complex plasmon wavevector,
qp = q1+ iq2. The plasmon wavelength, λp , equals 2π /q1,
and the plasmon-damping rate is γ p = q2/q1. In addition,
we also consider signal modulation and demodulation due
to tip tapping in the modeling.

APPENDIX E: PLASMON-DAMPING RATE OF
TLG

We discuss mainly the plasmon wavelength, λp , in
the main text. In Fig. 8, we plot the extracted plasmon-
damping rate, γ p , of both ABA TLG and ABC TLG. We
find that γ p of ABA TLG and ABC TLG are comparable to
each other, and both increase systematically with decreas-
ing carrier density (i.e., as Vg–VCN approaches 0 V). The
larger γ p at smaller doping is possibly due to Landau
damping [16], where plasmons decay into electron-hole
pairs via interband transitions. In addition, a high carrier
density can effectively screen the charged impurities inside
the sample and the substrate, so carriers experience less
scattering at higher doping.

APPENDIX F: TIGHT-BINDING MODEL AND
KUBO FORMULA

To calculate the electronic structures of TLG, we use the
tight-binding method. The tight-binding Hamiltonians for
ABA TLG and ABC TLG [23,24] are
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FIG. 8. (a) Plasmon-damping rate, γ p , extracted by fitting the
plasmon fringe profiles in Fig. 3.

Here, the rows and columns follow the order of A1,
B1, A2, B2, A3, and B3. Each matrix-element term
represents the overlapping of two different atoms. The
parameters γ0, γ1, γ2, γ3, γ4, and γ5 are Slonczewski-
Weiss-McClure (SWMcC) parameters. The parameters
used in our calculations are adopted from previous reports
in the literature [32,40] and are summarized in Table I. The
function f is

f (k) = 1 + 2 cos
kxa0

2
exp

(
−i

√
3kya0

2

)
,

where a0 = 2.46 Å is the in-plane-basis vector length.
The calculated band structures of ABA TLG and ABC

TLG are plotted in Figs. 1(b) and 1(c). Based on the band
structures, we calculate the Drude conductivities of ABA

TABLE I. The SWMcC parameters.

Parameter γ0 γ1 γ2 γ3 γ4 γ5

Value (eV) 3.12 0.377 −0.0206 0.29 0.12 0.025

TLG and ABC TLG using the Kubo formula:

σ(ω) = e2

2π2�

∑
i

∫
d2k

∣∣∣∣
〈
k, i
∣∣∣∣
∂H
∂kx

∣∣∣∣ k, i
〉∣∣∣∣

2

× −∂f (Ei)

∂E
i

�ω + iγD
,

where Ei is the band energy at the ith electron band, e is
the electron charge, � is the reduced Plank constant, and
γD = 0.01 eV is the carrier-scattering energy,

f (E) = 1/(1 + e(E−EF/kBT)).

After we obtain the Drude conductivity of TLG, we then
calculate the plasmon wavelength, λp , using Eq. (1). The
final results of λp versus gate voltages are plotted in
Fig. 4(a) (solid curves).
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