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It has been theoretically predicted and experimentally confirmed that graphene deposited with atoms of
a univalent alkali metal such as Li (LiCg) or divalent alkaline-earth metal such as Ca (CaCg) can be a
superconductor. For atoms of a trivalent metal such as Al, if deposited on graphene, it was predicted that AlCg
can be in a metallic state. Whether this compound is stable and can be made superconducting is an issue which
has not been addressed and deserves further investigation. In this work, based on first-principles calculations, it is
found that the phonon spectrum of AlCg shows imaginary frequencies for the two lowest branches, indicating the
structure is dynamically unstable. By hole doping, the imaginary frequencies basically disappear and the lattice is
stabilized. Besides, biaxial tensile strain was applied to study its effect on phonon and electron-phonon coupling.
With the increase of tensile strain, the high-energy phonon spectrum associated with the C-C stretching modes
softens greatly and the electron-phonon coupling becomes stronger, resulting in the increase of superconducting
transition temperature 7 to a value of more than 22 K for a sample at the experimentally accessible hole doping
(7.5 x 10" cm™2) and tensile strain (12%) levels. This is above the liquid hydrogen temperature of 20.3 K.
Thus, besides Li and Ca deposited graphene, AlCg provides another platform for realizing superconductivity in
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graphene.
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I. INTRODUCTION

Graphene, a single layer of carbon atoms in a honeycomb
lattice, has attracted tremendous attention ever since it was
successfully isolated in 2004 [1]. It exhibits many extraordi-
nary properties and has possible potential for a wide range of
applications [2-6]. Among the various properties of graphene,
superconductivity is one of the most notable expectations.
If realized, it may not only be of scientific importance,
but may also have good applications in constructing nano-
superconducting devices. Recently, superconductivity up to
1.7 K has been reported in magic angle bilayer graphene [7,8],
i.e., the two layers of graphene are twisted by a small angle
of 1.1°, which may be an unconventional superconductor
originating from the strong correlation effect of the interlayer
interactions, with the mechanism still hotly debated. How to
make monolayer graphene superconducting has also been a
hot topic in recent years.

Due to the vanishing electronic density of states (DOS) at
the Dirac point, pristine graphene cannot be a superconductor.
Doping can induce more charge carriers in graphene by ap-
plying electrolytic gating [9,10] or chemical adsorption [11].
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For doped graphene, various superconducting pairing
mechanisms have been predicted, e.g., plasma-mediated su-
perconductivity [12], resonant-valence-bond paring super-
conductivity [13], and repulsive electron-electron interac-
tion induced chiral superconductivity [14]. While all these
mechanisms may result in possible superconductivity in
graphene, phonon-mediated superconductivity is also a proba-
ble case [15]. It is known that phonon-mediated superconduc-
tivity can be induced with an effective electron-phonon cou-
pling A, withA = N (0)D? /M a)ﬁh, where N (0) is the electronic
DOS per spin at the Fermi level, D is the deformation poten-
tial, M is the effective atomic mass, and wyy, is the frequency
of the phonon vibrations involved in superconductivity. Thus,
although pristine graphene is not superconducting, it may
be a phonon-mediated superconductor with the enhancement
of electron-phonon coupling caused by a large number of
carriers, strong deformation potential, and strong coupling
between electrons and phonon modes.

In a similar case, graphite is also not a superconductor due
to the small DOS at the Fermi level. However, it has been
known for some time that phonon-mediated superconductiv-
ity has been experimentally realized in graphite-intercalated
compounds (GICs) such as YbCg and CaCg with supercon-
ducting transition temperature (7.) of 6.5 K and 11.5 K,
respectively [16,17]. The origin of superconductivity in GICs
has mainly been attributed to the formation of an interlayer
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electronic band at the Fermi level, which is formed from
the intercalants [18,19]. The interlayer state has multiple
beneficial effects on A: (i) the increase of electron concen-
tration, (ii) the enhanced coupling to carbon out-of-plane
vibration, and (iii) the occurrence of the coupling to inter-
calant in-plane vibrations with the enhancement of defor-
mation potential D and the reduction of Mw? . All these
effects lead to the enhancement of A and consequently the
occurrence of superconductivity. Following this guideline, for
monolayer graphene, it is anticipated that decorating graphene
with electropositive elements shifts the Fermi energy away
from the Dirac points, and thus enhances the electron-phonon
coupling that might induce superconductivity in the sample.

Actually, it has been theoretically predicted that alkali
metal Li or alkaline-earth metal Ca deposited graphene,
i.e., LiCq and CaCg, can be a superconductor with 7. of
8.1 K or 1.4 K, respectively [20]. Experimentally, based on
angle-resolved photoemission spectroscopy (ARPES) mea-
surements, Fedorov er al. evaluated the electronic band
structure and extracted the Eliashberg functions of graphene
deposited with Cs, K, Na, Rb, Li, and Ca [21]. The authors
found universal donor-dependent vibrational modes, and es-
timated 7. for all these compounds. They pointed out that
Ca-deposited graphene is the most promising candidate for
superconductivity with the highest 7, approximately equal to
1.5 K. Later, Ludbrook et al. reported the ARPES evidence
for a superconducting gap in Li-deposited graphene with an
estimated 7. of 5.9 K based on the BCS gap equation [22].
Moreover, it was theoretically investigated that the applica-
tion of strain on Li-deposited graphene can enhance T, to
29 K [23].

Till now, only the superconductivities in univalent alkali
metal atoms and divalent alkaline-earth metal atoms deposited
on graphene have been studied. For atoms of a trivalent metal
such as Al, if deposited on graphene, it was predicted that
AlCg is in the metallic state [24]. Whether this compound
is stable and can be made superconducting is an issue which
has not been addressed and deserves further investigation. In
this work, based on first-principles calculations, it is found
that the phonon spectrum of AlCg shows imaginary fre-
quencies for the two lowest branches, indicating the struc-
ture is dynamically unstable. By hole doping, the imaginary
frequencies basically disappear and the lattice is stabilized.
Besides, biaxial tensile strain was applied to study its effect
on phonon and electron-phonon coupling. With the tensile
strain increasing up to 12%, the high-energy phonon spectrum
gradually softens and the electron-phonon coupling becomes
stronger, resulting in the increase of superconducting transi-
tion temperature 7, to more than 22 K, which is higher than
the liquid hydrogen temperature of 20.3 K. Thus, AlCg could
provide another platform for realizing superconductivity in
graphene.

It is worth noting that we also studied other stoichiometries
of Al and C, such as AlCg, AlCy4, and AlCs,, with the lattice
structure and the phonon spectra described in Appendix A.
For the phonon spectra, they show larger imaginary frequen-
cies than AlCg, thus are more unstable. Especially, for AlCg,
with the same stoichiometric ratio as LiCg and CaCgq [20-23],
stabilization is very difficult whether by doping or applying
strain. As a result, it cannot stably exist in reasonable ex-

perimental setups. Therefore, in the following parts, we only
discuss the properties of AlCg.

The rest of this paper is organized as follows. In Sec. II,
we describe the computational details. In Sec. III, we present
the results and discussions. First, we show how to make
the lattice of AlCg stable. Second, we discuss the electronic
structure, including the band structure, Fermi surface (FS),
and DOS of AICg under different circumstances. Third, the
phonon and electron-phonon coupling of AICg are calculated
and the possible superconducting transition temperature is
further calculated. Section IV is the conclusion of the work. In
Appendix A, the lattice structure and phonon spectra of AlCg,
AlCy4, and AICj3; are described. In Appendix B, the Bader
charge, electron localization function, and charge density
difference of pristine AlCg are discussed. In Appendix C, the
origin of the lattice instability of AlCjg is discussed.

II. COMPUTATIONAL DETAILS

The electronic structure calculations of AlCs were per-
formed in the framework of the density functional theory as
implemented in the QUANTUM ESPRESSO (QE) program [25],
and the lattice dynamics was performed within the density
functional perturbation theory [26] as implemented in QE.
The projector augmented wave method [27] was used to
model the electron-ion interactions, and the generalized gradi-
ent approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) parametrization [28] was adopted for the exchange-
correlation potentials. It is worth noting that calculations
under the PBEsol functional [29] were also performed, with
the results basically consistent with those under PBE. Thus,
we only show the results under PBE. The Bader charge [30],
electron localization function, and charge density difference
were calculated using the VASP code [31]. In our calculations,
a vacuum space of 20 A normal to the graphene layer was used
to avoid interactions between adjacent layers. Both the lattice
parameters and the atom positions were relaxed to obtain
the optimized structure. The cutoffs for wave functions and
charge density were set as 80 Ry and 480 Ry, respectively.
The electronic integration was performed over a 12 x 12 x 1
k-point grid. For FS and DOS calculations, denser 36 x 36 x
3 and 96 x 96 x 1 k-point grids were adopted, respectively.
The phonon and electron-phonon coupling were calculated on
a 6 x6x 1 g-point grid, and a denser 24 x 24 x 1 k-point
grid was used for evaluating an accurate electron-phonon
interaction matrix.

The electron-phonon coupling properties and possible su-
perconductivity were calculated based on Eliashberg equa-
tions [32]. The Eliashberg spectral function o>F (w) describes
the averaged coupling strength between the electrons at the
Fermi energy (Er) and the phonons of energy w:

1 2
2 qv
aF(w) = ——— 8kikiqi| 0(@— wqy)
N(Er)NiN, qu j| ksl !
x 8(exi — EF)8(ekyqj — EF), (D

where N(Er) is the electronic DOS at the Fermi energy,
and N; and N, are the total numbers of k and q points,
respectively. wg, is the phonon frequency of the vth phonon
mode at vector q, €x; and €xiq; are eigenvalues of Kohn-
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Sham orbitals at given bands and wave vectors, and gﬂ';’k +aj
is the electron-phonon coupling matrix element. Then, the
frequency-dependent electron-phonon coupling A(w) can be
obtained by

w 2 /
A(a)):Z/O F@) o )

w/
and the total electron-phonon coupling A can be obtained
when w — oo.
Using the Allen-Dynes modified McMillan equation [33],

the superconducting transition temperature can be evaluated
as follows:

o
L= 1.02geXp[

1.04(1 + A) ] 3

= pr(1+0.621)

where p* is the Coulomb pseudopotential and was set to a
typical value of u* = 0.1 in our calculations, and wjq, is the
logarithmically averaged phonon frequency defined as

2 [ &’F(w)logw
Wog = eXpI:X / %dw] @)

III. RESULTS AND DISCUSSION
A. Lattice structure and stability

For AICs, we first calculated the total energy of hollow,
top, and bridge coverages of the Al atom on graphene, with
the Al atom lying above the center of the hexagon formed
by the six C atoms, above the C atom, and above the center
of the C-C bond, respectively. It is found that Ejgjow <
Eprigge < Eiop, With the total energy of the bridge and top
coverages 0.11 eV /unit cell and 0.13 eV /unit cell higher than
that of the hollow coverage, respectively. Thus, we only study
the energetically most favorable hollow coverage of AlCs.
The lattice structure for it is shown in Fig. 1(a), where yellow
(purple) spheres represent C (Al) atoms. In the unit cell, there
are eight C atoms and one Al atom, with the Al atom lying at
the hollow position, which can be clearly seen from the side
view of the AlCg unit cell in Fig. 1(b). Here 4 is the distance
between the Al atom and the graphene plane. In the AlCg unit
cell, there are two kinds of C-C bond lengths with different
values. One is labeled as /;, which represents the C-C bond
lengths in the hexagon under Al atom. The other is labeled
as [, corresponding to the length of other C-C bonds. The
lengths of the parameters under different circumstances can
be obtained after fully structural optimization.

The optimized structural parameters of AlCg can be ob-
tained, which are shown in Table I. The Al-graphene distance
his 2.097 A, and the C-C bond lengths /; and /, are 1.438 and
1.429 A, respectively. The distance between Al and the nearest
C atoms is 2.542 A. To know whether Al atom forms bonds
with the nearest C atoms, we first did total energy calculation,
and found that the total energy of AlCs is 1.08 eV /unit cell
lower than that of a free Al atom plus eight C atoms in
graphene, indicating that AlCg is thermodynamically stable.
Then, the Bader charge, electron localization function, and
charge density difference are calculated, together proving that
the Al atom loses electrons and forms Al-C bonds with the
graphene plane (the results are shown in Appendix B). To
make this clear, we define this state as pristine AlCg, in com-
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FIG. 1. (a) Periodic structure of aluminum-deposited graphene
AlCg. Yellow (purple) spheres represent carbon (aluminum) atoms.
(b) Side view of the AICg unit cell. / is the distance between Al atom
and the graphene plane. /; and /, are two different C-C bond lengths
in AICg lattice. All the atoms in the unit cell are labeled to facilitate
the description of Bader charges of the atoms.

parison with the otherwise hole-doped and stretched states
based on this, which will be discussed later. Moreover, with
the same coverage as AlCg, we considered the full relaxation
of supercells such as Al4Cs;, and no distortion was found,
supporting the rationality of the AlCg lattice structure.

Based on the relaxed structure of pristine AlCg, we cal-
culated the phonon spectrum for it, with the result shown
in Fig. 2(a). It is seen that two branches show imaginary
frequencies with the maximum of —57.5 cm™! at the K
point (the imaginary frequencies were plotted as a negative
value following the conventional notation), indicating that
the pristine AlCg is dynamically unstable. It is known that
doping or tensile strain can be applied to stabilize phonons and
induce superconductivity in several systems, for example, in

TABLE 1. Optimized structural parameters (Al-graphene dis-
tance &, C-C bond lengths /; and /5, in A), the maximum of phonon
spectrum wp,x and logarithmic frequency average wyo, in cm™!,
electron-phonon coupling A and superconducting critical tempera-
ture 7, for pristine or hole-doped and stretched states. p is the hole
doping level in |e|/unit cell, and ¢ is the effect of tensile strain, i.e.,

the relative increase of the lattice constant.

p & h ll 12 @max Wiog A 71‘

0 0 2097 1438 1.429 1504

02 2% 2080 1.467 1.457 1403 306.064 0.644 8.577

02 4% 2074 1496 1485 1303 326.249 0.655 9.558

02 6% 2069 1526 1513 1212 302.015 0.738 11.893
02 8% 2063 1556 1.539 1127 281.587 0.798 13.113
02 10% 2.057 1.587 1.567 1054 322.790 0917 19.535
02 12% 2.049 1.618 1.593 994 188.452 1.557 22.234
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FIG. 2. Phonon spectra of AlCg along high-symmetry line I'-M-K-I" in (a) pristine state, (b) hole-doped and strain-free state (p = 0.2),
(c) hole-doped and slightly stretched state (p = 0.2, ¢ = 4%), and (d) hole-doped and significantly stretched state (p = 0.2, ¢ = 10%).

N- or B-doped graphene [34], 1T-TaS, [35], two-dimensional
boron [36], etc. Compared with the stable LiCq and CaCg, the
dynamical instability of AlCg may arise from the abundant
electrons provided by Al atoms. Thus, hole doping to the
system may make it stable. Here we define hole doping level
p in units of |e|/unit cell. It is found that with p increasing
from zero, the imaginary frequencies become less obvious.
When p is 0.2]e|/unit cell, the imaginary frequencies of
the phonon spectrum basically disappear [Fig. 2(b)]. Around
the I' point, the lowest phonon branch, which corresponds
to the out-of-plane transverse acoustic mode (the so-called
ZA mode or flexural phonon mode), shows a very small
imaginary frequency, i.e., about —4 cm™~!. This is due to the
difficulty of achieving numerical convergence for the flexural
phonon mode and can disappear completely under certain
cases, which appears to be a common issue in first-principles
calculations for two-dimensional materials [37,38]. There-
fore, the phonon spectrum suggests that AICg at p = 0.2 hole
doping is dynamically stable. For comparison, the phonon
spectra for electron-doped cases with electron doping levels
of —0.1]e|/unit cell and —0.2|e|/unit cell were calculated, and
imaginary frequencies of —75.4 cm~! and —85.6 cm™! were
found, suggesting that the system is even more unstable. Thus,
we only consider the hole-doped case.

Furthermore, biaxial tensile strain was applied to study
its effect on phonon and electron-phonon coupling. It was
applied along the two basis vector directions, and the relative
increase of lattice constant was defined as ¢ = (a — ag)/ay,
where ay and a are the lattice constants of unstretched and
stretched AlCg, respectively. Figures 2(c) and 2(d) show
the phonon spectra in the hole-doped and slightly stretched
state (p = 0.2, ¢ = 4%), as well as in the hole-doped and
significantly stretched state (p = 0.2, ¢ = 10%). It is seen
that tensile strain can make the lowest branch around I'
more dispersive and the high-energy phonon spectra greatly
softened. Strains larger than 13% are not applied due to the
reappearance of structural instability (in Appendix C, the
origin of the lattice instability for the pristine and p = 0.2,
& = 15% cases were discussed).

The optimized structural parameters and the maximum
of the phonon spectrum wp,.x for the stable cases are also
listed in Table I. It is seen that, for the p = 0.2 and stretched
cases, with the increase of tensile strain, the Al-graphene
distance h decreases, while the C-C bond lengths /; and [,
increase gradually. It is understandable that the tensile strain
increases the distance of neighboring C atoms, and the 7
bonds less repulse the Al atom, which thus moves down
toward the graphene plane. According to the equation A =
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FIG. 3. Electronic band structure of AlCg along high-symmetry line I'-M-K-I" for the four cases listed in Fig. 2, i.e., (a) pristine
state, (b) hole-doped and strain-free state (p = 0.2), (c) hole-doped and slightly stretched state (p = 0.2, ¢ = 4%), and (d) hole-doped and
significantly stretched state (p = 0.2, ¢ = 10%). The Fermi level in blue dashed lines is set to be zero.

N(0)D*/M a)gh, with the decrease of Al-graphene distance #,
the deformation potential D increases, while the high-energy
phonon spectrum softens with the maximum wp, decreasing
from 1504 cm ™' to 994 cm™!, both leading to the increase of
X and thus the superconducting transition temperature, which
will be discussed later.

B. Electronic structure

For the electronic structure, the band structure, FS, and
DOS were studied for different cases. First, the electronic
band structure of AICg along high-symmetry line I'-M-K-T"
were calculated for the same cases listed in Fig. 2, with the
results shown in Fig. 3. For the pristine AlCg, it is a metal
with one band crossing the Fermi level along the I'-M and
M-K directions, consistent with the former result [24]. For the
hole-doped and strain-free state of AlCg (p = 0.2), the Fermi
level moves downward, and crosses the band twice along
K-T'. By further applying tensile strain, as seen in Figs. 3(c)
and 3(d), the shape of the bands changes a little, and the Fermi
level still moves downward. Finally, no band crosses the Fermi
level along I'-M and the Fermi level crosses the band only
once along K-T".

The FSs for the four cases listed in Fig. 3 are plotted in
Fig. 4. The FS for the unstable pristine AlCg can be seen
in Fig. 4(a), with six big pieces in the first Brillouin zone
(BZ), which originate from the six big hole pockets extended
from near the I point to slightly beyond the M point [see
Fig. 3(a)] in the extended BZ. However, the topology of the
FSs changes dramatically for the hole-doped and strained
cases. When hole doped, the Fermi level moves downward,
making the six pockets become larger and touch each other.
At p = 0.2, with zero strain, the FSs [see Fig. 4(b)] appear
to come from the six big electron pockets around K points
and the small electron pocket centered at the I'" point [see
Fig. 3(b)]. With the further increase of tensile strain, the
electron pocket around I shrinks to a smaller circle [Fig. 4(c)]
and gradually disappears [Fig. 4(d)], while the six electron
pockets around K barely change. The change of FSs in Fig. 4
agrees well with the corresponding band structures in Fig. 3.

Then, we show the electronic DOS for the stable cases.
Figure 5(a) shows the total and orbital-projected electronic
DOS for hole-doped and slightly stretched AlCg (p = 0.2 and
& = 2%). At the Fermi level, the DOS is near a van Hove
singularity peak. The 2p, and 2p, orbitals of C atoms only
contribute to the states below —4 eV and thus were not plotted
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FIG. 4. Fermi surface of AlCg for the four cases listed in Fig. 3,
i.e., (a) pristine state, (b) hole-doped and strain-free state (p = 0.2),
(c) hole-doped and slightly stretched state (p = 0.2, ¢ = 4%), and
(d) hole-doped and significantly stretched state (p = 0.2, ¢ = 10%).

in the figure. In the range of —2 eV to 1 eV, the DOS is mainly
contributed by the 2p, orbital of C atoms. On the other hand,
near the Fermi level, the contribution of the 3p orbital of the
Al atom is also not negligible, suggesting the formation of
Al-C bonds and hybridization between the 2p, orbital of C
and 3p orbital of Al. Besides, Al contributes greatly for the
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FIG. 5. (a) Total and orbital-projected electronic DOS for hole-
doped and slightly stretched AlCg (p = 0.2 and ¢ = 2%). (b) Total
electronic DOS for five cases: p=0.2 and ¢ =2%, p=10.2 and
e=4%,p=02ande =6%,p=0.2and e = 8%, and p = 0.2 and
e = 10%.
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FIG. 6. (a) Phonon spectrum, (b) atom-projected phonon DOS,
and (c) direction-projected phonon DOS for Al and C atoms for hole-
doped and slightly stretched AlCg (p = 0.2 and ¢ = 2%).

electron states above 1 eV and between —3.5 eV to —2 eV.
Figure 5(b) shows the effect of tensile strain on the total DOS.
With the increase of tensile strain, the total DOS basically
moves to higher energy and the total DOS at the Fermi level
decreases slightly.

C. Electron-phonon coupling and possible superconductivity

To study the possible phonon-mediated superconductivity
in AlCg, the phonon and electron-phonon coupling properties
were first studied. For the phonon spectrum and the corre-
sponding vibration information, we took the hole-doped and
slightly stretched AlCg (p = 0.2 and ¢ = 2%) as an example.
The phonon spectrum is shown in Fig. 6(a). There is a wide
range of frequency extending up to about 1403 cm~!, and no
imaginary frequency appears in the low energy, justifying its
dynamical stability. To know more about the atomic vibra-
tion information, the atom-projected and direction-projected
phonon DOS are plotted in Figs. 6(b) and 6(c). Since the
Al atom is heavier than the C atom, the vibration modes at
the low-energy range are mainly contributed by Al atoms
with a sharp peak near 70 cm~'. The vibration of C atoms
contributes to the whole range of energy, and is the only
contribution to the modes for energy higher than 450 cm™'.
By further checking the direction-projected phonon DOS, it
is seen that the peak near 70 cm™! is mostly contributed by
the in-plane modes of Al together with a small contribution
of C out-of-plane modes; the range of energy between 200
ecm™! to 450 cm™! is contributed by the in-plane and out-
of-plane modes of C mixed with the out-of-plane modes of
Al near 400 cm~!; while that between 450 cm~' to 800
cm™! is contributed by the in-plane and out-of-plane modes
of C. Furthermore, the energy higher than 800 cm ™~ are only
contributed by the in-plane C-C stretching modes. For the
other cases of doped and stretched AlCg, similar vibration
modes can be obtained. The total phonon DOS for different
cases is shown in Fig. 7. With the increase of tensile strain,
although the low-energy and medium-energy modes barely
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FIG. 7. Total phonon DOS for doped and stretched AlCs. (a) p =
0.2 and ¢ =2%, (b) p=0.2 and ¢ = 4%, (c) p=0.2 and ¢ = 6%,
(d)p=0.2and ¢ = 8%, and (¢) p = 0.2 and ¢ = 10%.

move, there is obvious softening of the high-energy C-C
in-plane stretching modes, consistent with previous results in
pure graphene [39], doped graphene [15,40], and Li-deposited
graphene [23]. As we will show in what follows, this greatly
increases the electron-phonon coupling.

Then, we discuss the Eliashberg spectral function o?F (®)
and electron-phonon coupling A(w) for different cases, with
the results shown in Fig. 8. It is seen that the position of the
peaks in the Eliashberg spectral function resembles that of
the total phonon DOS. The low-energy peak of the Eliash-
berg spectral function originates from the coupling between
electrons and the low-energy in-plane modes of Al mixed
with a small contribution of C out-of-plane modes, which
contributes to about half of the total electron-phonon coupling
A. The other major contribution is from the coupling be-
tween electrons and the high-energy in-plane C-C stretching
modes, which contributes to about one-third of the total A.
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FIG. 8. Eliashberg spectral function o’F(w) and electron-
phonon coupling A(w) for the same cases as in Fig. 7.

Based on the Eliashberg spectral function o> F (), the total A
and the logarithmically averaged phonon frequency wjog can
be calculated under different cases. Using the Allen-Dynes
modified McMillan equation [33], the superconducting tran-
sition temperature can further be evaluated, with the results
shown in Table I. It is seen that with the increase of tensile
strain, the total electron-phonon coupling A increases from
0.644 (p =0.2, e =2%) to 1.557 (p = 0.2, ¢ = 12%), and
the corresponding superconducting transition temperature 7
increases from 8.577 K to 22.234 K, which is above the liquid
hydrogen temperature of 20.3 K. Thus, Al-deposited graphene
AlCg provides another platform for realizing superconductiv-
ity in graphene.

It is worth mentioning that superconductivity and the in-
crease of T, in AlCg can be realized within the experimen-
tally accessible doping and strain levels. The hole doping
level of 0.2]e|/unit cell for the strained stable cases corre-
sponds to about hole concentration from 7.5 x 10'3 cm~2 to
9.3 x 10"* cm™2, while the doping level above 10'* cm~? in
graphene has been achieved for both electrons and holes by
electrolytic gating [10] or by chemical adsorption [11]. On the
other hand, tensile strain up to about 25% has been elastically
applied to graphene without breaking [41]. Therefore, as
the realization of superconductivity in LiCg¢ and CaCg, it is
highly reasonable to anticipate the experimental realization of
superconductivity in Al-deposited graphene AlCs.

Before concluding, we make some comparisons with pre-
vious results of superconductivity in graphene with/without
metal deposition, under doping and/or strain. As has been
mentioned, graphene deposited with Li or Ca can be a su-
perconductor with T, lower than 10 K [20-22]. The appli-
cation of strain on Li-deposited graphene can enhance 7, to
29 K [23]. Our investigation shows that graphene deposited
with Al can also be a superconductor with 7; about 22 K under
hole doping and tensile strain. There is also an interesting
work investigating the combined effect of charge doping and
biaxial tensile strain on graphene, which can increase 7. to
about 30 K. Since there are no other atoms involved, it was
called “intrinsic superconductivity” [15]. The above results
reveal that the deposition of metal on graphene induces metal-
related electronic states, which not only increases the electron
concentration, but also enhances the coupling with both the
low-energy in-plane vibrations of metal atoms and the out-of-
plane vibrations of carbon atoms. This is important because
in doped graphene with no metal on it, symmetry forbids
the coupling between r states and the out-of-plane vibrations
of carbon atoms; meanwhile, the coupling with the in-plane
vibrations is not large enough and thus A is small. Therefore,
the deposition of metal improves this greatly, similarly to the
role of metal in GICs [18,19,42].

Moreover, for the effect of strain on superconductivity of
graphene, our work and Refs. [15,23] prove that it can soften
the high-energy in-plane C-C stretching modes, further in-
creasing the electron-phonon coupling and 7. Besides, there
were also works based on theoretical models studying strain-
induced superconductivity in graphene, for example, super-
conducting states in pseudo-Landau-levels [43], time-reversal
odd superconductivity [44], flat-band superconductivity [45],
and superconducting pair density wave states [46]. Based on
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FIG. 9. (a), (b), and (c) are the unit cells of AlCg, AIC,4, and AIC3;.
respectively.

the above discussions, it is clear that our work has made
an important contribution to superconductivity in graphene
and will be of great interest to experimentalists working on
Al-deposited graphene and related systems.

IV. CONCLUSION

In conclusion, the structural stability, electron-phonon
properties, and superconductivity in Al-deposited graphene
AlCjg have been studied. The deposition of Al atoms can make
the system to be in a metallic state. However, the structure is
dynamically unstable but can be stabilized by hole doping.

M K r

(d), (e), and (f) are the phonon spectra for AlCg, AlCy4, and AlCs,,

The biaxial tensile strain was applied to study its effect
on phonon and electron-phonon coupling. The low-energy
in-plane modes of Al mixed with a small proportion of C out-
of-plane modes contributes most to the electron-phonon cou-
pling, and the high-energy in-plane C-C stretching modes also
have appreciable contribution. With the increase of tensile
strain, the high-energy phonon spectrum corresponding to the
C-C stretching modes softens greatly and the electron-phonon
coupling becomes stronger, resulting in the increase of su-
perconducting transition temperature 7, to a value of more
than 22 K, which is above the liquid hydrogen temperature
of 20.3 K. Since it can be achieved within the experimentally

TABLE II. Bader charge (in units of |e|) for each atom in pristine AlCg unit cell. The atoms are labeled in Fig. 1(b).

Atom Al C, C, G

C4 C5 C6 C7 CS

Charge 2.270 4.150 4.150 4.150

4.150 4.150 4.150 3.915 3.915
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(a) (b)

FIG. 10. (a) Electron localization function and (b) charge density
difference for pristine AlCg unit cell shown in Fig. 1(b). In (b),
the color blue (yellow) represents the area where electrons are lost
(obtained).

accessible doping and strain levels, the predicted Al-deposited
graphene AlCg provides another platform for realizing super-
conductivity in graphene.
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APPENDIX A: LATTICE STRUCTURE AND PHONON
SPECTRA OF AICg, AlCy4, AND AIC;3,

Besides AlCg, other stoichiometries of Al and C, such as
AlCqg, AlCy4, and AlCs;, were also studied. The total energies
for each system under the lattice structures with hollow, top,
and bridge coverages of Al atom on graphene were first
investigated. Similarly to AlCs, the hollow coverage also

(@)

shows the lowest energy for AlCq, AlCy4, and AlCs;,, with
the relaxed lattice structures respectively shown in Figs. 9(a)—
9(c). The corresponding phonon spectra for them are shown
in Figs. 9(d)-9(f), from which the imaginary frequencies for
certain low-energy modes can be seen, with the maximum of
—116 cm~!, =86 cm™!, and —164 cm~!, respectively. The
absolute values of the maximum imaginary frequency for the
three systems are larger than that of AlCg, i.e., —58 cm~!; thus
they are more unstable. Especially, for AlCg, with the same
stoichiometric ratio as LiCq and CaCg [20-23], stabilization
is very difficult. That is, whether doping electrons or holes,
applying tensile or compressive strain to the system, the
change of imaginary frequencies is very small. Thus, it cannot
stably exist in reasonable experimental setups. Whether there
is a geometry of Al-deposited graphene with no imaginary
frequency in the phonon spectra is a question which is time-
consuming and requires a lot of computing resources. This is
still under investigation and is beyond the scope of the present
work, and might be shown elsewhere in the future. For the
case of AlCg under concern, we have proved that it is ther-
modynamically stable, and can be made dynamically stable
by hole doping, and also be superconducting with 7, above
the liquid hydrogen temperature under strain, which is an
important supplement to the previous work on the electronic
structure of AlCg [24], and also provides another platform for
realizing superconductivity in graphene by depositing metal
besides Li and Ca [20-23].

APPENDIX B: CHARGE PROPERTIES OF PRISTINE AlICg

To know whether the Al atom forms bonds with the nearest
C atoms, we calculated the Bader charge, electron localization
function, and charge density difference for pristine AlCs. The
Bader charge for each atom in the AlCg unit cell is shown
in Table II. The calculated Bader charges for the Al atom
and the nearest C atoms (C; to Cg) are 2.270]|¢| and 4.150]e|,
respectively, indicating that Al loses electrons and the nearest
C atoms gain electrons. The electron localization function of
pristine AlCg in Fig. 10(a) shows the electron distribution in
real space, showing the overlap between Al and the nearest C
atoms. Moreover, to see more clearly the electron transfer and
atom bonding, the charge density difference was calculated.

(b)

1000

800

FIG. 11. (a) Phonon spectra and (b) Fermi surface of AlCg for the case of p = 0.2 and ¢ = 15%.
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FIG. 12. Nesting functions for (a) the pristine case and (b) p = 0.2 and ¢ = 15% case.

It is defined as Ap = psys — Pgra — PAl, in Which pgy, Ogras
and pa), respectively, represent the charge density of pristine
AlCg, graphene, and isolated Al atom. The calculated result
is shown in Fig. 10(b); it is seen that electrons transfer from
the bottom of Al atom to the graphene plane, especially to
the middle of C-C bonds. Based on the above analysis, we
conclude that Al forms bonds with the nearest C atoms.

APPENDIX C: ORIGIN OF THE LATTICE INSTABILITY
OF AICg

For the lattice stability, we have found that the lattice for
the pristine AlCg is unstable, with the phonon spectra shown
in Fig. 2(a). The imaginary frequencies basically disappear
with hole doping of p = 0.2. However, for the cases of hole
doping level p = 0.2 and strain ¢ larger than 13%, the lattices
are no longer stable. For example, here we show the phonon
spectra of AICg along high-symmetry line I'-M-K-T" for the
case of p = 0.2 and ¢ = 15%, which can be seen in Fig. 11(a).
Along I'-M, there is tiny phonon softening, whereas around
K, there is significant softening of phonon modes along
both M-K and K-T". By comparison, it is known that lead-
halide perovskite structures such as CH3NH;3;Pbl; show soft
phonon modes at the Brillouin-zone boundary points R and M
in the high-temperature cubic phase, which originates from
the collective tilting of the Pblg octahedra [47]. A similar
phenomenon was found in halide perovskites CsSnl; and
CsPbl;, in which doing linear response calculations at finite
temperature can stabilize such phonon dispersion curves and
remove the imaginary frequencies [48,49]. It is necessary to
explore the possible origin of the lattice instability in AlCg.

There are two most common mechanisms for the lattice
instability: the electrostatic interaction and Kohn anomaly.

For dielectrics, the electrostatic interaction is the main reason,
while for metals, the Kohn anomaly can also lead to the lattice
instability. To explain the lattice instability of the pristine case
as well as the p = 0.2 and ¢ = 15% case mentioned above,
we calculate the Fermi surface nesting function for them. The
Fermi surfaces are shown in Figs. 4(a) and 11(b), respectively.
The nesting function can be obtained by

1
X(q) =5 Y 8ex — Ep)d(ensg —Ep). (D)
k

Here N is the number of k points in the sum, & and g, are
the eigenvalues obtained by the first-principles calculations,
and Er is the Fermi energy. At the nonzero X (¢) points, the
nesting effect of electrons in a metal can strongly influence
atomic vibrations, and the phonon frequencies vary abruptly
with ¢, which is a signature of the Kohn anomaly instability.

The calculated nesting functions for (a) the pristine case
and (b) the p = 0.2 and ¢ = 15% case are shown in Fig. 12.
From Fig. 12(a), it is seen that a strong nesting appears in the
middle of I" and M but not around K, which could not explain
the imaginary frequency of phonon spectra along the K-M
and K-T" directions in Fig. 2(a). Thus, the lattice instability
for the pristine case is not associated with the Kohn anomaly.
We deduce that it originates from the electrostatic interaction
induced by the abundant electrons provided by the Al atoms.
It can be proved that the imaginary frequencies basically
disappear by hole doping, as shown in Fig. 2(b). For the
p = 0.2 and ¢ = 15% case, the nesting function in Fig. 12(b)
shows nesting in the middle of I" and M, and also around the
K point, consistent with positions where the phonon softening
occurs in the phonon spectra shown in Fig. 11(a). Thus,
the instability of the lattice for this case mainly originates
from the Kohn anomaly induced by the Fermi surface nesting
effect.
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