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The interband π and π + σ plasmons in pristine graphene and the Dirac plasmon in doped graphene are
not applicable, since they are broad or weak, and weakly couple to an external longitudinal or electromagnetic
probe. Therefore, the ab initio density functional theory is used to demonstrate that the chemical doping of the
graphene by the alkali or alkaline-earth atoms dramatically changes the poor graphene excitation spectrum in the
ultraviolet frequency range (4–10 eV). Four prominent modes are detected. Two of them are the intralayer plasmons
with square-root dispersion, characteristic of the two-dimensional modes. The remaining two are the interlayer
plasmons, very strong in the long-wavelength limit but damped for larger wave vectors. The optical absorption
calculations show that the interlayer plasmons are both optically active, which makes these materials suitable
for small-organic-molecule sensing. This is particularly intriguing because the optically active two-dimensional
plasmons have not been detected in other materials.
DOI: 10.1103/PhysRevB.97.205426

Extensive research of electronic excitations in graphene
showed the existence of several two-dimensional (2D) plasmon
modes: the intraband (Dirac) plasmon existing only in doped
graphene [1–6], and the interband plasmons, which exist in
pristine and doped graphene and originate from the interband
electron-hole transition between the π and π ∗ bands and
between the π and σ ∗ bands [3,7–10]. These investigations also
showed that the interband π and π + σ plasmons are broad
and weak resonances, so their interaction with the external
longitudinal or electromagnetic probes is weak as well, which
makes them inadequate for most practical applications. The
“tunable” Dirac plasmon in doped graphene is also weak (for
experimentally feasible doping) and, in addition to that, it does
not couple to an incident electromagnetic field directly. In the
systems proposed so far, light could be coupled to the Dirac
plasmon only indirectly, e.g., by using metallic tips, gratings,
or prisms, or by arranging graphene into nanoribbons [4,5,11],
which is in most cases not easy to fabricate. Also, such indirect
coupling additionally reduces the intensity of the plasmon, thus
reducing the efficiency of its application.
The alkali or alkaline-earth intercalated graphene is relatively easy to fabricate and offers a broader variety of plasmons, both intraband and (especially) interband. Such systems
have recently been extensively studied, both theoretically and
experimentally [12–18], but the attention has not been on the
electronic excitations. Intercalating any alkali or alkaline-earth
metal to a single graphene layer causes the natural doping of
the graphene and results in the formation of two quasi-twodimensional (q2D) plasmas. This supports the existence of two
2D intraband plasmons, acoustic and Dirac, with frequencies
up to 4 eV [19], as well as several interband and even interlayer

*
†

vito@phy.hr
lmarusic@unizd.hr

2469-9950/2018/97(20)/205426(6)

modes occurring at higher frequencies. Some of these modes
are optically active and some of them can be manipulated
by doping, which opens possibilities for their application in
various fields, such as plasmonics, photonics, transformation
optics, optoelectronics, light emitters, detectors, and photovoltaic devices [20–29]. Moreover, tunable 2D plasmons
could be very useful in the area of chemical or biological
sensing [20,30–32], which is one of our main suggestions
for the potential application of the results of this research. In
addition to that we study the interlayer interband excitations
and demonstrate that they are not only plasmons but optically
active plasmons, as pointed out in the title to emphasize the
importance of these modes. Unlike the widely studied infrared
Dirac plasmon or UV π plasmon in graphene, these plasmons
can be excited directly by light.
We performed calculations for several alkali and alkalineearth metals, with different coverages, and found that the
effects which are the focus of this paper are valid for all of
them. In all these cases, in addition to the graphene π and σ
bands, there are also the π and σ bands of the intercalated
metal. This opens possibilities for various electron-hole (e-h)
transitions which may be the origins of the interband plasmons.
We limit our investigation to the frequencies between 4 and 10
eV (the UV region), where the dominant interband plasmons
occur, and identify four significant modes within this range.
Two of them are not very well defined in the long-wavelength
limit but they exist at larger wave vectors as well, and show
the square-root dispersion characteristic of the surface and 2D
modes. These modes are the intralayer modes, one located
in the graphene layer and the other located in the metallic
layer. The other two are very prominent in the long-wavelength
limit, but at higher wave vectors their intensities rapidly
decrease, which makes them potentially interesting for optical
applications [11,20,21,33]. Their dispersions are different from
those typical for the 2D modes, indicating that they are different
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from the usual 2D plasmons. Detailed inspection (including
retardation, i.e., finite speed of light, and tensoric response)
shows that they are dipolar interlayer modes (the electric field
they produce oscillates perpendicular to the crystal plane),
i.e., optically active q2D plasmons, contrary to the widely
studied q2D plasmons which produce electric field parallel to
the crystal plane and are not optically active. The extensively
studied graphene π and π + σ modes are optically active, but
in the long-wavelength limit (Q → 0) they are not plasmons
but electron-hole excitations [9]. The optical plasmons in the
intercalated graphene fit the small organic molecules’ optical
absorption peaks (e.g., bright excitons at 5.2, 6.3, and 7 eV in
anthracene, fullerene, and benzene, respectively) and therefore
can be applied as chemical detectors operating in the UV
frequency region.
The theoretical formulation of the electronic response in
various q2D systems has already been presented [3,34–36], so
here we only point out some details of the calculation important
for the understanding of the result we want to present. We
define the electron-energy-loss spectroscopy (EELS) local
spectral function as the imaginary part of the excitation
propagator,
Sz0 (Q,ω) = −ImDz0 (Q,ω),

(1)

Dz0 (Q,ω) = WGind =0 (Q,ω,z0 ,z0 ).

(2)

where

The Sz0 (Q,ω) is also proportional to the probability density for the parallel momentum transfer Q = (Qx ,Qy ) and
the energy loss ω of the reflected electron in the reflection electron-energy-loss spectroscopy (REELS) [37]. The
induced dynamically screened Coulomb interaction is W ind =

v 2D ⊗ χ ⊗ v 2D , where v 2D = 2π
e−Q|z−z | is the 2D Fourier
Q
 L/2
transform of the bare Coulomb interaction and ⊗ = −L/2 dz
[38]. The response function is obtained as the solution of the
matrix Dyson equation χ̂ = χ̂ 0 + χ̂ 0 v̂ 2D χ̂ in the reciprocalspace plane-wave basis G = (G ,Gz ). The noninteracting


electrons response matrix is χ̂ 0 = 2 i,j (fi − fj )/(ω + iη +
Ei − Ej )ρG,ij ρG∗  ,ij , where fi is the Fermi-Dirac distribution,
ρG,ij are charge vertices [3],  is the normalization volume,
and i = (n,K) and j = (m,K + Q) are Kohn-Sham-Bloch
states. The Coulomb interaction with the surrounding supercells in the superlattice arrangement is excluded, as described
in detail in Ref. [34].
In this paper we study LiC2 , LiC6 , CaC6 , and CsC8 crystal
slabs, which consist of two parallel atomic layers (one metallic
and one carbon) separated by distance d.
metallic
√ The√
√ atoms
√
occupy hollow sites and form 1 × 1, 3 × 3, 3 × 3,
and 2 × 2 superlattices, respectively, corresponding to the
graphene hexagonal lattice. To calculate the Kohn-Sham (KS)
wave functions φnK and energy levels EnK , i.e., the band
structure, of the slabs, we use the plane-wave self-consistent
field (PWSCF) DFT code within the QUANTUM ESPRESSO (QE)
package [39]. The core-electron interaction is approximated by
the norm-conserving pseudopotentials [40], and the exchange
correlation (XC) potential by the Perdew-Zunger local density
approximation (LDA) [41]. For the slab unit cell constant
we use the graphene value of auc = 4.651 a.u. [42], and we
separate the slabs by L = 5auc = 23.255 a.u. We performed
structural optimization calculations for all systems until the
maximum atom-atom force was reduced below 0.002 eV/Å.
The equilibrium separations between the metallic and carbon
layers within a slab for these four systems are d = 4.1 a.u.
(2.17 Å), 3.28 a.u. (1.74 Å), 4.46 a.u. (2.36 Å), and 5.8 a.u. (3.08
Å), respectively, which is consistent with those in Refs. [18,43].
Even though all the structures are theoretically stable, the only
one that has been experimentally synthesized (with certainty) is
LiC6 [18]. For all the others (LiC6 , CaC6 , and CsC8 ), there are
indications of their existence, but it has not been confirmed.
In particular, there are indications
it may be possible to
√ that √
achieve Li coverage larger than 3 × 3, even up to 1 × 1
[44]. On the other hand, for larger atoms the coverage is
smaller and this is why for the Cs intercalation we use 2 × 2,
which seems to be experimentally stable [45]. Finally, in this

FIG. 1. The intensity of the electronic excitations in (a) CsC8 , (b) CaC6 , (c) LiC6 , and (d) LiC2 . The white and green dotted lines in (d) show
the boundaries of the e-h excitation gaps for the graphene π bands around the Dirac point and the Li σ bands around the point, respectively.
205426-2

UV-ACTIVE PLASMONS IN ALKALI AND ALKALINE- …

PHYSICAL REVIEW B 97, 205426 (2018)
4

(a)

Intensity

3

AP

DP

Q=0.17 - 0.33 a.u.
C(π)

Li(π+σ)

2
1

0

0

4

2

4

ω (eV)

6

Q=0.016 - 0.16 a.u.

(b)

DP

3

Intensity

investigation we want to cover a wider class of intercalates,
regardless of whether they have been synthesized or not, with
the hope that at least some of them will be fabricated in
the future, and that they will manifest desirable plasmonics.
Our reference frame is chosen so that the graphene layer is
positioned at z = 0, and the metallic layer is at z = d. The
ground-state electronic densities of the slabs are calculated
by using the 12 × 12 × 1 Monkhorst-Pack K-point mesh [46]
of the first Brillouin zone (BZ). For the plane-wave cutoff
energy we choose 50 Ry (680 eV). The Fermi levels of these
systems (measured from the Dirac point, i.e., from the pristine
graphene Fermi level) are EF = 1.78, 1.55, 1.375, and 1.24 eV,
respectively. For the response matrix χ̂ 0 calculation in the longwavelength (Q < 0.01 a.u.) limit we use 601 × 601 × 1 Kpoint mesh and the damping parameter η = 10 meV, while for
the larger Qs we use 201 × 201 × 1 K-point mesh sampling
and η = 30 meV. In all cases the band summation is performed
over 30 bands and the perpendicular crystal local field energy
cutoff is 10 Ry (136 eV), which corresponds with 23Gz wave
vectors. The temperature used in the noninteracting electrons
response matrix χ̂ 0 calculations is T = 10 meV (116 K).
Figures 1(a)–1(d) show the excitation spectra in CsC8 ,
CaC6 , LiC6 , and LiC2 slabs, respectively, calculated from
Eq. (1). The spectral intensities are shown as functions of
ω and Q, using the color scheme, which enables us to see
the dispersions of the modes. We can see that, in addition to
the well-known modes present in the doped graphene (Dirac
(DP) and π (C(π )) plasmon [3]), there are a few other modes,
strong in the long-wavelength limit (indicating their optical
activity) and more pronounced in the systems with higher
electronic doping, especially for LiC6 and LiC2 . Therefore,
we put emphasis on the system with the highest doping, i.e.,
the LiC2 . Figure 1(d) shows the intensities of the electronic
excitations in the M and K directions for the LiC2 . The
spectra in these two directions are very similar, so here we
focus only on the M direction. At lower frequencies (up to
4 eV) we can see the intraband q2D plasmons, which have
already been discussed in detail for LiC2 [19]. At frequencies
between 4 and 10 eV we can see four significant interband
modes (denoted as C(π ), Li(π + σ ), ILP1 , and ILP2 ), two with
the square-root dispersion, characteristic of the q2D systems,
which exist for the larger wave vectors as well, and the other
two which are strongly damped for larger wave vectors. These
modes, which exist in all these systems (at similar frequencies),
are the focus of this paper. To understand them we explore
the band structure and the spectra of electronic excitations in
the LiC2 in more detail. However, our conclusions about the
origins and characteristics of the modes obtained for the LiC2
are valid for the other three systems as well.
Figures 2(a) and 2(b) show spectra S(ω) for the LiC2
for various wave vectors Q (denoted in graphs) in the M
direction. Figure 2(b) also contains the spectra of the n-doped
graphene (dashed red lines), with the same doping as in the
LiC2 (EF = 1.78 eV), for comparison. The doped graphene
spectra show two modes, the very prominent intraband Dirac
plasmon, roughly matching the LiC2 Dirac plasmon, and
the interband π plasmon around 5 eV, which is very weak
due to heavy doping. In the LiC2 spectra, in addition to the
already described q2D intraband acoustic and Dirac plasmon
(AP and DP) [19], we can notice a barely visible broad
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FIG. 2. Spectra of the electronic excitations in LiC2 for the wave
vectors (a) Q = 0.17−0.33 a.u. and (b) Q = 0.016−0.16 a.u. in the
M direction (solid black lines). (b) Comparison with the doped
graphene spectra (dashed red lines) with the matching Fermi level.

peak between 4.5 and 5 eV, which corresponds with the
graphene π plasmon, plus three other modes which cannot
be related to any of the graphene modes. This means that
these modes are either the lithium q2D intralayer modes,
or the interlayer modes, which represent charge oscillations
perpendicular to the crystal plane. Therefore, Li intercalation
not only donates electrons to the graphene π cone (enabling
the Dirac plasmon) but also drastically modifies interband
plasmonics. Acoustic plasmons can appear in graphene composites which are not intercalated by alkali metals (e.g.,
acoustic plasmon and various hybridized plasmonic/phononic
modes in graphene/sapphire/graphene composites [47], but
these graphene/insulator/graphene composites do not support
the intriguing interband plasmons studied here).
In order to determine the properties (the origin) of particular
interband plasmons we should bring them into connection with
the corresponding single-particle electron-hole transitions.
Figure 3(a) shows the band structure of the LiC2 slab, with the
color scheme indicating the predominant origins of particular
bands. Blue and turquoise indicate predominant lithium π
and σ orbitals, respectively, while red and pink indicate predominant graphene π and σ orbitals, respectively. The arrows
indicate the e-h transitions which are the potential origins of
the four modes. However, since the transition energies are very
similar, it is impossible to reach definite conclusions about the
origins of the particular modes from the band structure itself.
Figure 3(b) shows the imaginary (thick solid black line) and
real (thick dashed black line) parts of the excitation propagator
(2) in the LiC2 for several characteristic wave vectors Q.
The thin red line is the unscreened (single-particle) spectrum
obtained by replacing χ with χ 0 in W ind used in Eq. (1). By
comparing these three lines we can distinguish the collective
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FIG. 3. (a) The band structure of the LiC2 , with the color scheme indicating the predominant origins of particular bands (blue, Li(π );
turquoise, Li(σ ); pink, C(σ ); red, C(π )). (b) Development of the interband plasmons with the increase of the wave vector. Thick solid black
lines, ImD; thick dashed black lines, ReD; thin red lines, spectra of the single-particle excitations only. (c) Angle-resolved optical absorption
spectra in LiC2 , in ultraviolet frequency range.

modes from the single-particle excitations. Furthermore, comparing the frequencies of these excitations with the transitions
in the band structure in Fig. 3(a) can help us identify the origins
of some of the modes.
In the unscreened spectra (thin red lines) we can see two
prominent peaks, one around 4 eV which exists for all wave
vectors, and the other around 6 eV which disappears for larger
Q. This indicates that the first one is the origin of the modes
denoted as C(π ) and Li(π + σ ), while the second one is the
origin of the remaining two modes (IL1 and IL2 ). Further
analysis consists of applying the p and n doping to our system
(i.e., changing the position of the Fermi level and causing some
occupied bands to become unoccupied, and vice versa), and
omitting particular bands from the calculation of the response
function χ 0 , to determine the exact role of each band. By doing
that, we found out that the first peak in the single-particle
spectra is actually an overlap of two peaks. One is coming
from the transition between the π and π ∗ graphene bands
around the M point [red arrow in Fig. 3(a)], and that one is
the origin of the mode denoted as C(π ), i.e., the graphene
π plasmon. The other is coming from the transition between
the σ and π lithium bands around the point [blue arrow in
Fig. 3(a)], and that one is the origin of the mode denoted as
Li(π + σ ), i.e., the lithium π + σ plasmon. The second peak in
the single-particle spectra comes from the transitions between
the graphene π bands and the lithium σ bands [black arrows
in Fig. 3(a)], and it is the origin of the remaining two modes,
denoted as IL1 and IL2 . Their dispersion is not square-root
like, which is the consequence of their interlayer nature. All
the presented spectra are calculated for the probe positioned
at z0 = L/2, but we can change the position of the probe and
monitor the changes in the spectra to determine the symmetry
of the particular modes. By doing that we confirmed that one
of the peaks (IL1 ) is even, while the other one (IL2 ) is odd.
Contrary to the intralayer plasmons C(π ) and Li(π + σ ),
the interlayer plasmons IL1 and IL2 are sharp, well-defined
resonances which could be especially suitable for the sensing
of small organic molecules with excitonic spectra in the UV fre-

quency range. However, the crucial question is: Can the IL1 and
IL2 plasmons be excited by an external electromagnetic field,
i.e, are they optically active? If that is the case, then it seems
that the intercalated graphene may become the technologically
simplest platform for biosensing. In the systems proposed
so far, light could be coupled to plasmon resonances only
indirectly, e.g., by using the metallic nanoparticles, gratings,
or prisms, or by arranging graphene into nanoribbons, which
is much more difficult to fabricate. Another exciting aspect
of this issue is that the optically active q2D plasmons have
not been discovered in other systems. In order to answer this
crucial question we performed a sophisticated angle-resolved
optical absorption calculation which includes the retardation
and the tensoric character of the LiC2 dynamical response [48].
The mathematical formulation of the electromagnetic wave
scattering and the expression for the angle-resolved optical
absorption in two-dimensional crystals are presented in the
Supplemental Material [49].
Figure 3(c) shows the absorption of p polarized light in the
LiC2 , as a function of the incident light with the frequency
ω and angle θ (as sketched), calculated by using (S16) and
(S17) presented in the Supplemental Material [49]. For the
normal incidence (θ = 0◦ ) the electric field is parallel with the
crystal plane and there are no peaks corresponding to IL1 and
IL2 . However, as the incident angle increases, the IL1 and IL2
peaks appear, and finally for the almost grazing incidence (θ =
80◦ ), i.e., for the the electrical field almost perpendicular to the
crystal plane, they become very intensive. This undoubtedly
confirms not only that these modes are optically active, but
also their interlayer character. The grazing spectra show some
additional peaks (ex1 , ex2 , and ex3 ) which do not appear in
the EELS spectra, i.e., which cannot be excited by an external
longitudinal probe, which means that they are probably not
plasmons but UV-active excitons.
In the remaining three systems presented in this paper, the
electronic doping is weaker than in the LiC2 , which has two
important consequences. First, the two interlayer plasmons are
not nearly as strong and sharp as they are in the LiC2 , but they
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still exist and are still optically active in the UV region. Second,
due to the weaker doping the Fermi level is lower (with respect
to the LiC2 Fermi level) by 0.23 eV for LiC6 , 0.405 eV for
CaC6 , and 0.54 eV for CsC8 . Considering that the plateau in
the graphene π ∗ band is only 0.1–0.2 eV below the LiC2 Fermi
level, this means that in the three other systems that plateau
is unoccupied, which makes the graphene π plasmon much
stronger. Therefore, by changing the doping (by changing the
dopant or the coverage, or by applying the gate voltage) we can
tune these modes, i.e., increase or decrease their intensities.
In conclusion, we showed that doping the graphene by
the alkali or alkaline-earth atoms dramatically modifies the
graphene plasmonics, especially in UV parts of the spectra,
where we obtain four interband plasmons. This effect is the
strongest in the full coverage lithium-doped graphene (LiC2 ),
due to the highest doping. Two of the modes, not very strong in
the long-wavelength limit, exist for larger wave vectors, with
the square-root dispersion characteristic of the 2D plasmons.

They turned out to be the intralayer modes, one within the
graphene layer (the well-known graphene π plasmon), and
the other within the intercalated metal layer. The other two
plasmons ILP1 and ILP2 are strong and sharp in the longwavelength limit, but damped for the larger wave vectors.
They turned out to be the interlayer optically active plasmons;
i.e., they couple directly to the electromagnetic field. Such
unusual and poorly explored optically active 2D plasmons
can be used as an efficient sensor in chemical sensing and
biosensing.
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