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edge-quantum well in multi-layer graphene
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In this paper, we clarified a robust mechanism of magnetism generated by excess electrons
captured by edge-quantum well of diamagnetic armchair edges. Consistency between density
functional theory calculations and electron cyclotron resonance experiments verified that: (1)
Multi-layer armchair nanoribbons are stable with proper amounts of excess electrons which can
provide net spin; (2) Since under-coordination induces lattice relaxation and potential well modula-
tion, electrons tend to be trapped at edges; and (3) Neither large amount of excess electrons
nor positive charges can induce magnetism. This work shed light on the development of graphene
devices in its magnetic applications. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4891558]

The physical origin of magnetism in graphene is a cru-
cial issue for understanding its unique properties such as
massless Dirac Fermions,l’2 half-metallic conductivity,‘g’4
quantum spin hall effect,”® and its potential applications in
spintronic devices.” However, the mechanism of graphene
magnetism is complicated and inconclusive yet. The pres-
ence of local magnetism of graphene is edge-selected. The
occurrence of anti-ferromagnetism at a zigzag edge was
reported by 1.28 ppon, (Bohr magnetron) in value in density
functional theory (DFT) calculation® and the localized mid-
gap state was identified by experiment at an atomic vacancy
on graphite surface;” while the local magnetism can hardly
be observed at either a clean graphite surface or an armchair
edge. The edge-selectivity of the magnetism for 7 electrons
can be understood from the angle of broken symmetry of the
pseudo spin in different edges,' and also from Clar’s aro-
matic sextet rule in chemistry with the different aromatic
stabilities.'""'? Recent theoretical work based on edge-
corrected mean-field Hubbard model'? explained the origin
of the weak magnetic moment of 7 electrons at edge from
the perspective of edge lattice relaxation and potential well
deepening induced by under-coordination effect. It is also
clarified that the dangling o-bond with a dominant spin
moment can be easily annihilated by the edge C-C bond
reconstruction along certain kinds of edges, leading to the
edge-selectivity of its magnetism."?

Due to the instability of dangling o-bond, the experi-
mental detection of magnetism of graphene becomes a chal-
lenging task.'* Moreover, the anti-ferromagnetism of zigzag
edge is also hardly identified because zigzag edges are ther-
modynamically unstable due to its less aromaticity.'"'? The
Scanning Tunneling Microscopy (STM) results prove that
zigzag edges are much less frequently observed than arm-
chair edges,"> agreeing with calculated results.'®'” Thus,
although theoretical calculations show a considerable
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magnetism of graphene, experimental observations of mass
magnetization M were always small (typically, less than
~0.1 emu/g), regardless of its forms such as highly oriented
pyrolytic graphite, nanographites, nanodiamonds or disor-
dered carbon films."*

Recently, a low-energy irradiation technique was devel-
oped in electron cyclotron resonance (ECR) plasma to syn-
thesize multilayer graphene nanoflakes on carbon films and
magnetism of the multilayer graphene nanoflakes was
observed.'® Our latest experimental results (as shown in
Figure 1 with experimental method available in supplemen-
tary material'?) observed a considerable large magnetization
(~0.37 emu/g) above room temperature (300 K) of the multi-
layer graphene nanoflakes grown by electron irradiation
assisting deposition. It was challenging to understand such a
high magnetism.

Atomic under-coordination occurs at defects and edges
of graphene and induces edge C-C bond contraction.”® As a
result, a deepened quantum well forms at the edge of gra-
phene.?! In the growing process of electron irradiation
method, excess electrons may exist in the graphene, similar
to electron n-type doping in the epitaxial graphene.”® Thus,
it can be expected that the edge-quantum well of graphene
can trap the excess electron from e-beam and also its spin at
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FIG. 1. (a) Unit magnetic moment (emu/g) of graphene nanoflake-contained
carbon film. Inset graph shows a smaller field region of the hysteresis loop.
(b) Plan-view transmission electron microscopy image of the carbon film.
Inset is the electron diffraction pattern.
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edge sites. In this Letter, using dispersion-corrected DFT cal-
culations, we will investigate the stability, distribution and
spin of excess charges in the multi-layer armchair graphene
nanoribbon (AGNR), which can be easily observed by
experiments but was considered diamagnetic, to clarify the
mechanism of the excess magnetism.

Figure 2 illustrates the principle of the magnetism of
excess electron trapped by edge-quantum well. Generally,
materials at the nano scale can be represented by a high frac-
tion of atoms with an effective atomic coordination num-
ber.?'** Under-coordination will induce the bond relaxation
at the local sites. Due to under-coordination, the C-C bond
length (d;) at edge will contract significantly compared with
that of center (dy) to lower the total energy. Meanwhile, the
C-C bond lengths around the edge site (d,) will show fluctua-
tions and even expand to some extent. The bond contractions
were reported to happen globally to dimers,”* nanotubes,*
atomic vacancies,”® and so on. The contraction of edge C-C
bond and the fluctuations of bond lengths along the finite car-
bon chain were also obtained by DFT calculation.”” The
shorter bonds between under-coordinated atoms will sponta-
neously accompany with the increase of bond energy. The
potential well to the neighbor electrons will be deepened at
the edge site with a consequence of localized densification of
charge, energy and mass.”' In the growing process under
ECR plasma, excess electrons tend to be captured by the
edge-quantum well of graphene. Meanwhile, they also have
a small chance to be attracted among the inside potential
wells. Locally trapped excess electrons can provide unpaired
spin and induce relatively large magnetic moment at edge
sites. In contrast, excess positive charges are not able to stay
stably in the edge-quantum well due to the repulsion force
from the C atomic ions.

DFT calculations were performed using the Dmol®
code.” Up to three-layer AGNR (periodic in x direction)
was modeled with a 1-nm vacuum slab in both the y (ribbon
width) and the z (layer stacking) directions. All the AGNRs
are modeled of 20-atom width, containing 40, 80, and 120
atoms per unit cell for monolayer, bilayer, and trilayer
AGNR, respectively. The Perdew—Burke—Ernzerhof (PBE)
functional®® in the generalized gradient approximation is
chosen to describe the exchange-correlation energy. The
Tkatchenko-Scheffler scheme™ of dispersion-correction is
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FIG. 2. Illustration of the magnetism of excess electron trapped by edge-
quantum well. The changes of bond length at edge (d;) and surrounding
edge (d,) compared with that of center (dy) and bond energies will modulate
the crystal potential well to electrons. Red arrows indicate the excess elec-
trons will be likely trapped at edge and provide unpaired spin (blue isosur-
face), or in a small chance attracted among the inside potential wells; while
excess positive charges will be repulsed and become unstable.
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used to describe the vdW interactions. The all-electron
method was used to describe the wave functions with a dou-
ble numeric and polarization basis sets. Spin-unrestricted
calculations were performed with both formal spin and man-
ually set spin as initials. The results reported are correspond-
ing to the spin configuration with the lowest total energy.
Thermal smearing of 0.005 Ha was first used in the initial ge-
ometry optimizations of trilayer AGNRs. The smearing was
removed in all the final energy calculations. In Dmol® code,
the amount of excess charges, e(excess), was specified at the
beginning of calculations. The amount of signed charges rep-
resents the total number of excess charge per unit cell. The
active electrons of all the atoms plus the signed excess
charges of the unit cell is the total active electrons considered
in electronic structure calculations. The total energy, elec-
tronic structure, and electron densities are solved by self-
consistent field (SCF) method towards the minimum of total
energy. The self-consistency threshold of total energy was set
at 10~° Hartree. The geometry optimization was performed to
obtain the optimized structure, electronic structure, and elec-
tron densities towards the global minimum of total energy and
converged with the tolerances for the energy, force and dis-
placement at 1073 Hartree, 0.002 Hartree/A, and 0.005 A
respectively.

Figure 3 shows the total energy (E(.., €V) and total
spin (Ugonr) per unit cell of monolayer, bilayer, and trilayer
AGNRs as the e(excess) changes from 2 to —5. The E, of
e(excess) =0 is taken as reference for each thickness. As
shown in Figure 3(a), positive E,y, for positive excess
charges indicate that all the three thicknesses of AGNRs are
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FIG. 3. (a) Total energy (eV) and (b) total spin (itgonr) per unit cell of mono-
layer, bilayer, and trilayer AGNR versus excess charges ranging from 2 to
—5. The total energy of e(excess) =0 is set as reference for each thickness.
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difficult to absorb positive charges. In contrast, the increasing
negative e(excess) decreases the E, and makes the struc-
tures more stable. However, too large amount of electrons
slightly increase the Ey, of monolayer AGNR (e < —3)
instead. The increment of exchange-correlation energy of
multi-electron interactions should take responsibility of the
increase of Ey,. Too large amount of electrons also induce
structural deformation of bilayer (e <—3) and trilayer
(e < —4) AGNRs (see Figure 4(a) and Figure S3 (Ref. 19)).
The repulsive force among excess electrons in different layers
results in the separation of bilayer and trilayer AGNR.

Figure 3(b) shows that high spin moments of 1.66, 1.17,
and 1.41 ugon, are obtained at e(excess) = —2 per unit cell
for monolayer, bilayer, and trilayer AGNR, respectively.
Fractional spin moments are obtained because the AGNR
structure is a periodic system and the wave functions in the
form of Bloch sums are delocalized. Results in Figure 3(b)
indicate that only proper amount of excess electrons can
induce spin moment for originally diamagnetic AGNR. But
for too large amounts of excess electrons or positive charges,
there are no net spin observed. The reason lies in the fact
that the exchange energy lowered by parallel spin electrons
cannot compensate the increment of the total energy caused
by parallel occupation of higher energy states.

Moreover, since the total number of carbon atoms is pro-
portional to the thickness of AGNR in a unit cell, the total spin
per atom is actually largest in monolayer AGNR. Since
Litgonr = 9.274 x 10~ emu, considering only spin magnetic
moment of AGNR as obtained in Figure 3(b), the mass magnet-
izations (M) are hence obtained as 19.25emu/g, 6.78 emu/g,
and 5.45 emu/g for monolayer, bilayer, and trilayer AGNR at
the e(excess) = —2 for largest spins. The large M (19.25 emu/g)
for charged infinite monolayer AGNR, although less than
~90 emu/g of bulk Fe;0y, is comparable to ~20 emu/g of bulk
Fe;Sg. Results indicate that monolayer AGNR has the best trap-
ping ability among the three thicknesses. The reason is that
monolayer graphene has the least coordination number, even in
the interior of the ribbon.

Figure 4 shows the localized spin moment in bilayer and
trilayer AGNR and the structural distortion caused by excess
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FIG. 4. (a) Large amount of excess electrons (e = —3) induces structural dis-
tortion and localized spin at edge of bilayer AGNR. The iso-surface of spin
electron density is 0.021 e/A%. (b) Spin density distribution of trilayer
AGNR induced by excess electrons (e = —2). Numbers between layers indi-
cate the distances.
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electrons in bilayer AGNR. The spin density distributions in
Figure 4 indicate that the net spin densities are indeed local-
ized at edge sites, verifying our principle of the edge-
quantum well. The similar spin distributions are also shown
in Figures S1 and S2 (Ref. 19) for monolayer and bilayer
AGNR.

Figure 4(a) also indicates the structural distortion of
bilayer AGNR caused by large amount of excess electrons
(e =—3), mainly in the separation between layers around
edge sites. Large amount of excess electrons (e = —4) also
induces structural distortion of trilayer AGNR, as shown in
Figure S3.'” Two outside layers of trilayer AGNR are pushed
away from the inside layer and bent outward. The repulsive
force among excess electrons increases the inter-layer dis-
tance from ~3.8 A to ~4.2 A in center and further to ~5.0 A
at edge and also induce the inter-layer lattice mismatch of
trilayer AGNR.

Figure 5(a) shows the profiles of Mulliken charge and
spin along the ribbon width direction in trilayer AGNR unit
cell at e(excess) = —2. The Mulliken charge and spin distri-
butions are symmetric for both sides from the center along
the width direction. Also, populations in two outside layers
of trilayer AGNR are symmetric. The outmost and second
outmost edge sites are labeled as C1 and C2, respectively.
The bond lengths at Cl site decrease to 0.1254nm (by
—11.7%) in outside layer compared with the bulk value
0.1420 nm. The contraction of edge C-C bond deepens the
edge potential well and induces fluctuation to the C2 sites.
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FIG. 5. (a) The profiles Mulliken of charge and spin along the ribbon width
direction of trilayer AGNR for e(excess) = —2. Populations in two outside
layers of AGNR are symmetric as plot by black squares while red circles
represent those of inside layer. Negative charge sign means electron gain.
(b)The value of Mulliken charge and spin at special sites (C1, C2, Center)
on bilayer AGNR for different e(excess). Only non-zero spin distributions
are plot.
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C-C bonds at C2 site slightly expand to 0.1427 nm (by 0.5%)
in outside layer.

Charge distribution shows that a large proportion (74%)
of negative charges (sum of charges at C1 sites in a unit cell
divided by e(excess)) is localized at C1 sites. The rest excess
electrons are distributed quite uniformly among inside car-
bon atoms, except sites around C2. The atoms at C2 sites
show a fluctuation of electron loss between C1 and center
atoms. Spin result shows that a large proportion (69%) of net
spin (sum of spin at C1 sites divided by total spin in a unit
cell) is localized at C1 sites. The rest sites in the interior of
AGNR show a few net spin. The similar profile was also
obtained for monolayer AGNR (Figure S4'%). The net spin
localized at the edge mainly attributes to the p, electrons, as
identified by the shape of the density and also the orbital-
resolved Mulliken analysis. Results verified that the excess
charge captured by edge-quantum well induces ordered
localized magnetism at armchair edge. Moreover, the outside
layers show more significant edge-trapping effect than the
inside layer of trilayer AGNR.

Figure 5(b) shows net charge and net spin distributions
along the width direction at special sites (C1, C2, Center) of
bilayer AGNR. Although e(excess) varies, charges are
always transferred to C1 site due to the under-coordination
induced edge-quantum well. Within proper amounts of
e(excess), the spins are mainly generated at C1 sites. The
same trends are also obtained for other thicknesses (Figures
S5 and S6 (Ref. 19)). Above results again verified that excess
charges are trapped by edge-quantum well and hence net
spins are induced.

In summary, stable magnetism was proved to be gener-
ated at originally diamagnetic armchair edges under the con-
dition of proper amount of excess electrons. The consistency
between theoretical calculation and experiments clarified
that (i) Graphene is stable with excess negative charges due
to the under-coordination-induced edge-quantum well; (ii)
Excess electrons can provide unpaired spin and induce rela-
tively large magnetic moment, but too large amount of
excess electrons will degenerate the spin, and thus, the gen-
eration of magnetism of excess electrons is quantity-
dependent; and, (iii) Graphene is not stable with excess
positive charges. Thus, in ECR experiment, edge-quantum
well of multi-layer graphene nanoflakes can capture elec-
trons from plasma beam in the growing process and induce a
considerable magnetism. Considering only spin magnetic
moment, DFT calculations result in large M values as 19.25,
6.78, and 5.45 emu/g for perfect monolayer, bilayer, and tri-
layer AGNRs, respectively, with 2 excess electrons per unit
cell. According to calculation results, there is still plenty of
room for enhancing M in experiments. Hence, the robust
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mechanism of magnetism in charged-graphene proposed
herewith shed light on the development of graphene devices
in its potentially magnetic applications.
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