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Using a hybrid density functional theory approach, we have studied the effect of the interaction of a Li atom
with a C—H pair vacancy defect (Vcy) in a graphane monolayer on the thermodynamic stability, structural,
magnetic and electronic properties, taking into account the effect of charge doping. We found that a Li
atom and charge doping enhanced the thermodynamic stability of a Vcy defective graphane monolayer.
The Li—Vcy system may likely act as a single deep donor, and can readily compensate the acceptor. The
effects of Li introduce more occupied states in the band gap, and there exists strong hybridization
between the C 2p states and Li 2s states at the vicinity of the Fermi level (Ef) responsible for the large
magnetic moment noted. The —1 charge doping (Li*™"=Vcy) further populates the occupied states in the
band gap, shifting the Er towards the conduction band minimum. Consequently, the Li'™=Vcy system

possesses spintronic effects such as half-metallic ferromagnetic character and pronounced magnetism.

Received 8th June 2017 . e . . . .
Accepted 2nd August 2017 The +1 charge doping (Li""=Vcy) removes some of the Li induced occupied states, slightly shifting the E¢
towards the valence band maximum leading to a reduction in the magnetic moment. Our findings give

DOI: 10.1039/c7ra06431d an explanation of the origin of magnetism in a V¢ defective graphane system and suggest a possible

rsc.li/rsc-advances practical way of controlling it.

Introduction

Graphane,”? a fully hydrogenated graphene monolayer,*?®
continues to gain research attention because of its special
properties such as high volumetric hydrogen density and a wide
direct energy band gap.”** Elias et al.” reported that graphane
samples are thermodynamically stable at room temperature.
Collectively, this is evidence that a graphane system can be an
excellent candidate for energy storage devices and room
temperature nano-technological devices.

Just like in many real materials, Elias et al.”> reported that
graphane samples contain defects. The hydrogen (H) vacancies
(Vy) in a graphane monolayer are simple defects that one can
consider and are the most frequently studied.**** Although
defects can improve or deteriorate the quality of a material,
several density functional theory (DFT) studies'**“* have
consistently shown that a Vi defect introduces magnetism in
a graphane monolayer and provides a localized magnetic
moment of 1 ug per vacancy. Experimental characterizations
revealed the magnetic features in a near fully hydrogenated
graphene.” It was suggested that this magnetism originates
from the missing H, when it leaves an unpaired electron in the
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lone dangling bond connecting the C atom.' Very recently,
Mapasha et al.>* have investigated the effect of charge doping on
the electronic properties of the Vy vacancy in a graphane
monolayer using the DFT method. It was found that charge
doping fine tunes the electronic structure of this defective
system. Other previous studies reported that the magnetic
moment of the Vi vacancy can be increased (suppressed) by
adsorption of transition metals*® (radicals*'). Generally, it was
concluded that a Vy defect can be used to design spintronic
devices.

The other experimentally reported defects in graphane
samples are carbon (C) vacancies.” It was reported that this type
of defect occurs unintentionally during the process of hydro-
genating graphene. Since every C is bonded to a H atom in the
graphane model, when modeling a C vacancy, both atoms have
to be removed as a C-H pair (Vcy). The intentional creation of
a Vg defect can be achieved experimentally using a high-energy
ion beam. It was reported that synthesis of a Vg defect should
be much easier than that of V.*® It has been established that
the structural reorganization induced by a Vcy defect in
a graphane monolayer is qualitatively different from that seen in
graphene with a C vacancy as emphasized by Pujari et al.>* In the
case of graphene, two of the C atoms around the defect reor-
ganize to form a ¢ bond stabilizing in a pentagon-like defect
structure.>**® On the contrary, there is no ¢ bond formation
amongst the three C atoms surrounding a Vcy defect in
a graphane monolayer.> It is of interest to consider charge

This journal is © The Royal Society of Chemistry 2017
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doping and foreign atom adsorption as possibilities for stabi-
lizing the V¢y defect structure.

DFT studies further reported that a V¢ defect induces the
mid gap states with a permanent magnetic moment of 1 ug in
a graphane monolayer.’®** These magnetic features were
experimentally detected by Elias et al.”> during the synthesis of
graphane samples. The obtained magnetic moment arises from
the dangling bonds on the three C atoms surrounding the Vg
vacancy, mainly contributed by the C 2p orbital electronic
configuration. To prove this, the C dangling bonds were satu-
rated using H atoms, and the resulting structure stabilized into
a non-magnetic character.’®* Lithium (Li), belonging to the
same periodic table group as H, is well known for its H opposing
trend when doped on the graphene system.?”-** Inspired by this,
it is worth investigating how the interaction of C dangling
bonds surrounding a Vg vacancy with a Li atom would affect
the induced magnetism as well as the thermodynamic stability.
This could be a way of controlling the induced magnetism in
a Vg defected graphane which could be essential for techno-
logical devices. Although there is no literature on the Li adatom
above the V¢y vacancy, a few studies of Li on pristine graphane
are available.**” It has been reported that the single Li adatom
prefers to bind with the substrate as opposed to the Li clusters,
at zero kelvin.**?¢ The Li adatom introduces mid-gap states
within the graphane band gap.**?® The latter was confirmed
experimentally using angle resolved photoelectron micros-
copy.” It is worthwhile in this study to investigate how the Li
adatom binds with the Vcy vacancy, and the hybridization
between the Li 2s and dangling C 2p orbitals within the band
gap.

In semiconductors, defects can exist in multiple charge
states due to variation in the electronic chemical potential
(Fermi level) from the valence band maximum (VBM) to
conduction band minimum (CBM) with respect to the change in
the charge doping (addition of electrons or holes).*® Experi-
mentally, the variation in Fermi level occurs by applying an
electric field. Through charge state modulation, the defect local
structure can be altered and result in the new thermodynamic
ground state of the system. Knowledge of the stable charge
states of the defect and the Fermi level position where the new
charge takes over (thermodynamic transition level), in terms of
stability within the band gap of the semiconductor, is essential
for nanotechnology device operation. The charge states in the
band gap of a semiconductor are usually observed using ab
initio methods and experimental techniques such as deep level
transient spectroscopy (DLTS) and electron paramagnetic
resonance (EPR) when identifying the thermodynamic transi-
tion levels.’® It is worthwhile in this study to investigate the local
structure and the thermodynamic stability of the V¢ vacancy
defect without and with Li with different charge states, since
this knowledge is still scarce.

It is essential to examine how charge modulation controls
the defect induced magnetism, which is the basic requirement
for nano-scale spintronic application devices. It is well known
that the standard DFT functionals severely underestimate the
band gaps of semiconductors, which can easily lead to wrong
predictions for transition levels and defect states positions. To
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avoid this, we use the screened hybrid exchange correlation
functional developed by Heyd, Scuseria, and Ernzerhof (HSE06
functional)***® that has been proven to accurately predict the
correct value of the band gap and defect transition levels in
doped semiconductors.*"*>

In this paper, we use hybrid DFT to study the thermody-
namic stability and structural and magnetic properties of a Ve
vacancy considering the effect of charge doping. Furthermore,
the interaction of a Li atom with a Vg vacancy is investigated,
also considering the effect of charge states. Generally, we report
that the defect induced properties in a graphane monolayer
critically depend on the charge states. This study provides a way
of inducing, increasing and controlling magnetism in a graph-
ane monolayer by creating defects and modulating their charge
states, which is a basic requirement for designing nano-
electronic devices.

Computational details

Our electronic structure calculations were performed using the
DFT approach implemented within the Vienna ab initio simu-
lation packages (VASP) code.**™*¢ For the description of the
exchange-correlation interaction, the Heyd, Scuseria, and Ern-
zerhof functional (HSE06 functional)***° was employed. For the
core electron and chemically active valence electron interac-
tions, the projector augmented wave (PAW) method*” was used
for the generation of the pseudopotentials. For the plane wave
functions expansion, an energy cut-off of 500 eV was set. For the
integration of the hexagonal Brillouin zone of a 1 x 1 unit cell,
the 10 x 10 x 1 k-mesh generated using the Monkhorst-Pack
scheme®® is sufficient to yield accurate results. However, for the
large supercell system, a 4 x 4 x 1 k-mesh is suitable for the
integration. We employed the Methfessel-Paxton (MP)
scheme® to populate the electronic states in the self-consistent
field calculations. Our supercell structures were allowed to relax
until the residual atomic forces were reduced to less than
0.01 eV A~', using the Hellman-Feynman theorem. During the
self-consistent field calculations, the total energy was allowed to
converge to within 10~7 eV. The supercell periodic boundary
conditions are considered in this study and the interlayer
spacing along the z-axis was set to 15 A to significantly reduce
the periodic image interactions.

To gain an insight into the stability of a Vcy defect at
different charge states g within the graphane band gap, the
formation energy should be evaluated using the following
expression,

Efq(VCH) = Etotq(VCH) - Etot(G) - Zniﬂi + q(EF + SV) + ELl\;err

(1)

The term E.,/(Vcy) is the total energy of a graphane supercell
with a Ve defect in a charge state g, and E.(G) is the total
energy of the equivalent pristine graphane supercell. The
parameter 7; is the number of atoms i (C and H) removed from
a graphane supercell. u; refers to the chemical potentials of the
reservoir of the removed H and C atoms. The chemical potential
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of the H atom is obtained from the converged total energy of an
isolated H, molecule placed in a cubic cell of lattice constants
a=b =c =15 A, whereas that of C is from a fully relaxed
graphene monolayer supercell.

The Fermi level Er is an electronic chemical potential of the
electron reservoir. The ¢, variable is usually the energy level
valence band maximum (VBM) of a pristine graphane system. To
significantly reduce the effects of spurious electrostatic inter-
actions of the periodic images introduced by charge doping on
the defects, the Markov-Payne®® correction potential term

Ene. was included in eqn (1). The detailed description of the

Ener. term is found in ref. 50. This term should not be ignored to
avoid the introduction of errors into the total energy of the
system that might affect the accuracy of the formation energy
values, although its contribution is very small in this study. To
calculate the formation energy of the Li on V¢ vacancy defect
(Li-Vcn) at each nominal charge state ¢, eqn (1) is modified as

follows,
Ef(Li — Ven) = B! (Ven — Li) = Ea(G) = Y _ iy,

+q(Er + &) + EXP, )

where E.(Vcu—Li) is the total energy of the Li-Vcy configura-
tion in a 7 x 7 graphane supercell. The chemical potential of the
Li atom is obtained from the body centered cube (BCC) struc-
ture. To calculate the possible thermodynamic transition energy
levels ¢(g/q') of a Vgu defect, the following expression is
appropriate:

E(Ven') — B (Ven” )
q9—9q

e(q / q’) = ; (3)
where EfVcy?) and Ef(VCHq/) are the formation energies of the
Ven configuration in the charge states g and ¢’ respectively,
when the position of the Er is pinned at the VBM. To calculate
¢(q/q’) for the Li-Vcy defect configuration, eqn (3) is modified to

(e/) =
where EfVcy-Li?) and EfVoy-Li?) are the formation energies of

the Li-V¢y configuration in the charge states g and ¢’ obtained
using eqn (2).

E(Ven — LiY) — E; ( Ve — Li"')
q—q

, (4)

Results and discussion
Pristine graphane properties

It is important to first report the structural and electronic
properties of a pristine graphane monolayer obtained using
both the generalized gradient approximation of Perdew, Burke
and Ernzerhof (GGA-PBE)** and hybrid HSE06 functionals. The
purpose of this section is to prove that HSE06 functionals can
accurately predict the band gap of a pristine graphane system. A
previous study demonstrated that graphane can be modeled in
different configurations or isomers such as chair-like, boat-like
and armchair-like.* The review article of Sahin et al' and
references therein summarize other possible graphane isomers.
The chair-like configuration was reported to be the most
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energetically stable as compared to other isomers,"** and was
also experimentally synthesized.” Based on this information, all
our calculations were performed employing a chair-like model
structure.

Fig. 1(a) presents a fully optimized chair-like graphane model
structure. We report that although both the GGA-PBE and
HSEO6 functionals give the same structural appearance of
graphane, they differ slightly in predicting the structural
parameters, as shown in Table 1. The HSE06 and GGA-PBE
functionals predict the lattice constant as 2.51 A and 2.54 A
respectively. These values are in excellent agreement with the
previous results shown in Table 1. Comparing the two func-
tionals, it is noted that the HSEO06 lattice constant is approxi-
mately 1% lower than the GGA-PBE value. The HSE06 and GGA-
PBE functionals predict the C-C bond length d(C-C) as 1.52 A
and 1.54 A respectively. This d(C-C) value is in good agreement
with the previous theoretical data presented in Table 1.
Generally, the inclusion of some portion of exact Hartree-Fock
(HF) exchange in a DFT expression slightly shortens the bond
distances in the carbon material systems.*

The spin polarized TDOS plot for a pristine graphane
monolayer calculated using both the GGA-PBE and HSE06
functionals is shown in Fig. 1(b). In agreement with the
previous study,'” the shape of the HSE06 TDOS is almost iden-
tical to that of GGA-PBE for the entire plot, except that the TDOS
for HSE06 shows a relatively larger energy band gap. Both
functionals predict that a pristine graphane monolayer is a wide
band gap semiconductor, where the quantities are shown in
Table 1. Based on experimental measurements, Elias et al.”
revealed that graphane possesses insulating features, without
reporting the magnitude of the band gap. The GGA-PBE func-
tional predicts a band gap of 3.38 eV. Since it is well known that
a GGA-PBE functional is inadequate (underestimates) in pre-
dicting the band gaps of semiconductors, the use of the HSE06
functional is able to reduce the underestimation by predicting
a value of 4.39 eV. This value is in good agreement with the
HSEO06 values reported in previous studies.'”**>** Based on this,
we employed the HSE06 functional in the subsequent calcula-
tions of a Vgy vacancy in a graphane monolayer.

Properties of a V¢ defect in a graphane monolayer

As mentioned earlier, when modeling a C vacancy in graphane,
both the C and H atoms have to be removed as a pair (V¢y;) since
every C is bonded to a H atom as shown in Fig. 2(a). This type of
defect in a graphane monolayer sample is easily realizable
experimentally and can be stable at room temperature for a long
time without any characteristic alteration.? In this section, we
studied the thermodynamic stability, structural, electronic and
magnetic properties of a Ve defect in a graphane monolayer
system. The effects of different Vcy defect charge states g = —2,
—1, 0, +1, and +2, and the variation in Fermi level (Ex) position
within the band gap were considered.

For the thermodynamic stability analysis, the formation
energy Ef(Vgy) of a Vey vacancy at each charge state was
calculated using eqn (1). Firstly, the total energy of a Vcy
vacancy was converged as a function of the supercell sizes of 3 x

This journal is © The Royal Society of Chemistry 2017
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(a) A relaxed geometry of a graphane monolayer. The carbon and hydrogen atoms are represented by black and light green spheres

respectively, on a graphane model diagram. (b) The total density of states (TDOS) for a chair-like graphane model calculated using the GGA-PBE
(black solid line) and HSEO6 (red dashed line) functionals. The Fermi level is set at zero energy (indicated by the black dashed vertical line).

Table 1 The calculated equilibrium lattice constant a (in A), distance
between two nearest neighbour carbon atoms d(C-C) (in A) and
energy band gap Eg,, (in eV)

Functionals a d(C-C) Egap
This work HSE06 2.51 1.52 4.39
PBE 2.54 1.54 3.38
Other work HSE06 2.524 1.53¢ 4.60°
HSE06 — — 4.49°
HSE06 2.52¢ 1.53¢ 4.38°
PBE 2.54%54 1.54%4 3.60°
PBE 2.52¢ 1.52¢ 3.5094¢/8

@ Ref. 12. ? Ref. 52. © Ref. 53. ¢ Ref. 9. © Ref. 1./ Ref. 54. ¢ Ref. 15.

3,5 x 5,7 x 7and 9 x 9. For each supercell size, the formation
energy Ef(Vcu) at ¢ = 0 was calculated using eqn (1). The
Ef(Vcn) values of 5.83 eV, 5.99 eV, 6.02 eV and 6.05 €V, corre-
sponding respectively to 3 x 3,5 x 5,7 x 7 and 9 X 9 sizes,
were obtained. Although it is clearly noted that convergence
starts at 5 x 5, the 7 x 7 supercell has been used for the
subsequent calculations. The formation energies Ef(Vcy) of
a Vep vacancy in the multiple charge states 0 (V2y), —1 (Vig),
—2 (V&5), +1 (V&) and +2 (V&) as a function of Eg are shown in
Fig. 2(b). The values of Ef/(Vcy) are allowed to vary within the
energy band gap (ranging from 0 eV to 4.39 eV).

The Ef(Vcn) of the V&, and V&, systems decrease when the
position of Er approaches the VBM, while those of the V;; and
V%, systems decrease when Ep shifts up towards the CBM as
shown in Fig. 2(b). This indicates that a V¢y defect would be
likely to act as a source of both acceptor and donor compen-
sation depending on the position of Eg. Fig. 2(b) shows that the
V{i; vacancy system has the lowest formation energy from the
VBM (Er = 0 eV) to Er = 2.13 eV, followed by the V2, system
from Ex = 2.13 eV to 3.35 eV, and at the far end of the band gap,
the V&, system is most stable from Ep = 3.35 eV to the CBM.
Since it is noted that only the —1, 0 and +1 charge states are
thermodynamically stable within the graphane band gap, the —2
and +2 charge states were excluded in the subsequent calcula-
tions. We further calculated the V¢y vacancy thermodynamic
transition levels ¢(g/q') using eqn (3). The obtained ¢(g/q’) values
are indicated by the intersection of the two formation energy
lines of the charge states g and ¢’ shown in Fig. 2(b). Our
calculations predict the donor (0/+1) and acceptor (—1/0) levels
occurring at E, = +2.13 eV and E. = —1.04 eV respectively. The
position of the donor (0/+1) level reveals that a Voy defect may
likely act as a deep donor. More likely, these results suggest that
a Vcy defect will be too deep to be ionized. If the DLTS spectrum
of a Vcy defect can be recorded, we suggest that the two peaks
corresponding to the (0/+1) and (—1/0) deep levels should be
observable at higher temperatures. Since it has been reported
that the HSE06 functional is able to correctly mimic
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Fig. 2 (a) The local structure of a C—H vacancy (Vc) in a graphane monolayer. (b) The V¢, formation energy as a function of E¢ for the 0 (V).
—1 (V&) —2 (VE,). +1 (VEL) and +2 (VX)) charge states. The points where the two lines intersect coincide with the thermodynamic transition

levels.
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) V2,

© Vel

Fig.3 The optimized local structure of a Vcy defect in a graphane monolayer calculated in the —1 (a), O (b) and +1 (c) charge states. The distances
dy, d» and ds are C-C dangling bond lengths surrounding the Vcy defect.

experiments in identifying the transition levels in semi-
conductors,*** we expect our calculated values to agree very
well with future experimental results.

We further examined the dependence of local geometry of

Table 2 The calculated binding energy E, (eV) and Li equilibrium
adatom height Ah (A) above the adsorption site. The positive £y, indi-
cates that the structure is energetically stable. To quantify the inter-
action between Li and the graphane system, the amount of charge
transfer g was calculated using the Bader charge analysis.®” These

a Vep defect on the —1, 0 and +1 charge states. The atomic properties were obtained after the atomic position relaxation
relaxation of the Vgy defect in the multiple charge states is calculations
shown in Fig. 3(a) for —1, Fig. 3(b) for 0 and Fig. 3(c) for +1. 4 ]
During relaxation, the three C atoms surrounding the Vgy 1:itzorpt1on By (V) 7@ Ak (A)
vacancy undergo significant structural distortions, and thus the >
graphane monolayer threefold symmetry breaks due to the Li-vgy 1.72 0.87 1.54
Jahn-Teller effect. These three C atoms surrounding the Vg  Li-C 0.60 0.82 1.66
defect form an asymmetric triangle-like arrangement (shape), Lih 0.58 0.96 170
as shown in Fie. 3 Li-H -1.19 0.19 4.19
g 9 . Li-b 0.96 0.80 1.59
In the 0 charge state (V2), the three C atoms are slightly
displaced away from the Vi vacancy defect after relaxation. As
100, 100 . — 100
: Ven — #1 i
I I
3 i I i I ]
N 50 50 I 50, :
g I |
Q
g 0 0 A Ai 0 \ A
- : WWM |
2 50 -50F | -s0k : i
! 1
! I
L - - - - L -~ - - L L L Il Il
A= % 6 4 2 0 2 4 6 80— 6
Energy (eV) Energy (eV) Energy (eV)
=] 0 1
(a) Vg (TDOS) (b) Vi (TDOS) (¢) Vi (TDOS)
L5, —T
0] --C2s
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10} - HIs[
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Fig.4 The spin polarized total density of states (TDOS) for Vcy calculated in the —1 (a), O (b) and +1 (c) charge states. The partial density of states
(PDOS) for a Ve defect calculated in the O charge state (d). The Fermi level at 0 eV is shown by the dashed vertical line.
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Fig. 5 Iso-surfaces of difference charge density distribution. (a) Top
view of difference charge density distribution on the Vcy vacancy in
a graphane monolayer. (b) Side view of V¢ vacancy is shown to clearly
indicate that no charge is accumulated on the C atom but on the H
atom. (c) Top view of difference charge density distribution after the
adsorption of the Li atom on the Vcy vacancy (Li—Vcy) in the graphane
monolayer. The blue, green and black atoms represent the Li, H and C
atoms respectively. For comparison purposes, these plots were
generated at the same iso-surface value scale.

7 1 U T I
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_3 L 1 L 1

0 1 2 3 4
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Fig. 6 The formation energies for Li*™=Vep, Li®~Vey and Lit* =V as
a function of E¢. The points where the two lines intersect coincide with
the thermodynamic transition levels.

a result, our relaxed C-C dangling bond distances d4, d, and d3
constructing a triangle-like shape are 2.64 A, 2.42 A and 2.42 A
respectively. Our calculated HSE06 values are about 0.10 A less
than the GGA-PBE values reported by Pujari et al.,** although the
trend is the same. The slightly shorter bond distances in our
calculations should be attributed to the use of exact short range
Hartree-Fock (HF) exchange, that usually underestimates the
structure of carbon systems with a very small magnitude.*
Since creation of a Vcy defect in a graphane model structure
leaves the three nearest neighbour (adjacent) C atoms
surrounding the vacancy, each with a dangling bond, we
suggest that the bond distance d; separates the two carbon
atoms of the same electronic spin, whereas d, and d; separate
those of opposite spins. Thus, the relatively large value of d;
should be attributed to a high Coulomb repulsion of the same

This journal is © The Royal Society of Chemistry 2017
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spin electrons, as compared to those of the opposite spins (d,
and d3). In order to understand the effect of a Vqy defect on the
electronic structure of a graphane monolayer, the TDOS were
evaluated and presented in Fig. 4. Fig. 4(b) shows the TDOS for
aV{, defect. The V&, defect induces the spin polarized mid gap
states with a sharp peak crossing the Er. Experimental charac-
terization of graphane revealed that the deep defect levels are
due to the absence of H** or C* occurring during the synthesis.
Moreover, these partially occupied mid gap states appear only
in the spin-up channel at the Ep, revealing a half-metallic
character. This spintronic effect is crucial in the developing
nanoelectronic field. The fascinating half-metallic nature in
a V2, defect system might be attributed to the effect of dangling
bonds from the three carbon atoms surrounding the Vcy defect.
In agreement with previous studies,* this system is ferromag-
netic with an integral magnetic moment of 1.0 ug.

The obtained magnetic moment of 1.0 up in the three
dangling bonds system can be explained as follows; since it is
well known that each dangling bond should contribute to
1.0 ugp, the dangling bonds on the two C atoms of different
electronic spins pair, and thus result in cancellation of their
magnetic moment contributions. Consequently, the resulting
magnetic moment of 1.0 uy in a V2, defected graphane mainly
arises from the third C atom that has an unpaired electron. To
examine the stability of the induced magnetic state, the
magnetization energy as the total energy difference between the
spin imposed TDOS (spin-polarized) and that of the non-spin
imposed TDOS (non-spin polarized) was calculated. Our calcu-
lated magnetization energy is —169 meV. The negative sign
shows that a V%, defect is more energetically stable in a spin-
polarized state than in a non-spin polarized state, revealing
that the ground state of this defective system is magnetic. Our
calculated magnetization energy is more than the room
temperature thermal energy of 25 meV, indicating that theV2,
defect-induced magnetism is relatively too strong. We further
calculated the partial density of states (PDOS) for a V2, defect
system to explore the origin of its magnetism. Fig. 4(d) shows
the PDOS for one polarized C atom adjacent to the Vcy. The
pronounced peak states seen crossing the Er in Fig. 4(d) origi-
nate from the C 2p orbital electronic configuration in agree-
ment with Pujari et al>* The C 2s orbital has a small
contribution of about 0.2 states per eV. This reveals that the
noted magnetic moment in a V,; defect predominantly origi-
nates from the polarized C 2p orbital, with little contribution
from the C 2s orbital. The H atom attached to this polarized C
atom site does not have any magnetic influence.

Fig. 3(a) clearly indicates that the bond distances
surrounding a V¢y defect are sensitive to charge doping. The
effect of —1 charge doping (Vi) is to expand the distance d; by
the magnitude of 0.02 A and reduce d, and d; by 0.01 A relative
to the values for V2. This indicates that an addition of an
electron into this system slightly increases the coulomb repul-
sion between the two C atoms suggested to have electrons of the
same spin. Fig. 4(a) shows that charge doping into a V¢ defect
does not only affect the geometrical structure but also the
electronic properties. An addition of —1 charge state still gives
the ground state spin polarized TDOS, but doubles the total
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magnetic moment (2.0 ug). We also note that the effect of —1
charge doping introduces extra occupied spin-down states
within the band gap and also pushes the Er to the CBM posi-
tion, revealing that a V{;; defect is a typical n-type defect. This E
shift completely destroys the half-metallic character (see
Fig. 4(a)).

A different scenario is noted when the +1 charge is doped
into the system Vg};. The distance d; decreases significantly by
the magnitude of 0.14 A, while d, and d; expand by 0.07 A
relative to the values of V. It is clear that an addition of +1
charge enforces structural reconstruction around the Vg
defect, because d, is almost equal to d, and ds. This further
suggests that the relaxation of a V{; defect is trying to preserve
the hexagonal 3-fold symmetry. From the TDOS plot of V&
shown in Fig. 4(c), it is noted that the spin-up TDOS and spin-
down TDOS are invertibly symmetrical, revealing that the
ground state of a V&, defect is non-spin polarized and has no
magnetic moment. As mentioned earlier, creation of a Vg
defect leaves its three neighboring C atoms having an unpaired
excited electron each. Then, withdrawal of an electron by the
addition of a +1 charge leaves two excited electrons. The non-
spin polarization ground state in the V§,; defect confirms that
the two polarized electrons pair after structural relaxation.
Fig. 4(c) also shows that the Er has been shifted to the top of the
VBM, indicating that a V3], defect has a deficiency of electrons.
In conclusion, the electronic structure of a Vg defect in the
graphane monolayer can be altered via charge state modulation.
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Properties of Li adatom above the Vcy vacancy in a graphane
monolayer

We further investigated the effects of Li on the induced elec-
tronic states localized on the three adjacent C atoms
surrounding the Vcy defect site, on the same level of accuracy.
Firstly, the Li adatom preferred site on a graphane structure was
examined from the binding energies (E,) calculation analysis.
Fig. 2(a) presents the possible Li adsorption sites surrounding
the Vgy defect in a graphane geometry model. The following
sites were considered; (1) Li adatom above the center of
a hexagon (Li-h), (2) Li adatom above the Vg defect (Li-Veg), (3)
Li adatom above the hydrogen atom (Li-H), (4) Li adatom above
the carbon atom (Li-C) that is bonded to a H atom on the other
side of the layer and (5) Li adatom above the midpoint between
the two nearest neighbour carbon atoms also known as a bridge
site (Li-b). To find the most energetically favourable site, the
binding energy of each Li configuration was calculated using
the following expression;

Ey = Eioq(Ven + Li) — Eo(Ven) — Eo(Li), (5)

where Eo(Ven + Li) and Eyo(Ven) terms are the total energies of
a Vg vacancy in a graphane monolayer with and without a Li
adatom respectively. The term E(Li) is the converged energy of
an isolated Li adatom. Table 2 presents the obtained binding
energies of all the Li configurations considered. We also
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calculated the Li equilibrium height (A#) of all the considered
configurations, also summarized in Table 2.

Table 2 shows that the Li-V¢y configuration is the preferred
site with the highest binding energy of 1.72 eV, followed by Li-
b — Li-C — Li-h — Li-H. The values of A% follow the binding
energy opposing trend of Li-H — Li-h — Li-C — Li-b — Li-
Vcu. The Li-Vgy configuration has the shortest Az suggesting
that the Li adatom is more free to approach the three dangling C
atoms surrounding the Vgy vacancy. This observation is in
consensus with the previous results of a Li adatom above a C
vacancy in a graphene monolayer.>>*° To quantify an interaction
between Li and the graphane system, the amount of charge
transfer ¢ was calculated using the Bader charge analysis.”
Table 2 shows that the sign of the g values is positive, indicating
that an amount of charge has been transferred from the foreign
atom to the substrate, owing to the low electron affinity of the Li
atom (0.62 eV) compared to that of the C atom (1.26 eV). Apart
from configuration Li-H with 0.19e, all other configurations
possess an average of 0.9e charge transfer.

Since our results revealed that a Li-V¢y configuration gives
a stable structure, and that the Li atom bonds strongly with the
graphane substrate although ionically, we further examined its
charge density distribution. Fig. 5(a) and (c) show the iso-
surfaces of difference charge density (Ap) of the V¢ vacancy
in a graphane monolayer and the Li atom on the V¢y vacancy in
a graphane monolayer, respectively. Ap is calculated as the
difference between the initial atomic charge density used to
start the calculation and the final converged charge density. The
red iso-surfaces in Fig. 5 indicate where the electrons would
prefer to go during the electronic cycles. Fig. 5(b) is the side view
of charge density distribution of the Vi vacancy to show clearly
that no charge is accumulated on the C atom but is on the H
atom. Fig. 5(a) shows that the charge density distribution of the
Vcu vacancy in a graphane monolayer is non-uniform, it is
mainly localized around the H atoms as well as at the C-C bond
center. Since the C-C bonding in a graphane monolayer is
covalent, Ap indicates that the electronic charge densities are
minimal at the C atoms (depletion region) but increase towards
the center of C-C bonds (accumulation region). We suggest the
charge density global minimum region to be at the V¢ vacancy.
Fig. 5(c) shows that the charge density distribution of the Li-
Vcu configuration is also non-uniform. It is noted in Fig. 5(c)
that there are no charge densities accumulated around the Li
atom and C-Li bonds. It has been established earlier in this
study that Li donates most of its electronic charge ionically to its
three nearest neighbour C atoms, and gains the positive charge
which can be interpreted as a depleted region. Hussain et al.*
reported that in a pristine graphane monolayer, most of the Li
charge is transferred to six C atoms to which the Li atom is
covalently bonded. Fig. 5(c) shows that there is no iso-surface
charge density on the three C atoms bonded to the Li atom,
but that the charge density is slightly enhanced along the C-C
bonds closest to the Li adatom as compared to the other C-C
bonds far away. This suggests that the three C atoms bonded to
the Li atom can also be regarded as depleted regions because
the charge density accumulated from the Li adatom has been
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further shared with their nearest neighbour C atoms as inter-
preted from the Ap plot (Fig. 5(c)).

We further studied the response of the Li-V¢y structure on
the Li charge state alteration. The effect of Li nominal charge
doping g = —1, 0 and +1 on the thermodynamic stability and
structural and electronic properties of the Li-Vcy structure
(denoted as Li' ~V¢y, Li®~Vey and Li'*-V¢yy) was examined. To
study the thermodynamic stability, the formation energy E¢?(Li-
Vcn) and charge transition levels ¢(g/q’) are calculated using eqn
(2) and (4) respectively.

The formation energies for the Li-V¢y configuration in its
various nominal charge states Li' " ~V¢yy, Li’>~Vcy and Li'™~Vey
as a function of Er are shown in Fig. 6. Calculated at Ex = 0 eV,
the formation energy for Li’-V¢y is 2.42 eV, lower than that of
V¢, by the magnitude of 3.46 eV, revealing an enhancement of
the V2, vacancy stability by the Li atom. Furthermore, Fig. 6
shows that the formation energy for Li'*~Vcy is the lowest for
the entire bottom half of the band gap up to Er = 2.70 eV,
indicating that Li-Vcy may likely act as a deep donor. At the
VBM (Er = 0 eV), its formation energy is negative (—0.25 eV)
revealing the spontaneous (exothermic) formation of the Li ion
(Li*) in the Vcy vacancy system. In the Li'*~V¢y configuration,
the Li adatom relaxes to a A% of 1.51 A from 1.54 A for Li®- V.
The lowest formation energy and small A/ suggest that creation
of an ion in a Li-Vcy configuration further enhances the
binding force between a Li atom and the three dangling C atoms
adjacent to the V¢ vacancy. On the other hand, the formation
energy for the Li' -Vy configuration is 6.49 eV at Ex = 0 eV.
This value decreases as the value of Ey increases across the band
gap and becomes most stable from Er = 4.00 eV to the CBM. The
Li adatom relaxes to a Ak of 1.86 A above the Voy revealing
a relatively weak binding.

The charge transition energy levels for the Li-V¢y configu-
rations obtained from eqn (4) are represented by the intersec-
tion of the formation energy lines on the graphane band gap
shown in Fig. 6. The charge transition energy level values are
£(0/+1) = 2.70 eV relative to the VBM (1.75 eV from the CBM) and
£(0/—1) = 3.98 eV (0.47 eV below the CBM). Comparing Fig. 6
and 2(b), it is noted that the effect of Li is to slightly shift both
the donor and acceptor charge transition levels of V¢y towards
the CBM. Nonetheless, the Li-V¢y configuration acts as a deep
donor, and does not induce n-type conductivity in the graphane
monolayer.

To gain an insight into the electronic properties of the Li-
Vcu configuration, the TDOS were computed and plotted in
Fig. 7. Fig. 7(a)-(c) depict the TDOS for Li' -V, Li’-Vcy and
Li'-Vy respectively. Firstly, we compared the TDOS for the V2,
defect depicted in Fig. 4(b) with those of Li’~V¢y; as shown in
Fig. 7(b). The Li introduces the fully occupied states at 0.85 eV
above the VBM in the spin-down channel. The V,; system is
half-metallic ferromagnetic (see Fig. 4(b)), but for the Li’~Vcy
system, the Li atom fills up the Vcy partially occupied C 2p
states slightly pushing the Er upwards. The fully occupied
induced states, only in the majority spin, are noted at the
vicinity of the Ep. Consequently, the Li®-V¢y system is ferro-
magnetic with an integral magnetic moment of 2.00 up per
supercell, more than that of V%, by 1.00 uz. We further
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examined the origin of the magnetism in a Li°~V¢y system
using the PDOS shown in Fig. 7(d). The pronounced C 2p states
and small contributions of the C 2s states hybridize with the Li
2s states at the vicinity of the Eg. Typically, enhancement of the
magnetic moment by 1.00 ug should be due to the influence of
the Li valence electron and its orbital occupancy (C 2p orbital
states) on the C atoms.

For the Li'"-Vcy configuration, the effect of —1 charge
doping is to shift the Er towards the CBM, leaving most of the
induced in gap states occupied as shown in Fig. 7(a). As a result,
an integral magnetic moment of 3.00 up per supercell is
attainable. An enhancement of the magnetism in a Li' -V¢y
configuration indicates that an injected electron does localize
on the defects and is not distributed all over the supercell space.
The Li'"-Vcy configuration is half-metallic ferromagnetic as
revealed by the TDOS plot shown in Fig. 7(a), and also possesses
the features of an n-type donor system. For the Li'-Vcy
configuration, creation of the Li ion shifts the Er as well as the
corresponding occupied majority spin states by 1.10 eV towards
the VBM as shown in Fig. 7(c), revealing the feature of a deep
donor system. The effects of +1 charge doping remove the Li
induced occupied spin-down states at 0.85 eV above the VBM.
As a result, the induced magnetic moment becomes 1.00 ug per
supercell. This deviation in magnetism suggests that an ejected
electron should originate from the Li 2s orbital states. An
understanding of the variation of the induced magnetism due
to charge state alteration should be clear when considering an
idea of the simple electronic counting from the DOS analysis. It
is concluded that Vcy defect magnetism can be evolved due to
the influence of the Li adsorption as well as its charge state
alteration.

Conclusions

We used a hybrid DFT approach (HSE06) to study the interac-
tion of a Li atom with a Vgy vacancy defect in a graphane
monolayer. Firstly, the effects of a Vcy defect in a graphane
monolayer were investigated in terms of the stability and
structural, magnetic and electronic properties, involving the
influence of charge doping. The formation energies plot anal-
ysis revealed that only the —1, 0 and +1 charge states are ther-
modynamically stable within the graphane band gap, and that
the Vi vacancy is a single deep donor defect, and may likely
compensate the acceptor depending on the position of Eg. The
local geometry of a Vqy defect is very sensitive to the charge
doping. Our results suggest that a Vcy defect induces half-
metallic stable ferromagnetism in a graphane monolayer
mainly originating from the C 2p orbital states. The —1 (+1)
charge doping doubles (suppresses) the Voy defect induced
magnetic moment, and yields a spin polarized n-type (non-spin
polarized) system. In conclusion, the electronic structure of
a Vgy defect in the graphane monolayer can be controlled via
charge state modulation.

Secondly, a Li adatom was introduced into a V¢y defect in
the graphane system and also charged. It was found that the Li
enhances the thermodynamic stability of a Vqy defect. The
formation energy as a function of Ey. plot indicates that the Li-
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Vcu System may likely act as a single deep donor, and is ready to
compensate the acceptor. The Li introduces more occupied
states in the band gap, and also there is hybridization between
the C 2p states and Li 2s states at the vicinity of the Er in the
spin-up channel only, leading to enhancement of the magne-
tism. The —1 charge doping (Li'"-Vcy) further populates the
occupied states in the band gap shifting the Er towards the
CBM. Consequently, the Li'"-Vgy system is half-metallic
ferromagnetic, and possesses pronounced magnetism. The +1
charge doping (Li'*-V¢y) removes some of the Li induced
occupied states, slightly shifting the Ep towards the VBM
leading to a reduction in the magnetic moment. An under-
standing of the variation of the induced magnetism due to
charge state alteration should be clear when considering an
idea of the simple electronic counting from the density of states
analysis. Our findings give an explanation of the origin of
magnetism in a Vcy defective graphane system and suggest
a possible practical way of controlling it.
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