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Fluorine intercalated graphene: Formation of a two-dimensional spin lattice
through pseudoatomization
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A suspended layer made up of ferromagnetically ordered spins could be created between two- monolayer
or multilayer graphene through intercalation. Stability and electronic structure studies show that, when flu-
orine molecules are intercalated between two mono/multilayer graphene, their bonds get stretched enough
(∼1.9–2.0 Å) to weaken their molecular singlet eigenstate. Geometrically, these stretched molecules form a
pseudoatomized fluorine layer by maintaining a van der Waals separation of ∼2.6 Å from the adjacent carbon
layers. As there is a significant charge transfer from the adjacent carbon layers to the fluorine layers, a mixture
of triplet and doublet states stabilizes to induce local spin moments at each fluorine site and in turn form a
suspended two-dimensional spin lattice. The spins of this lattice align ferromagnetically with nearest-neighbor
coupling strength as large as ∼100 meV. Our finite-temperature ab initio molecular dynamics study reveals that
the intercalated system can be stabilized up to a temperature of 100 K with an average magnetic moment of
∼0.6μB/F. However, if the graphene layers can be held fixed, the room-temperature stability of such a system
is feasible.
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I. INTRODUCTION

Graphene has brought a paradigm shift in exploring exotic
quantum phenomena in carbon-based mesoscopic systems
[1–3]. Moving beyond the research on pristine monolayer and
multilayer graphene, the focus has now shifted to physically
and chemically functionalize them in order to generate new
quantum states with promising applications [4–7]. For exam-
ple, in the twisted bilayer graphene, one of the layers is rotated
by a magic angle of 1.1◦ with respect to the other to create
a superconductivity phase [8–10]. By means of chemical
functionalization it is shown that when hBN (hexagonal boron
nitride) is placed on a trilayer graphene, a gate tunable Mott-
insulating phase [11], which is the crux of strongly correlated
electron physics, can be achieved. While many such examples
can be cited, the success is elusive when it comes to induce
long-range magnetic ordering in the graphene family. The ef-
fort in this direction so far had been either through semihydro-
genation [4,5,12–16], transition metal adatoms [17–22], and
natural intercalations [23–29], vacancies [30–35], or through
edge states in the flakes [36–39].

The hydrogenation saturates the π bonds and in turn
destroys the Dirac bands [5]. Although 3d transition metal
adatoms are capable of creating local spin moments (LSM),
these adatoms tend to form clusters, and therefore the long-
range magnetic ordering could not be established through
them [14,20,31]. Furthermore, here, the Dirac states are buried
deep inside the valence band and the partially occupied 3d
states occupy the Fermi level [35]. The same is observed
when the 3d transition metals are intercalated [24,28]. The
isolated vacancies create paramagnetic phase at low temper-
ature with LSM arising due to the sublattice imbalance led

zero-mode π states and the rehybridized σ dangling states
[32,40]. Unfortunately, the LSM are sensitive to the lattice
deformations caused by the vacancies. When the deformation
is nonplanar, which is often the case in experiments [35], the

FIG. 1. Schematic illustration of the equilibrium structure and
the process of magnetization in fluorine intercalated monolayer and
multilayer graphene. For lower separation (d) between the carbon
layers, the instability (due to positive intercalation energy E int) makes
the intercalated F2 molecules to disintegrate and become adatoms.
For intermediate values of d , the molecule is stretched to create
a pseudoatomic state. The latter forms a suspended spin lattice as
confirmed from the spin density shown. The magnetization (red line)
weakens when there is significant charger transfer (�Q; blue line)
between the carbon and fluorine layers. For large d , the carbon layers
and the molecules remain independent.
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strength of LSM reduces to zero. Additionally, the vacancies
in close neighborhood merge to create Stone-Wales defects
[13,41], and diluted vacancies lack spin-spin correlation [13].
Another way to create sublattice imbalance in order to induce
magnetism is to form edges in graphene flakes with a par-
ticular sublattice [36–39]. However, experimental control of
flakes with defined crystallographic orientations remains an
engineering challenge [38,39].

We envisage the formation of LSM through pseudoat-
omization of halogen molecules since in elemental form they
have one unpaired spin in their valence orbital. By pseudoat-
omization, we mean that the halogen-halogen bond length
is sufficiently large to weaken the molecular eigenstates,
while ions are still loosely bound to form a stretched dimer.
Through a combination of computational approaches, here,
we show that the pseudoatomized fluorine can be stabilized
by intercalating the F2 molecules between the AA-stacked
graphene or graphitic slabs. For the latter, the layers adjacent
to the intercalated F2 are AA stacked. While AB stacking
for bilayer graphene is considered to be more stable, there
are experimental evidences showing stable synthesis of AA-
stacked bilayer graphene (BLG) [42–46]. More importantly,
the electronic structure calculations predict the formation of a
suspended ferromagnetically coupled two-dimensional (2D)
spin lattice out of these pseudoatomized fluorine layers as
shown in Fig. 1. This resonates very well with our analysis
on free F2 molecule where we show that if F2 molecule
is stretched to the bond distance of 1.9–2.0 Å, a weakly
bound triplet state is achieved. Earlier calculations carried out
using configuration interaction method also predicts a weakly
bound triplet state for the F2 dimer when its bond length is
close to 1.9 Å [47–49]. Further, the charge transfer from the
graphene to fluorine led to formation of a negatively charged
F2 (doublet) lattice giving rise to possible mechanism for the
pseudoatomization process.

In the absence of experimental and theoretical studies on
the F2 intercalation, earlier ab initio studies have predicted
the formation of fluorine adatoms [50–52] or adsorption of
a singlet F2 on a graphene sheet [53,54]. The energy barrier
for dissociation of adsorbed F2 molecule to atomic state
and the intercalated site preference compared to the adatom
position is discussed in the Appendices E and F. Also, the
thermodynamical stability of the suspended fluorine layer
is examined through finite-temperature ab initio molecular
dynamics simulations. The results reveal that the formation
of pseudoatomized fluorine layer is stable up to a temperature
around 100 K, beyond which the graphene layer transforms to
AB stacking and the adatoms are gradually formed. However,
if the graphene layers are held fixed, the pseudoatomized
fluorine layer remains stable even at room temperature which
is worth exploring as recent experimental studies show that
mechanically and chemically it is possible to control the in-
terlayer separation in graphene and related systems [55–59]. It
has been experimentally demonstrated that the interlayer spac-
ing can be controlled mechanically by hydrostatic pressure
[57]. External pressure regulation has also been a viable route
to control interlayer spacing in graphene oxide membranes
[56]. Other nontrivial ideas include deposition of a gold bar
of desired thickness between two graphene layers [55]. In
this way, along with the separation, the angle between two

graphene layers can be tuned. Computationally, it has been
shown that hydrated cations between graphene layers can
be inserted for precise control of interlayer spacing between
graphene layers [60]. In general, experimenters are actively
pursuing research on controlling the interlayer spacing in 2D
materials in general through chemical and physical means as it
opens up several application perspectives in the field of energy
materials [59]. We strongly believe that in future the precise
control of interlayer spacing will be experimentally possible.

The selection of fluorine over chlorine and bromine in-
tercalation is based on their bond lengths and bond energies
which are F2 (1.42 Å, 1.6 eV), Cl2 (2.0 Å, 2.48 eV), and
Br2 (2.3 Å, 1.97 eV) [61]. Since the lattice parameter of
graphene/graphitic slab is 2.46 Å, the latter two will not
be stretched significantly in order to weaken the molecular
eigenstates. Whereas, fluorine can be stretched up to ∼1 Å
so that molecular interactions can be weakened [48]. The
weak bond energy felicitate such stretching. We have also
examined the possibilities of nitrogen and oxygen as they can
provide three and two unpaired spins when pseudoatomized.
However, N2 has stronger affinity to be in the singlet state,
whereas O2 intercalation leads to an endothermic process. The
unsuitability of all elements other than fluorine is discussed
quantitatively in Appendix A.

The rest of the paper is organized as follows. Section II
provides the details of the computational approaches which
include DFT, climbing image nudged elastic band (CI-NEB),
and ab initio molecular dynamics (MD) simulations. Sec-
tion III presents results and discussion. In this section we first
analyze the electronic structure of the free F2 dimer. Next, we
carried out the stability and dimerization (pseudoatomization)
of the intercalated F2 molecules with graphene/graphitic slabs
as host. Finally, the electronic and magnetic structure of
the pseudoatomized intercalated fluorine layer is presented
followed by the discussion on F−

2 doublet formed as a result
of charge transfer from the graphene to fluorine. Section IV
summarizes our findings and concludes the study. In the
Appendices we have presented further data to complement the
main text.

II. COMPUTATIONAL DETAILS

The spin-polarized density functional calculations
are carried out using plane-wave-based pseudopotential
approximations as implemented in QUANTUM ESPRESSO

(QE) [62]. The exchange-correlation functional is treated
within the framework of generalized gradient approximation
as developed by Perdew, Burke, and Ernzerhof [63]. The
interlayer van der Waals interactions between graphene layers
are considered using the Grimme-D2 correction [64]. The
plane waves are expanded with a kinetic energy cutoff of
30 Ry and the charge density cutoff of 300 Ry. While for
structural relaxation, a k-point grid of 8 × 8 × 1 is used,
for electronic structure calculations a denser k-point grid of
16 × 16 × 1 is employed. To obtain the ground-state structure
for each intercalated system, the separation (d) between
the two monolayer and multilayer graphene is varied, and
for each d , structural relaxation is carried out by restricting
the out-of-plane motion of the carbon atoms. As each of
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FIG. 2. (a), (b) The potential energy of singlet and triplet states of a free F2 dimer as a function of internuclear distance as calculated
using coupled cluster based CCSD with 6-311G(d, p) basis sets and pseudopotential method employed on an artificial periodic system (see
the computational details), respectively. The singlet configuration (1�+

g ) forms the global minimum and the triplet configuration (13�u) forms
a local minimum. The eigenstates and charge density of (b) for the (c) 1�+

g configuration and (d), (e) 13�u configurations.

the calculations are carried out in a periodic arrangement,
a vacuum of 15 Å is used to maintain the isolation of the
intercalated systems. A set of climbing image nudged elastic
band (CI-NEB) method [65] calculations are performed to
estimate the potential barrier of F2 molecule stretching and
dissociation to atomic state in the considered intercalated
systems. Here, we have performed the calculations for free
F2 dimer, fluorine intercalated between two monolayers of
graphene with full coverage (FF) and half-coverage (HF).
Also, the same has been carried out between two sets of
AA-stacked bilayers and trilayers (AAA and ABA stacking).

The spin-polarized Born-Oppenheimer ab initio molecular
dynamics calculations are performed using VASP [66]. The
valence electrons are expanded using plane-wave basis sets
with a kinetic energy cutoff of 400 eV, whereas the core
electrons are approximated using projector augmented wave
(PAW) approach [67,68]. We choose the smallest possible
supercell to model fluorine intercalation at 0 K. As we wish
to access dynamical stability of intercalated fluorine at finite
temperature, we choose a supercell that is twice as large
compared to one used at 0 K to give fluorine atoms higher
degree of freedom. Such degree of freedom allows formation
of fluorine molecule. Here, we have used a k-mesh size of 2 ×
2 × 1 and time step of 1 fs. The systems are first thermalized at
different temperatures (NVT) using Nose-Hoover thermostat
for a duration of 2.0 ps followed by production run for 5 ps.
The singlet, doublet, and triplet configurations of the free
F2 dimer are analyzed using the QE-based pseudopotential
method within the framework of PBE-GGA. Here, the dimer
is kept in a cubic box of side 15 Å to replicate a periodic sys-
tem. The free-space calculations are also done using coupled
cluster with single and double excitation’s (CCSD) level of
theory [69,70] with a 6-311G(d, p) basis sets as implemented
in GAUSSIAN09 [71].

III. RESULTS AND DISCUSSION

A. Free F2 dimer

Earlier studies on isolated F2 molecule, carried out
using the multireference single- and double-excitation

configuration interaction (MRDCI) method [47–49] show
that aside from the singlet ground state (X 1�+

g ; electronic
configuration: σ 2

g π4
u π4

g σ 0
u ), a weakly bound covalent triplet

state (13�u; σ 2
g π4

u π3
g σ 1

u ) with a potential well of depth
0.05–0.2 eV, can form when the bond length is in the range
1.9 to 2.0 Å. As we will see in the coming sections, this
study of F2 intercalation stabilizes a triplet bound state
for the pseudoatomized F2 dimer. Hence, it is desirable
to first examine the electronic and spin structure of the
free F2 dimer in further details using the first-principles
calculations.

The total energy of F2 dimer as a function of bond length
(dF-F) is shown in Fig. 2(a) for the free-space configuration
using CCSD/6-311G(d, p) method and (b) for the periodic
configuration using the pseudopotential method (see the com-
putational details). The noticeable difference among binding
energy values obtained from these two methods as well as the
MRDCI method is due to the fact that the saturation energy of
molecules is very sensitive to the methodology and the basis
set considered for the calculations [72,73]. Also, the artificial
cubic box that was adopted for the pseudopotential calcula-
tions cannot appropriately represent the free-space configura-
tion. However, both CCSD and pseudopotential results infer
that there is a global minimum around dF-F = 1.42 Å, which
corresponds to the ground-state singlet X 1�+

g configuration
whose eigenstates and corresponding charge densities are
shown in Fig. 2(c). In addition to the global minimum, a local
minimum appears at dF-F = 1.80 Å.

The ground-state electronic configuration at this local min-
imum is an excited triplet 13�u state, whose eigenstates and
corresponding charge densities are shown in Figs. 2(d) and
2(e). If we enforce a singlet configuration (not shown here) at
this local minimum, the states σu and πg coincide, and since
now they are partially occupied. This initiates hopping among
the states leading to increase in the kinetic energy. This kinetic
energy driven instability is overcome by Hund’s coupling.
Now the order and occupancy of the spin-up eigenstates is
σ 1

g π2
u π2

g σ 1
u [Fig. 2(d)]. The spin-down states are raised above

by an average value of 2.22 eV and their order and occu-
pancies are given by σ 1

g π2
u π1

g σ 0
u [Fig. 2(e)]. This electronic
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FIG. 3. (a) The side and top views of the optimized structure where fluorine is intercalated between two graphene monolayers for the case
of full fluorination (MI-FF) and half-fluorination (MI-HF). (b) The intercalation energy E Int as defined in Eq. (1), for FF and HF as a function
of separation (d) between the two adjacent monolayers. (c) Carbon-fluorine interaction energy (E Int

C-F), stretching energy of fluorine (Estretch
F-F )

[see Eq. (2)], and optimum distance between two neighboring fluorine atoms (dF-F) intercalated between monolayer graphene as a function of
interlayer separation. (d) For the MI-HF system, relative potential energies (with respect to initial configuration) along the minimum energy
path, as the fluorine molecule stretches from the initial configuration (dF-F = 1.42 Å) to the final configuration (dF-F = 2.46 Å) at various values
of d . Upper inset shows change in total energy of the F2 molecule with change in the F-F distance for F2 intercalated at d = 5.25 and 10 Å,
respectively. (e) The local spin moment at each F site, and the charge transfer (�Q) from graphene to each fluorine atom for MI-FF and MI-HF
systems.

configuration agrees well with the aforementioned MRDCI
studies.

B. Stability of the fluorine intercalation

The preceding subsection suggests that if fluorine molecule
can be stretched and held at F-F distance of around 1.9 Å,
magnetic moments can be induced, and it requires to over-
come a potential barrier of ∼1.5 eV [see Fig. 2(a)]. In this
section, we will find that such a stretching is possible by inter-
calating fluorine molecule between two AA-stacked graphene
layers. The optimized structure of this intercalated system is
shown in Fig. 3(a). The fluorine atoms are found to occupy
each carbon hexagons, and the equilibrium position is ob-
served to be midway between two adjacent carbon layers. For
our choice of 2 × 2 graphene supercell, there are four carbon
hexagon center positions available and so a maximum of two
F2 dimers can be accommodated between the carbon layers.
If all available carbon hexagons are occupied with fluorine,
we call it as fully fluorinated (FF), and if half of them are
occupied we call it half-fluorinated (HF) system. Depending
on the graphene layer thickness, the systems are named, e.g., if
fluorine is intercalated between two single layers of graphene
it is called as monointercalated (MI) system and similarly
for bilayer (BI) and trilayer (TI) the naming are followed.
For MI-FF and MI-HF systems, the F-F distance is 1.96 and

1.97 Å, respectively, and equilibrium interlayer separation is
5.50 and 5.25 Å, respectively.

We examine the stability of fluorine intercalated systems
for both MI-FF and MI-HF cases by comparing total energy
of intercalated system with respect to AA-stacked bilayer
graphene and fluorine molecule. We calculate the intercalation
energies at various bilayer graphene separations by taking
AA-stacked bilayer graphene at corresponding separation as
reference given by the following expression:

E Int (d ) = EG-F(d ) − EG(d ) − NEF2 . (1)

Here, EG-F is the total energy of the structurally optimized
intercalated system for a given separation d between the
upper and lower carbon layers, EG is the energy of the

TABLE I. The values of dm and dF-F are in Å, E Int in eV, and
the average magnetic moment (M) per fluorine atom in μB for the
intercalated systems in their ground state.

Intercalation
Full fluorinated Half-fluorinated

stacking dm dF-F E Int M dm dF-F E Int M

MI 5.50 1.96 −0.26 0.74 5.25 1.95 −0.63 0.57
BIAA 5.27 1.94 −0.32 0.72 5.16 1.92 −0.48 0.46
TIAAA 5.28 1.94 −0.35 0.72 5.22 1.92 −0.44 0.43
TIABA 5.31 1.94 −0.25 0.73 5.00 1.95 −0.57 0.52
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bilayer graphene at respective separation d . EF2 is the total
energy of an isolated F2 molecule and N is the number of
F2 molecules intercalated. The equation provides the E Int

assuming graphene layers are separated at distance d , and then
the F2 molecules were intercalated through the layers.

Figure 3(b) shows that there exists an E Int energy minima,
which is negative for both half- and full-fluorinated systems.
Optimum separation (dm) for FF and HF coverage is 5.5
to 5.25 Å, respectively. It is worth noting that as coverage
decreases, interlayer separation (dm) decreases. Considering
the case of MI-FF, we found that for the AA-stacking config-
uration, the intercalation is observed to be energetically more
favorable by ∼1 eV than that of adatom configuration which
is discussed in detail in the Appendix F.

To understand the optimum graphene layer separation and
fluorine-fluorine distance, we calculate carbon and fluorine
interaction energy (E Int

C-F), and fluorine and fluorine stretching
energy (E stretch

F-F ). E Int
C-F and E stretch

F-F are given by the following
equations:

E Int
C-F(d ) = 1

2

[
EG-F(d ) − E stretch

F-F (d )
]
,

(2)
E stretch

F-F (dF-F) = EF2 (dF-F) − EF2 (d0),

where E Int
C-F is expressed as difference in total energy of in-

tercalated bilayer graphene and total energy of noninteracting
fluorine molecule stretched to the same length as in bilayer
graphene. E stretch

F-F represents the energy cost to stretch F2 to
a bond length dF-F, greater than the equilibrium bond length
(d0 ∼ 1.42 Å). The factor 1

2 accounts for the fact that the
fluorine layer interacts with two neighboring carbon layers.
For MI-HF system, the E Int

C-F and E stretch
F-F are plotted as a

function of d in Fig. 3(c). There are two factors that lead to
optimal separation of graphene layers, for d = 5.25 Å carbon
interaction with fluorine is strongest and at the same time,
fluorine-fluorine stretching energy have saturated, with local
minima at 1.92 Å.

The stretching of F2 after intercalation is further examined
from the energy contours obtained through the NEB method,
and the results for the MI-HF system are shown in Fig. 3(d).
Here, initial and final configurations represent the molecule
with bond distance of 1.42 and 2.46 Å, respectively, as shown
in the lower insets of Fig. 3(d). The plot depicts the relative
(with dF-F = 1.42 Å intercalated between graphene layers as
reference) potential energy as a function of dF-F for various
values of d . The minimum energy path was found to be coin-
ciding with the line connecting the centers of two neighboring
hexagons. The global energy minimum, represented through
the yellow squares, found to be shifting toward the initial
configuration with increasing d . As d approaches 10 Å, free
molecule configuration is achieved, which is further verified
by comparing the change in energy of the noninteracting F2

molecule and the intercalated molecule as a function of dF-F

[see upper inset of Fig. 3(d)].
The free fluorine at dF-F ∼ 1.9 Å induces magnetic mo-

ment close to 1μB on each fluorine atom. It is expected that
each pseudoatomic fluorine intercalated between graphene
layers would induce similar magnetic moments. However,
as shown in Fig. 3(e), maximum magnetic moments on
fluorine atoms in MI-FF and MI-HF systems are approxi-

mately 0.75μB and 0.6μB, respectively. For both systems,
as d increases, the magnetic moment on fluorine increases
initially, and then remains saturated for a certain range of d
before it falls rapidly to zero. With large d , the molecular F2

stabilizes in singlet configuration, hence does not result in any
magnetic moment. Less than expected magnetic moment in
the intercalated system can be attributed to the charge transfer
from carbon to fluorine. The larger the charge transfer, the
lesser the magnetic moment. Detailed mechanism is explained
from electronic structure in a later section.

We have also studied the stability of intercalated fluorine
in multilayer graphene and the magnetic moment on fluo-
rine. In Table I, we have listed the minimum equilibrium
interlayer separation (dm), corresponding F-F bond distance,
intercalation energy, and the magnetic moments for fluo-
rine intercalated between monolayer (MI), bilayer (BI), and
trilayer (TI) graphene. Optimized structures for BI and TI
systems are discussed in Figs. 10 and 11 of Appendix B.
For all cases, intercalation energy is negative, suggesting that
pseudoatomization is feasible in multilayer graphene systems
as well. Induced magnetic moment only depends on the
coverage of fluorine, not layers of graphene involved. It is
also worth noting that for all coverage and layers of graphene,
dF-F is approximately 1.92 Å, it could be because of stable
triplet state at similar F-F distance observed in noninteracting
fluorine molecule.

C. Stability at finite temperature

Since the DFT calculations were performed at 0 K, it
is important to understand the stability of the system as a
function of temperature. In order to access the structural
integrity of fluorine intercalated between two AA-stacked
bilayer graphenes at finite temperature and its magnetic char-
acteristics, we have carried out spin-polarized ab inito MD
calculations. Due to bigger system size and large number
of electrons, the calculations have been carried out for a
time period of 5 ps at few choices of temperatures up to a
maximum of 300 K after the initial thermalization steps. Here,
we present MD results for two conditions: half-fluorinated (i)
freestanding and (ii) fixed graphene layer (d = 5.25 Å).

First, we discuss half-fluorinated freestanding graphene.
Figure 4(a) shows the average value of total energy as a
function of temperature, which increases monotonically from
−612 to −611.13 eV with increase in temperature (T ) from
25 to 100 K. Detailed statistical time evolution of the system
is shown in Fig. 12 of Appendix C. As the temperature of
system is increased to 125 K, the total energy of the system
drops to −612.2 eV, which indicates the structural transition.
Structural analysis shows that the system has transformed to
AB-stacked bilayer graphene, with F forming covalent bond
with C at a length ∼1.48 Å as shown in Fig. 4(d). As a result,
the average magnetic moments of fluorine decrease from 0.65
to 0.3μB [Fig. 4(b)]. The MD analysis of fully fluorinated
(MI-FF) case shows that the system is stable up to 75 K, and
beyond that magnetic moments of the system vanish as shown
in Fig. 13 of Appendix D.

Furthermore, we carry out the MD simulation of half-
fluorinated bilayer graphene (with equilibrium separation be-
tween graphene, d = 5.25 Å), by freezing the position of
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FIG. 4. Freestanding MI-HF: Average values of (a) total energy, (b) C and F distance (dC-F), and the magnetic moments per fluorine at
specific temperatures. (c), (d) Snapshots of the structure at T = 25 and 125 K, respectively. The latter presents a critical temperature at which
the AA-stacked graphene layer transforms to AB-stacked layer and the adatom formation starts to take place. The statistical uncertainties of
the data are presented in Fig. 12 of Appendix C. (e)–(h) Repeat (a)–(d) for fixed MI-HF (d = 5.25 Å): average values of (e) total energy, (f)
C and F distance (dC-F), and the magnetic moments per fluorine at specific temperatures. (g), (h) Snapshot structure at T = 100 and 300 K,
respectively. For fixed MI-HF, the AA-stacking is maintained.

carbon atoms. We observe that for such systems, the magnetic
moment does not vanish even at room temperature, as shown
in Figs. 4(e)–4(h). Structural analysis shows that fluorine
atoms remain pseudoatomized and do not form a bond with
carbon atoms.

We may note that as shown in Table I and Fig. 10 of
Appendix A, fluorine intercalation between two sets of ABA
graphitic slabs also shows similar stable magnetic layer for-
mation. As graphitic slabs are more stable than the graphene
due to layer cohesivity, it is expected that, unlike the case
of intercalation between two monolayer graphene, in these
trilayer intercalated systems the probability of large-scale

structural distortion including adatom formation will be sig-
nificantly lower.

D. Magnetization driven by pseudoatomization: A
triplet perspective

To understand the cause of magnetic moments in the fluo-
rine intercalated system, we have plotted the spin-polarized
band structure in Fig. 5. The first observation is that the
Dirac states remain unperturbed, and the carbon layers remain
nonmagnetic. However, the Dirac state lies above the Fermi
level (EF ) to imply that there is a charge transfer from carbon
layers to the intercalated fluorine pseudoatoms as indicated
through green shaded areas. In an ideal triplet state, there are

FIG. 5. The spin-polarized band structure and DOS of MI-
FF and MI-HF systems for different interlayer graphene separa-
tions (d). The blue bands represent the F states in the spin-down
channel. The green color shaded regions show the shifting of the
graphene Dirac states above the Fermi level, implying charge
transfer from graphene to fluorine layers. The partial DOS of
F-p in spin-up and -down channels are shown in red and blue
color, respectively. The total DOS is shown in gray shaded
regions.
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FIG. 6. The upper panel shows three different magnetic config-
urations: ferromagnetic (FM), A-type antiferromagntic (A-AFM),
and G-type antiferromagntic (G-AFM). Corresponding to each of
these configurations, the LSM at each fluorine site is indicated.
The lower panel shows the band structure in A-AFM and G-AFM
configurations. The FM band structure is shown in Fig. 5(b).

two empty spin-minority states. However, as a consequence of
charge transfer, the otherwise empty spin-minority states (one
per F) are now partially occupied. For example, in the case of
MI-FF with d = dm [Fig. 5(a)], all the F-p states are occupied
in the majority-spin channel. However, in the minority-spin
channel, out of the four supposed to be empty states [Fig. 5(b),
shown in blue], one is partially occupied. Similarly, in the
MI-HF system [Fig. 5(e)], out of the two supposed to be empty
states, only one is partially occupied in the spin-down channel,
whereas all the F-p states are occupied in the spin-up channel
[Fig. 5(d)]. These additional spin-down occupancies reduce
the magnetic moments from 1μB. Table I lists the average
LSM per F for intercalated systems in their ground state. For
larger d (= 10 Å), the molecular state of fluorine is favored
and hence no magnetization is expected [see Figs. 5(g)–5(i)].
The DOS plotted on the right panel of Fig. 5 complement the
band structures. The magnetizations of BI and TI systems are
found to be similar to that of the MI systems (see Appendix B)
which suggests that the charge transfer mechanism drives
the magnetic moments in this family. We also find a direct
correlation between the charge transfer and the stability of the
system. Increase in charge transfer increases the intercalation
energy which perturbs the system.

The correlation among the LSM of the intercalated spin
lattice is examined from the total energy of the three spin
arrangements: (I) ferromagnetic (FM), (II) A-type antiferro-
magnetic (A-AFM), and (III) G-type antiferromagnetic (G-
AFM) as shown in Fig. 6 (upper panel). The saturated LSM
in each of these configurations for the MI-FF system are also
indicated in Fig. 6. The AFM couplings, due to increase in
charge transfer (�Q), reduce the LSM. As we move from
FM to A-AFM to G-AFM ordering, the average LSM (�Q)
becomes 0.76μB (0.24e), 0.51μB (0.49e), and 0.38μB (0.62e),
respectively (see Fig. 6). Since the instability grows with the
increase in �Q, the FM configuration becomes more stable.
For the MI-FF system, the FM configuration is stable over
the A-AFM configuration by 0.51 eV and over the G-AFM
configuration by 0.76 eV. Subjecting these values to a spin-

FIG. 7. (a), (b) The potential energy curve of free F−
2 as cal-

culated using the CCSD formalism with 6-311G(d, p) basis set
and pseudopotential method with plane-wave basis set, respectively.
These curves infer that the equilibrium bond length lies somewhere
between 1.91 to 2.05 Å. (c), (d) The eigenstates and the charge den-
sities of spin-up and -down channels at dF-F = 2.05 Å, respectively.

dimer picture with E↑↑-E↑↓ = 2J with J as the magnetic
exchange coupling, one can find that EFM-EA-AFM = 4J and
EFM-EG-AFM = 8J . This yields an average J of ∼ − 100 meV
favoring parallel alignment. In practice, the J’s are expected
to be spatially anisotropic due to unequal LSMs and F-F bond
lengths.

E. Perspective of formation of a doublet spin lattice

Adding an extra electron to fluorine can create a F−
2 dimer

which can stabilize in a doublet state. Since carbon layers
transfer substantial electrons to the intercalated fluorine layer,
the formation of doublets cannot be ruled out. To understand
the charge-mediated doublet formation, we first examined a
free F−

2 doublet energetics and the spin moments as shown
in Fig. 7. Our free-space CCSD and artificial aperiodic pseu-
dopotential calculations show that the doublet has a bound
state with an equilibrium bond length lying around 1.91 and
2.05 Å, respectively. The earlier works using multiconfigura-
tion valence band (VCB) and configuration interaction (CI)
methods have also reported formation of a bound state at an
average bond length around ∼1.8–2.0 Å [74–76]. Keeping
aside this discrepancy over the equilibrium bond length like
the triplet, which might be arising out of the methods using
functions and basis sets, our results indeed show that the
ionic dimer is elongated to stabilize a doublet. The positioning
of the spin-resolved eigenstates are shown in Figs. 7(c) and
7(d). The unoccupied πg state of the triplet configuration
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FIG. 8. (Left) The local spin moments at each fluorine site
of a (a) F−

2 doublet lattice, (b) neutral F2 lattice, and (c) F2

intercalated system at d = 5.25 Å separation, and (right) their
corresponding spin-up and -down band structures.

is now occupied with the additional electron in the doublet
configuration to yield a net magnetic moment of 1μB.

As a next step, we considered the fluorine lattice identical
to the one formed in the half-fluorinated intercalated system,
but free from the adjacent carbon layers. To emulate the
configuration, we added one additional electron. The resulted
electronic structure is demonstrated in Fig. 8(a). Compared
to an isolated doublet in free space, the magnetic moment in
the doublet lattice is little more than 1μB. This may be due to
the fact that the otherwise empty higher-lying excited states
are now dilute occupied in this charged lattice which in turn
alters the occupancy of the hybridized p states of the dimer.
This can be observed from Fig. 8(a). For comparison with
the doublet lattice, we have shown the band structure of the
neutral F2 lattice in Fig. 8(b). The neutral lattice as expected
stabilizes in a triplet state with spin moments of 1μB at each
fluorine site. A close observation of the band structure shows
that the dispersive nature in both the cases is nearly identical
except reposition of the bands. In the neutral lattice, there is
a shifting of a πg band just above the Fermi level as it has
one electron less. In addition, other excited states are now
completely unoccupied as they are about 8 eV above the Fermi
level (not shown here).

As shown in Fig. 8(c), in the intercalated system, F-s, p
dominated bands are resembling the free F2 (doublet and
triplet) lattice. While the positioning of the πg bands re-
sembles that of the doublet lattice, the excited states which
were earlier lying close to the Fermi level are away from
it as in the case of triplet lattice. Therefore, two possible
cases arise. (i) As proposed earlier, the triplet state leads to
the formation of the spin lattice with a reduced magnetic
moment (less than 1μB per triplet). The reduction is due to
an increase in the occupancy in the spin-minority channel
through charge transfer from the graphene to the F2 lattice.
(ii) Instead of triplet, the doublet spin lattice is formed due to
the charge transfer. However, as the composite configuration
is neutral, unlike the free doublet lattice, here the excited
states remain far away from the Fermi level. However, as
in the case of full fluorination, the average charge transfer
is insufficient to make each pair of fluorine a doublet, it is

most likely that the formation of the spin lattice is due to
random distribution of triplet and doublet states. The adopted
mean-field method is not adequate to eliminate one or the
other.

IV. CONCLUSIONS AND OUTLOOK

This work explores the possibility of inducing stabilized
magnetic layer through intercalation of molecules such as
such as N2, O2, F2, Cl2, and Br2. Out of these, fluorine
provides a sweet spot between bond energy and bond length,
leading to pseudoatomization once intercalated between AA-
stacked graphene or graphitic slabs. The pseudoatomized
configuration, which is basically a stretched dimer, is capable
of stabilizing a triplet bound state for the charge-neutral
fluorine layer or a doublet state with negatively charged (one
electron per F2). Our study shows that there is a reasonable
charge transfer from the adjacent graphene layers to the
fluorine layer. Therefore, there will be a distribution of dou-
blets and triplets in the intercalated layer. Graphene provides
added advantage of 2D lattice, as intercalated fluorine can
adopt underlying symmetry of graphene, and we observed
that the magnetic monolayer of fluorine is stable. Ab initio
MD analysis show that the system can be stabilized up to
100 K, and by keeping the graphene layers fixed can lead
even to room-temperature stability for the half-fluorinated
system. Our simulations open up formation of suspended
magnetic layers via route of pseudoatomization. If experi-
mentally synthesized, this can serve as a platform to study
the low-temperature physics of mesoscopic spin systems.
From the application point of view, the proposed intercalated
systems also carry significance. The pseudoatomized fluorine
molecule with partial intercalation in graphene would give
rise to uniformly distributed magnets. This can be used as
magnetic tape with theoretical density in order of 102 Tb/inc2,
which is significantly higher than the latest magnetic tape
announced by Sony with storage capacity of 148 Gb/inc2

[77]. Amongst other systems to form magnetic layers, encap-
sulating F2 in carbon nanotubes at appropriate diameter may
be promising in this direction.
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TABLE II. The optimized interlayer separation dm, intercalation
energy E Int [see Eq. (1)], and net magnetization when N2, O2, Cl2,
and Br2 are independently intercalated between two graphene layers.

Full coverage Half coverage

N2 O2 Cl2 Br2 N2 O2 Cl2 Br2

dm (Å) 7.55 6.38 6.60 6.85 6.43 6.28 6.58 6.85
E Int (eV) 0.17 0.14 1.78 3.84 0.08 0.07 −0.25 −0.59
M (μB/atom) 0 0.60 0 0 0 0.50 0 0
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APPENDIX A: INTERCALATION OF N2, O2, Cl2, AND Br2

BETWEEN TWO MONOLAYER GRAPHENE

Even though the main text has discussed fluorine interac-
tion, to develop a comprehensive understanding of intercala-
tion of elemental molecules, we have examined the case of N2,
O2, Cl2, and Br2, and the results are listed in Table II. While
the N2 and O2 exhibit an energy minimum with respect to the
carbon layer separation (dm), the intercalation energy [Eq. (1)]
is found to be positive which suggests that such intercalation
may not be practically feasible. Also, instead of molecular
bond stretching, these molecules tend to flip vertically as
shown in Fig. 9 and hence remain in the molecular state. In
the halogen family, the molecular bond length increases with
atomic number. While the Cl2 bond length is 2.0 Å, that of Br2

is 2.3 Å. Therefore, even if they are intercalated, the bonds
will not be stretched enough, owing to the restriction of the
graphene lattice parameter of 2.46 Å, to decouple the molec-
ular eigenstates and relatively high bond dissociation energy
[61]. Hence, neither magnetization nor pseudoatomization are
expected in these cases. Therefore, F2 is found to be the only
elemental molecule among the examined cases, where the
pseudoatomization and the formation of a suspended 2D spin
lattice can be envisaged.

APPENDIX B: INTERCALATION OF FLUORINE
BETWEEN MULTILAYER GRAPHENE

As in the case of MI systems, the energy minimum occurs
due to a strong interaction between the carbon and fluo-
rine layers [see Figs. 10(b) and 10(c)]. Also, as shown in

FIG. 9. The optimized structure of N2, O2, Cl2, and Br2 interca-
lated AA-stacked bilayer graphene.

Fig. 10(d), the variation of LSM and �Q with respect to d
nearly replicates that of the MI systems. The spin-polarized
band structure for the TIABA

FF systems reveals the following.
The trilayer ABA band structure is unaffected except there is a
constant upward shift in the energy which arises due to charge
transfer between the graphene and fluorine layers. The unoc-
cupied F-p states in the spin-down channel [see Figs. 10(f)
and 10(i), blue bands] form the spin moment as in the MI
systems which is further confirmed from the densities of states
of Figs. 10(g) and 10(j). Similar observations are made for the
BIAA, BIAB, and TIAAA systems and are shown in Fig. 11.
However, few of the crucial quantitative data are listed in
Table I. The successful stabilization and magnetization of the
TIABA systems also suggest that the idea of pseudoatomization
and formation of a suspended 2D spin lattice can also be
realized through fluorine intercalation between graphite slabs,
where the carbon layers are stacked with the ABAB pattern.

Figures 11(a)–11(f) display the relaxed configurations for
fluorine intercalated between two sets of bilayer (AA) and
trilayer (AAA) graphene. Figures 11(g)–11(l) shows spin-
polarized total and F-p projected density of states for the
BIAA

FF , BIAA
HF , TIAAA

FF , and TIAAA
HF systems. These systems follow

the same mechanism of stabilization and magnetization as in
the case of monolayer intercalated systems which is discussed
in the main text.

APPENDIX C: TIME EVOLUTION OF FREESTANDING
MI-HF SYSTEM AT DIFFERENT TEMPERATURES

Figures 4(a) and 4(b) of the main text present the aver-
age total energy, C-F distance, and the magnetic moment.
However, a better understanding emerges by looking at the
dynamical evolution. Taking freestanding MI-HF system as
the example, in Fig. 12 we show the time evolution of the
total energy, C-F distance, and magnetization at different
temperatures up to 125 K [Figs. 12(b)–12(d)]. The total
energy of the system gradually increases with increase in
temperature. However, at 125 K the total energy of the system
drops approximately from −611.1 to −615.2 eV after the 3
ps [Fig. 12(b)]. This clearly indicates the structural transition
in which the AA-stacked layer transforms to AB-stacked
graphene and subsequent formation of covalent bond between
C and F. This is more clear from the dynamical evolution
of C-F distance from 2.55 to 1.48 Å [Fig. 12(c)]. Owing to
the C-F bond, the average magnetic moment of the system
reduces from 0.6μB to 0.3μB [Fig. 12(d)], which eventually
will drop to zero after sufficient time period and with slight
increase in temperature.

APPENDIX D: AB INITIO MD STUDY OF MI-FF SYSTEM

The ab initio MD analysis on MI-FF system at several
temperatures for both cases: graphene layers (i) freestanding,
and (ii) fixed at d = 5.5 Å are shown in Fig. 13. In the
case of freestanding MI-FF system, the system average total
energy sharply drops from −626.5 to −628 eV with increase
in temperature from 25 to 75 K [see Fig. 13(a)]. This is
due to structural transformation of AA stacking to the AB
stacking which drives the formation of C-F covalent bond.
Also, with increase in temperature, the kinetic energy of
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−F
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Å
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FIG. 10. (a) The optimized structure of TIABA
FF and TIABA

HF . (b), (c) The various energy terms, defined through Eqs. (1) and (2), explaining the
stability of fluorine intercalation between two ABA trilayer graphene. (d) The average local spin moment and charge transfer (�Q) for TIABA

FF

and TIABA
HF systems as a function of interlayer separation d . (e)–(g) The spin-polarized band structure, and total (shaded) and F-p projected

(colored) DOS for the TIABA
FF system. (h)–(j) Represent the same as in (e)–(g), but for the TIABA

HF system.

FIG. 11. (a)–(f) The optimized structure of fluorine intercalated bilayers (BIAA), and trilayers (TIAAA) with full (FF) and half- (HF) fluorine
coverage, and (g)–(l) their corresponding spin-polarized total DOS along with the partial F-p states.
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FIG. 12. (a) The statistical fluctuation in temperature around the average value. The time evolution of (b) total energy, (c) C − F distance,
and (d) magnetic moments of the MI-HF system at specific temperatures.

fluorine increases which eventually led to tendency for singlet
F2 formation [see Fig. 13(d)]. Similarly, for fixed graphene
layers in AA-stacked form, the fluorine does not form a bond
with the carbon atoms, however, the formation of singlet
F2 bond leads to less significant magnetic moments [see

Figs. 13(e)–13(h)]. Hence, with increase in fluorine coverage
there is a greater probability of formation of F2 singlet and,
hence, our results suffice that the half-fluorinated system is
better to stabilize the pseudoatomized magnetic layer between
the graphene layers.

FIG. 13. Freestanding MI-FF: Average values of (a) total energy, (b) C and F distance (dC-F), and the magnetic moments per fluorine at
specific temperatures. (c), (d) Snapshots of the structure at T = 25 and 75 K. The latter presents a critical temperature at which the AA stacking
is transformed to AB stacking and the adatom formation starts to take place. (e)–(h) Represents the same as (a)–(d) for fixed MI-FF (d = 5.50
Å): average values of (e) total energy, (f) C and F distance (dC-F), and the magnetic moments per fluorine at specific temperatures. (g), (h)
Snapshot structure at T = 100 and 250 K, respectively. For fixed MI-FF, the AA-stacking is maintained.
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FIG. 14. (a) The schematic of F2 molecule adsorption in bridge
position on a 4 × 4 supercell of monolayer graphene. (b) The
variation of binding energy of F2 molecule and the change in F-F
bond length as a function of separation between the graphene layer
and center of mass of the F2 molecule (dC-F). (c) The induced
magnetic moment and the net charge gain at each fluorine site as
a function of dC-F. (d) The binding energy of F2 molecule, and (e)
the magnetic moment along with the net charge on each fluorine site
with fixed F-F bond length at 1.8 Å as a function of dC-F.

APPENDIX E: F2 ADSORPTION ON GRAPHENE
MONOLAYER

To establish the role of charge transfer in inducing mag-
netic moment, we have analyzed the charge transfer and
energetics of F2 adsorbed on a 4 × 4 supercell of monolayer
graphene. It is reported that the in-plane bridge position of
the fluorine molecule is energetically more stable than the
other configurations [53]. So, maintaining the in-plane bridge
position, we have calculated the binding energy (BE), F-F
bond length (dF-F), and net charge transfer per F as a function
of spacing (dC-F) and the results are shown in Fig. 14. The
optimized value of dC-F and dF-F are found to be 2.80 and
1.60 Å, respectively [see Figs. 14(a) and 14(b)]. Any lesser

value of dC-F led to this optimized position after the structural
optimization is performed. The charge transfer was found to
be close to 0.2e per F which converts to the spin moment
as one can see from Fig. 14(c). On increase in dC-F, the
strength BE decreases and so also the charge transfer and the
magnetization.

As we have found that the triplet fluorine state is formed for
dF-F around 1.8 Å, we have investigated further the charger
transfer and energetics as a function of dC-F at this fixed
dF-F and the results are shown in Figs. 14(d) and 14(e). The
minimum energy occurs at dC-F ∼ 2.50 Å, where the charge
transfer and magnetization per fluorine were close to a value
of 0.3. The results show a decrease in dC-F and increase in
dF-F increases the charge transfer and magnetization. If the
isolated F2 molecule is sandwiched between the graphene lay-
ers stacked hexagonally, the charge transfer can be enhanced
to 1e which can lead to the formation of a doublet.

Further, we estimated the energy barrier to make a tran-
sition from the molecular adsorption to atomic adsorption
in a monolayer graphene. Here, we have shown the results
for a 2 × 2 graphene supercell. The adsorption configurations
(I for molecular and II–IV for atomic phases) are shown
in Figs. 15(a)–15(d). The molecular adsorption takes place
at the bridge position, and it is weakly adsorbed at height
of 2.92 Å from the graphene layer with a slightly elon-
gated bond length (1.60 Å). Earlier studies also report the
bridge position as the favorable position for the molecular
adsorption [53]. For the atomic adsorption configuration IV
is found to be best preferred as it has maximum binding
energy strength (∼ − 2.4 eV) which agrees with the previous
report [54].

The F2 molecule dissociation on a graphene layer is esti-
mated by performing the CI-NEB simulations for F2 adsorp-
tion in nearly molecular phase (configuration I) to the atomic
adsorption state (configuration IV) as shown in Fig. 16(a). The
energy barrier is estimated to be 0.26 eV.

APPENDIX F: COMPLETE ATOMIZATION OF THE
INTERCALATED F2 MOLECULE

To estimate the potential energy barrier for the complete
atomization of the intercalated molecule, the CI-NEB calcula-
tions are carried out at different interlayer separations and the
results are shown in Fig. 17. If we start with the free molecular

FIG. 15. (a)–(d) Optimized geometries for various configurations with molecular adsorption (I) and atomic adsorptions (II to IV) of fluorine
on a monolayer graphene. The results are obtained using a 2 × 2 supercell of graphene and (e) represents their corresponding binding energies.
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FIG. 16. (a) The minimum energy pathway for the dissociation
of F2 in a nearly molecular phase (configuration I) to atomic ad-
sorption state (configuration IV), and (b) the crucial intermediate
structures. The energy barrier is estimated to be 0.26 eV.

configuration (image A), the pseudoatomization naturally oc-
curs (image B) with a lowering in energy (�El ) and to reach
the complete atomization (with a preferred configuration E),
it needs to climb a potential barrier (�Eb). As we increase
the interlayer separation, the magnitude of both �El and
�Eb decreases. For the interlayer separation between 5 to
6 Å, the pseudoatomization is the most stable configuration
(configuration B), while the complete atomization remains
unfavorable compared to pseudoatomization. However, with
increase in the interlayer separation the pseudoatomization
becomes less favorable energetically while quasiatomic ab-
sorption (configuration D) becomes more favorable. In princi-
ple, there is a narrow interlayer separation window (5 to 6 Å)
where the pseudoatomization can take place.

In order to establish the preferential position of fluorine at
the midway position as shown in Fig. 3(a), we have discussed
a comparative analysis of fluorine intercalated position with

FIG. 18. (a) An atomically adsorbed composite structure which
gives rise to structure (b) upon relaxation. (c) The ground-state
structure for the fully fluorine intercalated system. The binding
energies for each of the cases are also mentioned. The graphene layer
is constrained to AA stacking at d = 5.50 Å.

that of the adatom state position. In order to begin with, we
started with the reverse process, i.e., start with the atomically
adsorbed state as shown in Fig. 18(a). However, this config-
uration as observed from the binding energy is unstable and
upon relaxation leads to Fig. 18(b) state, in which the fluorine
moves to the midway position by gaining a binding energy
of 4.72 eV. Figure 18(c) is the global minimum configuration
which was obtained by placing the molecular fluorine layer
between two AA-stacked graphene layers followed by the
structural relaxation, which is discussed in detail in the main
text.

FIG. 17. (a) The calculated minimum energy paths for the diffusion of fluorine in molecular phase to adatom configuration at various
interlayer separations (d): 5.25, 6, 7, and 8 Å between two AA-stacked graphene layers. (b) The top and side views of initial and final
configurations along with few crucial intermediate structures are shown at the equilibrium separation d = 5.25 Å. The calculations are carried
out for a half-fluorinated system.
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