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Enhanced and tunable surface plasmons in two-dimensional Ti3C2 stacks:
Electronic structure versus boundary effects
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The dielectric response of two-dimensional (2D) Ti3C2 stacked sheets was investigated by high-resolution
transmission electron energy-loss spectroscopy and ab initio calculations in the 0.2–30-eV energy range. Intense
surface plasmons (SPs), evidenced at the nanometer scale at energies as low as 0.3 eV, are shown to be the
dominant screening process up to at least 45-nm-thick stacks. This domination results from a combination of
efficient free-electron dynamics, begrenzungs effect, and reduced interband damping. It is shown that, in principle,
the SPs energies can be tuned in the mid-infrared, from 0.2 to 0.7 eV, by controlling the sheets’ functionalization
and/or thickness. This point evidences a new attribute of this new class of 2D materials.
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I. INTRODUCTION

Two-dimensional (2D) materials offer a large playground
in condensed-matter physics, graphene [1] being the most
popular of these systems among others, such as hexagonal
boron nitrides (h-BNs) or transition-metal dichalcogenides
(TMDs) [2,3]. Because of their high aspect ratio, these systems
exhibit outstanding surface properties which perfectly match
the growing field of plasmonics, i.e., the manipulation of light
at subwavelength scales through its coupling with surface
plasmons (SPs) [4]. In such systems, the confinement of the
electromagnetic field at the surface leads to many applications
related to surface-enhanced optical phenomena [5], which in
the mid-infrared, are of particular interest for chemical sensing,
thermal imaging, or photovoltaic applications [6]. Although
graphene is very promising from this point of view since its SP
characteristics can be tuned electrically, by chemical doping
or nanostructuration [7,8], the recent discovery of a new class
of 2D crystals, called MXenes [9,10], brings new possibilities
in the investigation of 2D crystals and their applications for
plasmonics.

MXenes are 2D early transition-metal (M) carbides and/or
carbonitrides stacked sheets of various thicknesses [see the
inset of Fig. 1(b)]. These sheets are obtained by chemical
etching of the A element (mostly elements from groups III-A
or IV-A) from the Mn+1AXn phases, the latter being layered
ternary carbides or nitrides (X = C or N) [11]. The Mn+1AXn

phases are composed of stacks of Mn+1Xn octahedra layers
interleaved with layers of a pure A element with many possible
chemical substitutions on each of the three, viz. M, A, or
X, sites. MXenes are thus a potentially large family of 2D
Mn+1Xn weakly interacting layers. Because of the chemical
treatment leading to their formation, the Mn+1Xn layers are
passivated with OH and/or F terminations [10]. Discovered
very recently, these materials have already been intensively
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investigated both experimentally and theoretically [12–15]. In
particular, MXenes exhibit outstanding properties in terms of
intercalation applications [16,17], and are interesting for op-
toelectronic devices since they combine optical transparency
and metallic character [10,18].

In the present study, we highlight the connection between
the dielectric response and the nanostructuration of one of the
most studied MXenes to date, namely Ti3C2T2 (T = OH or F),
and evidence the properties of its mid-infrared SPs. The
dielectric properties, including bulk and surface modes, have
been characterized using high-resolution electron energy-loss
spectroscopy (HREELS) performed in a monochromated
scanning transmission electron microscope (STEM), which
is an invaluable tool for such investigations at the nanometer
scale [19,20]. Using a complete ab initio theoretical framework
for the interpretation of our data, we show that: (i) Ti3C2T2

exhibits intense SPs that can be detected at the nanometer
scale at energies as low as 0.3 eV, and (ii) the SPs dominate
over bulk excitation even for large numbers of layers in a
stack. In addition, we show that the SP energy is determined
by the interplay between interband transitions and boundary
effects. Given the large possibilities of engineering MXenes’
electronic structure, this paper shows that, in principle, it is
possible to directly tune the SP frequency in a large spectral
range in the mid-infrared.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Experimental details

Samples were synthesized by etching the Al layers from
Ti3AlC2 with hydrofluoric acid as described in Ref. [9]. For
the EELS experiments, MXene powders were ultrasonicated
in de-ionized water, and a drop of the solution was deposited
on a holey carbon Cu grid. The spectra were acquired in a
FEI Titan microscope, fitted with a monochromator and a
high-resolution Gatan GIF Tridiem (Model 865) spectrometer.
The spectra were acquired in STEM mode at 80 kV with the
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FIG. 1. (Color online) (a) Comparison between (top) the ex-
perimental and (bottom) the calculated—OH-terminated—low-loss
spectra recorded on Ti3C2T2 for different thicknesses. The spectra
are normalized at 7 eV (labeled N) and are magnified by a factor
of 10 above 3 eV. (b) Detailed view of the surface plasmon energy
region. Insets: (Top) typical STEM–annular dark-field image of the
samples and (bottom) Ti3C2(OH)2 unit cell used for the calculations.

monochromator excited to allow for an energy resolution better
than 0.1 eV at full width at half maximum (FWHM) of the
elastic peak. In order to access the surface plasmons down to
the infrared regime, the extraction of the inelastic contribu-
tion was performed using a Richardson-Lucy deconvolution
scheme following the description of Bellido et al. [21]. The
sample thicknesses were estimated from the low-loss spectra
using the log-ratio technique [22]. Such a method was shown
to give an accuracy on the order of 10% to 20% of the actual
thickness [23,24].

B. Computational details

Experimental results are interpreted using the MXene
energy-dependent dielectric function obtained in the optical
limit from density functional theory calculations. Since the
samples were probed along the [001] zone axis, the EEL
spectra are determined by the in-plane dielectric response of
the MXene εxx(0,ω) as already demonstrated in the case of
the MAX phases [25,26]. The theoretical EEL spectra are
computed in a semiclassical framework using the electron
inelastic-scattering probability determined by Kröger for thin

films in normal incidence [27]: Given that εxx(0,ω) is obtained
from ab initio calculations, there are no adjustable parameters
in our model.

εxx(0,ω) was computed with the WIEN2K code, an all
electron full potential approach based on an augmented plane-
wave formalism including local orbitals [28,29]. Because the
hydrogen atoms are described with very small muffin-tin radii,
the plane-wave basis set expansion was converged for a RKmax

value of 3.5 for OH-terminated Ti3C2T2. For Ti3C2F2, a RKmax

value of 7.5 was used. Since many-body effects were shown
to be negligible in the basal plane dielectric response of the
MAX phases [25,26], the present calculations were performed
in the independent particle approximation using the OPTIC

package of WIEN2K [30]. Exchange and correlation effects
were treated in the generalized gradient approximation (GGA)
(Perdew-Burke-Ernzerhof (PBE) parametrization [31]) which,
for MXenes, gives results in very good agreement with
hybrid functionals [12]. This approximation is well justified
since GGA was shown to give an accurate description of
the dielectric response of many metals including transition
metals [32]. GGA has also been demonstrated to give a
good description of MAX phases’ plasmons [25,26], which
gives strong support to the present calculations. Ti3C2T2

exhibits a metallic behavior along its basal plane with a Drude
frequency quite close to that of the parent Ti3AlC2 phase
(�ωp,xx is 3.5 and 3.9 eV, respectively). Some 17×17×2 and
27×27×3 Monkhorst-Pack grids were used for the Brillouin
zone sampling for the self-consistent field calculation of
potentials and dielectric responses, respectively. The unit cells
determined by complete geometry optimizations in Ref. [9]
were used as input for the calculations. These structural models
are expected to be fairly accurate since they give a good
description of both the x-ray diffraction diagrams and the
valence-band structure as probed by HREELS (see Fig. 1).

III. RESULTS AND DISCUSSION

A. Bulk plasmon

The experimental low-loss EEL spectra recorded on
Ti3C2T2 stacks of various thicknesses, ranging from 5 to
45 nm, are compared to the corresponding calculations (OH
terminated) in Fig. 1(a). Given that the surface modes are
much more intense than their bulk counterparts, intensities
above 3 eV were magnified by a factor of 10. Based on
these results, it is clear that the calculations reproduce well
the energy positions of the interband transitions (IBTs) 1–3
and the bulk plasmon (BP). This point confirms that GGA
is a reasonable approximation for the description of the
basal plane dielectric response of Ti3C2T2. The evolution
of the relative intensities as a function of the thickness is
also consistent between the calculations and the experiments.
The BP intensity is significantly reduced as the MXene
stack thickness is decreased, concomitantly the SP intensity
significantly increases as evidenced in Fig. 1(b) where the
corresponding energy range is magnified. We note however,
that the experimental BP intensity of the 32-nm-thick sample
is anomalously low. As detailed below, a slight disorder in
the MXene stack could lead to such intensity reduction. The
reduction in the bulk plasmon intensity is primarily due to
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FIG. 2. (Color online) Surface (dashed line) and bulk (dotted
line) contributions to the total (full line) cross section for a 5-nm-thick
Ti3C2T2 stack. Inset: Same quantities for a 45-nm-thick sample.

the important contribution of the surface terms in the total
cross section at low thicknesses which, in addition to the
SP, add a negative contribution at the bulk plasmon energy.
This so-called begrenzungs effect is evidenced in Fig. 2 where
the surface and bulk contributions to the total inelastic cross
sections are given for the 5-nm-thick sample. In the inset,
the surface and bulk contributions are also shown for the
45-nm-thick sample: The surface term is negligible in the bulk
plasmon energy range, and the energy-loss spectrum is close
to the bulk contribution.

As evidenced in Fig. 1, the bulk plasmon energy is
insensitive to the number of MXene sheets: Given that a single
MXene sheet is ≈1-nm thick [see the MXene unit cell in
Fig. 1(b)], the BP energy remains unchanged when considering
5, 9, 23, 32, or 45 MXene sheets. This result is different from
that observed in other 2D compounds, such as graphene, h-BN,
or TMD where the bulk plasmon is blueshifted by several eV
when going from few layers to bulklike systems [3,33–35].
Such plasmon shifts were interpreted on the basis that
changing the stacking modifies the valence electron density
involved in the screening, leading to a modification of the
bulk plasmon energy [36]. This explanation is in line with
the work of Marinopoulos et al. evidencing the shift in the
(π + σ ) plasmon as a gauge of the intertube interaction in
carbon nanotubes [37]. From these interpretations, the Ti3C2T2

sheets appear as almost independent polarizable entities. We
interpret this weak coupling between the Ti3C2T2 sheets as
a key feature accounting for their exceptional capacity to
be intercalated with many different cations or small organic
molecules [16,17].

B. Surface plasmon

The SP energy range is magnified in Fig. 1(b). For large
thicknesses, the SP intensity decreases. This evolution is well
reproduced by the calculations. We note that the SP energy
position is slightly underestimated at 5 nm (ωth

SP= 0.18 eV,
ω

exp
SP = 0.28 eV) and progressively increases up to 0.42 eV at

FIG. 3. (Color online) (a) Fit of the experimental SP with three
Gaussians (G1–G3) for the 23-nm-thick sample. (b) Ratio of the SP
to BP intensities determined either from the Gaussian fits or from the
maximum intensities of the experimental spectra. (c) Full width at
half maximum extracted from G1 for the different thicknesses. Inset:
Influence of the free-electron damping on the SP calculation. (d)
Re ε(0,ω) and Im ε(0,ω) calculated for Ti3C2(OH)2. The theoretical
loss function for the 23-nm-thick MXene is also given for comparison.

45 nm whereas experimentally the SP energy remains constant.
Moreover, one notices that the experimental SP of the 9-nm-
thick sample is damped and blueshifted. This phenomenon can
be understood from a theoretical point of view considering
a F-terminated MXene model. The corresponding calculated
low-loss spectrum is given in Fig. 1(b) (gray dashed lines).
Compared to the OH-terminated model (full gray lines),
the SP is clearly damped and blueshifted in agreement with
the experimental results. Such a dependence of the SP on the
MXene functionalization will be addressed in the next section.

Figure 1 highlights an important characteristic of the
MXene’s dielectric behavior: The SPs dominate over bulk
ones even for a 45-nm-thick sample. The dependence of the
SP characteristics (intensity, FWHM) on layer thickness was
determined by fitting the experimental spectra with Gaussian
functions as shown in Fig. 3(a). In the SP region (below 1 eV),
three Gaussians were used. A typical result of such a fit is given
in Fig. 3(a) for the 23-nm-thick sample: G1 represents the
surface plasmon around 0.3 eV, G2 represents the maximum
of the interband transitions around 0.5 eV [labeled B in
Fig. 3(d)], and G3 represents the interband excitations at higher
energy. The same fitting procedure was applied to the bulk
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plasmon region—between 13 and 30 eV—where here again
three Gaussian functions were used for the IBT3, the BP, and
the background. The evolution of ISP/IBP, characterized by
the ratios of the maxima of the corresponding Gaussians is
shown in Fig. 3(b). Given its large damping, the SP of the
9-nm-thick sample (see Fig. 1) was disregarded here, and the
values corresponding to the 5-nm-thick sample are not shown
since they are one to two orders of magnitude larger. Unlike
usually observed in transmission experiments, here the SPs
dominate over the bulk ones at least up to 45-nm-thick samples.
Similar results are obtained using the experimental maximum
intensities of the EEL spectra [see Fig. 3(b)]. This behavior is
peculiar: In gold or aluminum thin films, for instance, the SP
vanishes for thicknesses greater than 30 nm [38,39].

This domination of surface modes can be traced back
to the combination of three parameters. First, the screening
dynamics of the free electrons in these systems is similar to
that in plasmonic materials (Ag or Au). The SPs damping
determined from their FWHM extracted from the fits presented
in Fig. 3(a) is approximately 170 meV, a value very similar
to that measured on Ag thin films [see Fig. 3(c)] [40].
This low SP damping, which arises from surface scattering,
radiative, and nonradiative decays [5], goes together with a
low free-electron damping. This is evidenced in the inset in
Fig. 3(c) where the SPs calculated for different dampings—
� = 0.5, 0.05, or 0.005 eV—in the Drude term of dielectric
response are shown. Although it is not possible to precisely
determine � by such comparisons, it is clear that it is on
the order of 0.05 eV or less, a value very close to that
reported for silver or gold [41]. The second point is that the
SP energy is below the maximum of the interband threshold,
labeled B in Fig. 3(d). It follows that the probability for
the SP to decay into interband transitions is significantly
reduced, a phenomenon shown to be crucial in other systems,
such as gold nanorods [42]. Finally, the weak interactions
between MXene sheets play a key role by reducing the bulk
plasmon excitation probability. Indeed, plasmon wakes take
place for thicknesses larger than λp/4 where λp is the plasmon
wavelength [22,43]. For Ti3C2T2, λp ≈ 30 nm, a value that is
much larger than the thickness of the individual sheets. Ti3C2T2

thus fulfills the requirements of, and appears as, an alternative
to what is currently attempted for graphene-based plasmonics
where artificial heterostructures are fabricated to enhance their
surface properties [39].

C. On the possibility to tune the surface-plasmon frequency

Regardless of sample thickness, the SP energy of Ti3C2T2 is
not determined by the simple condition Re ε(ω) = −1, which
is fulfilled at 1.5 eV as evidenced from Fig. 3(d). To get
a simple understanding of the SP dispersion relation as a
function of the MXene thickness, we compare our results to
those obtained assuming the nonretarded approximation for a
Drude thin slab [5],

ω±
SP = ωp√

2
[1 ± exp(−qst)]

1/2. (1)

In Eq. (1), the + and − signs represent the antisymmetric
and symmetric surface modes, respectively, and qs is the
SP wave vector. The evolution of ω−

SP as a function of the

FIG. 4. (Color online) ωSP as a function of the MXene thickness
extracted from the experimental data (black diamonds) and the
calculations: Ti3C2(OH)2 (empty black diamonds), Ti3C2(OH)2

considering a 1-eV scissors shift on the IBT (gray diamonds), Ti3C2F2

(green squares), Drude thin slab model with qs (E = 0.3 eV) (red
dots), and qs (E = 0.6 eV) (red dashed lines). Inset: Im ε(0,ω) for
Ti3C2F2 and Ti3C2(OH)2.

MXene thickness t is calculated and is compared to both the
experimental values and the ab initio calculations in Fig. 4. For
the comparison, the free-electrons’ plasma frequency used in
Eq. (1) is taken from ab initio calculations [�ωp = 3.5 eV
for Ti3C2(OH)2] and qs from a free-electron model with a
characteristic surface scattering angle of θs = θE√

3
(θE being

the characteristic inelastic-scattering angle) [22]. The ω+
SP is

not considered since it falls within the interband continuum
(ω+

SP ≈ 3 eV) and is thus completely damped.
At t = 5 nm, the Drude model value is in good agreement

with the experimental one (see Fig. 4). For larger thicknesses,
the SP of Ti3C2T2 deviates from the free-electron behavior: It
is much less dependent on thickness. This effect is ascribed to
the interband transitions that constrain the SP below 0.5 eV.
As an illustration of the influence of the interband transitions
on the SP, the loss function of Ti3C2(OH)2 was calculated
using a dielectric function where a 1-eV scissors operator
was applied on the interband transitions, thereby blueshifting
the interband threshold from the SP energy range. The SP
frequency calculated using this new dielectric response was
now free to increase from 0.2 to more than 0.6 eV for
thicknesses ranging from 5 to 45 nm (gray diamonds in
Fig. 4). These results clearly demonstrate that manipulating
the MXene’s electronic structure allows a complete tuning
of the SP resonance, provided that the MXene’s thickness
is controlled. An obvious way of controlling the MXene’s
electronic structure is by changing its functionalization, e.g.,
substituting OH by F terminations. The evolution of ωSP for the
Ti3C2F2 system is also shown as solid green squares in Fig. 4:
The latter’s response is close to that observed for Ti3C2(OH)2
with a 1-eV scissors operator. The reason is that the interband
maximum (peak B for OH-terminated MXenes) is shifted. As
shown in the inset of Fig. 4, Im ε(0,ω) behaves smoothly for
Ti3C2F2 in the 0–2-eV energy range. The SP is then free to
obey the free-electron behavior, and the SP energy can be tuned
from 0.18 to 0.74 eV for thicknesses ranging from 5 to 45 nm.
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Given the weak interactions between the Ti3C2(OH)2 sheets
evidenced from their bulk plasmons and consistent with their
high capacity to be intercalated easily by cations or molecules,
manipulating the Ti3C2(OH)2 thickness should be possible.

IV. CONCLUSION

To summarize, the dielectric properties of Ti3C2T2 mul-
tilayers have been characterized combining high-resolution
transmission EELS with ab initio calculations in the 0.2–30-eV
energy range with special focus on the bulk and surface
plasmons. The SPs have been evidenced at the nanometer
scale and at very low energy in the mid-infrared, a spectral
range of particular interest for chemical sensing [6]. The
remarkable intensity and possible tunability of these SPs are
discussed in terms of several factors that could be valid for
other MXenes: (i) The screening dynamics of the free electrons
are comparable to those in standard plasmonic materials. (ii)
The MXene structure, built on weakly interacting 2D sheets,
inherently reduces the probability of bulk excitations leaving
surface modes as the dominant screening process. This weak
interaction between MXene sheets is a key property for their

outstanding capacity to be intercalated easily by a host of
organic molecules and cations. (iii) The SP energy is shown
to be determined by the interplay between electronic structure
and boundary effects: Depending on the functionalization, the
SP wavelength of Ti3C2T2 can be kept constant or can be
varied in a wide spectral range (from 6 to less than 2 μm
for thicknesses ranging from 5 to 45 nm), these variations
being controlled by the MXene thickness. This new class of
2D materials thus shows very promising behavior for surface
plasmon-based applications since their SPs fulfill two major
requirements: Tunability and enhancement thanks to their
unique nanostructures.
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L.-Å. Näslund, S. J. May, L. Hultman, Y. Gogotsi, P. Eklund, and
M. W. Barsoum, Chem. Mater. 26, 2374 (2014).

[19] D. Rossouw and G. A. Botton, Phys. Rev. Lett. 110, 066801
(2013).

[20] O. Nicoletti, F. de la Peña, R. K. Leary, D. J. Holland, C. Ducati,
and P. A. Midgley, Nature (London) 502, 80 (2013).

[21] E. P. Bellido, D. Rossouw, and G. A. Botton, Microsc.
Microanal., doi:10.1017/S1431927614000609 (2014).

[22] R. F. Egerton, Rep. Prog. Phys. 72, 016502 (2009).
[23] H.-R. Zhang, R. F. Egerton, and M. Malak, Micron 43, 8

(2012).
[24] T. Malis, S. C. Cheng, and R. F. Egerton, J. Electron Microsc.

Tech. 8, 193 (1988).
[25] V. Mauchamp, M. Bugnet, P. Chartier, T. Cabioc’h, M. Jaouen,

J. Vinson, K. Jorissen, and J. J. Rehr, Phys. Rev. B 86, 125109
(2012).

[26] V. Mauchamp, G. Hug, M. Bugnet, T. Cabioch, and M. Jaouen,
Phys. Rev. B 81, 035109 (2010).
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