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A thorough search of the distribution pattern of Na, K, and Ca atoms on graphene surface, carried out
using a synergistic combination of density functional theory and particle swarm optimization algorithm,
yielded some unusual results. The equilibrium distribution is concentration and metal dependent; the
metal atoms distribute uniformly when their coverage ratio M: C (M = Na, K, Ca) is 1: 6, but Na and Ca
atoms self-assemble to form parallel quasi-one-dimensional chains when their coverage is reduced to
1:8. At the higher concentration (M: C = 1:6), electron—phonon coupling calculations further show that
the NaCg is a superconductor with critical temperature of 5.8 K, which is the highest value among all the
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stable alkali or alkaline-earth metal decorated monolayer graphene systems studied to-date. At the lower
concentration (M: C = 1:8) and depending on metal species, well-aligned atomic metal chains interact
with graphene with varying intensity, making it possible to achieve either rigid or non-rigid band doping in
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. Introduction

Functionalization of graphene sheet' has become a topic
of great current interest due to its potential for many tech-
nological applications. For example, decoration of graphene
surface with hydrogen, oxygen, and fluorine atoms can be
used to modulate its electronic properties, such as band gap,
electron mobility, and optical absorption.>™* Similarly, alkali
metal (AM) and alkaline-earth metal (AEM) atoms adsorbed
graphene sheets are considered as potential devices for ion
batteries, hydrogen storage materials, and superconductors.>®
Unlike nonmetal atoms that can perturb the atomic structure
of graphene, decoration by AM and AEM has little effect on its
geometric structure.” The main role of these metal atoms is
to donate electrons to the graphene sheet, which makes it
n-doped.

The distribution patterns of AM and AEM atoms on the
graphene vary with respect to their coverage. When the con-
centration is dilute, the metal atoms prefer to disperse on the
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graphene surface. On the contrary, when concentration of
metal atoms exceeds a certain critical value, they tend to form
compact patterns. What remains elusive is the distribution
pattern at intermediate concentrations. Due to the complexity
of the energy landscape of the graphene surface and the inter-
action between deposited metal atoms, predicting the AM or
AEM adsorption pattern at intermediate concentration is chal-
lenging. Knowing the exact adsorption pattern of AM or AEM
on graphene at intermediate concentration will facilitate the
exploration of their potential for catalysis and other techno-
logical applications.

Using first-principles density functional theory (DFT) com-
bined with particle swarm optimization (PSO) algorithm,
we have carried out a systematic global search of deposition
pattern of Na, K, and Ca on a single graphene layer. We show
that when the coverage ratio M:C = 1:6 (M = Na, K, and Ca),
all three metal atoms prefer to distribute uniformly. This is in
contrast to Li atoms which were found to cluster due to their
small size.’ In addition, we find that NaCg monolayer is super-
conducting with a critical temperature T, = 5.8 K. KCs mono-
layer, on the other hand, is not superconducting. When the
M: C ratio is lowered to 1:8, K atoms still form a uniform
deposition pattern, while the smaller Na and Ca atoms self-
assemble to form quasi-one-dimensional (quasi-1D) metallic
chains. Studies of quasi-1D systems both experimentally and
theoretically’® are attracting considerable attention. On one
hand, due to their high anisotropy and restricted dimensional-
ity, quasi-1D systems are considered as elemental building
blocks for future electronic devices.'* On the other hand, due
to the fundamental difference between the electronic conduc-
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tivity of 1D and 2D/3D metallic conductors, understanding the
behavior of highly confined 1D electron system (described by
Luttinger liquid model rather than conventional Landau’s
Fermi liquid quasiparticle theory) is interesting and challen-
ging, both theoretically and experimentally.'” 1t is, therefore,
important to fabricate a system capable of supporting a Luttin-
ger liquid state."® One way to realize this is to find a way
to grow thin metallic nanowires or nanochains on a surface.
Previously, quasi-1D AM or AEM chains were observed on
semiconducting and transition metal surfaces where the metal
atoms and the substrate are chemically bonded and strongly
hybridized."* " In this case, the electronic behavior of these
quasi-1D metal atom chains are not genuinely 1D, and mostly
they even exhibit dielectric behavior."” Here, we show that
both the Na and Ca chains on graphene are metallic. Further-
more, the Na and C hybridize weakly around the Fermi level.
As a result, the Na chain can retain its essential free standing
physical properties and provides an added opportunity to
study the behavior of 1D electron systems.

lI. Computational methods and
models

Our calculations are based on first-principles density func-
tional theory (DFT) with the generalized gradient approxi-
mation (GGA) for exchange-correlation functional proposed
by Perdew, Burke, and Ernzerhof (PBE)'® and implemented in
the Vienna ab initio Simulation Package (VASP).'® The projector
augmented wave (PAW) method with 400 eV energy cut-off
for plane-wave basis sets are applied.”® In order to simulate
the 2D systems, we use periodic boundary condition with a
vacuum space of 12 A along the non-periodic z direction. The
reciprocal space is represented by the Monkhorst-Pack special
k point scheme®! with density of grid points along x and y
directions of 21 x 0.02 A™'. Conjugated gradient scheme is
adopted to relax the geometric structures without any sym-
metric constraint. Grimme’s method*” is used to incorporate
van der Waals interaction corrections between the metal atoms
and the graphene substrate. Convergence criteria for total
energy and Hellmann-Feynman force are set to be 1 x 107 eV
and 0.01 eV A™', respectively. The dynamic stability and
electron-phonon coupling (EPC) of the NaCs and KCg are cal-
culated using the Quantum-ESPRESSO package*® and norm-
conserving pseudopotentials. Phonon frequencies are cal-
culated using the density functional linear-response method.>*
Based on convergence tests; we adopt a kinetic energy cutoff of
60 Ry and (96 x 96 x 1) k-point mesh in the first Brillouin zone.
EPC matrix elements are computed on a (6 x 6 x 1) g-mesh.

In order to search for the globally optimal deposition
pattern of metal atoms on graphene, we recall that the adsorp-
tion of AM and AEM has little effect on the geometric structure
of graphene,” to reduce the computational cost we fix the sub-
strate C atoms and allow the adatoms to move progressively
towards the optimal adsorption site. Different kinds of super-
cells were also used to minimize the constraints of the
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periodic boundary condition. For M: C = 1: 6, we adopt hexa-
gonal (3 x 3), (24/3 x 24/3) R30°, (V21 x v/21) R10.9°, and
(3v/3 x 3v/3) R30° supercells, which accommodate M;Cs,
M,C,4, M,Cy,, and MyCs, moieties, respectively. We also use
four rectangular supercells, accommodating M,C;,, M,C,y,
MCs6, and MgCyg moieties. For M: C = 1: 8, we apply hexago-
nal (24/3 x 21/3) R30°, (4 x 4), and (2+/7 x 21/7) R19.1° super-
cells to accommodate M;C,,, M,C;s,, and M,Cs¢ moieties,
respectively. Rectangular supercells of M,Ci6, M3Cy4, M4Cs),
M;C,0, and MeCyg are also used to study the M:C = 1:8 con-
centration. In each supercell, we randomly generate 20 different
metal adsorption patterns which are considered as the initial
generation. Each pattern (also called a particle) evolves follow-
ing an iterative scheme, namely, it first finds the nearest local
minimum through standard DFT structural optimization,
and in the next generation it surmounts energy barriers to
approach lower-lying minima according to the particle swarm
optimization (PSO) algorithm.?® The PSO algorithm has been
well tested to predict the geometric structures of 0D clusters,>*
2D sheets,”” 3D crystals,?® and surface reconstructions.>® We
refer to our scheme as partial PSO (PPSO) method as only the
adsorbed atoms in our simulated system evolves according to
the PSO algorithm. In the PPSO algorithm, the position of
each particle x is evolved as,

xit+1 — xit + vil+17 (1)

where ¢ refers to the generation step, 7 is the individual particle
index (i = 1, 2, ..., 20), and v is the velocity. For each particle i,
we collect the best (lowest energy) position that has been
reached, and denote it as pbest/. The best position of all the
particles that have been found up to now is called “globally
best” and denoted as gbest’. Then the evolving velocity of each
particle i can be written as

v = ov + crri(pbestd — xi') + cara(gbest’ — x/f),  (2)

where r; and r, are random numbers in the range [0, 1]. The
parameter o linearly decreases from 0.9 to 0.4 during iter-
ation.?*?° The values of ¢; and ¢, are selected to be 2, which
are found to efficiently lead to the global minimum.>**° After
several generations, we find that the gbest’ structure remains
unchanged, suggesting that the search process converges to an
optimal state. This is considered to be a candidate ground
state in that supercell. These energetically low-lying candidates
are then fully relaxed to eliminate the effects of lattice con-
straint on the energy sequence during the structural search.
We find that the small relaxation of the graphene substrate
has no effect on the relative stability of different isomers. After
that, by comparing the relative stability through total energies
per formula unit (denoted as E/f.u.) of all the candidate ground
states, we obtain the globally optimal desorption pattern.

1. Results

After our PPSO search, we find that for M:C=1:6 (M = Na, K,
Ca), the systems converge to a uniform distribution pattern
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possessing plane symmetry group of Pém. This behavior is in
contrast with the case of Li on graphene where Li atoms prefer
to form isolated islands.’ This is because the radii of Na
(1.90 A), Ca (1.94 A), and K (2.43 A) are larger than that of the
Li (1.67 A).*!

Recalling that the CaC4-P6m monolayer is superconducting
with a critical temperature T, = 1.4 K,” we explored the possi-
bility of phonon mediated superconductivity of the NaCq-P6m
and KCe-P6m monolayers by calculating the phonon dis-
persion, Eliashberg function «’F(w), and EPC parameter
A@).** No imaginary frequencies were found in the phonon
spectra of NaCe-Pém, (Fig. 1a), confirming that it is dynami-
cally stable. As shown in Fig. 1b, emergence of several sharp
peaks explicitly suggest strong coupling between electrons on
the Fermi surfaces and phonon modes in both low and high
frequency regions, and the total EPC parameter, 1 = 1.46, and
the logarithmic frequency average wioy is 54.47 K. By using
Allen-Dynes modified McMillan equation®?

—1.04(1 + )
— u*(1+0.624)

hawiog
ex
1.2kg

T =

(3)

which has been widely used to estimate the 7. of BCS super-
conductors and the typical value of 0.115 for the effective
Coulomb repulsion parameter y*, we obtain 7. of NaCg-P6m to
be 5.8 K. This value is larger than that of the CaCs-P6m mono-
layer (1.4 K).> The KCq-P6m is not found to be a superconduc-
tor. These results are consistent with the fact that smaller
distance between the metal layer and the graphene can induce
larger EPC, and hence higher T..> Noting that the LiCq-P6m is
not the energetically most stable configuration,’ and that Mg
and Be atoms adsorb weakly on graphene” (hence the distance
between Mg/Be and graphene is large), we conclude that NaCe-
P6m possesses the highest superconductivity 7. in all AM and
AEM decorated monolayer graphene systems to-date.

Next we lower the M:C concentration to 1:8. After the
PPSO search, we find that K atoms still distribute uniformly on
graphene (with plane symmetry group of P6m) due to its large
size. However, for NaCg and CaCg, we obtain several structures
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energetically lower than the uniform pattern. This is consistent
with the experimental fact that a regular K (2 x 2) pattern (KCg)
can be realized on graphene surface, while similar uniform
CaCg does not exist.>* As shown in Fig. 2a, the ground state
of NaC; is found in the rectangular supercell and is energeti-
cally lower than that of the uniform pattern (Fig. 2b) by
0.133 eV fu~'. In this structure, the graphene substrate
remains flat, and Na atoms adsorb on the quasi-hollow site of
C hexagons, forming parallel quasi-1D zigzag chains. This
adsorption pattern belongs to the plane symmetry group of
Pmg. In this NaCg-Pmg structure, the Na-Na relaxed bond
length is 3.56 A, and the vertical distance between the Na
chains and the substrate graphene is 2.39 A. The inter-chain
distance between the nearest neighbor chains along the plane
of the chains is found to be 7.05 A, indicating almost negli-
gible interaction between the neighboring chains. In order to
examine possible Peierls distortion in the Na chains, we
adopted several slightly distorted Na chains as initial struc-
tures. Upon re-optimization all systems converged to the same
structure shown in Fig. 2a. As for the CaCg monolayer, we
again find that the ground state adsorption pattern belongs to
a rectangle supercell (Fig. 2c), which is favored over the
uniform pattern (Fig. 2d) by 0.206 eV f.u™". Here each unit cell
contains five Ca atoms, which are all on the quasi-hollow sites
of the graphene substrate. They form a triangular-like flake
and are connected together to form several parallel quasi-1D
Ca chains. The system belongs to the plane symmetry group of
Pm. The Ca-Ca bond lengths lie in the range of 3.82-4.00 A,
and the distance between the Ca plane and the graphene sheet
is 2.34 A. Vertical inter-chain distance between the nearest
neighbor chains is found to be 5.83 A.

We calculate the binding energy, Ej,, between the metal
chains and the graphene substrate using the equation, E, =
(Ec, + Em, — Em,c,)/n. Here Ec , Ey, and Ey ¢, are total ener-
gies of the graphene, metal chain, and their compound M,,C,,
in one unit cell, respectively, and n is the number of metal
atoms in one simulating supercell. The calculated E}, for the
NaCg-Pmg and the CaCg-Pm are 0.48 and 0.88 eV, respectively.
These values confirm the thermodynamic stability of the
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Fig. 1 (a) Phonon dispersion along with phonon density of states and (b) Eliashberg function a?F(w) and electron—phonon coupling parameter A(w)

of NaCg-P6m. Inset shows the structure of NaCg-P6m.
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Fig. 2 Ground state structures of (a) NaCg and (c) CaCg, compared with the uniform distribution pattern shown in (b) and (d) respectively. Relative
energies per formula unit and plane symmetry groups are shown beneath the structures. Grey, violet, and green spheres represent C, Na, and Ca
atoms, respectively. Blue dashed rectangle and rhombus represent unit cells.

adsorbed metal chains on graphene. The thermal stability
of the self-assembled Na and Ca chains on the graphene
is further investigated by performing ab initio molecular
dynamics (AIMD) simulations. The Nosé heat bath scheme®’ is
used to maintain the temperature at 200 K. We observe that
after 5000 steps, with a time step of 1 fs, the structures distort
slightly, and the final system can be re-optimized to their
stable static structures. This demonstrates that the NaCg-Pmg
and the CaCg-Pm are thermally stable at finite temperature.

In order to further confirm the stability of Na and Ca
chains on graphene, we calculate the energy barrier necessary
to move a single metal atom from the chain along the y direc-
tion (normal to the chain direction) by using nudged elastic
band (NEB) method.>®*” For the NaCg-Pmg, we use a large
rectangular supercell containing NagsC,s to reduce periodic
constraints. We find that the energy barrier of moving one Na
atom from its original quasi-hollow site to the neighboring
quasi-hollow site along the y direction is 0.55 eV (Fig. 3a). On
the other hand, for the CaCg-Pm, the energy barriers of moving
two different in-equivalent Ca atoms from the chain are 0.36
and 0.78 eV, respectively (see Fig. 3b and 3c). These high
energy barriers are mainly due to strong metal-metal bond
formation energy and indicate that the self-assembled Na and
Ca chains are stable at room temperature.

This journal is © The Royal Society of Chemistry 2015

We next calculate the relative energies between the chain-
like and uniform distribution pattern when Na and Ca atoms
are sandwiched between two graphene layers, forming Cg-Na-
Cg and Cg—Ca-Cg structures — similar to graphitic intercalation
compounds (GIC). We find that for the Cg—Na-Cg, the uniform
P6m pattern becomes energetically lower than the Pmg chain-
like pattern by 0.086 eV. On the contrary, the Cg—Ca-Cg still
favors the chain-like pattern rather than the uniform Pém by
0.050 eV. We also studied the effect of external electric field on
the stability of the NaCg-Pmg and CaCg-Pm. With intermediate
electric field, we find that both of the NaCg-Pmg and CaCg-Pm
structures are still more stable than their corresponding
uniform patterns. For example, for NaCg, an electric field of
1.0 V A™! pointing from graphene to Na layer decreases AE/f.u.
from 133 meV to 41 meV. For CaCg, the same electric field
changes the AE/f.u. from 206 meV to 112 meV. These results
suggest that the stability of the self-assembled Na and Ca
chains on graphene is robust.

We should point out that due to the boundary constraints
of the simulating supercells, the self-assembly of Na and Ca
chains are found to be parallel to each other. However, due to
the six-fold symmetry of the graphene substrate, formation of
different atomic chains oriented at 120° with each other is
equally probable. Consequently, domain boundaries will exist

Nanoscale, 2015, 7, 2352-2359 | 2355
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Fig. 3 Sketch of moving a single metal atom (highlighted) from the chain and its corresponding reaction energy profile of (a) NaCg-Pmg, (b) and (c)

CaCg-Pm.

to connect these atomic chains. Since this may hinder the self-
assembly of parallel metal chains on graphene experimentally,
we need to compare the energies between the parallel chain
structure and domain boundary connected chain structure.
Unfortunately, directly computing the structure containing
domain boundaries would require a very large simulating
unit cell and is beyond the scope of current computational
resource. Therefore, in the following we only provide a qualitat-
ive estimate of this possibility. Note that at the domain bound-
ary, the metal (Na or Ca) atoms will form a large cluster. Since
no such clustering pattern was found in our PPSO search, it is
reasonable to guess that the formation of linear chains is more
likely. Hence, we expect that the quasi-1D chains can be seen
experimentally without such domain boundaries.

Electron transfer between the metal atoms and the gra-
phene substrate has been examined by calculating their elec-
tron density difference Ap (= pvys — P — pm) Where positive
and negative values represent electron accumulation and
depletion, respectively. In Fig. 4 we plot Ap of NaCg-Pmg and
CaCg-Pm, averaged in the xy-plane as well as in slice forms. It
can be clearly seen that the Na and Ca atoms transfer electrons
to the graphene substrate. By applying Bader’s charge analy-
sis®® we find that on average each Na (Ca) atom donates 0.37
(0.57) electrons to graphene. Thus, graphene is n-doped with
carrier concentration of 1.73 x 10" (2.86 x 10"*) cm™? in NaCg-
Pmg (CaCg-Pm).

In Fig. 5a we plot the band structure and the projected
density of states (PDOS) of NaCg-Pmg at the GGA-PBE level. We
clearly see that the NaCg-Pmg is metallic. The Dirac point of
n-doped graphene is located ~1.0 eV below the Fermi level, and
opens a small gap of 0.04 eV. We note that for the NaCg-Pom
with uniform Na distribution, the position of Dirac point is
also ~1.0 eV below the Fermi level, but without any gap

2356 | Nanoscale, 2015, 7, 2352-2359
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Fig. 4 Electron density difference Ap averaged in the xy-plane and in
the 2D slice form of (a) NaCg-Pmg and (b) CaCg-Pm.

opening. From the PDOS, we see that the metallic bands are
contributed by both the C and Na atoms. We plot the band
decomposed charge densities of two metallic bands (band I
and band II) at the I point. Note that band I is mainly contri-
buted by the o orbitals of graphene (Fig. 5b), while band II orig-
inates mainly from the Na-s orbitals (Fig. 5c), consistent with
the PDOS results. Both of these charge densities are deloca-
lized. Furthermore, in order to see how the Na contributed
metallic bands hybridize with the graphene bands, we calcu-
late the relative contribution of Na to each state and map it in
the band structure plot using different colors. Red and blue
dots represent that the state is contributed only by the C or Na
atoms, respectively, while intermediate colors indicate their
hybridized states. From Fig. 5a we observe distinct contri-
bution of metallic bands from the C and Na atoms without
obvious hybridization. To confirm this, we calculate the band
dispersion of the corresponding ‘empty’ Na (Fig. 5e) and

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 (a) Band structure and PDOS of NaCg-Pmg at GGA-PBE level. Here I" (0, 0, 0), X (1/2, 0, 0), M (1/2, 1/2, 0), and Y (0, 1/2, 0) are high symmetry
points in the reciprocal space. The Fermi level has been set to zero. In the band structure plot, the relative contribution of Na to the states is illus-
trated with different colors. Band decomposed charge density of (b) band | and (c) band Il at the I' point (with isosurface value of 0.01 e A=3). (d)
Simulated STM image under —2 V bias voltage. Band structure dispersions of (e) ‘empty’ Na and (f) ‘empty’ graphene. (g) Band structure of the NaCg-

Pmg calculated at HSEQ6 level.

‘empty’ graphene (Fig. 5f), which can be obtained by removing
the C and Na atoms from the NaCg-Pmg, respectively, while
keeping the lattice constants and the remaining atomic posi-
tions fixed. The band dispersions of the NaCg-Pmg around
the Fermi energy resemble the combination of the ‘empty’ gra-
phene and ‘empty’ Na dispersions, along with relative energy
shifted due to electron transfer between them. This “rigid
band” character is different from those in previously reported
AM deposited graphene systems.>® These results demonstrate
that the Na atomic chain on graphene can retain its electronic
property similar to that of its isolated state, thus it can mimic
the 1D electron Luttinger liquid state. Due to the high chemi-
cal reactivity, Na atoms cannot form freestanding quasi-1D
extended systems (see Fig. S1 in ESIf); hence, our results
suggest a viable strategy to stabilize Na atomic chains without
perturbing its band structure. In addition, we observe that
the Na contributed bands are nearly flat along the y direction
(X - M and Y — I paths), which demonstrates that the inter-
action between two chains is negligible. The calculations
were repeated by applying hybrid functional proposed by
Heyd, Scuseria, and Ernzerhof (HSE06)***° which is believed
to describe the exchange correlation energy more accurately.
As shown in Fig. 5g, the difference between the HSE06 and the
GGA-PBE lies only in the energy level shift away from the

This journal is © The Royal Society of Chemistry 2015

Fermi level (e.g. the Dirac point of graphene moves to 1.7 eV
below the Fermi level and opens a gap of 0.07 eV), but the dis-
persion profiles remain unchanged. The Na and graphene con-
tributed metallic bands are still distinct from each other,
without any obvious hybridization. Due to computational cost,
it is not possible to calculate EPC of the NaCg-Pmg and esti-
mate its possible T, directly. However, considering that lower
metal coverage on graphene leads to smaller EPC, we expect
that the possible superconducting 7. of the NaCg-Pmg is
smaller than that of the NaCq-P6m. To provide more infor-
mation for future experiments and manipulation of such novel
well-aligned metal chains at atomic scale, we simulated con-
stant-current scanning tunneling microscope (STM) image of
the system (Fig. 5d).*" Here the bright sites appear around the
Na chains.

In Fig. 6 we plot the energy band structure and electron
density of states of CaCg-Pm. From the band structure (Fig. 6a)
we see that the CaCg-Pm is also metallic. The Dirac point of
this functionalized graphene lies 1.3 eV below the Fermi level
and opens a small gap of 0.03 eV. Calculations show that
no Dirac point gap opening exists in the uniformly decorated
CaCg-P6m system. By using the HSE06 hybrid functional
(Fig. 6b) we confirm the band profile and the metallicity ob-
tained at the GGA-PBE level. In order to analyze the metallic

Nanoscale, 2015, 7, 2352-2359 | 2357
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Fig. 6 (a) Band structure and PDOS of CaCg-Pm at GGA-PBE level, with relative Ca contribution shown in different colors (color bar is the same as
in Fig. 4a). (b) Band structure calculated by HSEO6 hybrid functional. (c) Band decomposed electron density of states near the Fermi energy.

(d) Simulated STM adatoms image under bias voltage of -2 V.

bands, we first plot the band decomposed charge density of
the states around the Fermi level (Fig. 6¢) as well as the relative
contribution of Ca in all the states. In contrast to NaCg-Pmg,
we find that most states of the metallic bands are contributed
by both C and Ca atoms, and no bands can be associated with
solely Ca chains. In order to further see whether the electronic
property of Ca chain on graphene is similar to that of its iso-
lated state, we calculate the band structure of ‘empty’ Ca chain
with the graphene removed from the system (see Fig. S2 in the
ESIY). It is difficult to identify the correspondence between any
metallic bands of the CaCg-Pm and the bands of ‘empty’
Ca chain. These results indicate that, in addition to the
charge transfer, significant hybridization also
between the graphene substrate and the Ca chain. Thus, it is
difficult to study and examine the electronic properties of only
Ca chain without the influence of the graphene substrate.
In Fig. 6d we plot the simulated STM image of the CaCg-Pm
system, which clearly shows that Ca sites correspond to bright
sites.

One important property of a metallic surface is its work
function (WF) which measures the energy required to remove
one electron. It is calculated as the difference between the elec-
trostatic potential energy in the vacuum (—e®) and the Fermi
energy (Eg), i.e. WF = —ed — Ep We assess the effects of
different metal adsorptions on the WFs at various concen-
trations (MC, with x = oo, 32, 8, and 6), where the optimal
structures of MC, and MCg are obtained from our PPSO
search, and the MC;, is simulated by adsorbing one M atom
on a (4 x 4) graphene supercell. As for pure graphene, its WF

exists
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is calculated to be 4.48 eV, in agreement with previous
calculations.*” When metal atoms are introduced, we find
that the WF values are decreased (see Fig. S3 in ESIf). The
WFs of NaCs;,, KCj,, and CaCj;, are 3.36, 3.35, and 3.45 eV,
respectively, and their values further reduce as metal con-
centrations increase. It can be observed that generally WFy¢, <
WFnac, < WFcac, for each x, which agrees with the trend in
their corresponding ionization potential energies, K (4.34 eV)
<Na (5.14 eV) < Ca (6.11 eV).*’

IV. Conclusion

In summary, by using PPSO algorithm we performed a
thorough search of the adsorption pattern of Na, Ca, and K on
graphene surface. We find that when the coverage ratio M: C
exceeds 1:6, all the three metal atoms are distributed uni-
formly. Among these systems, NaCq is a BCS superconductor
and has the highest critical temperature, 7. = 5.8 K of any
known stable alkali or alkaline-earth metal decorated gra-
phene. When the M: C ratio decreases to 1:8, K atoms still
prefer uniform distribution, while the Na and Ca atoms form
stable self-assembled quasi-1D metallic chains. Except for elec-
tron transfer, the Na chain has marginal hybridization with
the graphene substrate, and possesses the electronic property
similar to that of its isolated state. We also find that high cov-
erage of metals on graphene decreases the work function of
the system. This study highlights the effect of different metal
species and their concentration on the distribution pattern on
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graphene and emphasizes the underlying structure-property
relationships.
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Self-assembly of metal atoms (Na, K, Ca) on graphene
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Fig. S1 Phonon dispersion of a free standing Na chain.
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Fig. S2 Band structure of ‘empty’ Ca chain (see main text).
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Fig. S3 Work function variation of MC, with respect to the concentration 1/x.
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