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Alkali-created rich properties in 
grapheme nanoribbons: Chemical 
bondings
Yu-Tsung Lin1, Shih-Yang Lin1, Yu-Huang Chiu2 & Ming-Fa Lin1

The alkali-adsorbed graphene nanoribbons exhibit the feature-rich electronic and magnetic properties. 
From the first-principles calculations, there are only few adatom-dominated conduction bands, and the 
other conduction and valence bands are caused by carbon atoms. A lot of free electrons are revealed 
in the occupied alkali- and carbon-dependent conduction bands. Energy bands are sensitive to the 
concentration, distribution and kind of adatom and the edge structure, while the total linear free carrier 
density only relies on the first one. These mainly arise from a single s − 2pz orbital hybridization in the 
adatom-carbon bond. Specifically, zigzag systems can present the anti-ferromagnetic ordering across 
two edges, ferromagnetic ordering along one edge and non-magnetism, being reflected in the edge-
localized energy bands with or without spin splitting. The diverse energy dispersions contribute many 
special peaks in density of states. The critical chemical bonding and the distinct spin configuration could 
be verified from the experimental measurements.

The graphene-based systems, which are formed by the planar sp2 bondings of carbon atoms, include layered 
graphites1, 2, few- and multi-layer graphenes3, 4, one-dimensional graphene nanoribbons (1D GNRs)5, 6 and 1D 
carbon nanotubes (CNTs)7, 8. From a geometric point of view, each GNR could be regarded as a finite-width 
graphene strip or an unzipped CNT. The 1D GNRs have stirred a lot of studies, mainly owing to the complex rela-
tions among the honeycomb lattice, the one-atom thickness, the finite-size quantum confinement, and the edge 
structure. They could be successfully synthesized by the various experimental techniques. The most common 
methods are to cut graphene, achieved by a metal-catalyzed cutting9, 10, oxidation cutting11, 12, lithographic pat-
terning and etching13, 14, sonochemical breaking6, 15, and molecular precursors16, 17. The available routes from the 
unzipping of multi-wall CNTs cover strong chemical reaction18, 19, laser irradiation20, metal-catalyzed cutting21, 22, 
plasma etching23, 24, hydrogen treatment and annealing25, unzipping functionalized CNTs by scanning tunneling 
microscope (STM) tips26, electrical unwrapping by transmission electron microscopy (TEM)27, intercalation and 
exfoliation28, and electrochemical unzipping29. The other techniques involve chemical vapor deposition30 and 
chemical synthesis31. GNRs exhibit the feature-rich essential properties, such as, electronic structures5, 32, mag-
netic properties32, 33, optical spectra34, 35, and transport properties36, 37. The electronic properties are diversified by 
changing by the ribbon width (W)38, 39, edge structure38, 40, edge-passivated dopants41, 42, adatom adsorptions43, 

44, layer numbers45, stacking configurations46, surface curvatures47, 48, mechanical strains49, 50, electric fields51–53, 
and magnetic fields32, 54, 55. GNRs are expected to be more potentially applicable in future nanodevices15, 56, 57. In 
this work, the first-principles calculations are used to investigate the adatom-enriched electronic properties of 
the alkali-adsorbed GNRs. Whether the alkali adatoms can create the high free electron density will be explored 
in detail.

GNRs, with or without hydrogen passivation at boundaries, exhibit the semiconducting behavior, as indicated 
from the theoretical predictions13, 38, 39, and the experimental measurements17, 58–60. There are two typical types 
of achiral GNRs, namely, armchair and zigzag GNRs. The former have the diverse energy gaps (Egs) inversely 
proportional to widths38, 39. Specifically, Eg in the latter, which arises from the occupied and the unoccupied 
edge-localized energy bands, is induced by the anti-ferromagnetic spin configuration across the nanoribbon5, 38. 
The strong dependence of Eg on W has been confirmed by the electrical conductance6, 13 and tunneling current17, 

58–60 measurements. The semiconductor-metal transition is revealed under a transverse electric field5. The similar 
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phenomena could also be observed in some edge-decorated GNRs, e.g., Li-, Be-, Na-, K-, transition-metal- and 
noble-metal-decorated unzipping GNRs41, 42, 61–63.

There are some theoretical64–66 and experimental43, 44 studies on the atom, molecule and polymer adsorp-
tions on the planar GNRs. The first-principles calculations on the Co/Ni-adsorbed GNRs show the spin-split 
energy bands with the metallic behavior64. The adsorption of ligand-protected aluminum clusters on arm-
chair GNRs is predicted to exhibit the semiconducting or metallic band structures, depending on their kinds65. 
The lithium-adsorbed zigzag GNRs can induce the position-dependent spin configurations66. Moreover, the 
polymer-adsorbed GNRs present the effects of the van der Walls interactions on the essential properties67, 68. 
On the experimental side, hydrogen molecules are successfully adsorbed on the Pd-functionalized multi-layer 
GNRs43, and tin oxide nanoparticles are synthesized on GNRs to form a composite material44. The former and the 
latter could be utilized as chemical gas sensors and anode materials in lithium ion battery, respectively. However, a 
systematic theoretical study on the alkali-adsorbed GNRs is absent up to now. The critical orbital hybridization in 
the alkali-carbon bonds responsible for the creation of conduction electrons, the relations between the free carrier 
density and the kind, distribution and concentration of adatom, and the dependence of electronic and magnetic 
properties on the edge structure, width and adatom position are worthy of a detailed examination.

In this paper, the geometric, electronic and magnetic properties of alkali-adsorbed GNRs with various widths 
are investigated in detail by the first-principles calculations. The ribbon widths, the armchair and zigzag edges, 
and the kinds, optimal positions, relative distances, single- and double-side adsorptions and concentrations of 
alkali adatoms, are included in the detailed calculations. There exist the cooperative or competitive relations 
among the width-dependent quantum confinement, the spin configurations, and the orbital hybridizations in the 
alkali-carbon bonds. The critical chemical bondings could be analyzed from the atom-dominated energy bands, 
the spatial charge distribution, and the orbital-projected density of states (DOS). This work shows that they are 
responsible for the feature-rich electronic properties. All the conduction and valence bands mainly originate from 
carbon atoms except for few alkali-dominated conduction bands. The high free electron density in the occupied 
carbon- and alkali-related conduction bands only depends on the adatom concentration. Specifically, the zigzag 
systems can exhibit three kinds of spin configurations with the distinct edge-localized energy bands, depending 
on the alkali positions. Moreover, the 1D metallic behavior are clearly evidenced in a high DOS at EF, accompa-
nied with several prominent peaks. The predicted main features in energy bands and DOS could be examined by 
angle-resolved photoemission spectroscopy (ARPES) and scanning tunneling spectroscopy (STS), respectively. 
These rich fundamental features in alkali-adsorbed GNRs are expected to provide potential materials applications 
in electronic15, 56 and spintronic57 devices.

Results
The essential properties of the alkali-adsorbed graphene nanoribbons are investigated for different adatoms, con-
centrations, distributions, widths, and edge structures. For armchair and zigzag GNRs, their widths are, respec-
tively, characterized by the number of dimer lines and zigzag lines along ŷ  (NA and NZ). The former are chosen for 
a model study in the alkali-induced free carriers. The optimal adatom position, as shown in Fig. 1(a), is situated 
at the hollow site, almost independent of the above-mentioned five critical factors. The similar position in 2D 
graphene has been verified by low-energy electron microscopy69. The binding energy of each adatom, the reduced 
energy due to alkali adsorption, is characterized as Eb = (Esys − Egra − nEA)/n, where Esys, Egra and EA are the total 
energies of the alkali-adsorbed system, the graphene sheet, and the isolated alkali atom, respectively. Li and Na 
adatoms, respectively, have the largest and smallest binding energies (−0.75 eV and −0.23 eV in Table 1). The 
adatom height strongly depends on the atomic number, in which had varies from 1.75 Å to 3.06 Å as Li → Cs. Also, 
the alkali-carbon (A-C) bond lengths grow with the radius of adatom, ranging from 2.23 Å to 3.37 Å. These clearly 
illustrate that Li adatoms have the strongest bondings with carbon atoms among the alkali-adsorbed systems. 
GNRs remain the planar structure so that the σ bonding due to (2s, 2px, 2py) orbitals of carbon atoms is almost 
unchanged after alkali adsorption. However, the C-C bond lengths are sensitive to the positions of carbon atoms, 
but not those of alkali adatoms. In addition, the total ground state energy only presents a negligible change (about 
several meVs) during the variation of adatom position.

Electronic structures of GNRs are dramatically changed by the alkali-atom adsorption, especially for free elec-
trons in conduction bands. Pristine armchair nanoribbons exhibit a lot of 1D energy bands, as shown in Fig. 2(a) 
for the NA = 12 armchair GNR. Most of them belong to parabolic bands, while few of them have partially flat dis-
persions within a certain range of kx (e.g., Ev = −2.1 eV, −4.7 eV; −5.7 eV). All the energy dispersions present the 
monotonous kx-dependence except for the subband anti-crossings. The occupied valence bands are asymmetric 
to the unoccupied conduction bands about the Fermi level (EF = 0). There is a direct energy gap of Eg = 0.61 eV 
at the Γ point, mainly owing to the effect of quantum confinement. The electronic states, with |Ec,v| ≤ 2 eV, come 
from the π bondings of the parallel 2pz orbitals, and the others are closely related to the σ bondings of (2s, 2px, 
2py) orbitals. In general, the band-edge states occur at kx = 0 and 1 (in unit of π/3b). Such critical points are also 
revealed at other kx’s in the presence of subband anti-crossings.

The alkali-adsorbed graphene nanoribbons exhibit the similar band structures, as clearly indicated in Fig. 2(b–f).  
The conduction bands are easily modulated by the alkali adatoms. The energy dispersions of valence states are 
changed by the adatom adsorption, while their number and the dominance of carbon atoms keep the same. These 
are mainly determined by the orbital hybridizations in A-C bonds bonds (discussed later in Fig. 5). The Fermi 
level (EF) is changed from the middle of energy gap into the conduction bands, directly reflecting the high charge 
transfer from alkali atoms to adsorbed systems. The Fermi momentum can characterize the linear free carrier 
density arising from each occupied conduction band by the relation λ = 2kF/π. There are some extra conduction 
bands which are created by the alkali adatom. Specifically, there are two or three conduction bands intersecting 
with the EF, depending the kinds of alkali adatoms. The lowest and/or highest ones are dominated by carbon 
atoms, and another one by adatoms (dominance proportional to the radius of green circle). The adatom-induced 
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conduction bands are quite different among the various alkali systems, but the distinct systems possess the almost 
same free electron density (discussed in Table 1). In addition, energy bands almost keep the same during the 
variation of the single-adatom position (not shown).

The electronic structures are enriched by the concentration, relative position, single- and double-side adsorp-
tion, and edge structure. When two Li adatoms are situated at the distinct edges of the same side, there are five 
conduction bands with free electrons, as shown in Fig. 3(a). They only make important contributions for two 
low-lying conduction bands. The relative position can drastically alter conduction bands near EF. For two neigh-
boring adatoms ((3, 7)single in Fig. 1), only one Li-dominated conduction band has free carriers, while another 
higher-energy one is fully unoccupied (Fig. 3(b)). It should be noticed that the total sum of the Fermi momenta 

Figure 1.  Geometric structures of alkali-adsorbed GNRs for (a) NA = 12 armchair and (b) NZ = 8 zigzag 
systems. The dashed rectangles represent unit cells used in the calculations. The lattice constants are, 
respectively, a = 3b and =a b2 3  for armchair and zigzag GNRs. Numbers inside hexagons denote the adatom 
adsorption positions.

NA = 12 Eb (eV)
nearest 
C-C (Å)

bond length 
A-C (Å)

height 
(Å)

λ (107 
e/cm)

λ/adatom 
concentration (e)

Bader charge 
transfer (e)

Li −0.75 1.384 2.23 1.75 2.31 0.995 0.75

Na −0.23 1.377 2.27 2.46 2.35 1.011 0.44

K −0.39 1.375 3.21 2.81 2.31 0.995 0.45

Rb −0.68 1.374 3.36 2.96 2.36 1.013 0.47

Cs −0.59 1.374 3.37 3.06 2.31 0.995 0.54

Table 1.  Binding energies, bond lengths, heights, and free electron densities of NA = 12 alkali-adsorbed GNRs 
with one adatom in a unit cell.
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Figure 2.  Band structures of NA = 12 armchair systems for (a) a pristine GNR, and the (b) Li-, (c) Na-, (d) K-, 
(e) Rb- and (f) Cs-adsorbed GNRs with an adtom at edge. Green circles represent the contributions of alkali 
adatoms.
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Figure 3.  Similar plot as Fig. 2, but shown for the Li-adsorbed GNRs. (a,b), respectively, correspond to the 
single-side adsorptions of adatoms at (1, 10)single and (3, 7)single. The double-side adsorptions are shown for 
two adtoms at (c) (1, 10)double & (d) (3, 7)double, four adatoms at (1, 4, 7, 10)double, and six adatoms at (1, 2, 5, 6, 9, 
10)double. Numbers correspond to the adatom adsorption position. Two colors (black & red) denote two distinct 
sides.
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is hardly affected by the relative position. This clearly indicates that the interactions between two alkali adatoms 
are not responsible for the free carrier density. As to the variation from the single- to double-side absorptions, the 
conduction bands present an obvious change except for the two-adatom case with the sufficiently long distance. 
For example, bands structures are different from each other in the single- and double-side adsorptions with two 

Figure 4.  Band structures of NZ = 8 zigzag systems for (a) a pristine GNR and the Li adsorptions situated at (b) 
a single edge, (c) a ribbon center and (d) two edges of single side. The spin configurations of (a–c) are indicated 
in (e–g), respectively. Blue and red circles, respectively, represent spin-up and spin-down arrangements.
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Figure 5.  The spatial charge distributions of NA = 12 armchair systems for (a) a pristine GNR, (b) an adatom 
at edge (1)single, (c) two adatoms at (1, 10)single and (d) four adatoms at (1, 4, 7, 10)double. The π and σ bondings 
are, respectively, enclosed by the dashed and solid rectangles. The charge density differences, corresponding 
to (b–d), are revealed in (f–h), respectively. Also shown in (e) and (i) are those of Nz = 8 zigzag system with an 
adatom.
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adatoms close to the ribbon middle (Fig. 3(b,d)), and the opposite is true for the long-distance case (Fig. 3(a,c)). 
With the increasing concentration, there are more free carriers in the alkali-created and carbon-dependent con-
duction bands, as revealed in Fig. 3(e,f). In addition, the adatom dominance on the valence bands gradually 
grows, mainly owing to more C-alkali interactions (the increased radii of green circles).

The edge structure can dramatically change the electronic structures in the absence and presence of adatom 
adsorption. Zigzag GNRs are in sharp contrast with armchair GNRs. The former possess the anti-ferromagnetic 
ordering across the nanoribbon and the ferromagnetic configuration at each zigzag edge, as clearly illustrated 
in Fig. 4(e). Zigzag GNRs present a pair of partially flat energy bands nearest to EF (blue triangles in Fig. 4(a)), 
in which their wavefunctions are localized at edge boundaries38. That is, such energy bands mainly come from 
the edge carbon atoms. Their energy dispersions become strong at large kx’s, in which the extra band-edge 
states come to exist there. The similar states are also revealed in alkali-adsorbed zigzag GNRs (Fig. 4(b,c)). Both 
partially flat energy dispersions and band-edge states are expected to induce the distinct special structures in 
DOS. Furthermore, they can create a direct energy gap at kx = 0.5 in the anti-ferromagnetic configuration, e.g., 
Eg = 0.46 eV for a NZ = 8 ZGNR. It should be noticed that energy gap is determined by the strong competition 
between spin configuration and quantum confinement. The energy bands are doubly degenerate in the spin 
degree of freedom, independent of the spin-up- and spin-down-dominated configurations.

Band structures and spin configurations are very sensitive to the changes in the distribution and concentration 
of adatom. When one alkali adatom is located near the zigzag edge (Fig. 4(b)), the spin-degenerate electronic 
states become split. The two edge-localized energy bands, which intersect with the Fermi level, have an obvious 
splitting of ~0.7 eV. However, another two ones below EF only exhibit a weak splitting. The former and the latter 
are, respectively, dominated by edge carbon atoms away from and near adatoms. These clearly indicate that the 
spin configurations are strongly suppressed by the A-C interactions, as revealed from Fig. 4(f). There exists the 
ferromagnetic ordering at one edge without adatoms. This is responsible for the spin-split energy bands which 
present more free carriers in the spin-down conduction band (the red curve crossing EF). On the other hand, 
the spin degeneracy and the anti-ferromagnetic configuration are recovered, while the adatoms are situated at 
the ribbon center. The absence of spin distributions near adatoms, as shown in Fig. 4(g), further illustrates the 
magnetic suppression. According to the above-mentioned specific relation between spin distribution and adatom 
position, the spin-dependent properties are identified to be disappeared for two adatoms at distinct edges, e.g., the 
spin-degenerate energy bands without magnetism in Fig. 4(d). Furthermore, the two edge-localized energy bands 
are merged together at Ev = −1.35 eV for |kx| ≤ 0.5. In addition, the typical magnetic momenta of the edge carbon 
atoms are about 0.10~0.15 μB under the ferromagnetic ordering along the zigzag edge. In short, three kinds of 
magnetic configurations in alkali-adsorbed zigzag GNRs, the anti-ferromagnetic ordering across the ribbon, fer-
romagnetic ordering only along one edge and non-magnetism, are mainly determined by the adatom positions. 
Specifically, the second kind of spin configuration corresponds to the spin-split energy bands with the different 
free electron densities. Such electrons under transport measurements are expected to create the spin-polarized 
currents, indicating potential applications in spintronic devices57. In addition, the spin-dependent configurations 
in 2D graphene could be induced by the transition metal adatoms70.

The adatom-induced linear free electron density deserves a closer examination. By the detailed analyses and 
calculations, the total carrier density in conduction bands below EF is just equal to the adatom density in a unit 
cell. This is independent of the kinds of adatoms, the adatom positions, the single- or double-side adsorptions, the 
edge structures, and the ribbon widths, as clearly revealed in Tables 1 and 2. These indicate that the orbital hybrid-
izations in alkali-C bonds (or the π bondings in Fig. 5) are almost the same under various adatom adsorptions. 
The alkali-created free electron density is estimated to be about λ ~ 2.31 − 2.37 × 107 e/cm for a single adatom 
in an armchair unit cell, and it can reach λ ~ 1.40 × 108 e/cm for the double-side adsorption of six adatoms in 
NA = 12 armchair GNR. Specifically, the alkali adatoms are deduced to contribute the outmost s-orbital electrons 
as free carriers in adsorbed systems. The similar results could be generalized to alkali-adsorbed 2D graphenes, 
i.e., the 2D electron density is dominated by the adatom density, but not the distribution configurations. On the 
other hand, the charge transfer between alkali and carbon atoms could also be obtained from the Bader analysis. 
However, it is sensitive to the changes in the kind, position and concentration of adatom, directly reflecting that 

GNR 
systems configurations

λ (107 
e/cm)

λ/adatom 
concentration (e)

Bader charge 
transfer (e)

Armchair 
NA = 12

(3, 7)single 4.67 1.008 0.69

(3, 7)double 4.62 0.989 0.75

(1, 10)single 4.68 1.008 0.74

(1, 10)double 4.67 1.008 0.74

(1, 4, 7, 10)double 9.24 0.994 0.71

(1, 2, 5, 6, 9, 
10)double

13.96 1.007 0.70

Zigzag 
NZ = 8

(1)single 2.02 1.001 0.88

(7)single 2.03 1.009 0.89

(1, 13)single 4.10 1.015 0.88

(1, 13)double 4.02 1.001 0.88

Table 2.  Free electron densities for various numbers and positions of adatoms in NA = 12 and Nz = 8 alkali-
adsorbed GNRs.
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this analysis cannot be utilized to evaluate the free carrier density in adatom-adsorbed GNRs. The free electron 
density could be greatly enhanced by the increase of adatom concentration, so that the electrical conductance is 
expected to behave so. The alkali-doped GNRs might be promising materials in nanoelectronic devices15, 56 or 
next-generation supercapacitors, e.g., the ultrafast rechargeable metal-ion battery71, 72, and the large reversible 
lithium storages73, 74.

Recently, ARPES has emerged as the most powerful experimental technique in the identification of the 
wave-vector-dependent electronic structures. The experimental measurements on the graphene-related systems 
could be used to explore the feature-rich band structures under the different dimensions75–83, the various stacking 
configurations77–81, and the distinct adatom adsorptions82, 83. The AB-stacked graphite exhibits the 3D π energy 
bands, with the bilayer and monolayer-like energy dispersions, respectivily, at kx = 0 and zone boundary of kx = 1 
(K and H points in the 3D first Brillouin zone)75, 76. The verified electronic structures of 2D few-layer graphenes 
include the Dirac-cone structure in single-layer system77–79, two pairs of parabolic bands in bilayer AB stacking77, 

80, the linear and parabolic bands in tri-layer ABA stacking77, 81, the partially flat, sombrero-shaped and linear 
bands in tri-layer ABC stacking81, the red-shift Dirac cone in alkali-adsorbed graphenes82, and the gap opening 
in graphene oxides83. The 1D parabolic energy bands in graphene nanoribbons have been directly observed16. Up 
to now, the ARPES measurements on the unusual energy bands in alkali-adsorbed GNRs are absent. The further 
examinations are required for the occupied valence and conduction bands near the Fermi level, including the 
alkali-dominated conduction bands, the carbon-related conduction and valence bands, and the distribution-, 
concentration- and edge-dependent ones. They are useful in understanding the single s − 2pz orbital hybridi-
zation in the alkali-C bond. Specifically, the experimental verifications on the existence of Fermi momenta or 
energy gap and the spin degeneracy of edge-localized energy bands can identify the spin configurations in zigzag 
GNRs.

The orbital hybridizations in chemical bondings, which are responsible for the rich electronic properties, are 
clearly evidenced by the spatial charge distributions. They could be characterized by the carrier density (ρ) and 
the difference of carrier density (Δρ). The latter is created by subtracting the pristine system from that of the 
adatom-adsorbed one. For a planar graphene nanoribbons, the parallel 2pz orbitals and the planar (2s; 2px; 2py) 
orbitals can form the π bondings and the σ bondings, respectively, as shown by the dashed and the solid rectan-
gles in Fig. 5(a). The σ orbital hybridizations, with very high charge density between two carbon atoms, belong 
to covalent bonds. They keep the same under the alkali adatom adsorptions, corresponding to the zero Δρ in 
Fig. 5(f–i). Also, the π bondings could survive in alkali-adsorbed graphenes for any concentrations, distributions 
and edge structures, as illustrated in Fig. 5(b–e). However, the modifications on them are observable through the 
charge variations between alkali and carbon atoms (the dashed rectangles in Fig. 5(f–i)). Also shown is that Δρ 
is absent in neighboring carbon atoms, or the planar σ bonding remains the same after alkali adsorption. These 
indicate that there only exist a single s − 2pz orbital hybridization in the A-C bond.

DOS can exhibit many special structures due to the band-edge states in 1D energy dispersions, as clearly 
indicated in Fig. 6(a–h). The asymmetric and symmetric peaks are, respectively, presented in the square-root 
and delta-function-like divergent forms, being associated with the parabolic and partially flat energy dispersions. 
Their intensities are proportional to the inverse of curvature and the dispersionless kx-range. For a pristine arm-
chair GNR, an energy gap, with zero DOS, is revealed between one pair of opposite-side anti-symmetric peaks 
(Fig. 6(a)). It almost keeps the same after alkali adsorption, but changes into an energy spacing between valence 
and conduction bands. The prominent peaks within |E| ≤ 3 eV are dominated by 2pz orbitals (red curve) and 
those of E < −3 eV by 2px + 2py orbitals (green curve). There are minor modifications on the carbon-dependent 
peak structures under the alkali adsorption (Fig. 6(a,b)), i.e., a red shift of DOS could be observed from the 
change of EF. Specifically, the adatoms can create pronounced asymmetric peaks near EF, corresponding to the 
alkali-dominated occupied or unoccupied conduction bands. The energy and number of special structures 
depend on the distribution and concentration (Fig. 6(c,d)). Such peaks might merge with the carbon-dependent 
ones. The main differences between zigzag and armchair GNRs lie in the low-lying peak structures. The former 
can present the delta-function-like symmetric structures arising from the edge-localized energy bands, being sen-
sitive to the spin configurations. The anti-ferromagnetic, ferromagnetic and non-magnetic zigzag GNRs, respec-
tively, possess a pair of symmetric peaks (blue triangles in Fig. 6(e,g)), three peaks (Fig. 6(f)), and a merged peak 
(Fig. 6(h)). The peak intensities are obviously reduced for the spin-split energy bands (a pair of symmetric peaks 
across E = 0 in Fig. 6(f)).

The STS measurements, in which the differential tunneling conductance (dI/dV) is approximately propor-
tional to DOS and directly reflects its special structures, could serve as an efficient way to confirm the con-
tributions of carbon and alkali atoms. They have been successfully utilized to verify the diverse electronic 
properties in graphite84, few-layer graphenes85–88, carbon nanotubes89, 90, and GNRs17, 58–60. The experimen-
tal identifications include the splitting π and π* peaks at middle energy of |E| ~ 2 eV and a finite DOS at EF in 
semi-metallic AB-stacked graphite, a V-shaped spectrum vanishing at the Dirac point in monolayer graphene85, 
the asymmetry-created peak structures in bilayer graphene86–88, and the geometry-dependent energy gaps and the 
asymmetric peaks of 1D parabolic bands in carbon nanotubes and GNRs. The main features of electronic proper-
ties, including the energy spacing between valence and conduction bands, the alkali-dominated special structures 
close to EF, a lot of carbon-induced asymmetric peaks at a whole energy range, and the prominent symmetric 
peaks of partially flat edge-localized bands with or without spin splitting could be further investigated with STS. 
The STS measurements on the low- and middle-energy peak structures are useful in identifying the single-orbital 
bonding and the specific spin configurations in alkali-adsorbed GNRs.

Discussion
The geometric structures, electronic and magnetic properties of alkali-adsorbed GNRs are studied using the 
first-principles calculations. They are shown to be, respectively, determined by the adatom position, a single 
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s − 2pz orbital hybridization in A-C bond, and the spin configurations at two edges. The critical chemical bonding 
is responsible for the feature-rich electronic properties, including the occupied carbon- and alkali-dominated 
conduction bands near EF, and a linear relation between the linear free electron density and the adatom con-
centration. Any alkali atoms contribute the outmost s orbitals to become free carriers in adsorbed systems. The 
creation of high free carrier density indicates that alkali-adsorbed GNRs might have potential applications in 
nanoelectronic devices15, 56. Moreover, the single-edge adsorption causes ZGNRs to exhibit the spin-split metallic 
energy bands. They could be considered as promising materials for future applications in spintronic devices57.

The essential properties are diversified by the cooperative or competitive relations among quantum confine-
ment, A-C interaction, and spin configuration. GNRs keep a planar structure after alkali adsorption, indicating 
the unchanged σ bondings of carbon atoms. The optimal position of adatom is located at the hollow site, in which 

Figure 6.  The total and orbital-projected DOSs of NA = 12 armchair systems for (a) a pristine GNR, (b) an 
adatom at edge (1)single, and the double-side adsorptions of (c) two adatoms at (1, 10)single and (d) (3, 7)single. Those 
of NZ = 8 zigzag systems are shown for (e) a pristine GNR, and the Li adsorptions situated at (f) (1)single, (g) a 
ribbon center (7)single and (h) two edges (1, 13)single.
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its height grows with the atomic number. The predicted geometric structure could be verified by the STM meas-
urements89, 90. GNRs change from semiconductors to metals during the gradual increase of adsorption concentra-
tion. The alkali-adsorbed GNRs possess the well-extended π bonding, while there exist charge variations between 
alkali and carbon atoms. The former is the main reason for the minor modifications on the carbon-dominated 
valence bands. The latter arises from the s − 2pz hybridization so that the alkali- and carbon-dependent conduc-
tion bands rely on the kind, distribution, and concentration of adatom. Also, the edge structure plays a critical 
role in magnetic and electronic properties. Zigzag systems can present the anti-ferromagnetic ordering between 
two edges, the ferromagnetic configuration only at one edge, or the non-magnetism, depending on whether ada-
toms are close to the boundaries. They have the partially flat edge-localized energy bands near EF; furthermore, 
both spin-up and spin-down states are split under the single-edge adsorption. The distinct free carrier density in 
the splitting energy bands could create the spin-polarized current in transport measurements. The ARPES meas-
urements75–83 are suitable for the identification of diverse energy bands. The 1D energy dispersions are directly 
reflected in DOS as a lot of special structures. The anti-symmetric and symmetric peaks, respectively, correspond 
to the parabolic and partially flat energy bands. The STS measurements on the alkali-dominated anti-symmetric 
peaks near EF could be utilized to examine the critical chemical bonding. The distinct spin configurations in 
alkali-adsorbed zigzag GNRs are distinguishable by measuring the number, energy, and intensity of low-lying 
symmetric peaks.

This work shows that the first-principles calculations, combined with the critical orbital hybridizations in 
adatom-carbon and carbon-carbon bonds and the specific spin arrangements, are useful in exploring the orbital- 
and spin-dominated essential properties. For example, band structure, free carrier density, and DOS are deter-
mined by which kinds of atomic orbitals and spin configurations These could be further generalized to the layered 
condensed-matter systems, with the nano-scaled thickness and the unique lattice symmetries. In addition to 
graphene, the emergent layered materials include silicene, germanene, tinene, phosphorene, MoS2 and so on. 
Whether the alkali adsorptions on these semiconducting nanoribbon systems can create the high free carrier den-
sity deserves a thorough and systematic study. The complicated relations among quantum confinement, geomet-
ric symmetry, multi-orbital hybridizations in chemical bonds, and spin-orbital interactions, being responsible for 
the essential properties, need to be investigated in detail.

Methods
The first-principles calculations on the geometric and electronic properties of graphene nanoribbons are per-
formed by using Vienna ab initio simulation package91. The exchange-correlation energy of interacting elec-
trons is evaluated from the Perdew-Burke-Ernzerhof functional92 under the generalized gradient approximation. 
Furthermore, the electron-ion interactions are characterized by the projector-augmented wave pseudopoten-
tials93. In the calculations of wave functions, plane waves have an maximum energy cutoff of 500 eV. The vacuum 
distances between two neighboring nanoribbons along the z-axis and y-axis are, respectively, set to be at least 
15 Å and 12 Å. The first Brillouin zone is sampled in a Gamma scheme along the periodic direction by 21 × 1 × 1 
k points for all structure relaxations, and by 200 × 1 × 1 for further studies on electronic properties. Setting the 
Hellmann-Feynman forces weaker than 0.01 eV/Å and the total energy difference of ΔEt < 10−5 eV are to deter-
mine the convergence criterion for structure relaxation. Regarding Gaussian smearing, the width of 0.05 eV is 
taken for the density of states (DOS).
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