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ABSTRACT: Detecting electromagnetic radiation scattered from
a tip−sample junction has enabled overcoming the diffraction limit
and started the flourishing field of polariton nanoimaging.
However, most techniques only resolve amplitude and relative
phase of the scattered radiation. Here, we utilize field-resolved
detection of ultrashort scattered pulses to map the dynamics of
surface polaritons in both space and time. Plasmon polaritons in
graphene serve as an ideal model system for the study,
demonstrating how propagating modes can be visualized and
modeled in the time domain by a straightforward mathematical
equation and normalization method. This novel approach enables
a direct assessment of the polaritons’ group and phase velocities, as
well as the damping. Additionally, it is particularly powerful in
combination with a pump−probe scheme to trace subcycle changes in the polariton propagation upon photoexcitation. Our method
readily applies to other quantum materials, providing a versatile tool to study ultrafast nonequilibrium spatiotemporal dynamics of
polaritons.
KEYWORDS: terahertz surface plasmon polaritons, near-field optical microscopy, s-SNOM, field-resolved, graphene, time-resolved,
hypertemporal map, phase velocity, group velocity, all-optical control

Tailoring light-matter interaction in confined modes at the
surface of materials, so-called surface polaritons, has been

a long-standing research topic.1 In the mid-infrared spectral
range, plasmon polaritons in graphene have attracted
significant attention2,3 owing to strong field confinement and
sensitivity to surrounding materials, making it ideal for sensors
and detectors,4−6 waveguides,7 and polaritonic logic devices.8

Near-field microscopy has proven to be a valuable tool in
measuring these polaritons directly in real space, since the
sharp metallic tip provides the necessary k-vectors to excite and
detect polaritons.9−11 Mid-infrared near-field studies on
photoexcited dynamics12−15 of polaritons have also been
reported.16−18 Furthermore, it has been shown that the
hybridization of graphene plasmon polaritons with surface
modes in specifically tailored gold nanostructures increased
their confinement also in the terahertz (THz) frequency
range.19−23 So far, most studies rely on the frequency domain
to describe the polariton dispersion using pseudohetero-
dyne9,10 or interferometric18 measurement techniques. How-
ever, it has recently been shown that imaging propagating
modes directly in the time domain can lead to novel insights in
the polariton properties in the low-frequency THz spectral
range.24,25

Here, we build on this idea and investigate low-frequency
surface plasmon polaritons (SPPs) in graphene directly in the
time domain. Using a straightforward normalization method,
the pure polariton propagation can be visualized and the SPP
damping as well as the group and phase velocities can be
extracted. We extend the study by comparing dry-exfoliated
graphene samples with graphene grown by chemical vapor
deposition (CVD). The time-resolved real-space data sets can
also be used to extract the phase velocity and the nontrivial
propagation direction of polaritons for each spatial position
within a 10 × 6 μm2 area with different scattering geometries,
which is particularly relevant for the investigation of nanoscale
inhomogeneities and in-plane anisotropy. Finally, we show
how spatiotemporal mapping can directly trace the non-
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equilibrium dynamics of polaritons following ultrafast photo-
excitation with sub-polariton-cycle precision.

Our approach makes use of the conventional technique of
echolocation detection of polaritons, enhanced by the feature
of directly resolving the scattered electric field using electro-
optic sampling (EOS, Figure 1a). We couple THz pulses to a
sharp metallic tip of a scattering-type scanning near-field
optical microscope (s-SNOM, the system is detailed in refs
26−28), placed in close proximity to the sample, leading to an
instantaneous scattering response, Escat

inst, that depends on its
local dielectric function ε. The tip sets the volume of
interaction, i.e. the nanometric spatial resolution, and provides
the finite momentum required to launch SPPs that propagate
from the tip apex position (Figure 1a, sketched orange arrow).
After being reflected at the dielectric boundary, the SPPs reach
the tip apex position again, leading to an additional scattering
signal, Escat

SPP, with a time delay that depends on the tip’s
distance to the boundary. The superposition of the
instantaneous and the SPP response is coupled out into the
far field, where the complete waveform of the scattered electric
field E is detected in the time domain using EOS.29 To
suppress contributions of the far-field background, the tip is
operated in tapping mode and the scattering signal is
demodulated at the jth harmonic of the tapping frequency f tip.

In a first step, we investigate the surface of a mechanically
dry-exfoliated graphene flake on a Si wafer with a 300-nm-thick
buffer layer of SiO2 (see Supporting Information (SI),
Section 1, for details on the fabrication) featuring regions of
monolayer graphene (MLG) and few-layer graphene (FLG).
Scanning the tip on the dry-exfoliated sample simultaneously

yields the topography (Figure 1b) and a map of the peak of the
waveform of the second order (j = 2) scattered electric field, Ê2
(Figure 1c). The scattering response on the MLG (FLG)
region is drastically increased by a factor of 2.4 (2.7) compared
to the SiO2/Si substrate, proving the strong interaction of the
THz radiation with graphene. Overall, we see a homogeneous
response in the center of each individual region, which
indicates a high surface quality of the samples.

Interestingly, the peak scattered near-field response Ê2 shows
a monotonic decrease moving from the center of the graphene
flake toward both edges, which we take as a clear indication of
a propagating polariton mode. To prove this hypothesis, we
record full waveforms of the scattered electric field E2, i.e. the
scattered transients, while moving the tip across the SiO2/
MLG interface (magenta arrow in Figure 1c). In this
hypertemporal line scan (Figure 1d), the signal recorded on
graphene consists of both the instantaneous response, E2

MLG,
and the scattering contribution from the propagating SPP,
E2

SPP. Therefore, only the latter depends on the distance, x, to
the SiO2/MLG interface. To eliminate the instantaneous
response and isolate the signature of the propagating SPP
(Figure 1e), we subtract a reference transient (Figure 1d,
E2

MLG) recorded at x = 4 μm. This is far away from any edges,
and hence we do not expect any contribution from the
reflected SPP, which would affect the result (SI, Section 2). In
the resulting referenced hypertemporal map, we clearly observe
a shift of the waveforms to later EOS delay times, tEOS, for
increasing distance from the edge of the graphene flake, which
is among the most direct ways to observe propagating
polaritons (see SI, Section 2, for an extended scan across the

Figure 1. Time-domain imaging of surface plasmon polariton propagation in dry-exfoliated graphene. a) Schematic illustration of time-domain
retrieval of surface plasmon polaritons (SPPs) in graphene using THz near-field microscopy. A THz pulse (ETHz) is coupled into evanescent near
fields at the tip apex, launching SPPs in the graphene sample, which are reflected at dielectric boundaries (orange arrows). The scattering response
consists of two contributions: an instantaneous response (Escat

inst) and a delayed response owing to SPP propagation (Escat
SPP). The investigated high

quality graphene samples are prepared by dry exfoliation, yielding clean regions of monolayer (MLG) and few-layer graphene (FLG), as well as the
pristine substrate. The latter consists of a Si wafer with a layer of SiO2 of thickness dSiOd2

= 300 nm. b) Atomic force microscopy image of regions of
the substrate, partially covered by MLG and FLG. c) Corresponding map of the peak of the scattered THz waveform Ê2. On MLG, the signal
decreases monotonically with decreasing distance to the edges. d) Hypertemporal map obtained by moving the tip along a line across the SiO2/
MLG interface (magenta arrow in c). Each vertical linecut corresponds to a scattered THz waveform E2, recorded at a specified distance to the
interface, x. The two black waveforms serve as a reference. E2

SiO2 represents the waveform at the dash-dotted line and E2
MLG is the reference transient

recorded at x = 4 μm. e) Difference of the hypertemporal map in d and the reference waveform recorded on MLG (E2
MLG), revealing the bare SPP

propagation in MLG with different values for the phase and group velocities (gray and black lines). While the phase velocity can be extracted by
tracing a maximum or a zero-crossing of the carrier wave, the group velocity corresponds to the speed at which the envelope of the wave packet
travels. f) Propagation of the SPP wave in e, described mathematically through eq 1 with vph ≈ 24.1 μm/ps, vgr ≈ 13.3 μm/ps, f SPP ≈ 1.31 THz, ϕ ≈
3.57 rad, σ ≈ 419 fs, ASPP ≈ 0.22, and δx ≈ 2.31 μm, as determined from a global fit of all transients (SI, Section 4).
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MLG/FLG interface). The time shift between neighboring
waveforms is on the order of 10 fs (SI, Section 3). Remarkably,
the propagation speed of the electric field envelope
(determined by the group velocity, gray line in Figure 1e) is
different from the evolution of the zero-crossings (determined
by the phase velocity, black line in Figure 1e). The full
evolution of the polaritons’ electric field can be captured in a
single mathematical equation:

= × +

×
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which contains the group velocity vgr, the phase velocity vph,
the decay length δx, the center frequency f SPP, the initial
amplitude ASPP, the temporal width σ, and the carrier envelope
offset phase ϕ. It should be noted that the amplitude decay is
purely exponential without any additional factor for the
geometrical decay of the mode, which typically needs to be
included when operating at tip-edge distances larger than the
polariton wavelength due to the isotropic, circular energy
spreading as a function of time.18,30 Here, we are in the near-
field limit of the polariton, measuring the field profile at
distances less than one polariton wavelength from the edge,
where geometrical optics is not yet applicable.25

For appropriate values of the parameters, an analytical map
of the spacetime propagation can be drawn (Figure 1f). All

transients from x = 0 to 3 μm in Figure 1e are used to
determine the limited set of fitting parameters of the equation
above (SI, Section 4), i.e. v c24.1 m/ ps 0.080ph ,
v c13.3 m/ ps 0.044gr , f SPP ≈ 1.31 THz, ϕ ≈ 3.57 rad,
σ ≈ 419 fs, ASPP ≈ 0.22, and δx ≈ 2.31 μm (Figure 2a). The
extracted velocities have a direct correspondence in the
polariton dispersion (Figure 2b), yielding the position in
frequency ωSPP = 2π f SPP and momentum kSPP = ωSPP/vph ≈
0.34 μm‑1, as well as the local slope =v k/gr of the
dispersion in the probed frequency range. The experimentally
extracted SPP wave vector kSPP corresponds to a confinement
factor of k k/ 12.4SPP light and a SPP wavelength of λSPP ≈ 18
μm. The polariton damping is captured by δx, which is only a
fraction of the polariton wavelength ( / 8SPP ) due to the
strong damping of the THz SPP mode at room temperature,
without encapsulation in e.g. hexagonal boron nitride.19

To corroborate these experimental findings, we compare the
extracted dispersion relation with the numerically calculated
one of the full multilayer sample stack by employing the
transfer matrix method.31 For this purpose, we describe the
graphene sheet through its optical conductivity,32 given by

=
+

e E
intra

i

( i )

2
F
2 1 with Fermi energy EF = 183 meV and

scattering time τ = 150 fs, in agreement with a Raman
characterization of a similar sample (SI, Section 5) and
literature values for exfoliated graphene.33,34 The substrate is
modeled using the dielectric function of SiO2, εSiOd2

= 4.4 (ref

Figure 2. Tailoring surface plasmon polaritons by material design. a) Experimentally extracted electric field of the SPPs E2
SPP on dry-exfoliated

graphene as a function of EOS delay time tEOS (blue spheres) for different distances x to the MLG/substrate interface (see Figure 1e). The full
evolution of the SPP wave packet can be perfectly described by eq 1 (black lines). b) Phase and group velocities in nonlinear dispersion relations.
The phase velocity, =v k/ph SPP SPP, represents the speed at which the carrier wave travels, while the group velocity, =v k/gr , describes the
propagation speed of the wave packet’s envelope. By knowing both phase and group velocity, one can determine a point of the dispersion relation
and its gradient at the center frequency of the wave packet. c) Simulated dispersion relation of the multilayer sample system (graphene parameters:
EF = 183 meV, τ = 150 fs). The imaginary part of the Fresnel coefficient rp( f, k), calculated by using the transfer matrix method, reveals a SPP mode
(blue background). The black sphere and line correspond to the experimentally determined points of the dispersion relation and its gradient at the
center frequency of the SPP wave packet. d) Referenced hypertemporal map of a graphene sample fabricated via chemical vapor deposition (CVD).
e) Numerically calculated dispersion relation for the precharacterized CVD-grown graphene sample (EF = 230 meV). The assumed lower scattering
time (τCVD = 23 fs) results in a more heavily smeared out dispersion relation of the SPPs. Applying the same analysis as with the dry-exfoliated
graphene sample yields the marked point of the dispersion relation with its respective local gradient.
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35), with a thickness of dSiOd2
= 300 nm, followed by an infinite

half-space of Si, characterized by a dielectric constant of εSi =
11.7 (ref 36) and a Drude susceptibility with a doping density
of nSi = 3 × 1015 cm−3. The resulting imaginary part of the
Fresnel coefficient rp in Figure 2c clearly displays the SPP
dispersion relation in graphene and perfectly agrees with the
experimentally extracted values (black sphere and dashed line).
The role of the Fermi energy, scattering time, and substrate
doping on the calculated dispersion relation are discussed in
SI, Section 6.

Furthermore, we perform the same extraction for a graphene
sample grown via CVD with a precharacterized EF ≈ 230 meV
(SI, Section 5) and reportedly lower scattering times.37 The
scattering rate appears to be dominated by defects within the
sample rather than surface residues from the fabrication
process (see SI, Section 7, for a comparison before and after
vacuum annealing). From the spatiotemporal maps (Figure
2d), we extract a smaller 1/e-decay length, δx = 1.4 μm, than in
exfoliated graphene (δx = 2.3 μm, Figure 1e). Additionally,
lower phase and group velocities are found, i.e.
v v9.1 m/ ps, 11.9 m/ psph gr . The results are consistent
with a numerical simulation that predicts a SPP mode featuring
stronger damping and a less strongly curved dispersion relation

in the accessible spectral range (Figure 2e; EF = 230 meV, τCVD
= 23 fs). The same analysis is applied to a CVD graphene flake
with a higher Fermi energy (EF ≈ 430 meV), where a higher
phase velocity of v 15.3 m/ psph is retrieved, in excellent
agreement with the numerical model (SI, Section 8).

As a result, our approach offers a simple way of extracting
the propagation velocities and decay lengths of SPPs in
different samples even in strongly damped cases, at room
temperature, without the requirement for a cryogenic environ-
ment, a complex analysis in the frequency domain, or a specific
sample shape. In principle, our time-domain analysis (eq 1)
could also capture a modification of the polariton dispersion
during propagation, but, in our samples this effect did not
contribute significantly, which is why we kept the temporal
width σ constant.

Proceeding beyond polariton propagation in one dimension,
our technique allows us to even visualize the spatiotemporal
evolution in a full femtosecond snapshot movie. Here, we
choose the CVD-grown sample, which features more topo-
graphic structures and thus provides more complex edge
geometries for the reflection of polaritons (Figure 3). We scan
a region with two main features where polaritons can reflect: a
rupture in the center and a larger hole on the left side of the

Figure 3. Two-dimensional spatiotemporal videography of propagating SPPs on CVD graphene. a) Femtosecond snapshots of the spatially
resolved scattered electric field E2 for different EOS delay times tEOS, recorded on CVD graphene and referenced on the bare graphene response
E2

MLG. The white dashed lines outline the area of the SiO2/Si substrate. The blue lines visualize the polariton propagation in time by showing the
evolution of one contour line over time (value marked by the blue arrow in the colorbar), after spatially filtering each image using a nonlocal means
algorithm. b) Height profile (black line) and temporal position of the first zero-crossing t0 (blue spheres) after the main maximum of the reference
E2

MLG along the blue dashed line in a. On both sides of the SiO2 substrate, marked by the black dashed area, a steady increase in the position of the
zero-crossing with increasing distance to the edge is observed with a slope of ( 5.4 m/ ps) 1 (red dashed lines). The zero-crossing position t0 is
extracted by fitting a Gaussian wave packet to each data point. The error bars represent the 68% confidence interval of the retrieved t0 from the fit.
c, d) Two-dimensional map of the extracted phase velocity vph (c) and direction of propagation α (d) retrieved by taking the 2D gradient of a map
of the zero-crossings t0 using the Sobel operator. The black arrows serve as a guide to the eye, highlighting the direction of propagation. For a
clearer representation in c and d, data points with larger errors in t0 are displayed with increased transparency, effectively highlighting the
confidence in the measurement. Details on the extraction can be found in the SI, Section 4.
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scan. We record three snapshots of the scattered THz electric
field as a function of tip position for different tEOS and
reference the signal to a clean area on graphene far away from
any edges (Figure 3a). At the EOS delay time 100 fs before the
peak of the reference transient (tEOS = −100 fs, top panel), we
find a homogeneous increase in signal strength when moving
away from the substrate/graphene interfaces along perpendic-
ular trajectories. At later EOS delay times (tEOS = −50 fs,
central panel; tEOS = 0 fs, bottom panel), the width of this
region increases, as indicated by the contour lines, signifying
the propagation of polaritons. To quantitatively extract the full
two-dimensional (2D) propagation of the SPPs, we trace the
time delay, t0, corresponding to the first zero-crossing after the

main peak of the graphene reference transient (SI, Section 4).
Figure 3b exemplifies this idea by displaying the time value t0
along a line that crosses the graphene/substrate/graphene
interface (blue dashed line in Figure 3a, black line in Figure 3b
shows height profile), where a slope of (5.4 m/ ps) 1 is
found, corresponding to a phase velocity of =v 10.8 m/ psph .
By extracting the 2D gradient of the zero-crossings (SI, Section
4), we obtain both the magnitude of the phase velocity vph
(Figure 3c) and the direction of the SPP propagation α (Figure
3d) for all positions, represented in false-color images. The
magnitude of vph near the graphene/SiO2 interface is found to
be uniform, with a propagation direction perpendicular to the
interface. This straightforward and fast acquisition of vph in

Figure 4. Ultrafast control of surface plasmon polaritons in dry-exfoliated graphene. a) Pump-induced change of the electric field ΔE1 on graphene
for two different pump delay times (blue, tp = 800 fs; orange, tp = −100 fs) compared to the reference scattered waveform E1 (dashed gray line) as a
function of the EOS delay time tEOS. b) Peak of the pump-induced signal ΔÊ1 at tEOS = 0 fs as a function of the pump delay time tp. Photoexcitation
creates a nonequilibrium distribution of carriers (Inset I) that rapidly thermalizes through electron−electron scattering, forming a hot Fermi Dirac
distribution (Inset II). The pump−probe curve recorded on graphene shows an exponential decay behavior that can be attributed to the relaxation
of the hot carriers back to the equilibrium distribution (Inset III). Fitting this curve with an exponential function of the form e−t/τ (green dashed
line) yields a lifetime τ ≈ 2.5 ps for the excited charge carriers. c) Hypertemporal map of the pump-induced electric field ΔE1 referenced to a
transient at the spatial position of the solid line for two different pump delay times, tp = 800 fs (left) and tp = −100 fs (right). For both pump delay
times, we observe waveforms that shift toward later delay times with increasing distance to the dielectric interface at x = 0. Changing the pump
delay time allows us to influence the amplitude of already-launched SPPs with subcycle precision. d) Surface plasmon polariton waveform E1

SPP

(turquoise) and corresponding pump-induced change ΔE1
SPP (magenta) from the referenced hypertemporal maps right at the interface (black arrow

in c). The amplitude of ΔE1
SPP corresponds to 10% of that of E1

SPP. The raw data (spheres) are fitted with a cosine function multiplied with a
Gaussian envelope for the sake of clarity. e) Simulation of the hypertemporal map shown in c. By adding a time-dependent amplitude with the form
of the pump−probe curve (SI, Section 9) shown in b to eq 1, we can reproduce the experimental data displayed in c with great agreement.
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arbitrary directions is particularly helpful for the study of
anisotropic materials supporting SPPs with nonspherical
wavefronts. By determining the motion of the polariton
electric field envelope, also the group velocity can be traced
(not shown, see SI, Section 4, for extraction details).

Measuring in the time domain also enables us to probe
nonequilibrium dynamics of SPPs in a direct way. For this
purpose, we utilize ultrashort optical pump pulses (pulse
duration, 140 fs; center wavelength, 515 nm; fluence,
14.5 Jcm 2 ) to photoexcite electrons in dry-exfoliated
graphene by interband absorption, and isolate the pump-
induced changes in the scattering signal by demodulating at
the first positive sideband to the jth harmonic originating from
the pump modulation (Figure 4a, see refs 26, 27). The pump-
induced change ΔE1 of the scattered electric field E1 on the
center of a graphene flake for a pump delay time of tp = 800 fs
(blue) reveals that photoexcitation leads to a reduction (ΔE1 <
0) of the scattering signal compared to the unexcited reference
waveform E1 (dashed gray line), and the magnitude of the
change ΔE1 corresponds only to ∼0.2% of E1 at tEOS = 0 fs. By
changing the pump delay, we enable subcycle control of the
charge-carrier distribution of graphene (orange waveform; tp =
−100 fs). To trace these underlying local dynamics upon
photoexcitation, we record the peak of the pump-induced
signal ΔÊ1 (tEOS = 0 fs) as a function of pump delay time tp
(Figure 4b).

Photoexcitation at tp = 0 ps creates a nonthermal
distribution of carriers (Figure 4b, first inset), leading to a
pump-induced signal that sets in within the response time of
our experiment (∼400 fs, see ref 26). This distribution rapidly
thermalizes through electron−electron scattering38 (<20 fs, not
visible) and thus forms a hot Fermi Dirac distribution with a
significantly increased electronic temperature compared to
room temperature (Figure 4b, second inset), leading to a
reduction of the conductivity at THz frequencies.39,40

Subsequently, the signal decays within ∼(2.5 ± 0.3) ps to its
original 1/e-value, as extracted by an exponential fit (error
corresponds to 95% confidence interval). This agrees well with
previous studies in the mid-infrared spectral range,16 where the
relaxation of hot carriers back to the Fermi energy (Figure 4b,
third inset) is attributed to scattering with optical and acoustic
phonons.41

In a final step, we demonstrate subcycle control of the
propagation of SPPs in graphene by recording hypertemporal
maps across a SiO2/MLG boundary for two pump delay times
(Figure 4c). We eliminate the instantaneous change in the
scattering response caused by the pump pulse by subtracting a
reference transient ΔE1 far away from any edges (solid black
lines), and thereby isolate the influence of photoexcitation on
the SPP propagation. We observe a similar pattern as in the
unpumped case, with decreasing signal strength and a shift of
the waveforms to later tEOS with increasing distance to the
interface. This is expected for a decaying propagating surface
mode whose overall amplitude is decreased due to the
reduction of the graphene THz conductivity upon photo-
excitation. Subcycle control is achieved by tuning the pump
delay tp, where we either affect the whole main cycle of the SPP
(tp = 800 fs) or inject carriers just within the main cycle (tp =
−100 fs), influencing only later tEOS. This is equivalent to a
change of the polariton at two different times during its
propagation. From our data, we extract the difference between
the excited and unexcited case, yielding the relative change to
the polariton amplitude upon photoexcitation. To this end, we

compare the SPP waveform E1
SPP and the corresponding pump-

induced change ΔE1
SPP directly at the flake’s edge at tp = 800 fs

(Figure 4d) after normalizing to the instantaneous background
Ê1

MLG. It is evident that photoexcitation reduces the amplitude
of the electric field of the polariton corresponding to a change
of ∼10% of the overall polariton amplitude.

Finally, we model our measurement using eq 1. The only
adjustment needed to describe the experimental data is making
the amplitude time-dependent ASPP → A(t) (see SI, Section 9).
The resulting analytical maps for the two different pump−
probe delays (Figure 4e) show a good agreement with the data.
Generally, all parameters of eq 1 can become time-dependent
upon photoexcitation, allowing for the extraction of the
dynamics of the different material parameters. For example, a
bending of the polariton lobes would indicate a change in
group or phase velocity, while a change in the damping would
result in pump-induced changes with a maximum effect not
occurring at the edge of the sample. Microscopically, the
scattering time of the polariton in our doping regime is
expected to be dominated by scattering with thermal
phonons19,30 and, hence, only shows a weak variation upon
photoexcitation. Therefore, the most straightforward assump-
tion of only a changing amplitude due to a decrease in THz
conductivity39,40 already accurately represents our experimen-
tal results.

In conclusion, we have demonstrated an innovative near-
field imaging approach to resolve the propagation of polaritons
directly in the time domain using graphene SPPs as a
benchmark system. The phase velocity, group velocity, and
the damping can be directly extracted from a single
hypertemporal map without going to the frequency domain,
allowing us to extract information on a sizable portion of the
polariton dispersion curve, even in the case of strongly damped
polaritons at room temperature. The method also captures
minute changes in the polaritons’ properties related to
fabrication-dependent material parameters (e.g. EF and τ), as
we demonstrated by comparing exfoliated and CVD-grown
samples. Recording femtosecond snapshots enables us to trace
the time evolution of the polariton in two dimensions. Finally,
the direct access to the polariton propagation in time allows for
unprecedented control of the nonequilibrium polariton
propagation. We showed first evidence of photoinduced
changes to the polariton properties at different times after
launching a polariton. Our work paves the way for the ultrafast
study of intriguing polaritonic effects such as Bloch polar-
itons42 or plasmonic amplification by pumping.43 Furthermore,
it can be easily extended beyond graphene to probe polaritons
in a wide range of materials including anisotropic polaritons in
α-MoO3 and black phosphorus,18,44 or surface modes in
topological insulators, as well as to alternative spectral ranges
where EOS of the scattered electric field can be imple-
mented.45

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c04615.

(1) Sample fabrication; (2) extended hypertemporal
scan across a MLG/FLG interface; (3) quantifying the
minimal time shifts in the hypertemporal scans; (4)
modeling surface plasmon polariton propagation; (5)
Raman characterization of graphene samples; (6) impact

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c04615
Nano Lett. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c04615/suppl_file/nl4c04615_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c04615/suppl_file/nl4c04615_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c04615?goto=supporting-info
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c04615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of Fermi energy, scattering time, and doping of the
substrate on the dispersion relation; (7) evaluating the
effect of vacuum annealing on SPP propagation in CVD
graphene; (8) measurement on a CVD flake with a
complementary Fermi energy; (9) modeling non-
equilibrium surface polariton propagation (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
������ �� ��	�
��� − NEST, CNR-Istituto Nanoscienze and
Scuola Normale Superiore, 56127 Pisa, Italy; orcid.org/
0000-0002-4914-0421; Email: miriam.vitiello@sns.it

���
�� �� ���
� − Regensburg Center for Ultrafast
Nanoscopy (RUN) and Department of Physics, University of
Regensburg, 93040 Regensburg, Germany; orcid.org/
0000-0001-5324-9895; Email: markus.huber@ur.de

Authors
����� �������
� − Regensburg Center for Ultrafast
Nanoscopy (RUN) and Department of Physics, University of
Regensburg, 93040 Regensburg, Germany; orcid.org/
0009-0003-8910-2897

���	�� ������
��
� − Regensburg Center for Ultrafast
Nanoscopy (RUN) and Department of Physics, University of
Regensburg, 93040 Regensburg, Germany; orcid.org/
0009-0005-9581-2398

��� �� �� ����� − Istituto di Fotonica e Nanotecnologie,
Consiglio Nazionale delle Ricerche (CNR-IFN), 20133
Milano, Italy; orcid.org/0000-0003-4779-3549

�������� �� �
�����
�
� − Regensburg Center for Ultrafast
Nanoscopy (RUN) and Department of Physics, University of
Regensburg, 93040 Regensburg, Germany

����	����� �� ������
�� �� − Regensburg Center for Ultrafast
Nanoscopy (RUN) and Department of Physics, University of
Regensburg, 93040 Regensburg, Germany

!�

 ����"�� − Regensburg Center for Ultrafast Nanoscopy
(RUN) and Department of Physics, University of Regensburg,
93040 Regensburg, Germany

��
�#� $
��
	
� − Regensburg Center for Ultrafast Nanoscopy
(RUN) and Department of Physics, University of Regensburg,
93040 Regensburg, Germany

%
���� � ��	� − NEST, CNR-Istituto Nanoscienze and Scuola
Normale Superiore, 56127 Pisa, Italy; orcid.org/0000-
0002-4844-2081

&��
�	 ���
� − Regensburg Center for Ultrafast Nanoscopy
(RUN) and Department of Physics, University of Regensburg,
93040 Regensburg, Germany; orcid.org/0000-0001-
6617-9283

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.4c04615

Author Contributions
#S.A. and M.Z. contributed equally. R.H., M.S.V., and M.A.H.
conceived the study. S.A., M.Z., E.A.A.P., A.D.K., S.N., and
M.A.H. performed the ultrafast near-field experiments and
analyzed the data. S.A., M.Z., and M.A.H. calculated the
dispersion relation and conducted the hypertemporal analysis.
I.G. and Y.A.G. supplied the dry-exfoliated graphene samples.
L.V. and M.S.V. provided the high-quality chemical-vapor-
deposited graphene samples. All authors contributed to the
discussions of the results. S.A., M.Z., R.H., and M.A.H. wrote
the manuscript with input from all authors.

Funding
The work in Regensburg has been funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Founda-
tion) through SFB 1277, project-ID 314695032; GRK 2905,
project-ID 502572516, as well as through research grant
HU1598/8. M.S.V. acknowledges financial support of the
European Research Council through the ERC Proof of
Concept Grant Terascan (101157731) and the European
Union through the FET Open project EXTREME IR
(944735). E.A.A.P. acknowledges the support from the project
TRAPNE under the MUR program funded by the European
Union � Next Generation EU � PNRR � M4C2,
investimento 1.1 � “Fondo PRIN 2022” � TeRahertz
Polaritons unveiled by NEar-field nanoscopy (TRAPNE),
contract no. 2022L3KF4S � CUP: B53D2300429 0006 and
from the CNR program “Short term mobility” CNR-STM
2022 and 2023, No. SAC.AD002.045. A.D.K. acknowledges
financial support by the European Union’s Horizon research
and innovation program under the Marie Skłodowska-Curie
grant agreement No. 101109536.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank T. Siday for helpful discussions and M. Furthmeier,
M. Heinl, and I. Laepple for technical assistance.

■ ABBREVIATIONS
THz terahertz
s-SNOM scattering-type scanning near-field optical micro-

scope
EOS electro-optic sampling
SPP surface plasmon polariton
MLG monolayer graphene
FLG few-layer graphene
CVD chemical vapor deposition
2D two-dimensional

■ REFERENCES
(1) Basov, D. N.; et al. Polariton panorama. Nanophotonics 2020, 10,

549.
(2) Castro Neto, A. H.; et al. The electronic properties of graphene.
Rev. Mod. Phys. 2009, 81, 109.
(3) In, C.; Kim, U. J.; Choi, H. Two-dimensional Dirac plasmon-

polaritons in graphene, 3D topological insulator and hybrid systems.
Light Sci. Appl. 2022, 11, 313.
(4) Schuller, J. A.; et al. Plasmonics for extreme light concentration

and manipulation. Nat. Mater. 2010, 9, 193.
(5) Xia, F.; et al. Two-dimensional material nanophotonics. Nat.
Photonics 2014, 8, 899.
(6) Wei, J.; et al. Zero-bias mid-infrared graphene photodetectors

with bulk photoresponse and calibration-free polarization detection.
Nat. Commun. 2020, 11, 6404.
(7) Oulton, R. F.; et al. A hybrid plasmonic waveguide for

subwavelength confinement and long-range propagation. Nat.
Photonics 2008, 2, 496.
(8) Pyayt, A. L.; et al. Integration of photonic and silver nanowire

plasmonic waveguides. Nat. Nanotechnol. 2008, 3, 660.
(9) Fei, Z.; et al. Infrared Nanoscopy of Dirac Plasmons at the

Graphene−SiO2 Interface. Nano Lett. 2011, 11, 4701.
(10) Chen, J.; et al. Optical nano-imaging of gate-tunable graphene

plasmons. Nature 2012, 487, 77.
(11) Fei, Z.; et al. Gate-tuning of graphene plasmons revealed by

infrared nano-imaging. Nature 2012, 487, 82.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c04615
Nano Lett. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c04615/suppl_file/nl4c04615_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miriam+S.+Vitiello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4914-0421
https://orcid.org/0000-0002-4914-0421
mailto:miriam.vitiello@sns.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Markus+A.+Huber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5324-9895
https://orcid.org/0000-0001-5324-9895
mailto:markus.huber@ur.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Anglhuber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0003-8910-2897
https://orcid.org/0009-0003-8910-2897
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Zizlsperger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0005-9581-2398
https://orcid.org/0009-0005-9581-2398
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eva+A.+A.+Pogna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4779-3549
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaroslav+A.+Gerasimenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anastasios+D.+Koulouklidis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Imke+Gronwald"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Svenja+Nerreter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leonardo+Viti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4844-2081
https://orcid.org/0000-0002-4844-2081
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rupert+Huber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6617-9283
https://orcid.org/0000-0001-6617-9283
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c04615?ref=pdf
https://doi.org/10.1515/nanoph-2020-0449
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1038/s41377-022-01012-2
https://doi.org/10.1038/s41377-022-01012-2
https://doi.org/10.1038/nmat2630
https://doi.org/10.1038/nmat2630
https://doi.org/10.1038/nphoton.2014.271
https://doi.org/10.1038/s41467-020-20115-1
https://doi.org/10.1038/s41467-020-20115-1
https://doi.org/10.1038/nphoton.2008.131
https://doi.org/10.1038/nphoton.2008.131
https://doi.org/10.1038/nnano.2008.281
https://doi.org/10.1038/nnano.2008.281
https://doi.org/10.1021/nl202362d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl202362d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature11254
https://doi.org/10.1038/nature11254
https://doi.org/10.1038/nature11253
https://doi.org/10.1038/nature11253
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c04615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(12) Eisele, M.; et al. Ultrafast multi-terahertz nano-spectroscopy
with sub-cycle temporal resolution. Nat. Photonics 2014, 8, 841.
(13) Huber, M. A.; et al. Ultrafast Mid-Infrared Nanoscopy of

Strained Vanadium Dioxide Nanobeams. Nano Lett. 2016, 16, 1421.
(14) Sternbach, A. J.; et al. Artifact free time resolved near-field

spectroscopy. Opt. Express 2017, 25, 28589.
(15) Nishida, J.; et al. Ultrafast infrared nano-imaging of far-from-

equilibrium carrier and vibrational dynamics. Nat. Commun. 2022, 13,
1083.
(16) Wagner, M.; et al. Ultrafast and Nanoscale Plasmonic

Phenomena in Exfoliated Graphene Revealed by Infrared Pump−
Probe Nanoscopy. Nano Lett. 2014, 14, 894.
(17) Ni, G. X.; et al. Ultrafast optical switching of infrared plasmon

polaritons in high-mobility graphene. Nat. Photonics 2016, 10, 244.
(18) Huber, M. A.; et al. Femtosecond photo-switching of interface

polaritons in black phosphorus heterostructures. Nat. Nanotechnol.
2017, 12, 207.
(19) Alonso-González, P.; et al. Acoustic terahertz graphene

plasmons revealed by photocurrent nanoscopy. Nat. Nanotechnol.
2017, 12, 31.
(20) Lee, I.-H.; et al. Graphene acoustic plasmon resonator for

ultrasensitive infrared spectroscopy. Nat. Nanotechnol. 2019, 14, 313.
(21) Menabde, S. G.; et al. Real-space imaging of acoustic plasmons

in large-area graphene grown by chemical vapor deposition. Nat.
Commun. 2021, 12, 938.
(22) Zhang, N.; et al. Strong in-plane scattering of acoustic graphene

plasmons by surface atomic steps. Nat. Commun. 2022, 13, 983.
(23) Barcons Ruiz, D.; et al. Experimental signatures of the

transition from acoustic plasmon to electronic sound in graphene. Sci.
Adv. 2023, 9, No. eadi0415.
(24) Mitrofanov, O.; et al. Probing terahertz surface plasmon waves

in graphene structures. Appl. Phys. Lett. 2013, 103, No. 111105.
(25) Xu, S.; et al. Electronic interactions in Dirac fluids visualized by

nano-terahertz spacetime interference of electron-photon quasipar-
ticles. Sci. Adv. 2024, 10, No. eado5553.
(26) Plankl, M.; et al. Subcycle contact-free nanoscopy of ultrafast

interlayer transport in atomically thin heterostructures. Nat. Photonics
2021, 15, 594.
(27) Siday, T.; et al. Ultrafast Nanoscopy of High-Density Exciton

Phases in WSe2. Nano Lett. 2022, 22, 2561.
(28) Zizlsperger, M.; et al. In situ nanoscopy of single-grain

nanomorphology and ultrafast carrier dynamics in metal halide
perovskites. Nat. Photonics 2024, 18, 975.
(29) Eisele, M.; et al. Ultrafast multi-terahertz nano-spectroscopy

with sub-cycle temporal resolution. Nat. Photonics 2014, 8, 841.
(30) Woessner, A.; et al. Highly confined low-loss plasmons in

graphene-boron nitride heterostructures. Nat. Mater. 2015, 14, 421.
(31) Zhan, T.; et al. Transfer matrix method for optics in graphene

layers. J. Phys.: Condens. Matter 2013, 25, No. 215301.
(32) Luo, X.; et al. Plasmons in graphene: Recent progress and

applications. Mater. Sci. Eng. R Reports 2013, 74, 351.
(33) Hong, X.; Zou, K.; Zhu, J. Quantum scattering time and its

implications on scattering sources in graphene. Phys. Rev. B 2009, 80,
No. 241415.
(34) Ghirardini, L.; et al. Tunable broadband light emission from

graphene. 2D Mater. 2021, 8, No. 035026.
(35) Davies, C. L.; et al. Temperature-Dependent Refractive Index

of Quartz at Terahertz Frequencies. J. Infrared, Millimeter, Terahertz
Waves 2018, 39, 1236.
(36) Chandler-Horowitz, D.; Amirtharaj, P. M.T High-accuracy,

midinfrared (450 cm−1 ⩽ ω ⩽4000 cm−1) refractive index values of
silicon. J. Appl. Phys. 2005, 97, No. 123526.
(37) Li, X.; et al. Large-Area Graphene Single Crystals Grown by

Low-Pressure Chemical Vapor Deposition of Methane on Copper. J.
Am. Chem. Soc. 2011, 133, 2816.
(38) Gierz, I.; et al. Snapshots of non-equilibrium Dirac carrier

distributions in graphene. Nat. Mater. 2013, 12, 1119.

(39) Frenzel, A. J.; et al. Semiconducting-to-Metallic Photo-
conductivity Crossover and Temperature-Dependent Drude Weight
in Graphene. Phys. Rev. Lett. 2014, 113, No. 056602.
(40) Shi, S.-F.; et al. Controlling Graphene Ultrafast Hot Carrier

Response from Metal-like to Semiconductor-like by Electrostatic
Gating. Nano Lett. 2014, 14, 1578.
(41) Pogna, E. A. A.; et al. Hot-Carrier Cooling in High-Quality

Graphene Is Intrinsically Limited by Optical Phonons. ACS Nano
2021, 15, 11285.
(42) Xiong, L.; et al. Programmable Bloch polaritons in graphene.
Sci. Adv. 2021, 7, No. eabe8087.
(43) Sun, Z.; Basov, D. N.; Fogler, M. M. Adiabatic Amplification of

Plasmons and Demons in 2D Systems. Phys. Rev. Lett. 2016, 117,
No. 076805.
(44) Pogna, E. A. A.; et al. Near-field detection of gate-tunable

anisotropic plasmon polaritons in black phosphorus at terahertz
frequencies. Nat. Commun. 2024, 15, 2373.
(45) Keiber, S.; et al. Electro-optic sampling of near-infrared

waveforms. Nat. Photonics 2016, 10, 159.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c04615
Nano Lett. XXXX, XXX, XXX−XXX

H

https://doi.org/10.1038/nphoton.2014.225
https://doi.org/10.1038/nphoton.2014.225
https://doi.org/10.1021/acs.nanolett.5b04988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b04988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1364/OE.25.028589
https://doi.org/10.1364/OE.25.028589
https://doi.org/10.1038/s41467-022-28224-9
https://doi.org/10.1038/s41467-022-28224-9
https://doi.org/10.1021/nl4042577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl4042577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl4042577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

