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The stability of edge-quantum well-induced strong magnetism of multilayer armchair
graphene nanoribbon (AGNR) with excess electrons was investigated under applied
tensile strain by density functional theory (DFT) calculations. The results indicated
that: (1) The strain along the armchair edge direction led to a transition of the
multilayer AGNRs from ferromagnetic state to nonmagnetic state when the strain
increased to a critical value; (2) The strain induced bond length changes reduced
the stability of the edge-quantum well in terms of the reduction of the electrons
capturing capacity; and (3) The spin splitting of the energy bands near the Fermi
level reduced with the increase of the strain, resulting in the decrease of the spin
moment. This finding suggests that the magnetic properties of graphene have strong
dependence on its strain states, which is crucial to the design of graphene-based
magnetic devices. © 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4937434]

. INTRODUCTION

The magnetic properties of graphene based materials have now attracted intensive attentions.
Magnetism in graphene has been predicted to be induced by the unique electronic structures localized
at topological defects or at special edges.'™ In the past few years, a number of experimental works
proved the existence of magnetic phenomena in graphene systems. Nair et al. found the magnetism
increased with proton irradiation-induced vacancy density by Superconducting Quantum Interfer-
ence Device (SQUID) measurement.* Magda et al.’s Scanning Tunneling Microscopy (STM) test
suggested that the magnetic order at the zigzag edge could remain stable at room temperature under
a specific crystallographic orientation.’ Yue et al. developed graphene nanopetals exhibiting robust
ferromagnetism with saturation magnetization up to 1.2 emu/g at room temperature.® These find-
ings make graphene a promising candidate material for nanoscale magnetic and spintronic devices
applications, such as logic transistors and digital memory devices.””

However, during the manufacturing and the working processes of graphene-based magnetic de-
vices, mechanical strains can be expected to arise either naturally or intentionally.'’~'? For instance,
growing graphene on a substrate with different lattice constants can introduce strain.'*!* The pres-
ence of mechanical strain has substantial effect on the electronic structure and magnetic properties of
graphene. Zhao et al. studied the effect of uniaxial strain on the magnetism of sawtooth-like graphene
nanoribbons (SGNR) and found the ground state of SGNR changes from nonmagnetic state to antifer-
romagnetic state under uniaxial strain.'> Choi et al. found the magnetism of Fe/graphene heterostruc-
tures was controllable with uniaxial strains.'® Kou et al. simulated the effect of strain on the mag-
netic properties of two-dimensional graphene with topological line defects and found that the applied
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strain can greatly influence the magnetism of the system.!” Hu et al. found an external strain-induced
transition from a ferromagnetic metal to a ferromagnetic semiconductor in a zigzag-edge graphene
nanoribbon with a topological line defect.'® Moreover, STM results have also proved the effects of
strain on the magnetic properties of graphene system.'*? These studies suggest that the strain ef-
fect on the magnetic properties is extremely important and elucidating the underlying mechanism is
crucial to the design of graphene-based magnetic devices.

Our latest research has reported strong magnetism of graphene sheets embedded carbon films
at room temperature prepared by electron irradiation assisted physical vapor deposition in electron
cyclotron resonance plasma,’'~>? and density functional theory calculations indicate that the magne-
tism in the graphene nanocrystallines originates from the excess electrons captured by the edge-
quantum well in the armchair edges of the graphene nanoribbon.?* This type of carbon film has
potential uses in nanoelectromechanical systems applications, in which mechanical strain may be
inevitable, including tensile strain and compressive strain. Therefore, the present work arises from
the strain-induced magnetic variations of graphene sheets embedded carbon films. We examined the
effects of strain on the stability of the edge-quantum well in multilayer armchair graphene nanoribbon
by density functional theory calculations. In this paper, we only studied the tensile strain effect. As
for compressive strain, it is believed to enhance the stability of the edge-quantum well, owing to the
fact that the edge-quantum well is formed by the contraction of the outermost bond of the armchair
graphene nanoribbon (AGNR).

Il. METHODS

Multilayer (up to three-layer) AGNR (periodic in the y direction) with a width of 20 atoms (in
the x direction) was modeled. The interlayer distance was 0.34 nm. Figure 1(a) shows the top view
of a unit cell of monolayer AGNR and Figure 1(b) gives the front view of the multilayer system.
A large vacuum slab (at least 1 nm) was added in both the x (ribbon width) and the z (layer stack-
ing) directions. There were 40, 80, and 120 atoms per unit cell for monolayer, bilayer and trilayer
AGNR, respectively. The amount of the excess charges, which refers to the excess electrons captured
by graphene during electron irradiation, was specified at the beginning of the calculations. In this
paper, the amount of the negative excess charges was specified to be two per unit cell, under which
the AGNRs were proved to have the highest spin moments according to our earlier study.>* The red
isosurface in Figure 1(a) represents the unpaired spin provided by the excess electrons which would
be likely trapped at the edge of the AGNR. External tensile strain was applied along the armchair
edge direction (the y direction). The shrinkage along the edge-normal direction (the x direction) due
to the Poisson effect was considered with a Poisson’s ratio of 0.165.%
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FIG. 1. Schematic illustration of the simulation model, (a) top view of a unit cell of monolayer AGNR, (b) front view of the
multilayer AGNRs. The red isosurface represents the unpaired spin provided by the excess electrons which would be likely
trapped at the edge of AGNR.
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The electronic structures and magnetic properties under different tensile strains were calcu-
lated using dispersion-corrected density functional theory (DFT) calculations implemented by the
Dmol? code.”® The Perdew-Burke-Ernzerhof (PBE) functional®’ in the generalized gradient approxi-
mation (GGA) was employed to describe the exchange-correlation energy. The Tkatchenko-Scheffler
scheme?®® of dispersion-correction was chosen to describe the vdW interactions. The all-electron
method was used to describe the wave functions with double numeric and polarization basis sets.
Spin-unrestricted calculations were performed with both formal spin and manually set spin as ini-
tials. The results reported were corresponding to the spin configuration with the lowest total energy.
The total energy, electronic structure, and electron densities were solved by the self-consistent field
(SCF) method towards the minimum of total energy. Before the energy calculation, geometry opti-
mization was performed to obtain the optimized structure. Other details of the calculations have been
introduced in our previous paper.”*

lll. RESULTS AND DISCUSSIONS

Figure 2 shows the total energy (E,,4, €V) and total spin (o) per unit cell of monolayer AGNR
as a function of the applied strain along the armchair direction. The total energy without applied strain
was set as the reference. As shown in the figure, the total energy increases as a quadratic function
of the applied tensile strain, suggesting the applied strain is still in the elastic range of the AGNR,
which compares well with Kou et al.’s work.!” When there is no applied strain, the excess electrons
can induce spin moment for all the AGNRs, with a highest value of 1.66 pgopn: for monolayer AGNR,
which is consistent with our previous work. The reason lies in that monolayer graphene has the least
coordination number among the three thicknesses. When the tensile strain is applied, for monolayer
AGNR, as Figure 2 shows, the spin moment exhibits a slight fluctuation with the increasing of the
tensile strain at the early stage. After the strain reaches a value of 9%, further increasing of the tensile
strain leads to a sharp decrease of the spin moment. When the strain increases to a critical value of
11%, the spin moment decreases to 0. These results suggest that there is a transition of the AGNR from
ferromagnetic state to nonmagnetic state under the applied tensile strain. In order to further clarify the
stability of the magnetic state under strain, the energy difference, defined as AE = Enoumag-EFerromag
was calculated. When there is no applied strain, the energy difference is 0.3 eV, indicating that the
ferromagnetic state is more stable. However, when strain reaches the critical value, the energy differ-
ence decreases to 0 eV, which is consistent with the nonmagnetic state of the AGNR under the critical
strain.

Figure 3(a) shows the profiles of Mulliken atomic spin moment along the ribbon width direction
and the spin density distributions in the corresponding strain states (0%, 9%, 10%, and 11%) in mono-
layer AGNR. It is found that the spin distribution is symmetric for both sides from the center along
the ribbon width direction and the atomic spin moments are localized at the armchair edge, proving
that the magnetism of AGNRs originates from the excess electrons captured by the edge-quantum

5
20 s E - :j
= 16t I..__-‘H = _-’__'.d----l-—l / -
'E = \'\. ‘/‘ 110
312 £ pE
3 a 16 =
2 08} S :
—_— b ‘fr‘ _I_ by
= 0.4} A ¥
7] = " - =
00f " a0
0 2 4 6 8 10 12 14
Strain (%)

FIG. 2. The total energy and total spin per unit cell of monolayer AGNR as a function of the applied strain.
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FIG. 3. (a) The profiles of Mulliken atomic spin moment along the ribbon width and the spin density distribution under
different strains in monolayer AGNR. (b) The profiles of Mulliken charge along the ribbon width under different strains in
monolayer AGNR.

well. As the applied strain increases, the atomic spin moments and spin density localized at the edge
sites both decrease. When the strain increases to 11%, the atomic spin moments decrease to 0, which
coincides with the decline of the total spin moment under the applied strain, as shown in Figure 2.
Figure 3(b) shows the profiles of Mulliken charge along the ribbon width direction in monolayer
AGNR under different strains. It can be found that most of the negative charges are localized at the
edge atoms. As the strain increases, the value of the negative charges localized at the edge decreases,
indicating the applied strain induces a redistribution of the excess electrons.

Figure 4 gives the variations of the total spin (Ugop,) per unit cell of bilayer and trilayer AGNRs
under the applied strain. We can see that the total spin decreases with the increasing of the applied
strain for both bilayer and trilayer AGNRs. There is also a transition of the AGNR from ferromag-
netic state to nonmagnetic state when the strain increases to a critical value. The critical strain values
are 3% and 2% for bilayer and trilayer AGNRs, respectively. Compared with the spin variation of
monolayer graphene, it is found that the critical strains for bilayer and trilayer AGNRs are smaller.
This is because monolayer AGNR has the best electron capturing capacity since its coordination
number is the least. Moreover, according to our previous work,?* for excess charges e(excess) = —2,
the monolayer has the smallest total energy (The E,,,,; of e(excess) = 0 is taken as reference for each
thickness), suggesting the ferromagnetic state of monolayer AGNR is the most stable. Therefore, the
critical strain for the magnetism transition of monolayer AGNR is the largest.
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FIG. 4. The total spin (per unit cell) variations under the applied strain in (a) bilayer, and (b) trilayer AGNRs.

As reported previously, the edge-quantum well is formed due to the C-C bond contractions*-3

at the edge of AGNR induced by under-coordination. Thus the spin moment is closely related to the
bond length at the edge of AGNR. When tensile strain is applied, the bond length at the edge of AGNR
is altered, which results in variation of the stability of the edge-quantum well. Therefore, in order to
interpret the mechanism of the spin moment variation under the applied strain, the bond lengths at
the armchair edge of monolayer AGNR under different strains were calculated, Figure 5 shows the
local bond length variations at the armchair edge in monolayer AGNR where the atomic spin mo-
ments are localized. L, and L, represent the bond lengths of the outermost and second outermost edge
sites. As shown in the figure, when there is no applied strain, L; decreases to 0.1301 nm (by -8.38%)
while L, increases slightly to 0.1421 nm (by 0.07%), compared with the bulk value of 0.1420 nm. As
mentioned above, such contraction of the edge bond induces the magnetism of AGNRs. The applied
tensile strain brings about the variation of the bond length. When the strain is in the range of 9%,
both L; and L, show fluctuations as the strain increases, which is consistent with the spin moment
variation. However, when the strain rises to 10%, L; sharply drops while L keeps increasing as the
tensile strain increases. This explains the dramatic transition of the magnetism in monolayer AGNR
beyond the strain of 10%. It is because such sudden variations of the bond lengths, where the spin
moment is localized, could reduce the stability of the edge-quantum well and lead to the redistribu-
tion of the excess electrons. Here an interesting point should be noticed, when the strain is in the
range of 6% to 10%, the value of L; decreases, although it should increase under the tensile strain.
The explanation here lies in that there are actually two inverse factors affecting the bond length at
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FIG. 5. Bond length variations at the armchair edge of monolayer AGNR as a function of the applied strain. L; and L,
represent the bond lengths of the outermost and second outermost edge sites.

the armchair edge in this study. As is known, the edge quantum well is caused by the spontaneous
contraction of the outermost bonds. These bonds tend to elongate when excess electrons are captured
by the edge quantum well. For the unstrained monolayer AGNR, L; is 0.1237 nm when there are no
excess electrons, while it increases to 0.1301 nm with specified excess electrons. When the tensile
strain is applied, the outermost bonds are stretched, leading to the reduction of the electrons capturing
capacity of the edge-quantum well. As a result, the amount of the trapped electrons at the armchair
edge is decreased, which in turn causes the decrease of the bond length at the armchair edge. These
two inverse factors are responsible for the bond length variations. For bilayer and trilayer AGNRs,
the strain-induced magnetic variations are also related to similar bond length changes at the armchair
edges.

For a more comprehensive analysis of the strain effect on the magnetic properties of AGNRs,
an analytical model developed by Fujita et al. was used.’! According to this model, the “damping
length” of the edge states is 2cos(k/2). When a strain is applied, the “damping length” should be
modified to 2¢,/t; cos(k/2), where ¢; and ¢, are the bond parameters of the AGNR. For tensile strain
along the armchair direction, |£,/71] > 1, this will slow down the damping of the edge states, lead-
ing to the delocalization of such states with reduced electron correlations. Due to electron-electron
interaction, the spin polarization at the armchair edge reduces and the spin splitting near the Fermi
level decreases. To confirm the above analysis, the spin-polarized band structures of the monolayer
AGNR under different strains were calculated, as shown in Figure 6(a) to 6(d). For the band structure
computation, the k-path selected was '—X. And we employed 3 x 1 X 1 k-point sampling points in
the Brillouin zone integration. Figure 6(a) presents the band structure for monolayer AGNR without
applied strain. The red and black lines correspond to the spin-up and spin-down bands, respectively.
One can see that the spin-up band and spin-down band split into two bands near the Fermi level,
suggesting there is a spin splitting band near the Fermi level. This is in accordance with the above
calculated ferromagnetic state of monolayer AGNR with excess electrons. When the applied strain
increases, the spin splitting is reduced, as shown in Figure 6(b) and 6(c). When the applied strain
increases to 11%, the red lines overlaps with the black lines, indicating that the band states near the
Fermi level become non-spin-polarized, which coincides with the previously calculated nonmagnetic
state of monolayer AGNR with excess electrons under a strain of 11%. Moreover, it can be seen that
the spin-up band near the Fermi level rises, while the spin-down band near the Fermi level first rises as
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FIG. 6. The spin polarized band structures of the monolayer AGNR in a unit cell under different strains, (a) 0%, (b) 9%,
(c) 10%, (d) 11%. The red and black lines correspond to the spin-up and spin-down bands, respectively.
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FIG. 7. The spin polarized band structures of the bilayer and trilayer AGNRs in a unit cell under different strains, (a) bilayer
0%; (b) bilayer 3%; (c) trilayer 0%; (d) trilayer 2%.
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the strain increases to 9% and then falls as the strain further increases to 10% and 11%. This coincides
with the fluctuation of the spin moment when the strain is in the range of 9% (as shown in Figure 2).

The band structures of the bilayer and trilayer AGNRs under different strains were also calculated
as shown in Figure 7. As we can see, there is also spin splitting near the Fermi level for both bilayer
and trilayer AGNRs without strain. In addition, the spin splitting for bilayer and trilayer AGNRs is
smaller than that of monolayer AGNR, which agrees with the magnetism of the three thicknesses
of AGNRs. When the strain increased to the critical value, the spin splitting near the Fermi level
decreased to 0, as shown in the figure, indicating the AGNRs were in nonmagnetic states under the
corresponding strains.

IV. SUMMARY

Density functional theory calculations were performed to elucidate the strain effect on the magne-
tism of multilayer AGNRs with excess electrons. It was found that there was a transition from ferro-
magnetic state to nonmagnetic state of AGNR with excess electrons when the tensile strain along the
armchair edge direction reached a critical value. For monolayer, bilayer, and trilayer AGNRs with
excess charges of -2, the critical strains were 11%, 3%, and 2%, respectively. The strain induced
magnetic variations were proved to be related to the bond length changes, which resulted in reduction
of the stability of the edge-quantum well. A more comprehensive analysis was conducted to clarify
the strain effect based on the band structures of the AGNRs under different applied strains. The results
indicated that the applied tensile strain reduced spin polarization at the armchair edges. As a result, the
spin splitting near the Fermi level diminished, leading to a decline in the spin moment. This finding
suggests that the strain effects should be taken into account when designing graphene-based magnetic
devices.
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