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Low-energy collective electronic excitations in LiC6, SrC6, and BaC6
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We present a first-principles study of the electronic band structure and low-energy dielectric response
properties of a representative group of graphite intercalated compounds—LiC6, SrC6, and BaC6. Our results
obtained from time-dependent density functional theory calculations reveal the presence of different plasmons in
these compounds at energies below 12 eV. The presence of these collective electronic excitations is discussed in
terms of intra- and interband transitions. In addition to the bulk plasmon, we find the π - and intraband plasmons.
However, their properties vary greatly from one material to another. In LiC6 and BaC6, the π plasmon is a
two-dimensional excitation, whereas in SrC6 it has a three-dimensional character. As for the intraband plasmon,
it is observed in all momentum-transfer symmetry directions, with rather strong anisotropy in the energy position
between momentum transfers in the basal carbon plane and perpendicular to it. Also, we discuss the appearance
in SrC6 and BaC6 of a low-energy collective electronic mode with the characteristic soundlike dispersion in
terms of the energy bands crossing the Fermi level with different group velocities. We find a correlation between
the appearance of such low-energy electronic modes and the occupation of the graphite interlayer band.
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I. INTRODUCTION

Graphite intercalated compounds (GICs) consist of stacked
carbon layers hosting dopants between them (atoms or
molecules) that modify dramatically the physical properties
of the host [1]. After intercalation with some metals, graphite
becomes superconducting with a critical temperature (Tc)
varying in a wide range (1–11 K) depending on the dopant
[2–6]. This fact has renewed the interest in electronic proper-
ties of GICs [7–16] and, in particular, in the changes of the
graphite’s electronic properties produced by the intercalation
process.

While it is generally accepted that superconductiv-
ity in GICs is driven by the Bardeen-Cooper-Schrieffer
(BCS) mechanism with conventional electron-phonon cou-
pling [17,18], there are still some inconsistencies between
the data obtained from measurements of the isotope effect
[19] and specific heat [20–22], as was pointed out some time
ago [23]. Likewise, the relevance of the carbon or intercalant
phonon modes in the overall electron-phonon coupling has
been actively investigated [10,13,24–27].

In the intercalation process, the GIC’s number of electronic
states at the Fermi level can vary strongly in contrast to
the pure graphite, where the concentration of electrons and
holes at the Fermi level is small. Considerable effort has been
devoted to understanding the modifications in the electronic
band structure over the intercalation process, such as the
alteration of the carbon-derived energy bands and the charge-
transfer processes from the foreign atoms to carbon layers

[28–30]. In this respect, special attention was given to the
study of the evolution of a so-called interlayer energy band,
which is totally unoccupied in pristine graphite and becomes
partially occupied in some GICs [31].

In fact, soon after the discovery of enhanced Tc in YbC6

(Tc = 6.5 K) and CaC6 (Tc = 11.5 K), an interesting obser-
vation was made by Csányi et al. concerning the electronic
structure of several superconducting and nonsuperconducting
GICs [31]. They noted a correlation between the occupation of
the interlayer energy band and superconductivity, suggesting
that the interlayer band plays a crucial role in the supercon-
ductivity phenomenon in these compounds. Based on this
analysis, it was speculated that an electronic mechanism might
be at the origin of superconductivity in those GICs where
the interlayer band is partly occupied. In particular, it was
suggested that since at the Fermi level there are two kinds of
carriers in the energy bands (the carbon-derived π∗ band and
the interlayer band), a so-called acoustic plasmon (AP) could
exist and play the role of a mediator, like phonons in the BCS
scenario [32–35].

An important theoretical prediction in a metal-adatom-
covered graphene system based on bulk properties of GICs
was made by Profeta et al. [8]. They predicted that LiC6,
a nonsuperconductor compound in bulk form, becomes a
superconductor with Tc = 8.1 K in its thinnest limit con-
sisting of a layer of Li on top of graphene. Later on, by
using angle-resolved high-resolution spectroscopy, Ludbrook
et al. demonstrated that the Li-decorated monolayer graphene
is indeed superconducting with Tc = 5.9 K [36]. Recently,
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Ichinokura et al. [37] studied bilayers of graphene interca-
lated by calcium and lithium, C6CaC6 and C6LiC6. They
used electrical transport measurements to demonstrate that
the Ca-intercalated graphene bilayer exhibits a superconduct-
ing phase like that of its bulk counterpart, while C6LiC6 is
concluded to be a nonsuperconductor in line with bulk LiC6

but differing from the Li-decorated graphene [38]. Since in
the LiC6 bulk band structure the interlayer band is unoccu-
pied and in the Li-decorated graphene it becomes semioc-
cupied, the doping via metal adatom intercalation seems to
be the major factor in the superconducting mechanism of
GICs.

Recently, the AP was predicted to exist in CaC6, where
the interlayer band is partly occupied. The appearance of this
peculiar three-dimensional (3D) low-energy plasmon with a
soundlike dispersion is due to the presence of carriers with dif-
ferent Fermi velocities at the Fermi level [39]. Those carriers
correspond to three kinds of energy bands crossing the Fermi
level, namely interlayer, carbon-derived, and hybridized bands
(carbon-derived bands whose dispersion is strongly modified
upon intercalation).

By using high-resolution electron energy-loss spec-
troscopy (EELS) in transmission geometry, Roth et al. studied
the low-energy collective electronic excitations in CaC6 [40].
Their results on the dispersion and energy in the optical limit
of the π -plasmon as well as the intraband plasmon (IP) are in
reasonable agreement with theoretical results [39]. However,
a finite value of 1.0 eV in the optical limit was measured
for the low-energy mode [40]. This result contrasts with the
theoretical findings predicting that the AP energy goes to
zero as the momentum transfer approaches the optical limit.
We are aware that despite the experimental observation of a
mode with similar soundlike dispersion [41] at metal surfaces
[42–45], the detection of this kind of electronic excitation
in the bulk is experimentally challenging. In this case, we
believe that theory can provide valuable results to shed light
on complex problems such as this and find new candidates for
experimental detection.

In this work, we present a first-principles study of the
electronic structure and dielectric response properties of a
representative set of GICs. The calculations in the framework
of the time-dependent density functional theory (TDDFT)
were performed with full inclusion of the ab initio energy
band structure evaluated in a self-consistent pseudopotential
scheme. In particular, we analyze the role of the occupation
of the interlayer band in the appearance of the low-energy
electronic modes for systems in which graphite hosts different
intercalants providing distinct electron concentration. For this
reason, three GICs were chosen to be considered. In LiC6, a
nonsuperconductor GIC, the interlayer band is totally empty,
while in the superconducting BaC6 and SrC6 [5,6], the inter-
layer band is partly occupied.

The rest of the paper is organized as follows. In Sec. II,
a brief description of the methods used and some computa-
tional details are given. In Sec. III, we present the electronic
structure of the materials under study, the calculated dielectric
function, and the energy-loss spectra along certain symme-
try directions. A summary and conclusions are presented
in Sec. IV. Unless otherwise stated, atomic units (h̄ = e2 =
me = 1) are used throughout the paper.

TABLE I. Crystal structure parameters, stacking sequence, sym-
metry group, and carbon interlayer distance d of a representative set
of GICs. Here a and c are the lattice parameters of the hexagonal
structures [22,39,46].

System a (Å) c (Å) Stacking sequence Sym. group d (Å)

LiC6 4.28 3.70 Aα P6/mmm 3.70
CaC6 4.33 13.57 AαAβAγ R3̄m 4.52
SrC6 4.32 9.90 AαAβ P63/mmc 4.95
BaC6 4.26 10.50 AαAβ P63/mmc 5.25
YbC6 4.32 9.15 AαAβ P63/mmc 4.58

II. CALCULATION METHODS AND DETAILS

The crystal structure parameters of the materials under
study are listed in Table I. Also, for the sake of compari-
son, we report there the parameters for other representative
GIC’s, namely CaC6 and YbC6. Additionally, Table I contains
symmetry groups, a stacking sequence, and carbon interlayer
distances in these systems. In general, the atomic lattice in
GIC’s can form one of the Aα, AαAβ, or AαAβAγ stacking
sequences, where graphite layers denoted by A have the same
arrangement, while the intercalant (Li, Ca, Sr, Ba, or Yb)
atoms occupy interlayer sites above the centers of the carbon
hexagons in one of the three possible α, β, or γ positions (see
Fig. 1).

The hexagonal unit cell of LiC6 contains one Li and six
C atoms, while in SrC6 (BaC6) it contains two Sr (Ba) and
twelve C atoms. A general unit cell of a GIC from the lateral
and the top view and the corresponding first Brillouin zone
(1BZ) of the hexagonal unit cell are shown in Fig. 1. A
definition of the main symmetry directions in the crystal and
in the reciprocal space is given there as well.

We calculated the band structure of LiC6, SrC6, and BaC6

within the self-consistent density functional theory employing
a homemade band-structure code [47]. The valence-core in-
teraction was described by Troullier-Martin norm-conserving

FIG. 1. (a),(b) Hexagonal unit cell and stacking sequence of
GICs. All carbon atomic layers denoted by A have the same arrange-
ment in the basal plane as shown by small gray circles. Large red
circles represent intercalant atoms located in the interlayer positions
above the centers of carbon hexagons in α or β or γ site as schema-
tized in (b). (c) Projection of the first Brillouin zone (1BZ) onto the
hexagonal carbon basal plane. In (c) the �KM and AHL planes cross
the c∗ axis, directed in the direction perpendicular to the basal plane,
at kz = 0 and kz = π/c, respectively. In the reciprocal space, three
main symmetry directions of the momentum transfer—a∗, b∗, and
c∗—are directed along the �K , �M, and �A directions of the 1BZ,
respectively.

115137-2



LOW-ENERGY COLLECTIVE ELECTRONIC EXCITATIONS … PHYSICAL REVIEW B 100, 115137 (2019)

pseudopotentials [48]. The self-consistent Kohn-Sham eigen-
values εnk and eigenfunctions ψnk(r) were obtained with
the use of the exchange-correlation potential in the form of
Ref. [49]. In a self-consistent procedure, the summation over
wave vectors in the irreducible part of the 1BZ was performed
over a 16 × 16 × 12 k mesh in the case of LiC6. In the case
of SrC6 and BaC6, the 16 × 16 × 6 k mesh was used. For the
expansion of the wave functions, a plane-wave basis set with
an energy cutoff of 50 Ry was employed.

The macroscopic dielectric function εM probed in optical
experiments is given by εM (Q, ω) = 1/ε−1

GG(q, ω), where ω

and Q are the energy and the momentum transfer, respectively.
In general, Q = q + G, where the vector q belongs to the
1BZ and G’s are the reciprocal-lattice vectors. The energy-
loss function, L(Q, ω) ≡ −Im[ε−1

GG(q, ω)], is proportional to
the dynamical structure factor S(Q, ω) ∼ −Im[ε−1

GG(q, ω)]
directly probed in the inelastic x-ray scattering and electron-
energy-loss experiments. The inverse dielectric function ε−1

can be written in terms of the density-response function of
interacting electrons, χ , in the form

ε−1
GG′ (q, ω) = δGG′ + VG(q)χGG′ (q, ω), (1)

where VG(q) is the Fourier transform of the bare Coulomb
potential V .

In the framework of the time-dependent density functional
theory [50,51], χ is related to the density response function
for noninteracting electrons χo via a Dyson-like equation
χ = χo + χo(V + Kxc)χ . Since for a periodic crystal all the
quantities transform into matrices in reciprocal space, this
integral equation takes a matrix form

χGG′ (q, ω) = χo
GG′ (q, ω) +

∑

G1

∑

G2

χo
GG1

(q, ω)

× [
VG1 (q)δG1G2 + Kxc

G1G2
(q, ω)

]
χG2G′ (q, ω).

(2)

In Eq. (2), Kxc
G1G2

(q, ω) accounts for dynamical exchange-
correlation effects. In this work, we present results obtained
within the random-phase approximation (RPA), in which Kxc

is set to zero. We have checked that the use of a so-called
adiabatic local density approximation (ALDA) [50,52] for Kxc

does not change the excitation spectra of the compounds under
study significantly, in line with what was observed in the case
of a pure graphite [53]. The main effect of the incorporation
of the ALDA kernel on the excitation spectra consists in a
moderate enhancement of the spectral weight of the features
that already existed at the RPA level.

The Fourier coefficients χ0
GG′ (q, ω) can be calculated

numerically using the following expression:

χo
GG′ (q, ω) = 2



1BZ∑

k

∑

n,n′

( fnk − fn′k+q)〈ψnk|e−i(q+G)·r|ψn′k+q〉〈ψn′k+q|ei(q+G′ )·r|ψnk〉
εnk − εn′k+q + (ω + iη)

. (3)

Here the factor 2 accounts for spin,  is the normalization
volume, fnk is the Fermi distribution function, and η is a pos-
itive infinitesimal. The evaluation of the Fourier coefficients
χ0

GG′ (q, ω) was realized using our homemade code designed
for the dielectric function calculations [54]. It is the most
time-consuming part of the current calculations. To reduce
the computation cost, we follow the approach described in
Refs. [55–57]. It consists in the evaluation of the imaginary
part of the χ0

GG′ (q, ω) matrix elements according to

χoI
GG′ (q, ω) = 2



1BZ∑

k

occ∑

n

unocc∑

n′
〈ψnk|e−i(q+G)·r|ψn′k+q〉

× 〈ψn′k+q|ei(q+G′ )·r|ψnk〉δ(εnk − εn′k+q + ω).

(4)

In this case, a relevant numerical quantity is a broadening
parameter [55,58] in the Gaussian representing the Dirac δ

function. In this work, it was set to 50 meV. Indeed, employing
a Gaussian with a finite thickness for the representation of the
Dirac δ function poses a problem in the calculation of the
intraband contribution to χoI since Gaussian is a symmetric
function and is not required to vanish at ω = 0. As a result,
some spectral weight can be lost. To solve this problem, we
multiply the Gaussian function by ω at low energies with
corresponding modification of the normalization. Moreover,
in such a way, the antisymmetry of χoI with respect to ω is
ensured. The sampling of the 1BZ in Eq. (4) was performed

with the use of a 96 × 96 × 54 grid for LiC6, a 96 × 96 × 30
grid for SrC6, and a 90 × 90 × 30 grid for BaC6. All the occu-
pied (occ) and unoccupied (unocc) valence bands up to 40 eV
above the Fermi level were included. Subsequently, having
evaluated the imaginary part, the real part of the χ0

GG′ (q, ω)
matrix elements is obtained via the Hilbert transform using
an energy cutoff of 40 eV. The local field effects (LFEs)
are included in the evaluation of the energy-loss function
through the incorporation in Eq. (2) of the nondiagonal matrix
elements [59,60].

III. CALCULATION RESULTS AND DISCUSSION

A. Band structure

The calculated electronic band structure of LiC6, SrC6,
and BaC6 in the vicinity of the Fermi level along the high-
symmetry directions of the 1BZ is reported in Fig. 2. Overall it
is in good agreement with the previous results [7,8,29–31,61].
Figure 2 demonstrates that the intercalation process produces
notable changes in the energy bands of a pure graphite. In
particular, one can observe an almost rigid downward shift
of the bonding π and antibonding π∗ carbon-derived bands
by about 0.9 eV in LiC6, 1.8 eV in SrC6, and 1.7 eV in
BaC6 in comparison with a pure graphite. As a result, the π∗
bands become partly occupied in all the cases, unlike for pure
graphite where they are almost empty. There is no significant
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FIG. 2. Calculated band structure of (a) LiC6, (b) SrC6, and
(c) BaC6 along high-symmetry directions of the 1BZ. The interlayer
and hybridized bands [31] are highlighted with blue and green,
respectively. The Fermi level located at the zero energy is shown by
a horizontal dashed line.

modification in the dispersion of these π and π∗ bands due to
the presence of the intercalant atoms.

Additionally, the location of the intercalant atoms between
the carbon atomic layers brings an interlayer band (high-
lighted with blue) closer to the Fermi level. In LiC6, this

band appears totally unoccupied and its bottom at the �

point is located around 1.1 eV above the Fermi level, in
agreement with the previous calculations [7,8]. In SrC6 and
BaC6, the interlayer band appears to be partly occupied. In
these compounds, the bottom of this band is located at the
� point at energies of 1.56 and 1.25 eV below the Fermi
level, respectively. It can be compared with its energy position
at −1.25 eV in CaC6 [39,61]. Such an energy position of
the interlayer band reflects a smaller charge transfer from
the intercalant to the carbon layers in CaC6 and BaC6 in
comparison to SrC6. Note that in SrC6 and BaC6 along the
�A symmetry direction, this band is totally occupied. The top
of this band is located at the � point at energies of −0.25 and
−0.53 eV, respectively. On the contrary, in CaC6 along the �A
direction such a band is semioccupied, reaching a maximal
energy of 0.7 eV at the A point [39]. The resulting narrowing
of the interlayer band upon the increase of the intercalant
atomic number correlates with the increase of the interlayer
spacing, as is evident from Table I.

In all these systems, one can find the hybridized π∗ bands
(highlighted in Fig. 2 with green). These hybridized π∗ bands
are derived from the corresponding graphite bands whose
dispersion is notably modified due to the presence of the
intercalant. This means that BaC6 and SrC6 exhibit three
kinds of energy bands crossing the Fermi levels, namely an-
tibonding carbon π∗ bands, interlayer bands, and hybridized
π∗ bands with strong charge density in the interlayer region
[31]. Thus, the low-energy electronic dynamics becomes en-
riched due to the presence of these carriers near the Fermi
level, as it is demonstrated below. In the case of LiC6, the
dynamics at the Fermi surface is determined by two kinds
of carriers in the carbon π∗ bands and the hybridized π∗
bands.

Since graphite is gapless at the K point, a remarkable
effect of the intercalation is the appearance of an energy gap
of 0.29, 0.14, and 0.09 eV at the � point (a back-folded K
point in the 1BZ of the graphite) for LiC6, SrC6, and BaC6,
respectively. As seen in Figs. 2(b) and 2(c), the intercalation
of Sr and Ba atoms into graphite brings about the d and f
electronic states, which are totally unoccupied and reside at
energies above ∼1.5 and ∼1 eV, respectively. Note that in
this work, the electronic structure was calculated in the scalar-
relativistic approach. We do not expect that the inclusion of
spin-orbit coupling might introduce significant variation in the
excitation spectra in these materials since it is known that, for
instance, in the case of most heavy Ba, the changes in the bulk
electronic structure caused by the spin-orbit interaction do not
exceed 0.2 eV in the unoccupied part. The states at the Fermi
level and below are not modified notably by the spin-orbit
interaction at all [62].

The main effects caused by the intercalation process
in the materials under study here are summarized below
in comparison with pure graphite. The first effect consists in
charge transfer taking place from the intercalant atoms to the
carbon layers, which is evidenced through the filling of the
π∗ band (an almost empty band in graphite). The second
is the formation of an energy gap between the π and π∗
bands at the � point. The third is the downward shift of
the parabolic-like dispersing interlayer band in these three
systems.
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FIG. 3. Loss function, L(Q, ω), of LiC6 at momentum transfers Q along the a∗ axis calculated (a) with and (b) without inclusion of the
local-field effects. The respective log10{Im[ε]} is shown in (c). In (d), (e), and (f) and in (g), (h), and (i) the same quantities are presented for
Q’s directed along the b∗ and c∗ axes, respectively. Peaks in the loss function corresponding to the π and intraband plasmons are labeled by πP
and IP, respectively. In (a) the peak corresponding to an intraband plasmon reappearing at large momentum transfers is denoted as IP′. Peak
M in (d) and (e) is discussed in the text. In (c), (f), and (i) the peaks in Im[ε] generated by the intraband transitions are labeled as IB, IB1, and
IB2. A clear peak in Im[ε] produced by the interband transitions is denoted as T . The dispersion of all these peaks is highlighted by white and
black dotted lines. In (g) vertical arrows point to regions where there is enhanced hybridization of the IP mode with the T peak in Im[ε].

B. Dielectric properties

1. LiC6

The excitation spectra of LiC6 in the energy range of
0–12 eV are presented in Fig. 3. Panels (a), (d), and (g)

show the loss function L(Q, ω) as a function of energy ω and
momentum transfer Q directed along the a∗, b∗, and c∗ axes,
respectively. These data are obtained with the inclusion of the
LFEs. Notice that the magnitude of momentum transfer Q can
exceed the size of the 1BZ since Q = q + G, where vector
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q belongs to the 1BZ and G is a reciprocal-lattice vector
bringing Q into the 1BZ.

Inspection of Figs. 3(a), 3(d), and 3(g) reveals that in
LiC6 there are several spectral features in this energy range.
Furthermore, the anisotropy of the dielectric properties in this
material is evident. In particular, along the c∗ direction the
spectrum is remarkably different from that in the basal a∗-b∗

plane. It is consistent with a weak interaction between the
carbon atomic layers in this material.

At momentum transfers in the a∗-b∗ plane, a feature dom-
inating the spectra is labeled as πP and can be seen in
the upper-energy region of Figs. 3(a) and 3(d). It shows a
parabolic-like positive dispersion upon momentum transfer
increase in both a∗ and b∗ symmetry directions. The πP
mode has an energy of ∼6.2 eV at small Q‖a∗,‖b∗ values
and disperses upward to energies exceeding 12 eV at large
momentum transfers. The energy of this spectral feature at
Q = 0 is in good agreement with a value ωπP = 6.3 eV
measured for LiC6 in the EELS experiment by Grunes et al.
[63] and later analyzed by Chen and Rabii [64]. In LiC6,
the energy of the πP mode at momentum transfers in the
a∗-b∗ plane is significantly shifted downward in comparison
to a pristine graphite. Such a mode was reported initially
in graphite, where it appears at ω ∼ 7 eV in the optical
limit [65,66]. It is interpreted as the collective oscillation of
the electron charge residing in the π energy bands. Later
on it was observed in other GICs at lower energies [65,67–
71]. In particular, a first-principles calculation [39] and an
EELS measurement [40] have found a similar parabolic-like
dispersion as well as an energy downward shift for the πP
mode in graphite intercalated with Ca.

A similar πP peak in the loss function was found in a single
carbon monolayer—graphene. There was intense discussion
[72–74] about whether such a peak in the loss function of
graphene is a signature of collective excitation or not. In the
bulk electron system, the condition for the existence of col-
lective excitation—plasmon—is ε(Q, ω) = 0 [75]. However,
in real materials such a condition is almost never realized.
Therefore, in this work we use the less stringent definition of
bulk collective excitation [76]: for a bulk mode to exist at a
certain energy, three conditions should be fulfilled: (i) there is
a clear peak in the loss function, (ii) Re[ε] is zero or close to
zero, and (iii) Im[ε] presents a local minimum. To answer this
question in the case of LiC6, in Fig. 4 we report the dielectric

and loss functions calculated at Q‖a∗ = 0.03 Å
−1

. One can see
that all three of the above conditions are fulfilled in the πP
case. One of the zero-crossings in Re[ε] occurs at an energy
of 5.7 eV, i.e., very close to the energy position of the πP
peak in the loss function. Also the imaginary part of ε has
a shallow local minimum at almost the same energy region.
This confirms the true plasmonic nature of the πP mode in
LiC6. Note that in the dielectric function derived from the
EELS measurements in Ref. [63], the real part does not cross
the zero line in the nearby energy window. Instead, Re[ε]
has a local minimum of ≈0.15 at ω = 5.4 eV. We attribute
this discrepancy to uncertainty in the determination of the
dielectric function from the measured loss function.

Although the calculated πP peak dispersion is rather simi-
lar along the a∗ and b∗ directions, some notable differences

FIG. 4. Upper panel: Real Re[ε] (blue solid line) and imaginary
Im[ε] (red dashed line) parts of the dielectric function in LiC6 at

Q‖a∗ = 0.03 Å
−1

. Lower panel: Corresponding loss function evalu-
ated with the inclusion of LFEs (black solid line). Peaks in the loss
function corresponding to the intraband and π plasmons are marked
as IP and πP, respectively.

can be detected. Thus, while the intensity of this mode in
Fig. 3(a) is greatly reduced when it reaches energies around
10 eV, in Fig. 3(d) it is still present as a well-defined feature
in this energy region. A detailed comparison of Figs. 3(a)
and 3(d) also reveals that the πP peak dispersion presents a
certain anisotropy in the basal plane that is steeper in the a∗
direction. In the loss function of Fig. 4 we observe a broad
peak centered at an energy of 8.9 eV. Its presence is explained
by the existence in Im[ε] of the interband peak around 8.7 eV.
Due to the close proximity of the energy position of these
two peaks and the absence of a zero-crossing in Re[ε] in
the nearby energy region, we interpret this peak in the loss
function as interband transitions. In Figs. 3(a) and 3(d) it is
seen that the dispersion of this peak is positive and can be

detected up to Q ∼ 0.3 Å
−1

.
The next feature in the loss function at momentum transfers

in the a∗-b∗ plane appears at lower energy. It is the intra-
band plasmon, and the corresponding peak in the calculated
L(Q, ω) is labeled as IP. Its energy at small Q‖a∗,‖b∗ ’s is 2.6 eV.
The collective character of this feature in the loss function is
confirmed by the behavior of the real and imaginary parts of

the dielectric function at Q‖a∗ = 0.03 Å
−1

presented in Fig. 4.
Here one can see that at energies around ωIP, Re[ε] crosses
the zero line with a positive derivative and Im[ε] is rather
small. In the EELS experiment performed by Grunes et al.

[63] in LiC6, a value of ωIP = 2.85 eV at Q ∼ 0.1 Å
−1

for the
intraband plasmon energy was reported. This value is in good
agreement with ωIP = 2.8 eV obtained in our calculations at
the same in-plane momentum transfer. Additionally, at small
momentum transfers we observe a good agreement between
our results and the energy of the IP mode reported by Fischer
et al. [77] and Basu et al. [78] in reflectivity experiments.

In LiC6 a sharp and narrow IP peak exhibits a parabolic-
like positive dispersion. This mode disperses up to ω ∼ 4 eV

at Q‖a∗ = 0.45 Å
−1

and to ω ∼ 5.5 eV at Q‖b∗ = 0.65 Å
−1

.
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Such behavior of the IP mode in LiC6 is strikingly different
from what occurs, e.g., in CaC6, where a similar mode pos-
sesses a negative dispersion [39]. The sharpness and positive
dispersion of the IP mode peak in LiC6 can be understood
inspecting Im[ε] shown in Figs. 3(c) and 3(f). One can see that
the IP peak propagates in the momentum-energy phase space
where there is a local pseudogap in Im[ε] located between
the intraband IB (IB2) peak and the interband one T with
an energy of 3.8 eV at Q‖a∗,‖b∗ = 0. Moreover, the interband
peak T has strong upward dispersion upon a momentum
transfer increase, contrary to its almost flat dispersion in the
case of CaC6 [39]. Once the IP mode dispersion reaches the
upper border of the intraband electron-hole continuum, its
dispersion increases sharply. However, this is accompanied
by a quick reduction of the IP peak spectral weight in the
loss function. Finally, at certain momentum transfers reported
above this mode ceases to exist.

In Figs. 3(b) and 3(e) we present L(q, ω) calculated with-
out inclusion of the LFEs for Q’s along the a∗ and b∗ sym-
metry directions, respectively. From a comparison with the
loss functions given in Figs. 3(a) and 3(d), one can conclude
that the LFEs play a negligible role in the formation of
the excitation spectra in LiC6 at momentum transfers in the
carbon basal plane. The only visible effect, besides some
variation in intensity in certain regions of the momentum-
energy phase space, consists in the reappearance of the IP
mode in the vicinity of Q‖a∗ = 4π/a. In Fig. 3(a) we denote
this weak peak as IP′ and mark its dispersion by a white
dotted line. An analysis of the dielectric function behavior
confirms that this feature cannot be considered as collective
excitation.

As seen in Fig. 3(g), the response properties of LiC6 along
the c∗ direction differ dramatically from that in the basal a∗-b∗
plane. The most visible difference is a lack of the πP mode
along this direction. Instead, in the excitation spectrum at the
c∗ direction one can observe a wide featureless pseudogap
at energies above ∼2 eV. Similarly, a structureless spec-
trum along this momentum transfer direction was reported in
pristine graphite [53,79]. Its presence in L(q, ω) can be ex-
plained by the rather featureless behavior of Im[ε] presented
in Fig. 3(i), where the large portion of the momentum-energy
phase space is almost free of the interband transitions.

The peculiar feature of the loss function in the c∗ symmetry
direction is the presence of the IP mode at lower energies (by
about 1 eV lower in comparison to the a∗-b∗ plane), as can
be seen in Fig. 3(g). This narrow and sharp feature shows the
longest lifetime and highest intensity in the spectrum along
this direction. At small Q‖c∗ ’s the energy of this feature is
around 1.7 eV. Upon an increase in momentum transfer, the
IP mode exhibits almost flat dispersion over subsequent BZs
with a variation in energy less than 0.1 eV. Its presence in the
loss function can be traced up to momentum transfers close
to Q‖c∗ = 4π/c. An analysis of the IP plasmon dispersion in
Fig. 3(g) reveals that in certain regions marked by vertical
white arrows, it experiences some distortions. Such behavior
can be explained by the presence of a well-defined peak T
in Im[ε] of Fig. 3(i) produced by the interband transitions.
As a result, in these regions the IP plasmon can decay
more efficiently into the electron-hole pairs. One can see in
Fig. 3(h) that without inclusion of the LFEs, the IP peak has

pronounced negative dispersion and eventually reaches a zero
energy at Q‖c∗ = 2π/d . By incorporating the LFEs in the
calculation of the loss function, the IP dispersion transforms
into the almost flat one observed in Fig. 3(g). Such influence
of the LFEs on the dispersion of the IP mode in LiC6 is
rather unique since in the previously studied materials the
variation of the IP plasmon energy upon propagation into the
subsequent BZ’s was significant [80–83]. On the other hand,
a rather flat plasmon dispersion over an extended momentum
transfer range was found in the electride Ca2N [84]. However,
in that case the IP dispersion is not discontinuous.

A detailed inspection of the low-energy region of the
spectrum of LiC6 confirms that in this compound at energies
below ∼1.5 eV there is not any plasmon feature. This is
opposite to the Li-doped graphene case in which a low-energy
AP mode was predicted to exist [85]. Such an opposite trend
is explained by the fact that in the Li-doped graphene, the
freelike interlayer energy band is partly occupied, whereas
in the bulk LiC6 it is located totally above the Fermi level.
The only feature in this energy range can be detected in the
loss function of Fig. 3(d) and is labeled as M. Along the

b∗ direction its presence can be detected in the 0.4–1.3 Å
−1

momentum transfer interval. It has a maximum at an energy
of 1.3 eV and disperses down to an energy of about 0.8 eV.
Since it can also be seen in the loss function of Fig. 3(e), we
deduce that the LFEs do not alter its properties. An analysis
of the dielectric function shows that Re[ε] does not approach
the zero line at energies around the M peak. Hence it cannot
be classified as a collective excitation. Indeed, the energy
position of this peak in the loss function is very close to the
IB1 peak location in Im[ε] shown in Fig. 3(f). This confirms
the single-particle nature of the M peak in the loss function.

The rather featureless behavior of the low-energy excita-
tion spectrum in LiC6 is consistent with its band structure,
with the interlayer band being totally unoccupied and only
two kinds of carbon-derived states present at energies near the
Fermi level, as seen in the density of states (DOS) distribution
presented in Fig. 5. In the DOS of Fig. 5(a) one can detect
a local peak P1 with group velocity in the a∗ direction about
0.18 a.u. at the Fermi level. Another local peak P2 at EF can
be found in the DOS reported in Fig. 5(a) at υ‖a∗ = 0.32 a.u.
However, despite the presence of two groups (apart from a
trivial peak with zero velocity that does not produce any sep-
arate peak in Im[ε]) of states with different group velocities
at the Fermi level, in Im[ε] of Fig. 3(c) we only observe one
dominating IB peak mostly linked to the P2 peak in the DOS.
Apparently, the contribution to Im[ε] from the P1 peak decays
very quickly upon momentum transfer increase and can only
be seen in Fig. 3(c) as a shoulder on the low-energy side of
the IB peak. Under these conditions, an acoustic plasmon
cannot exist. In the b∗ direction, the DOS of Fig. 5(b) has
two peaks P1 and P2 at the Fermi level at velocities of 0.22
and 0.38 a.u., respectively. As a result, two intraband peaks
IB1 and IB2 can be found in Im[ε] of Fig. 3(f). Nevertheless,
the presence of two intraband peaks in Im[ε] does not lead to
the appearance in the loss function of an additional plasmon
peak with a soundlike dispersion. Actually, the presence of
two intraband peaks in Im[ε] does not guarantee the existence
of such a mode. In reality, a delicate balance between their
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FIG. 5. Density of states distribution in LiC6 vs energy and group velocity components along (a) a∗, (b) b∗, and (c) c∗ symmetry directions.
Peaks at the Fermi level are labeled as P1 and P2. The energies are relative to the Fermi level set to zero.

mutual energetic positions and strengths definitely determines
whether this kind of plasmon can be realized or not [86].

When momentum transfer occurs in the c∗ direction, it
is even more evident that an AP cannot be realized in this
direction since in the DOS of Fig. 5(c) one peak P1 at υ‖c∗ =
0.18 a.u. can be found on the Fermi surface only. It generates
a single intraband peak IB in Im[ε] of Fig. 3(i) resulting in
the situation of a conventional one-component electron gas
scenario [87] where an AP mode is impossible.

2. SrC6

In Fig. 6 we show the excitation spectra of SrC6 along three
main symmetry directions of the hexagonal lattice. Several
features can be found in Figs. 6(a), 6(d), and 6(g), where the
loss function calculated with the inclusion of the LFEs along
the a∗, b∗, and c∗ directions is given. By inspecting the spectra
along all symmetry directions, a strong anisotropic dielectric
response in SrC6 is evident in correspondence with what is
found in LiC6 and CaC6 [39].

In the upper energy region of the calculated loss function
in the a∗-b∗ plane presented in Figs. 6(a) and 6(d), the πP
mode appears at lower energies than a similar mode in a
pure graphite but at slightly higher energies than in LiC6.
This feature exhibits the highest intensity in the spectra and
shows positive parabolic-like dispersion along both in-plane
symmetry directions. This mode disperses from ωπP ≈ 6.4 eV

at small Q‖a∗,‖b∗ ’s to ωπP ≈ 13 eV at Q‖a∗ = 1.4 Å
−1

and to

ωπP ≈ 14 eV at Q‖b∗ = 1.7 Å
−1

. One can note that in the
loss function of Figs. 6(a) and 6(d) the πP peak is notably
broader in comparison with the same peak in LiC6. This can
be understood comparing Im[ε] of Figs. 6(c) and 6(f) with
that of Figs. 3(c) and 3(f) for LiC6. One can find that in the
case of SrC6 in the region where the πP mode exists, Im[ε]
has a broad peak generated by efficient interband transitions.
Moreover, the number of such transitions in SrC6 is apparently
larger, even in comparison with CaC6 studied in Ref. [39].
This can be explained by the presence of the unoccupied
Sr d states in the band structure of SrC6 in Fig. 2(b). The
impact of the interband transitions involving these states in
SrC6 is so strong that indeed the πP peak is split into a

two-peak structure with a weaker second peak at an energy of
ω ≈ 5.3 eV at vanishing Q‖a∗ and Q‖b∗ . As seen in Figs. 6(a)
and 6(d) upon increasing momentum transfer, this satellite
peak disperses upward in concert with a main πP peak.

The next prominent spectral feature in the a∗-b∗ plane is
the intraband plasmon mode IP appearing at lower energies.
It has negative dispersion [going to lower energy values as
Q‖a∗ (Q‖b∗ ) increases] starting at an energy of 3.65 eV at

small Q‖a∗,‖b∗ to around 3.5 eV (3.6 eV) at Q‖a∗ = 0.4 Å
−1

(Q‖b∗ = 0.3 Å
−1

). The relative narrowness of the IP peak and
confinement to the small momentum transfer region can be
explained by the fact that it resides in the upper part of a
local energy gap between the intraband IB2 and the interband
T peaks in Im[ε] shown in Figs. 6(c) and 6(f). Once the IP
peak reaches the upper border of the intraband electron-hole
continuum region IB2, it becomes heavily Landau-damped
and disappears. The initial negative dispersion of the IP mode
is related to the shape of the gap region in Im[ε] of Figs. 6(c)
and 6(f) where the interband transition region borders at
the bottom have almost flat dispersion at small momentum
transfers, as occurs in CaC6 [39].

In the loss function of Fig. 6(a) at finite momentum trans-
fers in the 3.0–3.5 eV energy range, one can detect a peak K .
In the case of Fig. 6(d) we find two similar peaks M1 and M2.
An analysis of the dielectric function behavior in the nearby
energies demonstrates that all these peaks do not represent
collective excitations.

From a comparison of Figs. 6(a) and 6(d) with Figs. 6(b)
and 6(e), where L(Q, ω) calculated without inclusion of the
LFEs is reported, one can obtain information about the rele-
vance of the LFEs in the basal plane. From such a comparison,
some impact of the LFEs on the excitation spectra in SrC6 can
be noted. Thus the intensity of the πP peak is enhanced upon
inclusion of the LFEs. Moreover, the LFEs are responsible
for the appearance of the K (M1 and M2) loss peaks at
momentum transfers along the a∗ (b∗) direction. On the other
hand, the LFEs greatly suppress the intensity of peak K
existing in the loss function of Fig. 6(b) at energies between
5.0 and 5.5 eV. The effect is so strong that in the loss function
of Fig. 6(a) its presence can be hardly detected.
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FIG. 6. Loss function, L(Q, ω), of SrC6 at momentum transfers Q along the a∗ axis calculated (a) with and (b) without inclusion of the
local-field effects. The respective log10{Im[ε]} is shown in (c). In (d), (e), and (f) and in (g), (h), and (i) the same quantities are presented for
Q’s directed along the b∗ and c∗ axes, respectively. Peaks in the loss function corresponding to the bulk, π , intraband, and acoustic plasmons
are labeled by symbols BP, πP, IP, and AP, respectively. The peaks K , M1, M2, πP′, IP′, and A are discussed in the main text. Dispersion of
weak peaks in the loss function is highlighted by white dotted lines. In (c), (f), and (i) the peaks in Im[ε] generated by the intraband transitions
are labeled as IB, IB1, and IB2, whose dispersion as well as that of the interband T peak is highlighted by black dotted lines.

Additionally, in the lower energy region of the spectra in
the a∗-b∗ plane, a weak feature can be detected. In Figs. 6(a)
and 6(d) its dispersion is highlighted by a white dotted line
and labeled AP. The AP peak disperses linearly from zero
energy at vanishing momentum transfer to ωAP ≈ 1.0 eV at

Q‖a∗ ≈ 0.3 Å
−1

. The AP mode is an acoustic plasmon whose

properties can be seen in more detail in Fig. 7. Here the
real and imaginary parts of the dielectric function and the
loss function are presented, as an example, at momentum

transfer Q‖a∗ = 0.12 Å
−1

. At ω = 0.47 eV the real part of
the dielectric function Re[ε] reaches zero and remains on the
negative side until ω = 0.56 eV where it becomes positive
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FIG. 7. Upper panel: Real (blue solid line) and imaginary (red
dashed line) parts of the dielectric function in SrC6 evaluated at

momentum transfer Q‖a∗ = 0.12 Å
−1

. The intraband peaks in Im[ε]
generated by the slow and fast carriers at the Fermi level are labeled
as IB1 and IB2, respectively. The second zero-crossing of Re[ε]
caused by the presence of two intraband peaks in Im[ε] is highlighted
by an open circle. Lower panel: Loss function with (black solid
line) and without (orange long-dashed line) inclusion of the LFEs
evaluated with the RPA kernel. The TDDFT result is shown by
a green dotted line. The peak in the loss function labeled as AP
corresponds to the acoustic plasmon.

again. Using a peak AP in the loss function at ω = 0.56 eV
combined with the local minimum of the Im[ε] at almost
the same energy, we can interpret this feature as a collective
electronic excitation. Since the energy position of the IB1 and
IB2 peaks in Im[ε] has a linear dependence on the magnitude
of the momentum transfer, eventually the energy of the AP
mode goes to zero with the reduction of Qa∗ . We verify a
similar structure in the low-energy domain for the dielectric
function along the b∗ direction, which confirms that the AP is
realized in the basal plane.

To understand the origin of a two-peak structure in Im[ε]
at small Q‖a∗ ’s and Q‖b∗ ’s, we analyze in Figs. 8(a) and 8(b)

the DOS distribution for electronic states with group velocity
components in the a∗ and b∗ directions, respectively. One can
see that at the Fermi level a notable peak P1 appears in both
figures at υ‖a∗ = 0.20 a.u. and υ‖b∗ = 0.22 a.u., respectively.
A second weaker peak P2 can be found on the Fermi surface at
υ‖a∗ = 0.39 a.u. and υ‖b∗ = 0.35 a.u. This two-peak structure
in the DOS at the Fermi level transforms into a two-peak
structure in Im[ε] at small momentum transfers, which may
generate an acoustic plasmon. Nevertheless, the strength of
the AP peak in SrC6 is rather low. As Fig. 7 confirms,
its width is rather large, resulting in the short lifetime of
the AP excitation. In the case of Fig. 7, the weakness of the
AP can be explained by the small difference between the
energy positions of the peaks IB1 and IB2 in Im[ε]. Such
positions lead to the relatively large amplitude of Im[ε] in the
region between them, where Re[ε] crosses the zero line with a
positive energy derivative. The large value of Im[ε] and rela-
tively small derivative of Re[ε] in the nearby region determine
the efficient decay of the AP into electron-hole pairs.

Note that the AP peak appears in the loss function of
Figs. 6(b) and 6(e) obtained without inclusion of the LFEs.
For illustration, in Fig. 7 we add an orange long-dashed line

demonstrating this loss function at Q‖a∗ = 0.12 Å
−1

. One
can see that the LFEs only slightly modify the shape and
the energy position of the AP peak in the loss function.
Additionally, we demonstrate (green dotted line) that the
dynamical exchange correlations beyond the RPA bring the
AP energy close to that obtained without LFEs, in such a way
that it partly compensates for the LFEs. Nevertheless, one can
conclude that both the LFEs and the exchange-correlations
play a modest role in the formation of the AP peak properties.

The loss function of SrC6 at momentum transfers along
the c∗ symmetry direction is reported in Fig. 6(g). In contrast
to LiC6, it presents a richer structure in this energy range.

On the upper energy side at Q‖c∗ ’s smaller than 1.8 Å
−1

,
we observe a dominant peak BP corresponding to the bulk
plasmon. Its energy at Q‖c∗ = 0 is 11.1 eV, which can be
explained by the presence of a prominent interband peak T 2
in Im[ε] of Fig. 6(i) centered at ω = 8.2 eV at small Q‖c∗’s.
The width of the BP peak in the loss function is about 1 eV.

FIG. 8. Density of states distribution in SrC6 vs energy and group velocity components along (a) a∗, (b) b∗, and (c) c∗ symmetry directions.
Peaks at the Fermi level are labeled as P1 and P2. The energies are relative to the Fermi level set to zero.
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FIG. 9. Upper panel: Real (blue solid line) and imaginary (red
dashed line) parts of the dielectric function in SrC6 evaluated at

momentum transfer Q‖c∗ = 0.02 Å
−1

with the inclusion of the LFEs.
The same quantities obtained without LFEs are shown by cyan
and orange dotted lines, respectively. The zero-crossings of Re[ε]
confirming the collective nature of the πP and IP loss peaks are
highlighted by open circles. Lower panel: Loss function with (black
solid line) and without (black dotted line) inclusion of the LFEs.
The π and intraband plasmon peaks are labeled as πP and IP,
respectively.

With a momentum transfer increase, the BP peak presents a
negative dispersion reaching a minimum energy of ≈10.6 eV

at Q‖c∗ = 0.8 Å
−1

. At larger momentum transfers, the BP
peak splits into several branches and it is difficult to follow
it. Comparing the loss function in Figs. 6(g) and 6(h), we
conclude that the LFEs have a notable impact on the BP peak
shape. In particular, its strength increases considerably upon
taking into account the LFEs. Moreover, the LFEs push the
BP peak energy position slightly upward. In particular, at
Q‖c∗ = 0 its energy is increased due to the LFEs by about
0.2 eV.

In general, the LFEs significantly modify the loss function
in SrC6 at momentum transfers along the c∗ direction, as
can be deduced from a comparison of Figs. 6(g) and 6(h),
where L(Q‖c∗, ω) calculated, respectively, with and without
inclusion of the LFEs is reported. In Fig. 6(g) one can observe
a significant enhancement of all the peaks and the appearance
of some new ones in comparison with Fig. 6(h).

From Fig. 6(g) we confirm the presence of a weak πP
peak along the c∗ direction in SrC6 contrary to what occurs
in a pure graphite [53,79] and in LiC6. However, such a peak
is almost invisible in the loss function of Fig. 6(h) obtained
without taking into account the LFEs. To clarify the situation,
in Fig. 9 we present the dielectric and loss functions evaluated

at Q‖c∗ = 0.02 Å
−1

. In this figure, one can see that indeed the
πP peak appears in the loss function upon the inclusion of
the LFEs only. Moreover, the microscopic Re[ε] (cyan dotted
line) does not cross zero in the adjacent energy region. We
only find that the macroscopic Re[ε] crosses the zero line,
thus confirming the collective nature of the πP mode at small
momentum transfers.

FIG. 10. Upper panel: Real (blue solid line) and imaginary (red
dashed line) parts of the dielectric function in SrC6 evaluated with

the inclusion of the LFEs at momentum transfer Q‖c∗ = 0.61 Å
−1

.
The same quantities obtained without LFEs are shown by cyan
and orange dotted lines, respectively. Lower panel: Loss function
obtained with (black solid line) and without (black dotted line)
inclusion of the LFEs. The peaks πP, IP, and A in the loss function
are discussed in the text.

Along the c∗ direction, the πP peak exhibits a positive
parabolic-like dispersion from ωπP ∼ 5.2 eV at small Q‖c∗ ’s

to ωπP ∼ 5.45 eV at Q‖c∗ = 0.13 Å
−1

. Thus, in SrC6 the
πP plasmon is a three-dimensional collective electronic ex-
citation. Nevertheless, while in the carbon basal plane the
πP peak possesses rather strong spectral weight, it is signif-
icantly weaker along the c∗ direction. Its decay rate into the
electron-hole pairs increases quickly upon increasing momen-
tum transfer.

As can be seen in Figs. 6(g) and 9, at momentum transfers
along the c∗ direction the IP peak is located at significantly
lower energies in comparison to that in the basal plane. At
vanishing Q‖c∗ its energy is 2.05 eV. Along the c∗ axis the
IP peak exhibits initial negative dispersion over the small
momentum transfers range. Upon subsequent momentum in-
crease it turns out to be positive and can be detected up to

ω ∼ 3 eV at Q‖c∗ ≈ 1.1 Å
−1

. Again, such dispersion of the
IP peak can be explained by the shape of the energy gap in
Im[ε] of Fig. 6(i) between the intraband transition region IB3
and the interband one T with a lower border at 2.4 eV at
small Qc∗ ’s. With increasing momentum transfer the size of
this gap gradually reduces and the IP peak width increases
significantly in concert. Nevertheless, the IP peak in the loss
function cannot be considered as the signature of a well-
defined collective excitation in the whole momentum transfer
range where it is observed. For instance, the dielectric and
loss functions reported in Fig. 10 demonstrate that at Q‖c∗ =
0.61 Å

−1
the Re[ε] part does not cross zero in the energy

interval where the IP peak is present in the loss function. Even
though the LFEs bring the Re[ε] curve closer to zero, it is not
sufficient to interpret the IP peak as a collective excitation at
this Q‖c∗ . The same holds for the πP peak in the loss function.
From Fig. 10 it is clear that at this momentum transfer the πP
excitation looses its collective nature.
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FIG. 11. Upper panel: Real (blue solid line) and imaginary (red
dashed line) parts of the dielectric function in SrC6 evaluated with

the inclusion of the LFEs at momentum transfer Q‖c∗ = 1.25 Å
−1

.
The same quantities obtained without LFEs are shown by cyan
and orange dotted lines, respectively. Lower panel: Loss function
obtained with (black solid line) and without (black dotted line)
inclusion of the LFEs. The peaks πP′ and IP′ in the loss function
are discussed in the text.

Additionally, in Fig. 6(g) one can observe in the loss
function obtained with LFEs a rather sharp peak A at energies
below 1.5 eV. Analyzing in Fig. 10 the behavior of the macro-
scopic Re[ε] (which reaches the value of 1 at ω = 1.45 eV)
and Im[ε] (which has a local minimum in the nearby energy
interval with a sharp increase on the low-energy side) in the
same figure we conclude that the A feature is not a true
collective excitation. From Fig. 6(g) we determine that the A
peak dispersion has a maximum at Q‖c∗ = π/d and can be
detected in the momentum transfer interval between 0.3 and
1.0 Å

−1
.

At momentum transfers along the c∗ direction, the LFEs
produce the appreciable transmittance of the spectral weight
from the πP and IP peaks to the large momentum transfers.
In particular, in Fig. 6(g) one can find additional peaks πP′
and IP′ at Q‖c∗ ’s in the vicinity of Q‖c∗ = 2π/d . Thus the
LFEs are behind the reappearance at momentum transfers in
the higher BZ’s of both the πP and the IP modes along the
direction perpendicular to the basal plane. This phenomenon
was explained in detail for MgB2 [80,81], graphite [88],
and compressed lithium [82]. Note that the complete disap-
pearance and the subsequent reappearance of the IP mode
with increasing momentum transfer resembles the case of
compressed lithium [82] and not that in MgB2 and LiC6 where
continuous peak dispersion over subsequent BZ’s is observed.
To understand the nature of the πP′ and IP′ peaks, in Fig. 11
we show the real and imaginary parts of the dielectric function

and the loss function calculated at Q‖c∗ = 1.25 Å
−1

. One
can see that in the presented energy range the loss function
obtained without LFEs is rather featureless and follows es-
sentially the Im[ε] behavior. On the contrary, when the LFEs
are taken into account, the loss function demonstrates two
prominent peaks—the πP′ peak at an energy of 5.25 eV and
the IP′ peak at an energy of 2.05 eV. However, an analysis of

the macroscopic Re[ε] reported in the upper panel of Fig. 11
demonstrates that it does not reach zero at any energy. On
the basis of this, both the πP′ and the IP′ peaks in the loss
function in SrC6 along the c∗ direction are difficult to classify
as well-defined collective excitations.

An inspection of the low-energy excitation spectra in
Fig. 6(g) reveals that the loss function along the c∗ direction
is rather different in comparison with that in the a∗-b∗ plane.
At small momentum transfers along the c∗ axis, a peak with
a soundlike dispersion does not appear in the calculated loss
function. This correlates with a presence at the low energies of
a single intraband IB1 peak in the Im[ε] reported in Fig. 6(i).
This can be understood considering the DOS distribution in
Fig. 8(c) where at the Fermi level only one nontrivial peak
at υ‖c∗ = 0.13 a.u. can be observed. However, in Im[ε] of
Fig. 6(i) we can resolve at least two peaks IB2 and IB3 at
ω’s exceeding 0.5 eV. The presence of these separate peaks in
Im[ε] generates a peak A in the loss function discussed above.

3. BaC6

The loss function of BaC6 evaluated with the inclusion
of the LFEs is shown in Figs. 12(a), 12(d), and 12(g). As
in the previously discussed materials, these panels represent
L(Q, ω) at Q’s along the a∗, b∗, and c∗ symmetry directions,
respectively. In the in-plane excitation spectra of Figs. 12(a)
and 12(d), a most prominent feature is the πP plasmon cor-
responding to the collective response of the electrons mainly
in the carbon π and π∗ states. The energy of the πP peak at
Q‖a∗,b∗ = 0 is 6.15 eV. Its dispersion is positive, and this mode
can be observed up to energies above 12 eV at momentum

transfers exceeding ∼1.2 Å
−1

. In general, the energy position
and dispersion of the πP mode are similar to that in LiC6,
CaC6, and SrC6. However, one can find that in BaC6 the
amplitude of this mode is significantly reduced in comparison
with other materials. This can be explained by the large am-
plitude of Im[ε] shown in Figs. 12(c) and 12(f) in the vicinity
of the T peak located at an energy of 5.35 eV at Q‖a∗,b∗ = 0.
Some details can be found in Im[ε] presented at small Q‖b∗ in
Fig. 13. The Im[ε] amplitude at energies around the T peak is
larger in BaC6 than in other systems. In the same figure, one
can note that the real part of the dielectric function crosses the
zero line at 5.8 eV, thus signaling about the collective nature of
the πP mode. Nevertheless, the slope of the Re[ε] dispersion
upon crossing the zero line is rather low due to the weakness
of the T peak in Im[ε]. This fact, in combination with elevated
Im[ε] in the nearby energy region, results in the relatively
low spectral weight of the πP peak in the loss function
presenting a rather strong featureless background in Fig. 13.
Indeed, in BaC6, the πP plasmon efficiently decays into
the electron-hole pairs. Moreover, the πP peak dispersion is
strongly affected by interaction with the interband transitions.
This is reflected in the formation of several separate peaks
divided by the lower-intensity valleys along the πP dispersing
branch, as seen in Figs. 12(a) and 12(d). Comparing these
figures, one can detect some anisotropy in the in-plane πP
peak dispersion. For instance, at finite momentum transfers
its intensity varies considerably.

In the loss function of Fig. 13 on the upper-energy side
of the πP peak we observe a broad peak with an energy of
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FIG. 12. Loss function, L(Q, ω), of BaC6 at momentum transfers Q along the a∗ axis calculated (a) with and (b) without inclusion of the
local-field effects. The respective log10{Im[ε]} is shown in (c). In (d), (e), and (f) and in (g), (h), and (i) the same quantities are presented for
Q’s directed along the b∗ and c∗ axes, respectively. Peaks in the loss function corresponding to the bulk, π , intraband, and acoustic plasmons
are labeled by BP, πP, IP, and AP, respectively. The peaks K , M, and IP′ are discussed in the main text. The dispersion of the acoustic plasmon
peaks AP1 and AP2 is highlighted by white dotted lines. In (c), (f), and (i) the peaks in Im[ε] generated by the intraband transitions are labeled
as IB, IB1, IB2, and IB3, whose dispersion as well as that of the interband T peak is highlighted by black dotted lines.

7.65 eV. Its presence in the loss function can be linked to the
interband peak in Im[ε] centered at an energy of ∼7.1 eV.
However, the strength of this peak in Im[ε] is not sufficient
to make the Re[ε] curve approach the zero line in a nearby
energy region. Based on such behavior of ε, we interpret
this peak in the loss function as interband transitions. The

dispersion of this peak in Figs. 12(a) and 12(d) is positive and

can be followed up to Q ∼ 0.2 Å
−1

, where it merges into the
broad πP peak.

In the in-plane loss function of Figs. 12(a) and 12(d) at
energies below the πP peak position, the other feature marked
as IP can be detected. It possesses a positive dispersion in
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FIG. 13. Upper panel: Real (blue solid line) and imaginary (red
dashed line) parts of the dielectric function in BaC6 evaluated at

momentum transfer Q‖b∗ = 0.02 Å
−1

. Lower panel: The loss func-
tion obtained at the same Q‖b∗ is shown by a black solid line. The
interband peak T in Im[ε] produces a sharp drop in Re[ε] at the
adjacent energy region via the Kramers-Kronig relation. The zero-
crossings in Re[ε] producing the plasmon peaks IP and πP in the
loss function are highlighted by open circles.

both in-plane symmetry directions and can be traced up to an

energy of ∼7 eV at Q‖a∗ ∼ 0.8 Å
−1

. Along the b∗ direction,

its dispersion can be detected up to Q‖b∗ ∼ 0.7 Å
−1

where
it reaches ω ∼ 6.5 eV. At vanishing momentum transfers it
has an energy of 3.7 eV. At small Qb∗ its properties can be
seen in Fig. 13. Since Re[ε] crosses the zero line at almost the
same energy, we interpret the IP peak in BaC6 as a collective
excitation.

A comparison of the loss function of Figs. 12(b) and
12(e) calculated without inclusion of the LFEs with that in
Figs. 12(a) and 12(d) confirms some impact of the LFEs on
the excitation spectra in BaC6. In Fig. 12(b) one can resolve
a peak K with dispersion highlighted by the white dotted
line. A detailed analysis of the dielectric function and the
loss function allows us to conclude that this peak cannot be
classified as a collective excitation. Moreover, upon inclusion
of the LFEs, its presence in the loss function of Fig. 12(a) is
almost completely suppressed. On the contrary, along the b∗
axis we observe an opposite trend. A clear M peak in the loss
function with the LFEs included, Fig. 12(d), has negligible
intensity in the case of Fig. 12(e). We analyzed the M peak
properties, and on the basis of the dielectric function behavior
we concluded that it is not a collective excitation.

Another consequence of the inclusion of the LFEs is the
notable variation in the intensity of the πP plasmon peak. In
Figs. 12(a) and 12(d) one can see that the intensity of the πP
peak is enhanced significantly upon the inclusion of the LFEs.
This helps to extend the πP dispersion to larger momentum
transfers and energies as well. The same, though at a smaller
scale, is observed in the case of the IP peak.

At low energies and small momentum transfers in
Figs. 12(a) and 12(b), we highlight with white dotted lines
the dispersion of two peaks AP1 and AP2 with a soundlike

FIG. 14. Upper panel: Real (blue solid line) and imaginary (red
dashed line) parts of the dielectric function in BaC6 evaluated at

momentum transfer Q‖a∗ = 0.09 Å
−1

. The intraband peaks in Im[ε]
generated by the states at the Fermi level moving with different group
velocities are labeled as IB1, IB2, and IB3. The zero-crossing of
Re[ε] producing a peak AP1 in the loss function is highlighted by an
open circle. Lower panel: Loss function (black solid line). Peaks in
the loss function labeled as AP1 and AP2 correspond to the acoustic
plasmons.

dispersion. Its existence is linked to the peculiar shape of the
Im[ε] in this phase space related to the presence of several
kinds of energy bands at the Fermi level. To understand the
details, in Fig. 14 we present, as an example, the dielectric

function and the loss function obtained at Q‖a∗ = 0.09 Å
−1

.
Two peaks IB1 and IB3 in Im[ε] are generated mainly by
the intraband transitions within the energy bands at the Fermi
level. In Fig. 15(a), with the DOS for the states moving in the
a∗ symmetry direction, we can discern at the Fermi level the
peaks marked P1 and P3. On the basis of the group velocities
of these peaks at 0.23 and 0.48 a.u., one can explain the
peaks IB1 and IB3 in Im[ε] of Fig. 14. The origin of the IB2
peak remains unclear. It is probably linked to the peak P2 in
the DOS of Fig. 15(a) centered at υ‖a∗ = 0.37 a.u. in close
proximity to EF . The presence of the peaks IB1 and IB2 in
Im[ε] of Fig. 14 causes the real part of the dielectric function
to cross the zero line at ω = 0.41 eV. In combination with
a local minimum in Im[ε] in the adjacent energy interval, it
signals the collective nature of the AP1 mode.

The situation with the AP2 peak in the loss function is more
involved. The spectral weight of this peak is considerably
larger than that of the AP1 mode. On the other hand, the real
part of the dielectric function does not cross the zero line in
the energy interval close to the AP2 energy. Indeed, at that
energy the Re[ε] part exceeds a value of −100. Nevertheless,
based on the spectral weight in the loss function (which is a
quantity directly probed in the experiment), we classify it as a
plasmonic excitation as well. Since the energy positions of the
peaks IB1, IB2, and IB3 in Im[ε] of Fig. 12(c) change fairly
linearly upon an increase in momentum transfer magnitude,
the dispersion of the AP1 and AP2 peaks presents a soundlike
dispersion as well. In Fig. 12(a) the dispersion of the AP1
peak can be detected up to an energy of about 1 eV. In
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FIG. 15. Density of states distribution in BaC6 vs energy and group velocity components along (a) a∗, (b) b∗, and (c) c∗ symmetry
directions. Peaks at the Fermi level are labeled as P1, P2, and P3. The energies are relative to the Fermi level set to zero.

the case of the AP2 peak, its energy reaches ω ≈ 2.1 eV.
Note that the LFEs play a marginal role in the formation
of both mode properties. The realization of more than one
acoustic mode was found previously in Pd [58,76] and Pb
[89]. The peculiarity of the AP1 and AP2 excitations in BaC6

is its existence in the a∗ symmetry direction only. In the loss
function of Fig. 12(d) for momentum transfers along the b∗
axis we do not find similar peaks despite the fact that at least
three P1, P2, and P3 peaks [see Fig. 15(b)] reside at the Fermi
level in the DOS of the states moving in that direction.

The loss function in BaC6 at momentum transfers along the
c∗ symmetry direction obtained with and without the LFEs
is reported, respectively, in Figs. 12(g) and 12(h). One can
see that excitation spectrum in the direction perpendicular to
the basal plane differs substantially from the in-plane one. A
most notable difference is the presence in the loss function,
Fig. 12(g), of the BP peak corresponding to the bulk plasmon.
At Q‖c∗ = 0 its energy is 10.85 eV. The width of the BP peak
is about 1 eV. We explain its reduced energy along the c∗
axis by the presence of an intense broad peak centered at
ω ≈ 8 eV in Im[ε] in Fig. 12(i). In the particular case of

Q‖c∗ = 0.02 Å
−1

of Fig. 16, its presence in Im[ε] forces the
real part of the dielectric function to cross the zero line at
slightly larger energy. Upon an energy increase, Re[ε] crosses
the zero line again with a positive slope at ω ≈ 10.6 eV,
where Im[ε] is small, i.e., the conditions for the existence
of well-defined collective excitations are fulfilled. From a
comparison of Figs. 12(g) and 12(h), one can deduce that the
LFEs strongly enhance the intensity of the BP peak in the loss
function and expand the momentum transfer range where this
mode can be detected. In more details, the properties of the BP
plasmon can be seen in Fig. 16, where one can appreciate at
which scale the LFEs influence the BP mode characteristics
at Q‖c∗ = 0.02 Å

−1
. For instance, the BP energy increases

by 0.1 eV due to the LFEs. Moreover, the BP peak ampli-
tude is enhanced considerably while its width is reduced. In
Fig. 12(g) the BP peak dispersion is initially almost flat and
becomes negative at larger momentum transfers. It can be de-

tected up to about Q‖c∗ = 2 Å
−1

, where its energy is reduced
to 10.2 eV.

In the loss function in Fig. 12(g) we can observe a sharp
IP peak with an energy of 1.7 eV at vanishing momentum
transfer. As in the other two systems under study, we interpret
it as an intraband plasmon peak. The dispersion of the IP
peak is positive and can be traced up to an energy of about
3 eV. In Fig. 16 one can see that the LFE’s modify the IP
properties, shifting their energy upward by about 0.05 eV and
reducing their intensity. Almost the same energy shift of the
IP peak due to the LFEs holds over its entire dispersion. In
Fig. 16 one can clearly see that the LFEs strongly enhance
the loss function amplitude at energies above ωIP. This also
occurs at final momentum transfers, as can be deduced from
a comparison of Figs. 12(g) and 12(h). In particular, several
peaks in the loss function of Fig. 12(g) can be detected in the

FIG. 16. Upper panel: Real (blue solid line) and imaginary (red
dashed line) parts of the dielectric function in BaC6 evaluated with

the inclusion of the LFE’s at momentum transfer Q‖c∗ = 0.02 Å
−1

.
The same quantities obtained without the LFE’s are shown by cyan
and orange dotted lines, respectively. Lower panel: Loss function
with (black solid line) and without (black dotted line) inclusion of the
LFE’s. The zero-crossings in Re[ε] producing the IP and BP peaks
in the loss function are highlighted by open circles.

115137-15



ECHEVERRY, CHULKOV, ECHENIQUE, AND SILKIN PHYSICAL REVIEW B 100, 115137 (2019)

2–7 eV interval. An analysis of the real part of the dielectric
function in Fig. 16 in this energy interval reveals that the LFEs
shift it downward strongly to the zero line. Nevertheless, since
in the referred energy interval Re[ε] does not cross the zero
line, we do not classify the other peaks in the loss function
apart from the IP and BP ones as collective excitations. Hence
the πP plasmon is not realized in the c∗ symmetry direction.
Thus in BaC6 it is a two-dimensional excitation, as occurs in
LiC6.

One of the consequences of the LFEs inclusion is the
appearance of the IP′ peak at finite momentum transfers in
the loss function given in Fig. 12(g). Its dispersion, marked
by a white dotted line, has a parabolic-like shape with a
minimum at Q‖c∗ = 2π/d . Its dispersion can be detected up
to an energy of about 3 eV. From an analysis of the dielec-
tric function behavior, we conclude that it is not collective
excitation.

Finally, in the low-energy interval we do not find in the loss
function of Fig. 12(g) [also in Fig. 12(h)] any signature of
peaks with characteristic soundlike dispersion. Even though
in the Im[ε] presented in Fig. 12(i) we find two clear IB1
and IB2 peaks [originated from the P1 and P2 peaks in the
DOS of Fig. 15(c)] whose energies increase linearly upon
energy increase, such a mode in the loss function does not
appear. This confirms that the mere fact of the presence of a
two-peak structure in Im[ε] does not guarantee the existence
of an acoustic plasmon.

IV. CONCLUSIONS

In this theoretical study, we have reported the results of the
ab initio calculations of the dynamical momentum-dependent
dielectric properties of LiC6, SrC6, and BaC6 in the 0–12 eV
energy range. Calculations were performed within the RPA
framework with the full inclusion of the local-field effects.
Our results demonstrate that doping graphite with different
atoms strongly modifies its electronic and, subsequently, di-
electric properties in this energy region.

In particular, the intercalation with Sr and Ba produces
the strong downward shift of the bulk plasmon (BP) at the
momentum transfers in the direction perpendicular to the
carbon basal plane. The BP peak dominates the excitation
spectra of SrC6 and BaC6 in the investigated energy interval
with an energy of 11.1 and 10.85 eV, respectively, at Q‖c∗ =
0. The dispersion of this mode with momentum transfer
increase is negative. In LiC6, the BP is located at a higher
energy.

Regarding the π plasmon (πP), in all the studied systems
its properties vary substantially. In LiC6 and BaC6, it is real-
ized at the in-pane momentum transfers, i.e., is a 2D quantity.
At vanishing momentum transfers its energy is 6.2 eV in LiC6

and 6.15 eV in BaC6. On the contrary, in SrC6 the π plasmon
can be found in all three symmetry directions, thus being 3D
excitations. However, its energy is different at the in-plane and
out-of-plane momentum transfers. At vanishing Q‖a∗ and Q‖b∗

its energy is 6.4 eV, whereas at small Q‖c∗ it is 5.2 eV. The
dispersion of this mode in SrC6 is positive.

The doping of graphite with the intercalant electrons gives
rise to the intraband plasmon (IP) frequently observed in the
layered systems [39,90–93]. In LiC6, SrC6, and BaC6 it is

found in all symmetry directions. However, the considered
systems present a large variety regarding the IP properties.
At small in-plane momentum transfers, its energy is 2.6, 3.65,
and 3.7 eV in LiC6, SrC6, and BaC6, respectively. As for the
in-plane IP dispersion, it is positive in LiC6, negative in SrC6,
and positive in BaC6. At Q‖c∗ = 0, the energy of the IP mode
is 1.7, 2.05, and 1.7 eV. The peculiarity of this mode in LiC6 is
that its dispersion is almost flat over an extended momentum
transfer range governed by the local-field effects. As for SrC6

and BaC6, the IP peak has negative and positive dispersion,
respectively.

The substantial modifications in the electronic structure at
the Fermi level upon intercalation produce a strong variation
in the low-energy dielectric properties of these compounds.
Special impact is introduced by the filling of the interlayer
energy band of graphite, which becomes partly occupied in
SrC6 and BaC6, staying totally unoccupied in LiC6. Such
variation most notably is manifested in the appearance of an
acoustic plasmon with characteristic soundlike dispersion in
certain cases. Thus it is absent in LiC6, which we attribute to
the presence at the Fermi level of only the π∗ carbon-derived
energy bands. On the contrary, in SrC6 and BaC6, where the
interlayer band crosses the Fermi level, the acoustic plasmon
is detected in certain momentum transfer directions. Thus in
SrC6 such a mode is found at energies below 1 eV at the
in-plane momentum transfers. In the case of BaC6, the situ-
ation is rather peculiar. At momentum transfers along the a∗
symmetry direction, we found two plasmons with soundlike
dispersion. One can be observed up to an energy of about 1 eV,
whereas the second mode disperses up to an energy of about
2 eV. On the contrary, at momentum transfers along the b∗
symmetry direction we do not find any signature of such a
mode, and we find that the same is true along the c∗ direction.

Additionally, in these materials we found several some-
times prominent peaks in the calculated loss function. How-
ever, an analysis of the dielectric function in the nearby
energy region allowed us to interpret them as single-particle
excitations.

A comparison of the excitation spectra obtained with and
without inclusion of the local-field effects demonstrates that in
these three compounds the LFEs have a strong impact on the
dielectric properties. At finite momentum transfers, the LFEs
notably redistribute the spectral weight between different
regions in the momentum-energy space. In this respect, it
is difficult to make a general conclusion. In some cases the
LFEs enhance the spectral weight of certain features in the
loss function, while in other cases they suppress them.
The most striking manifestation of the LFEs was observed in
LiC6, where they flatten the IP plasmon dispersion over an
extended momentum transfer range.
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