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Imaging and simulation of surface plasmon polaritons

on layered 2D MXenes
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Two-dimensional (2D) transition metal carbides and nitrides, commonly known as MXenes, are a class of 2D mate-
rials with high free carrier densities, making them highly attractive candidates for plasmonic 2D materials. In this
study, we use multiphoton photoemission electron microscopy (nP-PEEM) to directly image the plasmonic near
fields of multilayers of the prototypical MXene, TisC,T,, with mixed surface terminations (T, = F, O, and OH).
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Photon-energy dependent nP-PEEM reveals a dispersive surface plasmon polariton between 1.4 and 1.9 electron
volts on MXene flakes thicker than 30 nanometers and waveguide modes above 1.9 electron volts. Combining
experiments with finite-difference time-domain simulations, we reveal the emergence of a visible surface plas-
mon polariton in MXenes, opening avenues for exploration of polaritonic phenomena in MXenes in the visible

portion of the electromagnetic spectrum.

INTRODUCTION

MXenes are a class of two-dimensional (2D) transition metal car-
bides and nitrides with the formula M,,4;X, Ty, where M represents
a transition metal, X is either carbon or nitrogen, and T, denotes
surface terminations. Modification of the transition metal and sur-
face terminations enables wide tunability of MXene optoelectronic
properties (I-3), allowing customization for applications that in-
clude energy storage, sensing, and catalysis (4-6). Notably, many
MXenes are 2D metals with high charge carrier densities. The most
commonly investigated MXene is Ti3C,T, with mixed surface ter-
minations (T = F, O, and OH), which exhibits metallic conductivity
and free charge carrier densities of up to 3 X 10%2 cm™ (7). Such
high free charge carrier densities could enable plasmonic excitations
in the visible and ultraviolet (UV) portion of the electromagnetic
spectrum in these 2D metals.

Localized surface plasmons and surface plasmon polaritons (SPPs)
of 3D metals have been used for applications such as photocatalysis,
spectroscopy, and sensing, as plasmonic resonances enable sub-
wavelength confinement of electromagnetic fields (5, 8-12). 2D
plasmonic materials, such as graphene and metallic transition metal
dichalcogenides, can provide an even stronger field enhancement
than 3D plasmonic metals and display unique properties due to
their decreased dielectric screening and structural anisotropy (13).
Graphene and other 2D materials are also attractive because their
plasmon resonances can be tuned by gating or doping. However,
their plasmonic resonances are typically limited to the mid-infrared
region of the electromagnetic spectrum, and they have limited tun-
ability for surface chemistry and plasmon-enhanced catalysis (13-
17). Not only can MXenes support plasmons, but also they offer
tunability of plasmonic excitations (18, 19), surface reactivity (1, 3),
and processing (20). Tuning the surface terminations of MXenes is
particularly promising because it allows altering their surface reac-
tivity. Many MXenes such as Ti;C, T, are hydrophilic due to their
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surface terminations, which makes them attractive for large-scale thin
film preparation, coating, printing, as well as plasmonic-enhanced
sensing and catalysis in solvents (20, 21). Therefore, MXenes could
serve as platforms for plasmon-enhanced catalysis, provided that they
display suitable dielectric properties.

Plasmons require the real component of the frequency-dependent
complex dielectric function, e(w) = €'(w) + ie” (w), to be less than
Zero [8’ ()< O]. Recent ellipsometry measurements on Ti;C, Ty thin
films suggest that ¢’ (») is mostly negative below 1.9 eV (22, 23), and
single Ti3C, T flakes are expected to exhibit plasmonic responses up
to 1.9 eV. The ability of MXenes to transform applications such as
plasmon-enhanced catalysis depends on the exact nature of these
plasmonic responses; only plasmon resonances can confine light ef-
fectively. Previous electron energy-loss spectroscopy (EELS) mea-
surements on Ti;C,T, have provided experimental evidence for
dispersive surface plasmons in the infrared region with a corre-
sponding surface plasmon resonance at 600 to 900 meV (24, 25). A
peak observed between 1.7 and 2.0 eV was assigned to a transversal
plasmon resonance in some studies, but it is unclear how such a
transversal mode can exist in MXenes because of their 2D geometry
and band structure (23, 24, 26). Other studies have suggested that
this resonance is not associated with plasmonic excitation but rather
is an interband transition (7, 25, 27). Whether and how TizC,T,
MZXenes can support surface plasmon resonances in the visible por-
tion of the electromagnetic spectrum are critical questions for the
development of MXene plasmonics.

Here, we use multiphoton photoemission electron microscopy
(PEEM) to directly image surface plasmons and waveguide modes
of single Ti3C, T, flakes. PEEM is a wide-field electron microscopy
technique with a spatial resolution of less than 10 nm, which is
based on the photoelectric effect (28). Multiphoton PEEM (nP-
PEEM; where # is the number of photons) gives direct access to the
local electronic surface structure, local transition dipoles, as well as
the electric near fields from surface plasmons, waveguide modes,
and photonic modes (29-36). It has been extensively used to study
SPPs on noble metal surfaces (37-39). We have previously used nP-
PEEM to study the electronic properties of 2D materials (34, 35).
Here, we image dispersive SPPs and waveguide modes of a layered
2D material, Ti3C,T,. We image the energy-dependent near-field
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response of isolated multilayer Ti3C, T flakes over the entire visible
frequency range, between 1.45 and 3.42 eV. We find that Ti3C, Ty
flakes exhibit a dispersing surface plasmon up to 1.9 eV, but do not
observe a corresponding surface plasmon resonance, when they are
thicker than 30 nm. Above 1.9 eV, Ti3C, T, exhibits waveguide-like
behavior.

RESULTS

Ti3C, T, flakes shown schematically in Fig. 1A were synthesized and
deposited on silicon wafers with native oxide for nP-PEEM imaging
as described in Materials and Methods section. Figure 1 (B to E) il-
lustrates the excitation geometry for nP-PEEM measurements. Two
different light sources are used for PEEM imaging, grazing inci-
dence excitation in a single-photon photoemission process (1P-
PEEM) with a Hg arc lamp or normal incidence excitation with an
ultrafast laser in an #nP-PEEM. The imaging contrast in nP-PEEM
arises from the spatially varying photoemission yield across the
sample surface, which is imaged with electron lenses in the PEEM
column. 1P-PEEM uses UV photons to directly excite photoelec-
trons from the occupied valence states below the Fermi level, Ef,
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into final states above the vacuum level, E,,. (see Fig. 1, B and C).
With 1P-PEEM, an image of the surface structure is generated that
depends on the local work function, the local joint density of states,
and the sample’s topography. Figure 1F shows a 1P-PEEM image of
Ti;C, T, flakes on a Si/SiO, substrate. Two MXene flakes (flake 1 and
flake 2) can be identified. The metallic MXene flakes appear brighter
than the Si/SiO, substrate because the MXenes have a lower work
function and an increased density of states around the Fermi level
(29, 40, 41). Additional intensity variations across the MXene flakes,
for example, at the left edge of flake 1, are caused by inhomogene-
ities of the flake topography, such as surface roughness, and by po-
tentially associated variations of the electronic structure (see Fig. 2E
and fig. S1).

Local electric fields from surface plasmons, waveguides, and dif-
fraction on the sample surface can be imaged with #P-PEEM if more
than one photon is used for excitation (Fig. 1, B, D, and E) (29-
33, 39, 42). The nonlinear photoexcitation requires high fluences
that are provided by pulsed laser sources. When the laser’s angle of
incidence on the sample is near normal, the intensity variations in the
nP-PEEM images correspond directly to the spatial oscillations of lo-
cal fields at the surface (33, 43). Representative images of 3P-PEEM
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Fig. 1. Schematic of sample, measurement configuration, and overview of nP-PEEM results on MXene flakes. (A) Stacks of multilayer Ti3C,T,. (B) Geometry of the
PEEM instrument including the grazing incidence illumination with a Hg arc lamp and the near-normal illumination with a laser. The inset illustrates the photoexcitation
and involved energy levels in 1P-PEEM and 3P-PEEM. (C to E) lllumination geometries for the nP-PEEM images presented in (F) to (H). (C) Illumination with an Hg lamp in
grazing incidence. (D and E) lllumination with a pulsed laser source in near-normal incidence. (F) 1P-PEEM image of two selected MXene flakes on Si/SiO,. (G and H) The
3P-PEEM images of the same flakes that were recorded with two different laser polarizations (see arrows). The blue dashed ellipses in (G) and (H) emphasize fringes on the

substrate. a.u., arbitrary units.
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Fig. 2. Wavelength-dependent nP-PEEM and nP-PEEM simulations on TizC,Ty. (A) Representative 4P-PEEM image excited with 840 nm (1.48 eV). (B) Representative
2P-PEEM image excited with 480 nm (2.58 eV). (C) Linecuts from wavelength-dependent nP-PEEM measurements. Energy-dependent wave vectors extracted from the
line cuts for three different MXene flakes are plotted on top of a heat map in (D) of the imaginary part of the reflection coefficient of the sample. (E) Comparison of regions
of interest from experimental PEEM images in (A) and (B) with FDTD simulated nP-PEEM images of 160-nm-thick TisC,T, on silicon with native oxide at 1.48 and 2.6 eV.
(F to H) Side view of the simulated distribution of the E, fields across the 160-nm-thick Ti;C;T, flake for three selected energies. The surface and interface with the substrate

are indicated by gray dashed lines.

from flake 1 and flake 2 for excitation with two different laser polar-
izations at near-normal incidence are shown in Fig. 1 (G and H).
The laser polarizations were chosen such that they are perpendicu-
lar to the edges of flake 1 (Fig. 1, D and E).

The 3P-PEEM images show three differences from the 1P-PEEM
image in Fig. 1E (i) Flake 1 in the center of the 3P-PEEM image re-
mains bright, while the photoemission from flake 2 at the top right
of the image is strongly suppressed. (ii) Flake 1 exhibits fringes on its
surface, observed as periodic intensity modulations in the nP-PEEM
image, while flake 2 does not. The direction of the fringe wave vector
depends on the laser polarization. Fringes are launched at a flake
edge when the laser polarization is aligned perpendicular to the
edge. Fringes are also launched at the boundary between flake 1 and
its neighboring flake. (iii) Additional fringes with larger spacing ap-
pear on the substrate beside the MXene flakes (marked by a blue
dashed ellipse in Fig. 1, G and H). These fringes can only be imaged
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when the photoemission intensity from the substrate is high com-
pared to the photoemission intensity from the flakes (compare Figs.
1G and 2A). They do not show a laser polarization dependence like
the fringes on top of the MXene flakes. These interference bands
stem from a diffraction pattern on the substrate. The edges of the
MZXene flake diffract the incoming light, and the substrate acts as a
screen on which the diffraction pattern can be observed (29, 30, 42).

Energy-dependent nP-PEEM measurements were performed
to study the dispersion relation of the fringes on top of flake 1.
Figure 2 (A and B) shows nP-PEEM images that were taken with
an excitation energy of 1.48 and 2.60 eV, respectively. The spacing
of the fringes decreases with increasing photon energy. Selected
linecuts from the wavelength-dependent nP-PEEM measurements
are shown in Fig. 2C. These linecuts were fit with the function
fx)=A,-et*. sin(kxx—d)) + bx + ¢ to determine the energy-
dependent wave vectors k; all fits are available in the Supplementary
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Materials. Ay is the initial amplitude, € is the decay constant, ¢ is the
phase of the fringes with respect to the coordinate x, and k, is the
wave vector. The last two terms approximate the photoemission
background from the flake. Figure 2D shows the resulting disper-
sion relation by plotting the excitation energy versus the fitted wave
vector. Dispersion relations of three MXene flakes are shown with
error bars on top of a color map (see figs. S2 and S3 for examples of
nP-PEEM images from flake 3 and flake 4). The color map corre-
sponds to the magnitude of the imaginary part of the reflection co-
efficient of the whole sample stack assuming real wave vectors, with
its maxima resembling the sample’s potential polaritonic surface
and waveguide modes (44). The experimentally determined disper-
sion from our nP-PEEM experiments largely matches the theoretical
expectations from the reflection coefficient (see Fig. 2D). Deviations
may arise from the slightly varying dielectric function of individual
MXene flakes, the fact that the dielectric function was determined
with a disordered thin film, and potential adsorbates on the MXene
surface that may shift the dispersion of surface modes to higher
wave vectors (45-48).

A more detailed understanding of the electric fields at the surface
can be derived from finite-difference time-domain (FDTD) simula-
tions. These simulations determine the time- and spatially resolved
electric field components E,, E,, and E, within the investigated sam-
ple, with dominant contributions from E, and E, components for
incident light polarization along the x direction. nP-PEEM images
can be simulated by the temporal integration of the calculated fields
(49, 50). The simulated images in Fig. 2E, calculated with the re-
ported dielectric function of Ti3C,Ty (23), reproduce the measured
nP-PEEM images well. Figure 2 (F to H) shows the side view (xz
plane) of the E, distribution at three different energies. Positive and
negative field components are shown as red and blue, respectively
(51, 52). The sign of E; oscillates parallel to the surface at all ener-
gies, as expected from the observed fringes in the simulated nP-
PEEM images. The periodicity of the oscillations is always larger at
the surface than at the substrate interface (see Fig. 2F). Two major
differences can be identified in the energy-dependent simulations.
First, the field modulation at the substrate interface is much more
prominent at 0.7 eV compared to the other two energies. Second, E,
changes its sign perpendicular to the surface at 0.7 eV and 1.7 eV,
but not at 2.7 eV.

All observed fringes on Ti;C,T) flakes correspond to transverse
magnetic (TM) modes, as they are only excited when the laser po-
larization is parallel to the wave vector of the fringes but perpen-
dicular to the flake edge (Fig. 2 and figs. S2 and S3) (32, 33). No
transverse electric modes are observed, which would be excited with
a laser polarization parallel to the flake edge (32).

We will first discuss the origin of the TM modes for energies
<1.9 eV. At these energies, the field component E; in FDTD simula-
tions changes its sign perpendicular to the surface, indicating mo-
nopolar charges at the surface (see Fig. 2, F and G). Such surface
charges are a unique fingerprint of SPPs (39). SPPs are caused by the
displacement of charges at the interface between a solid-state plas-
ma and a dielectric (33, 53). They can only exist at interfaces be-
tween two materials where &’(®) of each material has opposite signs.
The momentum of SPPs is always larger than that of vacuum light,
i.e., SPPs disperse to the right of the light line (see Fig. 2D). In
PEEM, SPPs are excited by light at an interface of a metal with vac-
uum, and the momentum required for SPP excitation is supplied by
discontinuities such as edges or slits. SPPs are TM surface waves and
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are only excited by laser field components that are parallel to k, (33).
That is why the observed fringes on the Ti;C, T, flakes are launched
from the edges when the laser polarization is perpendicular to the
edge orientation.

Further evidence for this assignment comes from the differing
behaviors of flake 1 and flake 2 in nP-PEEM at energies below
1.9 eV. Flake 1 shows both fringes and substantially higher photo-
emission intensity compared to flake 2 (see Fig. 2, A and B). This
discrepancy cannot be attributed to variations in surface electronic
structure, as both flakes have similar work functions and surface
electronic structures (see fig. S6). The only noticeable difference
between the two MXene flakes is their thickness: Flake 1 is 160 nm
thick, and flake 2 is 25 nm thick (see fig. S1).

To understand the differences between the two flakes and the im-
pact of flake thickness, we must consider the thickness-dependent
behavior of SPPs in metal thin films. Both interfaces of a metal thin
film can support SPPs, and these SPPs can interact with each other
if the film is thinner than 250 nm (32, 53, 54). Figure 3 illustrates
how SPPs from the upper and lower interfaces interact in very thin
films. This interaction leads to the formation of two bound super-
modes with (a)symmetric field distributions (Fig. 3, A and B), which
are highly sensitive to the film’s thickness and the dielectric environ-
ment at each interface (53-55). Their dispersion is presented in Fig.
3D for a 30-nm-thick metal film surrounded by vacuum. Note the
dispersion in Fig. 3D is only a model to illustrate the impact of thin-
film modes and is not intended to reflect the plasma frequencies of
the MXene studied. The asymmetric SPP mode (red dots) disperses
up to the surface plasmon resonance and then bends back toward the
light line. The symmetric mode (green dots) disperses close to the
light line and shows slight deviation from the light line close to
the bulk plasmon energy. When the thin metal film is embedded
between two dielectric media with different dielectric functions
(asymmetric cladding), each super-mode becomes localized closer
to one of the two interfaces (see Fig. 3C and fig. S4). The symmetric
mode resides closer to the interface with the lower permittivity,
while the asymmetric mode is positioned nearer to the interface
with the higher permittivity. Please note that we use the standard
optics convention where symmetric and asymmetric modes are de-
termined by the spatial distribution of the main transverse electric
field, E, (55).

This scenario can be used to describe the thin MXene film on Si/
SiO; surrounded by vacuum used in our experiments. The FDTD
simulations of E; at 0.7 eV shown in Fig. 2F exhibit both modes. The
symmetric mode at the surface of Ti3C,T, has a larger wavelength
than the asymmetric mode at the interface to the substrate. nP-
PEEM is highly surface sensitive, probing mostly the bound super-
mode located on the MXene film’s vacuum side. The other mode can
only be observed in specific geometries and on thinner films in nP-
PEEM (56-58).

The two super-modes and their interactions are highly sensitive
to the flake’s thickness. Figure 4 (A and B) compares simulated »nP-
PEEM images for Ti;C, T flakes of different thicknesses, specifically
160 and 25 nm, on Si/SiO,. In line with experimental results, the
160-nm-thick MXene flake exhibits higher photoemission intensity
at energies below 1.9 eV compared to the 25-nm flake, assuming the
same dielectric function for both. This difference arises because the
super-mode on the vacuum side of the MXene flake is only bound to
the interface when the film’s thickness is above a critical value
(59, 60). The critical thickness is determined by calculating the
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Fig. 3. lllustration of the two metallic thin film SPP modes. (A and B) Schematic field distributions of the symmetric and asymmetric SPPs of an ideal metallic thin film
in vacuum at constant wave vector k. (C) Schematic field distributions of symmetric (surface) and asymmetric (interface to substrate) SPP at a constant energy when the
metallic thin film is located on a substrate in vacuum. (D) Dispersion of the two SPP modes assuming an illustrative model Drude-metal thin film with losses (0, = 4 eV,
y=0.2¢eV,d=30nm, e, = 1) in vacuum. The bulk plasmon energy (o,) and surface plasmon resonance (mp/\/z) for a semi-infinite film are indicated with light blue
dashed lines. The light line is indicated by a white dashed line. Numerical solutions for the two SPP modes are shown as red (asymmetric mode) and green (symmetric

mode) dots, respectively. The color plot shows the imaginary part of the reflection coefficient Im(r,) assuming real wave vectors k.
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Fig. 4. Simulations of Ti3C,T, with varying thickness. FDTD simulated nP-PEEM images of TisC, T, on silicon with native oxide at 1.7 eV of (A) 160-nm and (B) 25-nm-thick
flakes. (C) Thickness-dependent propagation lengths of symmetric thin film SPP on Ti3C, T, between vacuum and Si/SiO,.

propagation constants of the super-mode, based on the dielectric
function of Ti3C,Tx (32). As shown in Fig. 4C, the thickness-
dependent propagation constants L,, =(Im k)" of the symmetric
SPP at 1.7 eV in a four-layer structure, with Ti;C,T, embedded be-
tween vacuum and Si/SiO,, reveal a cutoff thickness of ~30 nm.
Consequently, the symmetric SPP is supported only in MXene flakes
thicker than 30 nm.

This explains the thickness-dependent photoemission intensity
and why fringes are observed only on flake 1. In the thinner flake 2,
the absence of an SPP at the MXene/vacuum interface leads to a lack
of fringes and the associated enhanced local electric field that typi-
cally boosts multiphoton photoemission (33). As a result, flake 2
appears dark in the nP-PEEM measurements at energies below
1.9 eV. This effect is particularly pronounced at low-photon energies,
especially below 1.6 eV, where four photons are required for photo-
excitation (see Fig. 2A and fig. S6).

Last, we observe an interference pattern in #nP-PEEM images
when conducted at grazing incidence (see fig. S7) with a different
periodicity than at normal incidence. This is characteristic of
SPPs in nP-PEEM experiments due to light-plasmon interference
(32,43, 61).

Rieger et al., Sci. Adv. 11, eads3689 (2025) 21 March 2025

Now, we turn to the origin of the fringes for energies 1.9 eV. At
these energies, the fringes in the nP-PEEM images cannot be as-
signed to SPPs, because €’ () is positive at energies >1.9 eV (see fig.
$4). Consistently, Ti3C, T, is mostly transparent in the visible region,
as can be seen in the optical images of the investigated flakes (see
figs. S1 to S3). If surface plasmons were present at >1.9 eV, then
Ti3C, T, would reflect more portions of visible light and have re-
duced transparency in the visible region. Therefore, the fringes at
>1.9 eV must stem from waveguide modes of the MXene thin film.
This hypothesis is further supported by the behavior of E, calculated
with FDTD simulations (see Fig. 2H). The sign of E, does not change
at the surface at >1.9 eV because there are no monopolar charges at
the surface. Instead, a nodal pattern can be observed across the thin
film, which is characteristic of waveguide modes (32, 54).

DISCUSSION
To our knowledge, this is the first observation of an SPP on MXenes

up to 1.9 eV. This extends the plasmonic properties of MXenes into
portions of the visible region of the electromagnetic spectrum. Pre-
vious EELS experiments found dispersive surface plasmons with a
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plasmon resonance in the infrared (<1 eV) on TisC,T, (24, 25, 62).
While these two observations seem contradictory at first glance, they
are fully consistent when considering the thin-film model needed to
describe the plasmonic properties of MXenes. The reported EELS ex-
periments were mostly carried out on MXene films (<20 nm) that were
thinner than the critical thickness to support the symmetric mode and
should only exhibit the asymmetric energetic plasmon mode (24, 25, 62).
In contrast, the nP-PEEM experiments discussed here were conducted
on thicker MXene flakes deposited on a silicon substrate with native ox-
ide. The asymmetric dielectric environment causes the symmetric mode
to shift toward the vacuum side.

The second reason why the symmetric SPP mode is not observed
with EELS is because of the absence of a corresponding plasmon
resonance. The symmetric SPP disperses close to the light line for
energies below 1.9 eV (see Figs. 2 and 3D). Without this resonance,
only a very weak signal of this mode could be detected in EELS,
even in MXene films thicker than the critical thickness. Addition-
ally, the symmetry of its electric fields results in a low EELS proba-
bility for the higher energy mode in very thin films (63).

Early EELS experiments on Ti;C, T assigned a peak in the visible
between 1.7 and 2.0 eV on thin Ti3C,T), flakes to a transversal plas-
mon resonance (24). There is no experimental evidence of such a
mode in our nP-PEEM images on Ti;C, T, flakes with lateral sizes of
several microns. No clear plasmon resonance can be observed in the
experimentally determined dispersion around that energy. Consis-
tently, the hypothesized transversal plasmon resonance is not present
in FDTD simulations. From a theoretical point of view, no transver-
sal mode would be expected on an infinitely wide metallic thin film.
Metallic thin films are only expected to exhibit two SPP super-
modes as long as they are thicker than a critical thickness (53). Ad-
ditional modes might be observed in thin metal films with finite
lateral dimensions, but they should be observable as standing waves
in microscopic measurements and are not associated with transver-
sal modes (60, 63, 64). The peak previously observed with EELS
possibly stems from an interband transition at 1.7 to 2.0 eV that is
reported in ellipsometry experiments (22, 23, 65).

While our experimental results are described fairly well by an iso-
tropic dielectric function of Ti;C, T, (see Fig. 2D), we would like to
point out that Ti3C, T is a layered material. Therefore, an anisotropic
dielectric function would describe Ti3C, T, better (27, 66). It is likely
that the anisotropy in Ti3C, T, is weaker than in van der Waals materi-
als due to the hydrogen bonds between single Ti;C, T, layers (67). nP-
PEEM images were simulated using both an isotropic and a strongly
anisotropic dielectric function (see fig. S8). The fringes on TizC,Tx
become slightly more pronounced when simulated with an anisotro-
pic dielectric function at <1.9 eV. However, the wave vectors of the
measured modes are not markedly influenced by the anisotropy.
Hence, the anisotropy is not critical to the presented #P-PEEM mea-
surements and does not change our interpretations and conclusions.

In summary, this study demonstrates the first direct observation of
SPPs in Ti;C, T, MXenes within the visible portion of the electromag-
netic spectrum, specifically up to 1.9 eV. Using nP-PEEM and FDTD
simulations, we demonstrate that SPPs are supported on MXene flakes
that are thicker than 30 nm, while thinner flakes do not exhibit such
modes. The reported modes do not exhibit a resonance. Above 1.9 eV,
waveguide-like modes dominate the electromagnetic response of TizC-
»T\. The findings highlight the critical role of flake shape, losses, and
dielectric environment in determining the plasmonic properties of
MZXenes, paving the way for their potential application in plasmon-
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enhanced technologies. While this study focuses on Ti;C,T, MXenes,
the results lay the groundwork for future exploration of MXene plas-
monics with #P-PEEM. The tunability of MXenes, in terms of their tran-
sition metals and surface terminations, suggests exciting opportunities
for developing applications, including plasmon-enhanced catalysis.
Achieving strong-field confinement and enhanced light-matter in-
teraction in the visible region will require modifying the strength and
energy of the interband transition, a challenge that the synthetic tun-
ability of MXenes holds notable potential to address.

MATERIALS AND METHODS

Sample preparation

Ti3AlC; M,11AX, (MAX) phase (98% purity) was purchased from
American Elements. Ti3C, T, flakes were synthesized using the Mini-
mally Intensive Layer Delamination (MILD) approach as detailed in
(68). This method uses a LiF/HCI mixture to produce hydrogen
fluoride (HF) in situ to etch the aluminum layers of the parent MAX
phase Ti3AIC,. Subsequently, the generated MXene stacks are washed
and delaminated with deionized H,O, resulting in a solution of Ti;C-
, T, stacks with mixed surface terminations (T, = E O, and OH) in
H,O. The solution was further diluted with H,O and drop casted in
15-pl drops onto silicon substrates with ~2-nm native oxide. The sili-
con wafers [n-doped Si(100), p = 1 to 10 ohms] were purchased from
University Wafer. Then, the substrate was heated up to 150°C to evap-
orate the water. This process produces separated flakes with lateral
sizes of several microns (see figs. S1 to S3). The samples were trans-
ferred to ultrahigh vacuum (UHV) and annealed to ~200°C to desorb
residual contaminants before the PEEM measurements (69). Atomic
force microscopy was conducted in the tapping mode on a Bruker
MMS to determine the thickness of the flakes (see figs. S1 to S3).

PEEM experiments

All PEEM experiments were performed under UHV (base pressure,
1 x 107'° mbar) using a photoelectron microscope from Focus
GmbH. The microscope has a spatial resolution less than 40 nm. 1P-
PEEM was carried out with a 100-W broadband mercury arc lamp
(hv £ 5.1 eV) under grazing incidence (65° to the surface normal) as
illustrated in Fig. 1B.

Initially unoccupied intermediate states, such as plasmon reso-
nances, may be pumped and probed in nP-PEEM (with n > 2) so
that they may contribute to the PEEM signal. Monochromatic nP-
PEEM (n = 2 to 4) experiments were conducted mostly with the
fundamental (1.35 < 1hv < 1.9 eV, 5- to 30-n] pulse energy, 30- to
40-fs pulse duration) or the second harmonic 2.7 < 2hv < 3.8 eV,
5- to 30-n]J pulse energy, 40- to 60-fs pulse duration) of a homebuilt
optical parametric amplifier (OPA). The OPA was pumped by the
second harmonic (2hv = 2.4 eV) of a Coherent Monaco with a rep-
etition rate of 4 MHz. nP-PEEM measurements with 2hv = 2.4 eV
were carried out with the second harmonic of the Coherent Monaco
laser (2- to 3-nJ pulse energy, 180-fs pulse duration). The laser spot
sizes on the sample were ~300 to 1000 pm”.

The linearly polarized laser beam was directed to the sample
either at grazing incidence (65° to the surface normal) or at near-
normal incidence (4° to the surface normal) via a rhodium mirror
inside the microscope column (see Fig. 1B). In the latter configura-
tion, the laser polarization is effectively in the plane of the sample
surface. A/2 wave plates were used to tune the in-plane laser polar-
ization with respect to the edges of the MXene stacks.
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nP-PEEM results from two MXene flakes (flake 1 and flake 2) are
presented in Results. The work function of both flakes is ~4.8 eV
(see fig. S6). Hence, nP-PEEM experiments with photon energies
hv < 4.8 eV correspond to 2P-PEEM, hv < 2.4 eV to 3P-PEEM, and
hv < 1.6 eV to 4P-PEEM.

Simulations of surface polaritons

Two simulation approaches were carried out to assign the measured
surface polaritons. Both approaches consider a stack consisting of a
MZXene flake with thickness d on top of 2-nm native SiO; on top of
300-pm silicon(100). The dielectric functions of the SiO, and silicon
were obtained from the SOPRA data bank (www.sspectra.com/
sopra.html) and the Handbook of Optical Constants of Solids, respec-
tively (70).

We conducted our simulations using the recently reported di-
electric function of Ti3C,Ty (23). Our first theoretical approach is
based on the transfer matrix method (71, 72). It uses the Fresnel
coefficients to calculate the wave vector- and energy-dependent re-
flection coefficients r(k,, E) of the entire sample stack. The poles of the
reflection coeflicient correspond to the sample’s polaritonic modes.
They can be approximately found by assuming pure real wave vectors
ky and plotting the intensity map of the imaginary part of r(ky, E). This
approach has been successfully used before to model polaritons ob-
served with scattering near-field optical microscopy (44, 73, 74).
Details and derivations can be found in the Supplementary Materi-
als of (44). Similarly, we find the exact dispersion relation by nu-
merically solving for poles of the reflection coeflicient at a constant
energy. We explicitly solve only for bound modes (fields that evanes-
cently decay away from the interface) by choosing the values of the
complex square root k, = 4/ e(u))(f—zz — k2 such that Im(k,) > 0. To
find the propagation lengths of the observed mode at 1.7 eV, k, was
calculated by the above method as a function of thickness, yielding
Lepp = [Im(k,)] ™! as a measure of in-plane decay. Once k is deter-
mined by this numerical method, the electric fields and Poynting
vectors can be plotted analytically as done in fig. S4.

In our second theoretical approach, we performed FDTD simula-
tions with Lumerical by Ansys (75). FDTD is a fully vectorial simulation
method that can calculate time evolutions of electromagnetic fields by
solving Maxwell’s equations. FDTD simulations were used to deter-
mine the spatial and temporal field distributions within our sample
stack with nanometer and femtosecond resolution. nP-PEEM images
were reproduced on the basis of the electric fields from the FDTD out-
put because the PEEM signal can be expressed by [ dt (Ex +E,+E, ) a
where n is the number of photons in the photoemission process
(49, 50, 76). A field-time monitor was used to record the time evolution
of fields to simulate nP-PEEM images in Figs. 2E and 4 (A and B). The
spatial distributions of the E; fields of Fig. 2 (F to H) were calculated
with a frequency-domain field profile monitor. Further details and ex-
ample of nP-PEEM image simulations with FDTD can be found in (76).

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1to S8
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