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Van Hove singularity and Lifshitz transition in thickness-controlled Li-intercalated graphene
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We demonstrate a method to control the Fermi level around the Van Hove singularity (VHS) in Li-intercalated
graphene on the SiC substrate. By angle-resolved photoemission spectroscopy, we observed a clear Lifshitz
transition in the vicinity of the VHS when the thickness of graphene exceeds four layers. We calculated the band
structure of a multilayer system with different stacking sequences of graphene and Li layer. The so-called stage
2 model reproduces the Lifshitz transition, where Li occupies every other interlayer of graphene. In addition, we
found that a sizable Schottky barrier is formed between graphene and the substrate. These properties allow us to
explore the electronic phase diagram around the VHS by controlling the thickness.
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Since the demonstration of superconductivity in twisted
bilayer graphene [1], the many-body effect when the Van
Hove singularity (VHS) is tuned at the Fermi level (Er) has
been intensively studied in two-dimensional materials [1-5].
In the twisting method, the moiré potential plays a vital role
in forming a flat band. Another route to tune the VHS at Ef in
graphene systems is heavy carrier doping by intercalation of
guest metals [6—10]. It pulls down the native flat band around
the saddle point (SP) of 7 band, initially located ~2 eV above
Eg, into an occupied state. A variety of electronic phases such
as spin-density wave and unconventional superconductivity is
predicted around VHS due to the enhancement of the strong
correlation effect [11-15]. In Ca- [6], Gd- [10], Cs- [7], or Yb-
[8,9] intercalated monolayer graphene, extended VHS [6-10]
was observed, where the flat band is pinned to Ef in a wide
range of wave-number space [6,8,9]. Compared to these ex-
amples, VHS in multilayer graphene is less established. This
is because of the lack of basic information about multilayer
intercalation systems, such as stage structure.

Li seems to be the best prototype intercalant for multi-
layer graphene because it is a cation of Li-ion battery with
graphite electrodes. The thinnest case is Li-intercalated bi-
layer graphene, fabricated from epitaxial monolayer graphene
on SiC by Li deposition [16-18]. Here, the buffer layer is
lifted from the substrate and becomes the bottom graphene
layer [19]. The resulting structure is CgLiCg/Li-terminated
SiC, as shown in Figs. 1(a) and 1(b). The /3 x./3R30° su-
perlattice of Li causes a periodic modulation called Kekulé-O
type, which breaks the chiral symmetry of graphene [17,20].
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A flat band near Er was observed in the reports on bi- or
trilayer Li-intercalated graphene [17,18,21]. However, no sys-
tematic study focused on VHS in Li-intercalated graphene
with varying thickness. Moreover, the exact structure of the
multilayer system has never been clarified.

In this work, we investigated the thickness dependence
of the band structure of Li-intercalated graphene (LIG) with
angle-resolved photoemission spectroscopy (ARPES) and
density-functional theory (DFT) calculations. In the bilayer
LIG/SiC, we observed a flat band at Ef, indicating the ex-
tended VHS. Surprisingly, we found that the SP robustly stays
near Ep even if the thickness is increased, except for the slight
shift when the thickness exceeds four layers. This results in a
Lifshitz transition clearly seen at the Fermi surface. By DFT
calculations for different models of the layered structure, we
conclude that multilayer LIG/SiC is in stage 2 intercalation.
Since Li only intercalates into every other graphene layer,
the second Li layer intercalates only when there are four
graphene layers. This results in the discrete transition of the
doping level. We also performed DFT calculations including
the substrate. It was clarified that the surface electronic state
of Li-terminated SiC hybridizes with the Dirac band disper-
sion near the Fermi surface. A sizable Schottky barrier is
also found between LIG and the substrate. These properties
indicate the thickness-controlled LIG is promising to explore
the transport properties under the correlation effect.

We prepared epitaxial graphene on the surface of an n-type
Si-rich 4H-SiC(0001) single crystal by thermal decompo-
sition in an Ar atmosphere. The thickness of graphene is
controlled by optimizing the heating condition. The result-
ing thickness is evaluated from band dispersion at the K
point, as shown in part SM-1 of Ref. [22]. Li was deposited

©2022 American Physical Society
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FIG. 1. (a), (b) Side (a) and top (b) view of the atomic model
of C¢LiCg/Li-SiC. (c)—(f) High-resolution ARPES data taken with
p-polarized light at hv = 20eV. (c) Band dispersion and (d) EDC
mapping along the I'-M s direction. 7, 7}, 75, SS, and SiC bands
are seen. SS and SiC bands are derived from surface and bulk state
of the substrate, respectively. (¢) Band dispersion along M ﬁ-l_( 7
direction. The yellow line is the EDC at k = 0. (f) Fermi surface.
The white dashed and solid lines indicate the boundary of 1 x 1 and
V3x+/3 BZ, respectively. The blue and yellow solid lines are the
guidelines for the contour of 7§ and 75 band.

on graphene at room temperature from a resistively heated
dispenser in an ultrahigh-vacuum chamber. The intercala-
tion processing can be monitored in the electron-diffraction
pattern. As written in Ref. [22], part SM-2, an n-1 layer
graphene/buffer-terminated SiC turns into an n-layer LIG/Li-
terminated SiC. Here, we use n (n = 2, 3, 4, and 5) to describe
the number of graphene layers. We continued the deposition
of Li until the intensity of v/3x+/3 Li spots saturated to min-
imize the Li vacancy. ARPES measurements were performed
in situ after the sample preparation with a commercial hemi-
spherical photoelectron spectrometer equipped with angle and
energy multidetections. We used two different apparatuses:
Scienta Omicron R4000 in the lab with unpolarized Helw
(21.2 V) radiation and MBS A1 at BL-7U of UVSOR-III us-
ing p- or s-polarized photons in the energy range of 14—40 eV
[23]. The measurements were performed at room temperature
in the lab and at 13 K in UVSOR (the data shown are taken at
13 K unless otherwise indicated).

In the /3 x+/3 Brillouin zone (BZ), the I" and K points of
the 1 x 1 BZ are equivalent. Thus, we focus on the ﬁ x\/§
BZ in this paper. The band structure of C¢LiCg/Li-SiC along
the f‘-l\_/I\/g line is shown in Fig. 1(c). 7y, 7}, 7}, SS, and SiC
bands are seen. SS and SiC bands are derived from the surface
and bulk state of the substrate, respectively, as described later.
A pair of Dirac cone 7{ and m; has a gap of 0.37 eV, the
same as reported in Ref. [17]. It is noteworthy that the 7},
the other Dirac band, has a flat dispersion near the Fermi
energy at the M 3 point. As shown in the series of electron
distribution curves (EDC) in Fig. 1(d), the flat band spans

a wide range of wave numbers; from 0.66 to 0.97 A‘l, the
bandwidth is less than 10 meV. Such a flatness over a wide
wave-number range is evidence of the extended VHS [6-10].
Since the flat band originates from the SP of graphene at the
M point, it is electronlike in the orthogonal wave-number axis.
Figure 1(e) shows that the bottom of the parabolic 7} band is
located on EFf.

The Fermi surface is depicted in Fig. 1(f). In the first
V3x+/3 BZ, both 7} and 7} approximately have a small
and large hexagram contour centered at the " point (see the
blue and yellow guidelines, respectively). Considering the
BZ folding, the 7| hexagram is originated from triangular
electron pockets at the K and K’ point of the 1 x 1 BZ. 75 is
a large circular hole pocket centered at the I' point. From the
volume of the Fermi surface, the carrier densities of 7] and
7} bands are estimated to be 1.4x10' and 3.5x10'* cm™2,
respectively. The total is 4.9x10'* cm™2, roughly consistent
with the atomic density of V3x/3 Li (6.3x10"* cm™).
This implies that most of the electrons of +/3x+/3 Li
between graphene are transferred to the two graphene
layers. There are also features near the M /3 boint as
discussed later.

Figures 2(a)-2(1) show the experimental band structures
and the Fermi surfaces of n-layer LIG/Li-SiC with different
thicknesses. The bands look pretty similar to C¢LiCg/Li-SiC
shown in Fig. 1. The most clearly resolved features are the
electron band ;" and the hole band }. m; is a massive Dirac
cone [Figs. 2(a), 2(c), and 2(e)]. By the numerical fittings
described in Appendix A, we found that both the Dirac point
(DP) and top of the m; band shift to the higher binding
energy. The difference between them was 0.16 £+ 0.01 eV
irrespective of n, meaning no significant change in the
gap size.

Figures 2(b), 2(d), and 2(f) show that the SP of 7} is lo-
cated below the Fermi level for n > 4. Accordingly, as shown
in Figs. 2(g)-2(1), the system exhibits a Lifshitz transition
upon increasing thickness. The 7y Fermi surfaces touch each
other at the M 3 points for n < 3, while they become sepa-
rated for n > 4. We evaluated the carrier density of 7| and
75, as shown in Fig. 2(m). In contrast to the slight expansion
of w{, m; shows a discontinuous growth with the formation of
the fourth layer and the Lifshitz transition.

To evaluate the binding energy of SP, we performed a
parabolic fit on 7} along the M ;5-K 5 direction, as shown
in Figs. 2(j)-2(1). We plotted the binding-energy shift of the
DP(SP) of experimental 7{(;r;) bands as a function of the
thickness in Fig. 2(n). One can see that SP hops from Ep
to 50-meV higher binding energy at n =4, following the
Lifshitz transition. DP also shows rapid change up to n = 4
and takes constant value at 30 meV.

To look for the mechanism of the Lifshitz transition, we
discuss the layered structure. Since the stage structure of
multilayer LIG is unknown, we calculated band structures of
n-layer LIG with stage 1 and 2 models using DFT calcula-
tions. For both models, the stacking manner of graphene is
AA [24,25]. Li occupies the same hollow site between the
graphene layers, i.e., Li atoms are aligned vertically [24,25].
Stage 1 is a state where Li fully intercalates to the graphene.
In stage 2, Li occupies every other interlayer of graphene.
The thermal stability of these structures is almost equal in
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FIG. 2. Evolution of the band structure of n layer LIG/Li-SiC. (a)-(f) Band dispersion along the I'-M 3 direction. (a), (c), (¢) and (b),
(d), (f) show the data at the vicinity of the I and M 3 points, respectively. The yellow open circles represent the peak positions obtained by
Lorentzian fitting to the raw ARPES spectra. The dashed white line is a linear fit of the dispersion. The solid black line is a fit by the massive
Dirac cone equation to 7; (see Appendix A). (g)—(i) Fermi contour. (j)—(I) Band dispersion along the M ﬁ-l_( /3 direction. The yellow open
circles are the same as (a), (c), and (e). The solid orange line indicates the parabolic fit to the peak positions. (m) Thickness dependence of the
carrier density calculated from the volume of the Fermi surface. (n) Thickness dependence of the energy shift of the DP and SP. DP of 7" and
SP of 7} are evaluated from the linear and parabolic fitting, respectively. All the data were taken with hv = 21.2 eV at room temperature.

bulk Li-intercalated graphite [26]. The computational details
are described in Appendix B. Figure 3(a) displays the n = 2
case, namely C¢LiCg, the band structures agree with 7y, 7],
and 7} in Fig. 1(c). We found that the occupied flat bands
localize at the second graphene layer from the surface in
n > 3, Ref. [22], part SM-3. Figures 3(b)-3(g) show the band
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FIG. 3. (a)—(g) Band structure of the second layer of n layer LIG
obtained by DFT calculations. (a) n = 2 (C¢LiCy). (b)—(g) n = 3, 4,
5in (b)—(d) stage 2 and (e)—(g) stage 1. The inset shows the schematic
structure. (f) The binding energy of the flat band of the stage 1 (cyan),
2 (magenta), and top-intercalated (green) model comparing to the
experiment (black) as a function of thickness. Note that in stage 1,
the flat band splits into two branches when n > 4. This region is
described by the dashed line.

structures of the second graphene layer in the stage 2 and
1 models with varying thickness. If we have a look at the
evolution of band structure in stage 2 [Figs. 3(a)-3(d), upper
panels], we notice that the flat band shifts from Ef to slightly
below from n =3 to 4. In stage 1 [Figs. 3(e)-3(g), lower
panels], on the other hand, the flat band moves up and down
because of the strong interlayer interaction. We can explain
the transition in stage 2 by the structural change; due to the
alternate intercalation of Li in stage 2, only one Li layer can be
inserted up to n = 3. Here, the stacking is C¢LiCs-Cg. Since
the flat band is originated from the Cg¢LiCg part, it shows the
same VHS as n = 2. When the thickness reaches n = 4, the
second Li layer can penetrate as schematically drawn in the
inset of Fig. 3(c). In this case, two C¢LiCg units have a weaker
interaction than stage 1. It causes a small split to the C¢LiCq
bands, resulting in a slight flat-band shift. We also calculated
the band structure when only the top two layers of graphene
are intercalated. As shown Ref. [22], the band structures of the
top-intercalated model are almost identical to that of C¢LiCg
and no Lifshitz transition was seen.

We summarized the binding energy of the flat band of
the stage 1, 2, and top-intercalated model comparing to the
experiment as a function of thickness in Fig. 3(h). The stage
1 and top-intercalation model are ruled out because the flat-
band energy decreases too much or too less. Only the stage
2 model reproduces the abrupt transition at n = 4. Therefore,
we conclude that multilayer LIG in the present experiment is
in stage 2.

The difference in the magnitude of the band shift between
the stage 2 model (0.2 eV) and the experiments (50 meV)
remains an issue. Although we have not identified the reason,
we found a factor to make the energy shift closer to the
experiments by taking the substrate into account. Figure 1(c)
shows some evidences of the substrate effect: the presence of
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FIG. 4. (a) Sum of the ARPES intensity taken with p- and
s-polarized light at hv = 18 eV around the T point. The solid red
line is the EDC at the T point. (b) Second derivative of (a). (c),
(d) Band structures calculated by DFT based on the model shown
in Fig 1. (a), (b) Band structure is projected on C in top/bottom
graphene (yellow/magenta), Li in +/3 x +/3/interface(gray/cyan), and
Si/C(green/blue) in SiC. Both size and color of the dots are pro-
portional to the projection of those atomic characters. In (a)—(d),
solid and dashed arrows point out electronlike and holelike bands,
corresponding to the surface and bulk band, respectively. (e), (f)
Schematic illustration of the band hybridization and bending.

SS band, SiC band, and kink structures in 7| and 7;. They
are more clearly seen by changing the energy and polariza-
tion of the incident light [22], part SM-4. Figure 4(a) shows
the superposition of the spectra measured on CgLiCg/Li-SiC
with s- and p-polarized light at hv = 18 eV. The electronlike
band (solid arrows) and the holelike bands (dotted arrows)
are observed. These structures are more accentuated by the
second derivative, as shown in Fig. 4(b), indicating that the
kink and the electronlike band are originated from the hy-
bridization of two bands. We performed DFT calculations
based on the structural model incorporating the substrate and
interfaces as shown in Figs. 1(a) and 1(b). To reduce the cal-
culation cost, we approximated the unit cell into 2+/3x2+/3
R30° of graphene. The detail of the analysis is described in
Appendix B.

The calculated results are shown in Figs. 4(c) and 4(d).
The 7 and 7} bands are mainly composed of top and bot-
tom graphene, respectively. One characteristic feature is the
localized band at 0.2 eV, pointed out by solid black arrows.
The main component is the surface state of Li-terminated
SiC. Here, hybridization occurs at the crossing point of the
Dirac cones and the localized bands. Figures 4(e) and 4(f)
schematically illustrate the hybridization of those bands. The
localized nature of the surface state at 0.2 eV is consistent
with the SS band seen in Fig. 1(c). As schematically shown in
Figs. 4(e) and 4(f), a hybridization gap opens between ;) and
SS. This effect should also work in multilayer LIG, because

SS was also seen in Figs. 2(b), 2(d), and 2(f). The binding
energy of SS and the theoretically predicted flat-band shift
in stage 2 are close to each other (0.2 eV). Therefore, we
estimate that the hybridization suppresses the downward shift
of the flat band when the layer number increases. In conclu-
sion, the small shifting energy of the flat band at n = 4 results
from a balance of interaction among CgLiCg units and the
substrate.

The holelike features around 0.7 eV are reproduced in
Fig. 4(d) (pointed by black dashed arrows). Judging from the
shape, they are the bulk bands of SiC [22], part SM-5. Here,
the valence-band top should be located at around 3.2 eV deep
inside the bulk since the substrate used in this study is degen-
erate. This means that considerable band bending (~2.5 eV)
occurs from the bulk towards the surface, forming a very high
Schottky barrier. The magnitude of the bending is consistent
with the reported core-level shift, interpreted to originate from
the dipole layer at the Li—Si bonding [27].

In conclusion, we succeeded in the Ep tuning in n-layer
LIG/Li-SiC by the thickness control, evidenced by the Lifshitz
transition. By DFT calculations with and without substrate,
we found that the stage 2 structure best reproduces the ex-
perimental band structure, including Lifshitz transition. We
also found that Li intercalation between LIG and SiC natu-
rally forms a sizable Schottky barrier. It will be interesting to
identify the thickness dependence of the ground state in LIG
on SiC due to the difference of the VHS position.
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APPENDIX A: ANALYSIS OF EXPERIMENTAL
THICKNESS DEPENDENCE

Figures 2(a), 2(c), and 2(e) and 2(j), 2(k), and (1) in the
main text are a series of the dispersion of 7y /7 band at
point and of 75 band at M /3 points, respectively. From
and 7|, we evaluated the energy of the Dirac point, the gap of
the Dirac cone (A), and the Fermi velocity vg. From 7}, we
evaluated the saddle-point energy and effective mass m.. The
analysis of the values is conducted by the following method.
The DP is defined by the crossing point of the linear functions
fitted to the linear part of 7y and 7| Dirac cone. The gap A
is defined as the energy difference between DP and the top of
the lower Dirac cone ;. A can be estimated by the fitting of
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TABLE I. Fermi velocity of 7;* and effective mass of m,*.

n 2 3 4 Multi
vr(mr*, Linear) 6.24 6.26 6.00 5.90
[eV A] +0.09 +0.09 +0.07 +0.10
vr(rr,*, Dirac) 6.03 6.03 5.92 5.67
[eV A] +0.05 +0.09 +0.09 +0.07
m* 0.8 0.8 0.52 0.50
(7,* Parabola) +0.3 +0.1 +0.04 +0.03
the function

E = Epp —/ A2 + (vpk)? (A1)

to the m; band, where the binding energy of Dirac cone Epp
is fixed to the value obtained from the linear fitting. Here,
vg is the Fermi velocity, which corresponds to the gradient
of the Dirac cone outside of the gap. vr estimated from two
fittings [linear and using Eq. (A1)] are summarized in Table I.
The SP is defined by the bottom of the 7} band at M e
point. Effective mass of 75 band is estimated by fitting to the
parabolic function:

. (A2)

where Egp is the binding energy of the saddle point, 7 is the
Dirac constant, and m, is the electron mass. We summarized
the constants obtained by these fitting in Table I. Compared
to the Fermi velocity of 7}, the effective mass of 7} shows
an abrupt change from n =3 to 4, following the Lifshitz
transition.

APPENDIX B: COMPUTATIONAL DETAILS

The electronic structure calculations were performed by
using QUANTUM ESPRESSO package [28,29] within the frame-
work of the Kohn-Sham DFT [30,31]. The calculations were
performed in two steps: (1) model construction and (2) band-
structure calculations. In the model construction step, the
ultrasoft pseudopotentials [32] were used and the valance

TABLE II. Relative total energy of Li/4H-SiC(0001) with differ-
ent Li positions.

Li site hollow ontop of Si ontop of C

AE (eV/Li) 0 0.64 14.46

states were expanded in a plane-wave basis set with cut-
off energies of 40 Ry for wave functions and 400 Ry for
charge densities. In the band-structure calculation step, the
norm-conserving pseudopotentials [33] and the cutoff ener-
gies of 120 Ry (wave functions) and 480 Ry (charge densities)
were used. The electron-electron interaction was described
within the local-density approximation [34]. An 8x8x1
k-point sampling mesh was used for integration over the
Brillouin zone. The two-dimensional lattice parameters and
the atomic positions were relaxed until the maximum force
acting on atoms became less than 107 a.u. while the dimen-
sion along the ¢ axis was kept constant at 40 A (corresponds
to the vacuum spacing wider than 20 A). After the struc-
tural optimization, we performed the total energy comparison
between different stacking patterns of the graphene layers,
the Li atoms, and the substrate. We confirmed that the most
stable structures have the AA-stacking graphene layers with
the Li atoms intercalated at the hollow site of the graphene. To
construct the model structure of C¢LiCg/Li/4H-SiC(0001),
we used the lattice matching of 24/3x2+/3 graphene and
3 x 3 SiC(0001) instead of experimentally observed 13 x
13 graphene and 6/3x6+/3 SiC(0001) for the sake of re-
ducing computational cost. C¢LiCg is on the Si surface of
the substrate while the C surface is terminated by hydrogen
atoms. From the total energy comparison, we confirmed that
the most favorable site of the (1 x 1) Li adatoms is the
hollow site of SiC hexagons as shown in Table II. We then
determined the stable position of C¢LiCg on the Li adatoms.
The optimized structures of CgLiCgq/Li/4H-SiC(0001) are
shown in Figs. 1(a) and 1(b). Finally, we computed the band
dispersions of these systems and analyzed them into the atom-
decomposed band structure by taking the projection into the
atomic orbitals.
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