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Group theoretical and ab initio description of color center candidates in fluorographene
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We present a group theoretical and ab initio analysis of lattice point defects in fluorographene, with a focus
on neutral and negative V¢r vacancies. By using a combination of density functional theory calculations and
group theory analysis, we investigate the many-body configurations of the defects and calculate the vertical
absorption and zero-phonon line energies of the excited states and their dependence with strain. The description
of the defects is extended by computing their formation energy, as well as further relevant parameters as the
Jahn-Teller energy for neutral V¢ and the zero field splitting for negative V¢ vacancies. Based on our results,
we discuss possible quantum applications of these color centers when coupled to mechanical oscillation modes
of the hosting two-dimensional material. The symmetry and active orbitals of the defects exhibit a parallelism
with those of the extensively studied nitrogen vacancy (NV) centers in diamond. In this context, the studied
defects emerge as interesting candidates for the development of two-dimensional quantum devices based on

fluorographene.
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I. INTRODUCTION

Point defects are of increasing interest in the fields
of quantum information and sensing due to their poten-
tial applications, among which are the promising nitrogen
vacancy (NV) center technologies [1-3]. By coupling the
localized states introduced by color centers with mechanical
oscillation modes, hybrid quantum devices with long-range
interactions mediated by phonons can be fabricated through
appropriate design [4-8]. The introduction of color centers
in two-dimensional (2D) materials is particularly promising
for the continuously accelerated development of quantum
technologies.

Two-dimensional resonators can be mechanically coupled
with cavities through optothermal, electromagnetic, or fur-
ther interactions [9—11]. The dynamics of 2D membranes
and other micro- and nanodevices have been widely studied
for their potential applications in quantum and mass sensors,
quantum simulators, and nanophotonics [10,12—-14]. Because
color centers in 2D structures lie naturally on the surface of
the material, high sensitivity to the environment is expected
[15]. Various materials, including graphene [16—19], MoS,
[20,21], hexagonal boron nitrite (h-BN) [22,23], and others
[10,24,25], have been studied as candidates for 2D systems.
In particular, #-BN, a wide-band insulator that can host color
centers [26,27], has been proposed as a platform for quantum
simulation and ultrasensitive force detection [22,23,28,29].

In this work, we explore the potential of defect-bearing flu-
orographene [30,31] as a platform for the realization of hybrid
quantum devices. Fluorographene (FG) is a stoichiometric 2D
derivative of graphene, in which one fluorine atom is bonded
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to each carbon atom. This material has been used for a variety
of applications, including electrochemical sensors, batteries,
and electrocatalysis, as well as electronic applications such
as transistors and solar cells [32]. A key characteristic of FG
is that the carbon atoms exhibit sp3 hybridization instead of
the sp, one found in graphene. As a result, the electronic
properties of FG are closer to those of diamond than to those
of graphite. In fact, the structure of FG is similar to the
fluorine-terminated (111) diamond surface, which has been
proposed as a suitable candidate for the implementation of a
quantum simulator at room temperature [33]. The application
of polarized nuclear spins in quantum simulators is an active
research field, in particular for the previously mentioned #-BN
based systems [34,35].

Although it has been well established that FG presents a
large band gap, its precise value has been a long-standing
issue that appears to have been clarified only recently [36].
Initial measurements suggested a band gap larger than 3 eV
[31], and later measurements yielded a value of 3.8 eV, consis-
tent with the first results [37]. Additional photoluminescence
emission peaks have been observed at 3.56 [38] and 3.65 eV
[37,38], with the latter being attributed to phonon-assisted
radiative recombination. On the theoretical field, the initial
density functional theory (DFT) [39] calculations at the local
density approximation (LDA) and generalized gradient ap-
proximation (GGA) theory levels resulted in predicted band
gap values close to 3 eV [40—44], in excellent agreement
with the experimental measurements. However, more refined
calculations including the exact exchange interaction through
the hybrid screened functional (HSE) predicted a larger band
gap of &5 eV [43,45].

Additional calculations incorporating electron-electron in-
teractions via Green’s function methods (GW) on top of
either LDA or GGA to further improve the description of
the electronic structure led to a predicted band gap of about
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7.5 eV [41,42,44,45]. The inclusion of electron-hole inter-
actions through the Bethe-Salpeter equation (BSE-GW), one
of the most advanced methods beyond DFT, partially cancels
the electron-electron interactions and results in predicted band
gap values between 5.4 [44] and 5.65 eV [36]. It is worth
noting that the latter values are in agreement with the results
obtained via the HSE method, which is computationally less
demanding.

The discrepancies between the measured and calculated
values of the band gap have been tentatively linked to midgap
states resulting from defects in the material [42,44]. A com-
bined experimental and theoretical study has confirmed this
hypothesis, showing that the band gap value is in agreement
with previously reported BSE-GW results [36]. The long-
standing FG band gap conundrum highlights the importance
of characterizing defects in materials. However, most theoret-
ical works on FG have primarily focused on improving the
accuracy of band gap predictions for the pristine material.
Thus, the calculation of defects is often relegated to a sec-
ondary place [44-46], or analyzed at the GGA level of the
theory, which strongly underestimates the band gap [47].

In this study, we investigate the electronic structure of two
types of defects in FG: a fluorine vacancy (Vg) and a double
fluorine and carbon vacancy (Vcp). A central finding of our
work is a parallelism between essential electronic properties
of the V¢ defect in fluorographene and the negatively charged
NV center in diamond. The NV center consists of a substi-
tutional nitrogen atom adjacent to a vacancy in the diamond
lattice. Consequently, the electronic structure of the negatively
charged NV center’s ground state is a spin triplet, accom-
panied by a sharp optical zero phonon line of 637 nm. The
precisely defined optical transition indicates the involvement
of midgap states which is facilitated by the large band gap
of diamond [2]. Crucially for applications, the NV center ex-
hibits an intersystem crossing that allows for state-dependent
readout and high-fidelity state preparation. These properties
have driven a research focus toward the negatively charged
NV~ rather than in the neutral NV° [2]. The advantageous
properties of the negatively charged NV were a significant
source of motivation for the present study aimed at identifying
similar defects in fluorographene. This effort led to the iden-
tification of the negatively charged V¢r defect as a promising
candidate.

The paper is structured as follows. We present the de-
scription of the theoretical method in Sec. II. Our approach
involves using DFT to obtain the single-particle localized
states and group theory to construct the many-body config-
urations. In Sec. III we discuss our results. We start with a
description of pristine fluorographene and the Vg defect in
Sec. IIT A. Neutral and negative Vg vacancies are presented
in Secs. III B and III C. We examine the transitions between
ground and excited states introduced by the defects and an-
alyze their dependence on strain. In addition, we compute
the Jahn-Teller energy for the neutral defect and the zero
field splitting for the negatively charged one. Given that the
symmetry of the Vg defect is equivalent to that of a NV
center, a parallelism can be established between both systems.
Based on previous NV studies, in Sec. III D we discuss pos-
sible applications of defective FG sheets as quantum hybrid
resonators. Our calculations of the formation energy of the

defects are presented in Sec. III E. The conclusions are pre-
sented in Sec. IV.

II. METHODS

The computational details of our work, based on previous
studies of related 2D systems [15,48,49], are as follows. We
employed the DFT code Quantum Espresso [50] and used a
supercell approach to study defects in FG. We used the HSE
method with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [51,52], adjusting the parameter o =
0.35 to match the band gap of fluorographene obtained with
the latest calculations and experimental data [36]. In order
to perform geometrical relaxations including HSE, we used
norm-conserving pseudopotentials. We used an energy cutoff
of 100 Ry and, unless otherwise stated, we used a value of
0.01 eV/A as the criterion for the convergence of the atomic
forces. We considered a 15 A vacuum spacing between fluo-
rographene sheets.

We used 7 x 7 hexagonal supercells, which preserve the
symmetry of the defects, except for the calculations involving
strain in the x and y directions, where we used 7 x 8 orthogo-
nal supercells. This cell size was required to avoid interactions
between the periodic copies of the defects. After preliminary
calculations, we do not expect a significant variation of our re-
sults when using larger supercells. In all cases we considered
only the I" point in the reciprocal space and therefore a single
g point in the Hartree-Fock calculation for the HSE method.

In our study, we employed the ASCF method [53,54] to
calculate relevant transition energies, which involves com-
puting the energy difference between the ground state and
excited states with different electronic occupations. We deter-
mined the vertical absorption energy (VAE) by keeping the
ground-state geometry fixed and imposing an excited elec-
tronic occupation for the calculation of the excited states.
The zero-phonon line (ZPL) was obtained after performing a
geometrical relaxation of the excited electronic configuration.
It should be noted that the ASCF method is applicable only to
configurations corresponding to a single Slater determinant.
To estimate the energy of multi-determinantal configurations,
we used auxiliary single-determinant states [55,56]. It is worth
stressing that this method provides only an estimation of the
transition energies for such configurations [57,58].

III. RESULTS
A. Pristine fluorographene and Vg

We obtained a lattice parameter of 2.58 A for pristine
fluorographene, in good agreement with available theoretical
[42,59,60] and experimental [31,61] data, and a band gap of
5.65eV.

We start our analysis of defects with the simple fluorine
vacancy, Vg, which lowers the Cg, symmetry of pristine flu-
orographene to Cs,. The Vg vacancy leaves a C atom with a
dangling sp® bond, which corresponds directly to a molecu-
lar orbital (MO) with spatial symmetry A;. We denoted this
single-electron orbital a;. The geometry of the system and the
a; orbital are illustrated in Fig. 1(a).

According to our spin-polarized DFT calculation, the
a; orbital is half occupied in the ground state (GS),
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FIG. 1. (a) Geometry of fluorographene with a Vg vacancy and
the localized a; orbital. (b) Single-particle levels for the ground
state (GS) and excited state (ES) of the Vg vacancy. The occupied
(empty) single-electron states are indicated in blue (orange), and
the conduction (valence) bands are shown as areas shaded with the
same colors. The localized orbitals are labeled, and their occupancy
is indicated with symbols: empty (circle) or occupied (up or down
arrows).

resulting in a magnetic moment of the defect of 1 and a
2A; many-body configuration. The molecular orbitals of the
majority (up) and minority (down) spins are well localized,
with the up state located within the valence band and the down
state inside the band gap [see Fig. 1(b)]. The first excited
state (ES) can be constructed by promoting an electron from
the highest occupied valence bands, which have E symmetry,
to the unoccupied a; state. In this case, the well-localized a;
orbital is doubly occupied, and there is a single hole in the E
bands.

a t a1l ¢ 2g 44,
6 ey
—~ €z €x
T 4
>
B
] 2
g T d—e d1o
S +a1 4
1 e— —la ]
I =
= —— m—
up down up down
(a) (b)

We calculated the VAE and ZPL following the method-
ology described in Sec. II, and obtained values of 3.44 eV
and 3.00 eV, respectively. The ZPL value is consistent with
absorption bands observed in less fluorinated fluorographene
samples [36]. As suggested in Ref. [36], it is likely that the op-
tical transitions introduced by this midgap state were initially
attributed to a much lower band gap of fluorographene.

B. VCF

A Vcr defect in fluorographene also lowers the symmetry
of the system to C3,. In this case, there are three sp* dangling
bonds of the C atoms around the defect, and an in-depth
group theory analysis becomes relevant. Using the projection
operator method [62] we determined that the three localized
orbitals that can be formed have symmetries A; and E. The
single-particle orbitals ay, ey, and e, are given by

1

a) = ﬁ(dl + 02 + 03), (D
1

ex = %(201 — 0y — 03), (2)

e, = — 3)

E(% —03),

where o; corresponds to the dangling orbital of each C atom.
The geometry of the system and the orbitals is presented in
Fig. 2(a).

The most symmetric a; orbital lies lowest in energy. There
are three electrons to fill the orbitals, so that in the ground
state two electrons are located in the a; orbital, and one in
an e orbital. The configuration is then a%e', and the spatial
symmetry of the many-body wave function in the C3,, symme-
try induced by the defectis A] ® Ay @ E = E. The S =1/2
spin of the ground-state configuration gives a spin doublet, so
that the total state corresponds to 2F. As discussed below, this
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FIG. 2. (a) Geometry of fluorographene with a V¢ defect and the resulting localized orbitals. (b) Single-particle levels for the ground
state (2E) and first excited state (*A,) for the V¢r defect. The occupied and empty single-electron states are indicated with blue and orange,
respectively, and the shaded areas represent the conduction and valence bands. The localized orbitals are labeled and their occupancy is
indicated with symbols: empty (circle) or occupied (up or down arrows). (c), (d) Vertical absorption energy (VAE) and zero-phonon line (ZPL)
transitions of the many-body states referred to the ground state, in eV. The *A, state is computed using the ASCF method, while the remaining
states are computed from auxiliary configurations and should be taken as estimations (see text). Optical transitions are possible among the
states on the left side of each plot, while only nonradiative transitions involve the *A; state, located on the right side of the plot.
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TABLE I. Electronic configurations of the V¢ defect. The no-
tation 2E’ is used to differentiate this state from the ground state
with same symmetry. We label with A the state with A; symmetry,
to distinguish it from the states with A, symmetry, labeled with
A. We show only the configurations with non-negative spin pro-
jections; the ones with negative spin projection can be constructed
straightforwardly.

B+, Electronic configuration Label
2g larare,). laidre,) Ny
‘A, laiecey) .A1+3/2

%(Iaexey) + laievey) + laievey)) Al
2E! Hlaee) - laee)) ESH

Llared) — lage,)

24, 7 Qlarece,) — larezey) — lare.e)) Al
A, Saee) + laie,e)) AL

situation is analogous to the configuration of a neutral NV
center [63,64].

A neutral NV° center has four molecular orbitals formed
from the corresponding dangling bonds, two with a; sym-
metry and a double degenerated e orbital [65]. However, one
a; orbital is located well below the valence band, and is not
relevant for the transitions of interest. The remaining three
orbitals are located within the band gap and accommodate
three electrons, which is precisely the same configuration as
the Vcr vacancy in fluorographene. Then, the conclusions
derived from group theory for NV centers apply also to V.
Note that they include the resulting many-body configurations
but not necessary their energy order, which is beyond a group
theoretical analysis. The similarity motivates also the study
of the negatively charged V. defect, which is analyzed in
Sec. I C.

The many-body configurations corresponding to the
ground and first excited states of the Vcr defect are presented
in Table 1. The first excited states are obtained by promoting
an electron to the E orbitals, that is, a a}e2 configuration. The
spatial symmetry of the resulting many-body states is given by
AIQERE =A; ®A, ® E. We constructed the electronic
configurations given by the single-particle orbitals using the
projection operator method. Note that we obtained three dou-
blets with different symmetry and in particular a 2A, doublet
which, as pointed out in Ref. [64], has been misidentified in
some works as 2A4; for NV, These states can become mixed
by different interactions such as spin-orbit, spin-spin, electric
and magnetic fields, and strain, as analyzed for NV in several
works [64-66].

Given that the many-body ground state presents spatial
degeneracy, the system is Jahn-Teller unstable, giving rise to
an adiabatic potential energy surface (APES) with the typical
“Mexican hat” shape [67]. Therefore, the geometrical config-
uration of the ground state will have a symmetry lower than
Cs,, namely Cy;,. For simplicity, we keep the labels of the Cs,
symmetry for the configurations in our notation. In our analy-
sis, we first relaxed the system while enforcing Cs, symmetry
to obtain the high-symmetry (HS) structure. We then lifted the

symmetry restriction and obtained the C;; lower-symmetry
structure with the lowest energy (LE), a method similar to
the one presented in Ref. [68] for the study of a neutral NV°
center, analogous to our system. For these calculations we
used a stricter force convergence criterion of 1 meV/A to
obtain reliable values for the Jahn-Teller energy.

We found that the Jahn-Teller stabilization energy, which
is the energy difference between the HS and LE structures,
was E;r = 30 meV. This value is about one third of the
value found for a neutral NV° center [65] and close to the
one found for a negatively charged NV~ center [69]. There
are three equivalent LE points separated by warping barriers,
with saddle points with an energy 6 above the minimum [67].
By computing the direct path between two equivalent mini-
mum energy configurations located at different low-symmetry
points, we obtained § = 20 meV.

In Fig. 2(b) we present the single-particle levels for both
the ground state 2E and the first excited state *A,. The
levels €9, , and AL, of each manifold can be described
by using a single Slater determinant (see Table I). There-
fore, the transition energies can be obtained straightforwardly
using the ASCF method, and are given by the difference
between the energies of each configuration. We estimated
the transition energies for the remaining excited states us-
ing single Slater determinant configurations [55-57] (see the
Appendix). While this method has been successfully used
to compute transition energies between multi-determinantal
configurations, it only provides a rough estimation of the
energies [57]. For example, the method does not account ac-
curately for the geometrical relaxation energy (Stokes shift),
given that the geometry of the actual configuration cannot
be computed. In our calculations of the ZPL for the higher
excited states we considered the same geometry as the one
obtained for the first excited state, given that all these excited
states have the same a}e2 electronic occupation [56]. Note that
the excited state 2E’ will also present Jahn-Teller distortion;
however the accuracy of our method is not enough to estimate
its E. JT -

In Figs. 2(c) and 2(d) we present the many-body states
and their corresponding VAE and ZPL transition energies for
the Vg defect. The 24, state lies at 7.8 eV and is omitted.
The values of the optical transitions from the ground state
to the excited states 2E’ and A,, although approximated, are
consistent with available experimental data that show absorp-
tion features at around 2.9 eV and 4.8 eV in less fluorinated
fluorographene, attributed to single Vg vacancies [36]. Only
nonradiative transitions are allowed between these states and
the *A, state. The latter state is split via spin-spin interac-
tion into two double-degenerated states, with Mg = £1/2 and
Mg = £3/2 [65]. Since the Mg = £3/2 states only couple
via very weak nonaxial spin-orbit interaction with the ground
state, they are long-lived and have been proposed as qubit
candidates for NV° centers [65].

In Fig. 3 we present the dependence of the ZPL transition
energy between the ground state and the first excited state on
strain. Strain is defined as the ratio of the lattice deforma-
tion (Al) to its initial dimension ([;), that is, € = Al;/l; with
i = x,y. When strain is applied in the y direction, we obtain a
variation of —8.5 eV //strain for the transition energy, whereas
we obtain a lower value of —1.3 eV/strain when strain is
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FIG. 3. (a) Strain dependence of the transition energy between the ground state (*E) and the first excited state (*A,) for a V¢ defect, for
strain applied in the x and y directions (shown in the inset). A linear fit is used to obtain the dependence for each direction. (b) Single-particle

levels’ dependence with strain for each case.

applied in the x direction. The value in the y direction is not far
from the large 12 eV /strain shift obtained for VyNp defects
in h-BN sheets [70]. As shown in Fig. 3(b), strain in the x
direction affects mainly the e, single-particle orbital of the
ground state 2E, which is occupied by an electron in our DFT
calculation. This dependence is consistent with the geometry
of the e, orbital [see Fig. 2(a)]. On the other hand, when strain
is applied in the y direction in the ground state, the occupied
e, orbital remains almost constant in energy. Finally, in the
excited state “A, both e, and e, orbitals are occupied, and
the energy change when strain is applied in either direction
is similar. As a result, when computing the energy difference
between the ground and first excited states, there is a larger
variation in energy when strain is applied in the y direction.
This is because the energy variation of each state with strain
in the x direction partially compensates.

C. Vg

As discussed before, the negatively charged V. defect
possesses the same symmetry as a NV~ center. In Table II

TABLE 1II. Electronic configurations of the V. defect, in the
hole picture. The notation 'E’ is used to differentiate this state from
the ' E state with same symmetry. We label with A4 the state with A,
symmetry, to distinguish it from the ground state with A, symmetry,
labeled with .A. We show only the configurations with non-negative
spin projections; the ones with negative spin projection can be con-
structed straightforwardly.

28+, Electronic configuration Label
34, lexey) A9,
Hed) + lee,) A

'E Sllee) —lee), 5 (lee) — leyer) &
‘A 5 (e&) + leye)) A

E |ae,), |ae,) Rt

J5(lae;) + [ae.)), J5(|aey) + [aey)) £

'E' I (jae;) — [ae,)), J5(|aey) — [aey)) &

we present the many-body states corresponding to Vi,
which were obtained using the projection technique of group
theory. We adopt the hole picture for the description of this
defect, which is more convenient given that the electronic
occupation is larger than half filled. The interactions arising
between states have been studied in previous works [71,72].
Only the states A%, and &3, correspond to single-
determinant configurations and can be calculated with the
ASCF method. However, the convergence of the Eil state
could not be achieved with the HSE method used. Note that
the difficulty in convergence is expected for this case where a
hole occupies a degenerated E orbital (a'e,e} electron occu-

pation) [73,74]. Then, we used the ale}c‘Seyl'S configuration for
the calculation of this state. By comparing the results using
the a'e}“e}> configuration with preliminary calculations us-
ing a'e}cei and a larger convergence threshold, we estimate
a difference in the energy of ~0.05 eV, in agreement with
previous reports [73].

As in Sec. III B, we estimated the transition energies of
the remaining states by using auxiliary states (see the Ap-
pendix). The excited singlets & and A2 have two holes in
the orbitals with £ symmetry, which results in the same
electronic occupation as the ground state. Then, we consid-
ered the ground-state geometry in the estimation of the ZPL
for these excited states, assuming their ZPL energies equal to
their vertical excitation energies. According to Hund’s rules,
the remaining singlet &; lies higher in energy than the excited
triplet £7,, so that we omitted it.

In Fig. 4(a) we present the single-particle levels for the
ground state, which can be described with a single determi-
nant. The empty e orbitals of the ground state 3A, are pushed
up in energy into the conduction band when compared to
the same levels of the *A, state of the neutral Vcr defect
[Fig. 2(b)]. However, our DFT calculations show that these
states remain well localized, and the molecular orbitals are
similar to those shown in Fig. 2(a).

In Fig. 4(b) we show the VAE transitions for the excited
states. As discussed before, the VAE provides an estima-
tion of the ZPL for the singlet states. For the excited triplet
3E we obtained a ZPL energy of 2.3 eV. Note that this
value of ZPL for 3E is lower than the absorption features
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FIG. 4. (a) Single-particle levels for the ground state (*A,) and
the excited state *E for the V- defect. (b) Vertical absorption energy
(VAE) transitions of the many-body states referred to the ground
state, in eV. The 3E state is computed using the ASCF method, while
the remaining states are computed from auxiliary configurations.
Optical transitions are possible among states on the left or right
side of the plot, while only nonradiative transitions are possible
among different sides. The estimated ZPL of 'E and 'A, are equal
to the VAE. The ZPL of 3E is 2.3 eV. (c) Strain dependence of the
transition energy between A, and *E, for strain applied in the x and
y directions. A linear fit is used to obtain the dependence for each
direction. (d) Strain dependence of the ZFS of the A, triplet.

experimentally observed [36—38]. This indicates that the pres-
ence of the negatively charged defects is not energetically
favored, which is consistent with the formation energy anal-
ysis presented in Sec. IIIE. Consequently, the negatively
charged state should be stabilized by applying a gate voltage.
The obtained ZPL for the V defect in fluorographene cor-
responds to 539 nm, which is blueshifted with respect to the
637 nm value of NV~, and close to the green laser wavelength
used in the initialization of the latter defect (632 nm) [33].

A distinguishing feature of the NV~ center defect is that it
allows for high-fidelity preparation of the m = 0 sublevel of
its ground state, labeled Ag in our system, due to a convenient
intersystem crossing (ISC) between triplet and singlet states
[2]. Taking as reference the VAE of the many-body states
of Vi [Fig. 4(b)], the ordering of the levels for our system
would be the same as that of the NV center. If that were indeed
the case, symmetry considerations would allow in principle
the existence of a similar ISC, which could then be tested
using available models [75]. However, our rough estimations
for the ZPL values suggest that the 'A, singlet remains above

the 3E triplet. In order to decide this question conclusively it is
of considerable interest to extend this study using alternative
ab initio methods better suited for the calculation of multiref-
erence states [49], since an accurate description of the state
ordering is a first step to determine whether an ISC similar to
the one in NV~ centers is also present in V. defects in FG.

Spin-orbit and spin-spin interactions split the excited states
3E into four sublevels, and the fine structure is further split
into two branches (E,, E,) under the application of nonaxial
strain [72]. Figure 4(c) shows the dependence of the ZPL of
the 3E state with application of strain in the x and y direc-
tions. We obtained a value of approximately —8 eV /strain for
both directions which, as in the case of the neutral defect, is
comparable to the strain shift obtained for defects in ~-BN
sheets [70].

Another parameter of interest in the description of the
defect is the zero field splitting (ZFS) tensor. The ZFS is
determined to first order by dipolar spin-spin interactions, and
we calculated its value for the ground state from our DFT
results [76]. For the Cs, symmetry of the defect, only the
axial ZFS parameter D is different from zero. We obtained
D = 2.97 GHz, which is close to the value for NV centers
(D = 2.88 GHz [2]). In addition, we calculated the depen-
dence of the ZFS for the >A, ground state on strain [Fig. 4(d)].
We obtained a shift of —10 GHz/strain for both directions.
The symmetry breaking induced by strain allows a nonzero
value of the transversal component of the ZFS (E parameter).
Our calculations yield a value of E &~ —20 MHz for 1%
strain, which is close to the numerical accuracy of the method
used.

D. Applications to hybrid resonators

Strain induced by the mechanical motion of the material,
for example, through the drum oscillatory modes of a FG
membrane suspended from its edges, provides an intrinsic
mean of coupling phonons with electronic degrees of freedom.
This method does not require the use of external components,
resulting in a device that is less prone to noise and decoher-
ence, and has lower complexity in its scalability than devices
relying on auxiliary components to provide the coupling [4].
However, intrinsic strain coupling is typically relatively small,
which led to several proposals aimed at increasing the inter-
action by using electric or magnetic fields [23], or cavities [4]
coupled to the resonator.

Depending on the system, qubits can be encoded in either
the orbital or spin electronic degrees of freedom of color
centers, which makes orbit-strain or spin-strain interactions
relevant for phonon coupling [4]. Typically, the spin-strain
coupling strength is rather small, with values in the order of
10 GHz/strain for devices with implanted NV centers [77,78].
On the other hand, orbit-strain coupling is much stronger, ap-
proximately 108 times larger than spin-strain coupling, given
that the molecular orbitals are directly affected by the changes
in the lattice induced by mechanical motion [79]. Values for
orbit-strain coupling are typically in the range of PHz/strain
for different quantum hybrid devices using NV centers [79]
and s-BN sheets with defects [70,80,81].

The dynamics of a freestanding 2D material sheet can be
described through the elasticity theory of membranes. In the
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membrane limit in which the material has vanishing thickness,
which is fulfilled by single or a few layer sheets, the frequency
of the fundamental mechanical mode ® for membranes with
simple geometries is approximated in terms of the pretension
T, the surface mass density p,, a geometrical form factor
a given by the nontrivial zero of the mode profile, and a

characteristic dimension of the system d [17,82,83],

T
o) = g [ —. 4
Ps

For a circular membrane, « = 2.4 and d is equal to the ra-
dius R [82,84], while for a ribbon of length L clamped in
the extremes, « = 7w and d = L [80]. The pretension value
depends on the fabrication of the membrane [60], and is
related to the strain € and in-plane Young’s module of the
material E; by T = Ege. For graphene membranes of a few
um of radius, T was estimated to be ~4 x 1072 N/m [85].
For fluorographene, p; = 1.706 mg/m2 [60] and E; = 100
N/m [31]. Taking T & 4 x 10~2 N/m as reference, we obtain
9 ~ 10 MHz for fluorographene membranes of d ~ lum, a
value in agreement with the ones obtained for similar devices
of A-BN [23] and graphene [17,19,83,85]. It is worth mention-
ing that driven devices can achieve frequencies of the order of
GHz, as was obtained for MoS, piezo-resonators [20].

The membrane strain is related to its deflection, and for
small deflections it can be approximately written in terms of
the maximum vertical displacement & [85],

2
= ﬂ(%) , 5)

where § is a geometrical factor, which for a ribbon-shaped
membrane corresponds to 8/3 [85]. Static deflections in mem-
brane devices can be tuned using a voltage gate, and typical
values for membranes of a few um of radius are on the order
of 10 nm, which leads to static built-in strains of ~10~* [85].
Strain induced dynamically through time-dependent bias can
achieve the same order of magnitude [85]. The fundamental
oscillation modes of microscale membranes around the equi-
librium point have a vertical displacement of approximately
0.1 nm, which corresponds to an induced strain of € ~ 1078.
These reference values correspond to a #-BN ribbon [80]. The
quadratic dependence of the strain with the vertical displace-
ment, which in turn depends on the membrane geometry and
material through & = \//i/(2M®0) (M is the effective mass)
[23,80], leads to a spread in the reference values, ranging
from £ ~ 1072 nm and € ~ 10~!° for a similar 2-BN device
[23] to £ ~ 10 nm and € ~ 10~ for the already mentioned
driven resonators [85]. For comparison, the strain of a three-
dimensional (3D) diamond micro-cantilever with implanted
NV centers in the fundamental mode is ~10~'2, and can be
increased to ~10~% through mechanical drive [79]. A scaling-
down of the latter device to the nanoscale was proposed to
achieve a larger orbit-strain coupling (up to the ~10 MHz) in
the fundamental mode [79], through a larger induced strain.
In this regard, 2D membranes arise as promising candidates,
given their comparatively large achievable strain.

Our ab initio calculations suggest a deformation potential
[22] of E ~ 1 PHz/strain for fluorographene membranes, a
value similar to the one obtained for previously studied #-BN

resonators [22,80]. If we consider a fluorographene membrane
of d ~ 1um hosting a color center and oscillating in the fun-
damental mode with a vertical displacement of £ ~ 0.1 nm,
we obtain an orbit-strain coupling of g = 10 MHz.

The obtained coupling is about 10* times larger than the
values obtained for 3D mechanical resonators with NV~ cen-
ters [4,79]. For the latter devices, different cooling schemes
were proposed [4,5,86]. The “off-resonant” scheme uses the
my = 0 sublevel A of the ground state and the 53" level of
3E as a two-level system, and converts the strain coupling
to an effective transverse interaction using a laser detuned
by w?n from the transition energy [4]. The “resonant” scheme

involves tuning the energy difference between the ng and Egy
levels of the 3E state to be equal to @?, while driving the tran-

sition from the A9 ground state to &" with a laser. This allows
for resonant excitation to the £ state by removing a phonon
from the mechanical mode [4]. However, scaling-down these
devices from the microscale to the nanoscale is necessary to
achieve ground-state cooling using these methods [4,79]. The
inherent larger coupling in our system would enable the im-
plementation of these methods in a fluorographene membrane
device, thereby extending the proposal for the NV~ center to
the Vg defect. Another possible protocol uses the A9 levels
in a A configuration with an excited state formed with the
gi(lx’y ) levels, which are mixed through spin-orbit interaction
[72]. This scheme relies on stimulated Raman transitions to
remove phonons from the resonator, and has the advantage of
combining the stronger orbit-strain coupling with the larger
coherence of spin states [4].

E. Formation energy and stability

The formation energy for a defect with charge g is obtained
from [87]

E{(er) = E — Epx — Y mipti + gér + Edp, (6)

l

where E? is the total energy of the supercell with the defect,
Epyk is the energy of the pristine supercell, and n; are the
number of atoms that have been added (n; > 0) or removed
(n; < 0) to form the defect, with y; the corresponding chemi-
cal potentials. The energy depends on the total charge with the
Fermi energy €7, measured from the top of the valence band.
The final term EZ,. accounts for corrections such as finite
k-point sampling and electrostatic interactions [87,88]. Here,
we apply the Freysoldt-Neugebauer—Van de Walle (FNV)
correction scheme [89,90].

In Fig. 5 we present the formation energy for the Vg and
Vcr defects as a function of the Fermi energy, which can
be varied by applying a gate voltage. We considered two
different scenarios for the chemical potentials. In the first
scenario, the defective membrane is in equilibrium with F;,
which results in a fluorine-rich environment. For this case,
we obtain up = up,/2 from the energy of a F, molecule and
Uc = Upg — ur from the difference between the energy of the
pristine fluorographene primitive cell (ugg) and the fluorine
chemical potential. In the second scenario, we considered a
carbon-rich environment and calculated ¢ from a graphene
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FIG. 5. Formation energy as a function of the Fermi energy for
Vg and V¢ defects, for F,-rich and C-rich environments. The black
dashed lines indicate the position of the top of the valence and the
bottom of the conduction bands. The favorable charge states (+, 0,
or —) of the defects are also indicated.

primitive cell. We obtained the fluorine chemical potential
from the difference with pgg, which gives ug = upg — Kc.

The formation energy of V¢ is independent of the environ-
ment, since the third term in Eq. (6), Zi nilL; = ncidc + NEME,
equals pgg by definition for both environments. On the other
hand, the formation energy for the Vg defect is higher in the
F,-rich environment, as expected. The formation energy of
Vr is higher than that of Vg only in the special condition of
the F,-rich environment and €z < —0.5 eV. For the remaining
conditions, the Vg defect is more stable than Vcg. However,
molecular dynamics calculations suggest that the latter defect
is also thermodynamically stable [47].

IV. CONCLUSIONS

In this study, we investigated the electronic properties of
VE, VcE, and V; defects in FG membranes. We computed
the many-body states from single-particle DFT results making
use of group theoretical considerations, obtained the transition
energies between the states, and analyzed their dependence
with nonaxial strain. The obtained energy shift under strain for
the studied defects was on the order of 1 PHz/strain, which
is comparable to the one found for defects in #-BN sheets.
This value leads to an orbit-strain coupling of g~ 10 MHz
for membranes of ~lum. Due to the similarities of Vcg
defects in FG with NV centers on diamond, some propos-
als for NV center resonators can be mapped to 2D devices

based on FG with V, defects, taking advantage of the larger
strain achievable in 2D materials. Furthermore, extending this
study with alternative ab initio methods would be useful to
determine whether an ISC similar to the one present in NV
centers could also be expected in this system. Our findings
suggest that the V¢p defect in FG membranes can be a promis-
ing candidate for developing nanomechanical resonators with
strong orbit-strain coupling and contribute to the understand-
ing of defects in two-dimensional materials and their quantum
applications.
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APPENDIX: MULTICONFIGURATIONAL STATES

For Vcr, the ground and first excited states are directly
described by a single determinant, while the remaining states
are multiconfigurational. In principle, the ASCF method does
not allow one to compute configurations composed by sev-
eral determinants. However, it is possible to obtain a rough
estimation of these multiconfigurational states from single-
determinant auxiliary configurations [55,56]. To illustrate the
method, consider the state .A3. We note that

\/5-/43,1/2 + .A_l,'_l/z = \/§|a_lexey>.

Considering that the energy of the states is independent of the
spin projection, E(Alﬂ/z) = E(Alﬁ/z) = E(A"), we obtain

(A1)

E(A%) = L[3E(|ajerey)) — E(AM]. (A2)

Similarly, for the two remaining excited states of Vcp we
obtain the following expressions,

E(E%) = L[6E(lajesey)) —2E(A") —E(AY)],  (A3)

E(AY) = 2E(lajesey) — E(E?). (A4)

For V., we obtain the following expressions for the tran-
sition energies of the multiconfigurational states:

E(E") = 2E(lese))), (A5)
E(A?) = 2E(leser)) — E(EY), (A6)
E(E") = 2E(|agy)). (A7)
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