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ABSTRACT
Surface polaritons comprise a wealth of light–matter interactions with deep sub-wavelength scale confinement of electromagnetic modes.
However, their nanoscale localized dissipation and thermalization processes are not readily accessible experimentally. Here, we introduce pho-
tothermal force microscopy to image surface plasmon polaritons (SPPs) in monolayer graphene through their non-radiative SiO2 substrate
dissipation. We demonstrate the real-space SPP imaging via photo-induced atomic force detection, and from comparison with scattering-type
scanning near-field optical microscopy imaging attribute the force response to substrate dissipation-enhanced thermal expansion. This work
illustrates that nano-optical tip–sample induced dissipative forces facilitate a direct mechanical detection of surface polariton interactions
with monolayer sensitivity.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0044738

The coupling of electromagnetic radiation to surface dipole
excitations in the form of surface polaritons (SPs) has recently
sparked significant interest. Owing to their hybrid quasiparticle
nature with strong light–matter coupling, SP modes confine elec-
tromagnetic energy down to the nanometer scale. Importantly, SPs
provide a way to harness the rich physics of electromagnetic fields
in deep sub-wavelength regimes and to manipulate the macro-
scopic quantum properties of matter.1–5 Both of these attributes
hold significant promise for applications in areas such as ther-
moplasmonics,6,7 nano-bioimaging,8 nanoscale spectroscopy,5,9–11

optoelectronics, and quantum information transfer.1,3,4

Since the initial real-space observation of surface plasmon
polaritons (SPPs) in graphene via scattering-type scanning near-
field optical microscopy (s-SNOM),5,9–12 a plethora of surface polari-
tons associated with electrons, phonons, excitons, and magnons
have been investigated, including hyperbolic phonon polaritons

(SPhPs) in hexagonal boron nitride (hBN),13 exciton polaritons
in vdW transition-metal dichalcogenides (TMDs),14 and SPP/SPhP
modes in heterostructures such as hBN/graphene.15 By providing
the necessary high optical momentum in their near-field, sharp
metallic scanning probe tips can simultaneously launch and probe
these SP modes and have enabled rich spectroscopic insight into
their nano-optical properties, propagation, local confinement, and
interactions.9–11,15–17

On the other hand, comparably few studies have yet addressed
the absorptive, non-radiative, and nanoscale localized dissipation
and thermalization of these hybridized surface modes. Notably,
photothermal scanning probe techniques have been used to
visualize surface polaritons via local tip-induced excitations of
photo-thermoelectric currents18,19 and mechanical forces.20–24 Pho-
tothermoelectric nanoscopy was used to image propagating sur-
face plasmons in active graphene devices,19 and surface phonon
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polaritons in multilayer hBN were detected using photother-
mal nano-imaging techniques such as atomic-force microscope
infrared spectroscopy (AFM-IR),22 photothermal induced reso-
nance (PTIR),24 photo-induced force microscopy (PiFM),20,21 and
spectrally resolved peak-force infrared microscopy (PFIR).25 How-
ever, in the limit of a monolayer material, nonradiative decay of the
associated polaritons leading to a thermo-mechanical response has
not yet been addressed.

In this work, we demonstrate real-space imaging of SPPs in
monolayer graphene on silicon dioxide (SiO2) through their dis-
sipation and substrate-enhanced thermal expansion detected via
photothermal AFM-IR. We directly compare AFM-IR to s-SNOM
imaging of the same graphene flake and show that photother-
mal AFM enables the characterization of non-radiative SPP decay
based on direct local thermo-mechanical detection of the absorbed
electromagnetic energy. While this non-radiative detection lacks
the electromagnetic phase information accessible via s-SNOM, it
can provide information about dissipation processes, such as the
thermal decay of plasmons through optical phonon emission and
electron–hole pair creation, and their subsequent thermal diffusion.
AFM-IR therefore holds significant potential for real-space imag-
ing of photo-induced thermo-physical processes in surface polariton
systems.

Figure 1 illustrates the combined s-SNOM and AFM-IR imag-
ing of an exfoliated graphene flake (Graphene Industries) on a
SiO2/Si substrate. The IR laser beam is focused with an off-axis
parabolic mirror onto the metallic AFM tip operating in dynamic
mode feedback by driving and monitoring the cantilever motion at
its fundamental resonance fd. Surface polariton waves are launched
by near-field momentum coupling from the metallic probe tip,
propagate radially, reflect from the graphene SiO2 edge, and inter-
fere with the SP launched at the tip.9–11 Depending on the detec-
tion mode, either tip-scattered light or a mechanical response

FIG. 1. Nanoimaging of graphene/SiO2 surface plasmon polaritons with all-optical
s-SNOM and photothermal AFM-IR. In s-SNOM, the optical response of SPPs is
detected interferometrically under continuous-wave illumination (CO2 laser) and
lock-in demodulated at the third harmonic of the cantilever frequency ( f3d ). In
AFM-IR, the SPPs are detected mechanically under pulsed-excitation using a
mid-IR QCL tuned to the difference frequency ( fm) between the second and first
mechanical mode of the cantilever.

of the tip-sample interaction is detected for s-SNOM and AFM-
IR (Bruker/Anasys, NanoIR2s), respectively. In s-SNOM imaging,
we use a CO2 laser at 934 cm−1 (λ = 10.7 μm) operating in
the continuous-wave (CW) mode, with interferometric two-phase
homodyne near-field signal detection (HgCdTe detector, Kolmar
Technologies). This provides the real (Re) and imaginary (Im) part
of the optical near-field and underlying local complex dielectric
response function as established previously.11 The far-field back-
ground is suppressed by lock-in demodulation at the third harmonic
of the cantilever frequency ( f3d). For AFM-IR, the AFM operates in
tapping mode with feedback at its fundamental cantilever mechan-
ical mode ( fd = 60 kHz). A sideband detection scheme is used to
measure the cantilever deflection signal at the second cantilever
mechanical mode f2d = 360 kHz. This is achieved using a pulsed
and wavelength tunable infrared laser (QCL, Daylight) with the rep-
etition rate tuned to the difference frequency between the second
and the first mechanical mode of the cantilever fm = f2d − fd, which
gives rise to a cantilever sideband motion at f2d due to nonlinear
mixing.26–28 AFM-IR detection in sideband mode relates to the force
gradient rather than the total tip–sample interaction force and is par-
ticularly sensitive to thermal expansion mediated modulations of the
tip–sample van der Waals force.27,28 Both substrate-mediated and
tip-induced photothermal expansion can cause forces proportional
to the absorbed power.

Figure 2(a) shows AFM-IR spectra from different regions of
the sample. Within the tuning range of the QCL (900–1900 cm−1),
we resolve multiple peaks. On SiO2, the strongest AFM-IR response
is observed near 1100 cm−1, corresponding to its infrared-active
surface phonon polariton (SPhP) due to the asymmetric Si–O
stretch vibration.29 As AFM-IR detects a thermo-mechanical expan-
sion, the intensity of the AFM-IR signal is proportional to the
light absorbed and the heat generated within the semi-infinite
half space below the tip. The graphene monolayer modifies the
SPhP spectral response with the SiO2 surface phonon reso-
nance blue-shifting and narrowing due to coupling between the
substrate SPhP and the graphene SPP in accord with earlier
reports.30

To characterize the distinct spatial variations, we performed
real-space imaging of the graphene wedge for three different AFM-
IR excitation energies (vertical dashed gray lines in the spec-
trum). These images [Fig. 2(b)] show strong correspondence of
the graphene-substrate contrast in the spatial imaging to the spec-
tral dependence [Fig. 2(a)]. In particular, we observe an enhanced
AFM-IR intensity on graphene relative to SiO2 for higher frequen-
cies [Fig. 2(b), 1134 cm−1] and find that this contrast is inverted
at 1080 cm−1. Notably, at a frequency of 930 cm−1, i.e., detuned
from the SiO2 phonon mode (at 1100 cm−1), we find SPP interfer-
ence fringes with maximum intensity at the edges of the graphene
wedge. As expected,11 SPP interference fringes are also visible in the
s-SNOM images [Fig. 2(c)] acquired with a CO2 laser at 934 cm−1,
with the imaginary (Im) and real (Re) signal components as
indicated.

To more quantitatively examine the relationship between the
AFM-IR and s-SNOM signals, we extracted line cuts across differ-
ent sample regions. Figure 2(d) shows line cuts taken at location (i)
marked by the dashed arrow in Fig. 2(c), with AFM-IR (top panels,
red lines) and s-SNOM (bottom panels, blue line), and the dashed
lines indicating the approximate edge positions extracted from the
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FIG. 2. (a) AFM-IR spectra at different sample locations (A, B, and C) as indicated in Fig. 1, (b) AFM-IR images for three different IR excitation frequencies, (c) s-SNOM
images of the real (Re) and imaginary (Im) near-field signal at 934 cm−1 in comparison to AFM height, and (d) normalized line cuts along [dashed arrow in (c)] for the
different signals.

AFM heights. The lateral profiles of the AFM-IR signals not only
show the material contrast between the graphene monolayer and the
substrate but also clearly reveal interference fringes and a maximum
intensity at the edge.

High-resolution images of the edge SPP interference pattern
are shown in Fig. 3(a), with the complex-valued s-SNOM images
and the measured AFM-IR amplitude images taken from region (ii)
(dashed box) in Fig. 2(c). Averaged line profiles along the graphene
edge are shown in Fig. 3(b), showing the SPP interference pattern
for both s-SNOM and AFM-IR. As they are acquired at nearly the
same frequency, the good agreement between the fringe spacing in
the s-SNOM and AFM-IR line cuts away from the edge confirms
that they probe the same SPP mode. However, the relative response
on graphene in the absence of SPP interference differs significantly,
and some notable differences in the details between the AFM-IR
and s-SNOM SPP interference pattern can be observed. In partic-
ular, the AFM-IR signal shows a higher SPP fringe contrast across
the graphene edge than the s-SNOM imaginary signal. This can be
attributed to the fundamental differences in the physical contrast
mechanism of the two techniques with their elementary steps of tip
SPP launching and interferometric s-SNOM detection vs thermal
expansion, leading to the modulation of the tip–sample interaction
force (ΔFts) as detected in the AFM-IR signal illustrated in Fig. 3(b).

In s-SNOM, the SPP is detected in a process that is inverse
to the SPP launching, where the tip acts as a local scattering cen-
ter providing the necessary in-plane momentum to overcome the
momentum mismatch between the SPP and free-space radiation.
The tip thus scatters the local SPP field into the propagating far-field,
where the SPP amplitude A of the full complex-valued near-field sig-
nal is proportional to the local electrical field (A∝ Ẽ). To explain the
observed SPP standing wave pattern in both s-SNOM and AFM-IR
and to estimate the graphene mobility, we employ a phenomenolog-
ical cavity model.11,31 The local electric field response of graphene
underneath the tip Ψgr is formed as a superposition of the nonres-
onant dielectric contribution, the resonant local SPP ψ̃SPP,0, and the
relevant reflected SPP field ψ̃SPP,1,

Ψgr = ψ̃gr + ψ̃SPP,0 + ψ̃SPP,1. (1)

The reflected SPP field is given by ψ̃SPP,1 = R̃ × ψ̃SPP,0e−2Re(kSPP)r(γ+1),
with the decay constant γ, SPP wavevector kSPP = 2πλ−1

SPP, and
complex-valued scattering coefficient R̃. Finally, we use a Gaus-
sian weighting function Θ convolved with the spatial SPP field
to account for the spatial averaging of the tip Ã(r) = (Ψ∗Θ)(r).
From our model [fits in Fig. 3(b)], we extract a decay constant of γ
= 0.4 and a Fermi energy of EF = 0.35 eV. This value of EF confirms
that we are operating in the regime where 2EF > hν, which prevents
vertical optical transitions, and the reduced damping thus enables
long-range SPP propagation. The lack of optical absorption further
prevents the generation of electron–hole pairs and photo-induced
free carriers that can modify the carrier density. Our extracted decay
constant γ = γp + γrad is the superposition of Ohmic damping γp and
the radial decay constant γrad. As in previous work,11 we estimate
our radial decay constant to be γrad = 0.13, yielding γp = 0.27. This
corresponds to a carrier mobility of μ ≈ 700 cm2/V s,11,32 which
is a low value for exfoliated graphene on SiO2 and likely due to
a long-term exposure of the sample to ambient conditions. Note
that observed differences between the model and the detected spa-
tial s-SNOM signal in Figs. 3(b) and 2(d) in the near-edge region
arise from a local distortion of the evanescent field. At the edge of
the flake, the SPP profile is complex and height (i.e., tip oscillation
amplitude)-dependent, and an even fringe spacing in the spatial SPP
pattern is not expected.33 This further explains the difference in the
spatial position of the first interference fringe in the AFM-IR and
s-SNOM images.

The AMF-IR image at 930 cm−1 in Fig. 2(b) shows good
qualitative correspondence to the s-SNOM images [Fig. 2(c)], with
the same oscillation fringe spacing away from the edge. While s-
SNOM detects the SPP excitations optically, the AFM-IR mechan-
ically detects the thermal expansion following light absorption and
SPP decay, giving rise to a measured amplitude that is proportional
to the local SPP electrical field intensity A∝ ∣E∣2. The SPP decay can
either occur within the graphene via ohmic losses or via evanescent
coupling of the SPP field to heavily damped SiO2 phonon modes.
However, due to the limited vertical thermal expansion of graphene
itself due to the atomic monolayer thickness (≈0.35 nm), it is likely
that the thermal energy of either decay mechanism is ultimately
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FIG. 3. Reflection and standing wave
of the surface polariton at the graphene
edge. (a) s-SNOM images of polariton
reflection at the graphene edge plasmon
with the normalized real (Re) and imag-
inary (Im) part of the near-field s-SNOM
signal at 934 cm−1 and the correspond-
ing AFM-IR image of the reflected polari-
ton mode at 930 cm−1. (b) Averaged
cross-cut profiles of the polariton inter-
ference pattern taken across the dashed
box indicated in Fig. 2(c).

transferred to the supporting substrate for the following reasons.
First, the lateral thermal dissipation length of graphene was esti-
mated from the electron cooling length to be >200 nm according to
a recent photothermal experiment.19 A 200 nm dissipation length
would limit the spatial resolution of AFM-IR to >200 nm, signif-
icantly larger than our experimentally observed values. Second, a
weak but discernible AFM-IR signal is observed with the tip imme-
diately adjacent to the flake, as seen in Figs. 3(b) and 2(d), which we
attribute to substrate expansion itself. A photothermal expansion of
the tip itself could also contribute to the contrast mechanism. Such
a thermal dissipation of the SPP energy into the tip would never-
theless provide a conceptually equivalent decay pathway to substrate
dissipation.

As seen in Figs. 2(b) and 2(d), the graphene shows a strong
AFM-IR response at 1134 cm−1 with a strong near-edge fringe
clearly visible. This indicates that the strong plasmon–phonon
hybridization expected in this spectral range30 efficiently couples the
polariton energy into the substrate for thermal expansion while nev-
ertheless enabling observation of the first fringe maximum near the
flake edge. The excitation of a plasmon–phonon polariton hybrid
mode would also mean that the initial heat generation would be
highly confined to the graphene substrate interface, while for the

substrate, SiO2 phonon polariton excitation absorbed electromag-
netic energy becomes delocalized in the half space below the tip.

Overall, our observations suggest that ohmic dissipation in low-
mobility graphene and subsequent heat transfer across the graphene
SiO2 interface is sufficient to render SPP detection possible via pho-
tothermal forces. The ability for real-space imaging of SPPs via
AFM-IR thus provides spatial information about the non-radiative
decay of deeply confined electromagnetic fields not attainable by
all-optical detection methods.

In summary, we established substrate-enhanced photothermal
SPP imaging with monolayer sensitivity comparing AFM-IR and
IR s-SNOM for imaging SPPs on graphene/SiO2. The results are
consistent with previous work about the nature of AFM-IR photo-
induced force microscopy signals in the mid-IR, indicating that
photothermal expansion forces, rather than optical dipole–dipole
forces, are the main contributing physical mechanism.27,28 Over-
all, the work represents a new way for direct spatial imaging of
dissipative polariton modes and paves the way to thermal sur-
face polaritonics. Controlling the photothermal response of sur-
face polaritons appears as a potentially useful approach to spatially
pattern temperature fields on nanometer length and ultrafast time
scales.
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