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Doping has been widely employed to functionalize two-dimensional (2D) materials because of its

effectiveness and simplicity. In this work, the electronic and magnetic properties of pristine and doped

KF monolayers are investigated using first-principles calculations based on density functional theory

(DFT). Phonon dispersion curves and ab initio molecular dynamics (AIMD) snapshots indicate good

stability of the pristine material. The band structure shows an insulating behavior of the KF monolayer,
with indirect gaps of 4.80 (6.53) eV as determined using the PBE (HSEO6) functional. Its ionic character is
also confirmed by the valence charge distribution and Bader charge analysis, and is generated by charge

transfer from the K-4s orbital to the F-2p orbital. Doping at both anion and cation sites is explored using

N/O and Ca/Sr as dopants, respectively, due to their dissimilar valence electronic configuration in

comparison with that of the host atoms. It is found that the KF monolayer is significantly magnetized,

where total magnetic moments of 2.00 and 1.00 ug are obtained via N and O/Ca/Sr doping, respectively.

Moreover, the appearance of new middle-gap energy states leads to the development of a magnetic
semiconductor nature, which is regulated by N-2p, O-2p, Ca-3d, Ca-4s, Sr-4d, and Sr-5s orbitals.
Further investigation of codoping indicates that a magnetic-semiconductor nature is preserved, where
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the synergistic effects of dopants play a key role in the electronic and magnetic properties of the

codoped systems. The results presented herein introduce doping as an efficient approach to
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. Introduction

Amongst two-dimensional (2D) structures, carbon nanosheets
with particular sp* hybridization exhibit unique physical and
chemical properties, including the quantum Hall effect at room
temperature," high thermal conductivity,> high carrier
mobility,> ambipolar field effects,* and the ability to adsorb
single molecules,” among others. These novel features attract an
enormous amount of attention to exploring graphene and its
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functionalize the ionic KF monolayer to obtain prospective d° spintronic materials, a functionality that is
not accounted for by the pristine monolayer.

derivatives for diverse applications, such as in electronics,*”
photonics and optoelectronics,*® gas sensing,'™'' spin-
tronics,"* batteries,'*** catalysis,'>"” and so on. The success of
graphene has opened the door to the development of new 2D
materials, which exhibit significant differences in electronic
and optical properties compared with the bulk conformations
due to quantum size effects.'®'* Experimentally, 2D materials
can be prepared via the following two techniques:

e Top-down approach: the 2D materials are fabricated by
carving their layered bulk counterparts (whose layers are
interconnected by weak van der Waals interactions), using
mechanical, electrochemical, ultrasonic, and atom-intercalated
exfoliation. For example, Li et al.*® have prepared clean mono-
layer and multilayer MoS, and WSe, with high-quality struc-
tures by means of mechanical exfoliation, where Raman
characterization could be used to accurately identify the
number of layers. The as-prepared materials were further
explored for use in gas sensors and phototransistors. Two-step
gas exfoliation of bulk hexagonal (h) BN in liquid N, has been
realized by Zhu et al.,** including thermal expansion of the bulk
material followed by further gasification. The single and few-
layer h-BN materials exhibit high specific surface area, which
opens potential for wide applications. Black phosphorus flakes

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with thicknesses down to a monolayer have been fabricated by
Wild et al** using wet-chemical surface oxidation, which is
proven to be an efficient method to effectively control the
number of layers. Despite its effectiveness, producing 2D
materials on a large-scale and in massive amounts remains the
main challenge of top-down methods. This shortcoming can be
solved by bottom-up methods.

e Bottom-up approach: the 2D materials are grown from
atomic or molecular precursors by means of either chemical
reactions or self-assembly, using methods such as chemical
vapor deposition (CVD), epitaxial growth, and pulsed laser
deposition. This method has been widely employed to fabricate
graphene,®?* transition metal dichalcogenides (TMDs),>*
boron nitride,**?** and black and blue phosphorene.>"** Inter-
estingly, some 2D nanosheets have been prepared despite their
bulk counterparts not existing as layered structures in nature,
providing the ability to fabricate single-crystalline nanosheets
without bulk layered counterparts. For instance, large-scale
synthesis of epitaxial monolayer honeycomb silicon carbide
(h-SiC) has been realized successfully by Polley et al.** Charac-
terization indicates an almost planar and stable phase at high
temperatures of up to 1200 °C. Although bulk beryllium oxide
(BeO) has a wurtzite structure, insulating monolayer hexagonal
BeO has been grown on Ag(111) thin films by Zhang et al.**
using the molecular beam epitaxy (MBE) method. The as-grown
monolayer was further identified as an attractive candidate for
technological applications.

On the other hand, a large variety of 2D materials have been
predicted using theoretical calculations. Monolayer honeycomb
structures based on group IV and group III-V atoms have been
predicted by Sahin et al.*® Results of first-principles calculations
identify 22 stable materials, including both elemental and
binary compounds, which adopt either planar or buckled
hexagonal structures. Except graphene, silicene, and germa-
nene, which exhibit semimetal character with a well-known
Dirac cone, the remaining materials are semiconductors or
insulators. Similarly, Zheng et al.*® have carried out a systematic
study of 32 honeycomb monolayers based on group II-V atoms.
Between them, BeO, MgO, CaO, ZnO, CdO, CaSs, Sr8S, SrSe, BaTe,
and HgTe possess good stability, and all of them have band gaps
mostly in the ultraviolet region. Along with alkaline earth
oxides, LiCl and NaCl monolayers with large band gaps have
been also investigated by Luo et al.*” To the best of our knowl-
edge, very few results related to 2D alkali halides have been
reported,®® despite their technological importance.***°

In this work, the graphene-like potassium fluoride (KF)
monolayer is investigated using first-principles calculations. It
is anticipated that this monolayer is an insulating 2D material
and has no intrinsic magnetism. Reviewing the literature, we
realized that different methods have been investigated to ach-
ieve efficient functionalization of 2D materials in order to make
them more suitable for practical applications, including surface
modification with atoms*** and molecules,***” creation of
point defects,**** and doping.*>** Herein, the doping approach
is explored to further induce magnetic properties and func-
tionalize the KF monolayer for spintronic applications, due to
its simplicity and effectiveness. For such a goal, nitrogen (N)
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and oxygen (O) atoms are selected for doping at F sites, while
calcium (Ca) and strontium (Sr) are incorporated at K sites.
Results suggest the generation of a magnetic-semiconductor
nature, such that the doped systems can be used to generate
a spin current by spin filtering.

. Computational details

All theoretical calculations are based on density functional
theory (DFT)* utilizing the VASP (Vienna Ab Initio Simulation
Package) program.*>** The standard GGA-PBE (Perdew-Burke-
Ernzerhof parameterized Generalized Gradient Approximation)
functional® is employed for the exchange-correlation potential,
while the interactions between valence electrons and ions are
treated using the projector augmented wave (PAW) method. In
addition, electronic calculations based on the HSE06 hybrid
functional®® are also performed to get more accurate electronic
band gaps. Brillouin zones are integrated under the Mon-
khorst-Pack scheme®” using k-grids of 20 x 20 x 1,10 x 10 x 1,
8 x 8 x 1,and 4 x 4 x 1 for the unit cells, 2 x 2 x 1 supercell, 3
x 3 x 1 supercell, and 4 x 4 x 1 supercell, respectively. The
energy convergence criterion is set to 10 ° eV for self-consistent
iterations. A plane wave basis set with cutoff energy of 500 eV is
applied for the valence electrons. Structural relaxation is per-
formed with a Hellman-Feynman force criterion of 0.01 eV A~
A wide vacuum gap of at least 14 A is inserted in the structure
models to avoid interactions between periodic conjugate layers.

1. Results and discussion
A. Pristine KF monolayer

Using the graphene structure as a prototype, a KF monolayer in
a planar honeycomb arrangement is predicted. Fig. 1a shows
a unit cell that contains two (K and F) inequivalent atoms and
belongs to the P6m2 space group (no. 187). After full relaxation,
the optimized lattice constant and chemical bond length are
a = 4.33 A and dg_r = 2.50 A, respectively. Further analysis of
stability is based on phonon dispersion curves and ab initio
molecular dynamics (AIMD). The phonon spectra displayed in
Fig. 1b suggest good dynamical stability of the KF monolayer
due to the absence of an imaginary phonon frequency. In
addition, its thermal stability is confirmed by AIMD simula-
tions, which indicate structural stability at 300 K over a large
time range of up to 3000 fs, without any structural destruction
(see Fig. 1c).

Fig. 2a shows the electronic band structure of the KF
monolayer. Having the valence band maximum at the K point
and conduction band minimum at the I" point, the KF mono-
layer is an indirect-gap insulator with large band gaps of 4.80
and 6.53 eV, as calculated using the PBE and HSE06 functionals,
respectively. The contribution of each constituent atom to the
band structure formation is analyzed through the projected
density of states (PDOS) in Fig. 2b. Note that in the energy range
from —2 to 8 eV, the valence band originates mainly from the
occupied F-2p orbital with a key role from the p, state, while the
unoccupied K-4s orbital dominates the conduction band. These
PDOS profiles are characteristic of ionic materials, where the
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Fig.1 (a) A unit cell (K: violet ball; F: grey ball), (b) phonon dispersion
curves, and (c) AIMD simulations of the KF monolayer at 300 K.
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Fig. 2 (a) Electronic band structure calculated with the PBE (black
curve) and HSEO6 (red curve) functionals, (b) projected density of
states, and (c) charge distribution (iso-surface value: 0.15 e A=%) of the
KF monolayer.

ionic character of the KF monolayer is produced by the charge
transfer from the K-4s orbital to the F-2p orbital. This feature is
also confirmed by the distribution of valence charge, as illus-
trated in Fig. 2¢, where one can see a large charge accumulation
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at the F site. From the Bader charge analysis, it is found that
a charge amount of 1.12¢ is involved in the charge-transfer
process.

To investigate the effects of doping, one host atom is
replaced with one dopantatomin2 x 2 x 1,3 x 3 x 1, and 4 X
4 x 1 supercells to get doping levels of 25%, 11.11%, and 6.25%,
respectively. The doping energy, Eq, is calculated as follows:

Ed:Edstm‘i’Z,u'r*Z:ui (1)

where E4¢ and E,, are the total energies of the doped and bare
systems, respectively; u, and u; denote the chemical potentials
of the removed and incorporated atoms, respectively. The
results are listed in Tables 1 and 2.

B. Effects of doping with N and O at anion sites

Table 1 gives the calculated doping energy of N and O in the KF
monolayer. It can be noted that this parameter decreases
slightly with a reduction in the doping level. Despite their
similar atomic size, doping with O is energetically more

Table 1 Doping energy Eq4 (eV), electronic band gap (spin-up/spin-
down — eV, M = metallic), charge transferred from dopants AQ (e) ("—":
charge gain; "+": charge loss), and total magnetic moment M; (ug) of KF
monolayers doped with N, O, Ca, and Sr at different doping levels

Eq4 Eg AQ M,

N-

25% 8.49 3.50/M —0.78 2.00
11.11% 8.28 2.70/0.86 —0.80 2.00
6.25% 8.26 2.70/0.86 —0.80 2.00
O-

25% 3.65 3.87/0.79 —0.84 1.00
11.11% 3.64 3.89/0.81 —0.83 1.00
6.25% 3.61 3.89/0.81 —0.83 1.00
Ca-

25% —0.26 0.44/5.16 +1.22 1.06
11.11% —0.42 0.55/4.70 +1.17 1.00
6.25% —0.45 0.55/4.64 +1.16 1.00
Sr-

25% 0.04 0.08/5.05 +1.14 1.05
11.11% —0.35 0.65/4.69 +1.15 1.00
6.25% —0.36 0.63/4.64 +1.14 1.00

Table 2 Doping energy E4 (eV), electronic band gap (spin-up/spin-
down — eV, M = metallic), charge transferred from dopants AQ (e) ("—":
charge gain; "+": charge loss), and total magnetic moment M, (ug) of
codoped KF monolayers

Eq E, AQ M,
N/O- 12.02 3.22/0.56 —0.66/—0.98 3.00
Ca/N- 7.74 0.80/0.33 +1.31/—1.05 2.19
Ca/O- 2.51 0.30/0.23 +1.46/—1.32 0.61
Sr/N- 7.93 0.90/0.31 +1.32/—1.05 2.18
Sr/O- 2.68 0.32/0.27 +1.47/-1.30 0.70
Ca/Sr- 0.66 0.41/4.67 +1.18/+1.15 2.00

© 2023 The Author(s). Published by the Royal Society of Chemistry
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favorable than doping with N, which may be a result of the
electronegativity difference in the O-F pair being smaller than
that of the N-F pair.’® However, all the doped systems are
thermally stable, without any temperature-induced chemical
bond breaking, as confirmed by the AIMD results displayed in
Fig. 3. It appears that the thermal stability may be higher at low
doping levels, which is reflected in the smaller temperature
fluctuations.

The spin-polarized band structures of the N- and O-doped KF
monolayers are displayed in Fig. 4. An effective doping-induced
modification of the KF monolayer can be noted, with the
generation of new middle-gap energy states in both the valence
band and conduction band. Half-metallicity is obtained by
doping with 25% N, formed by the semiconductor spin-up state
and metallic spin-down state (due to the overlap of the new
energy branches and the Fermi level). Meanwhile, a magnetic-
semiconductor nature emerges in the remaining cases. The
spin-dependent energy gaps are listed in Table 1. New energy
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Fig. 3 AIMD simulations (at 300 K) of KF monolayers doped with (a)
25%, (b) 11.11%, and (c) 6.25% N; and (d) 25%, (e) 11.11%, and (f) 6.25% O.
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Fig. 4 Spin-polarized band structure (spin-up: black and green
curves; spin-down: red and blue curves) of KF monolayers doped with
(a) 25%, (b) 11.11%, and (c) 6.25% N; and (d) 25%, (e) 11.11%, and (f) 6.25%
O.
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states in the lower part of the conduction band and upper part
of the valence band give rise to smaller band gaps of the spin-
down configuration than those of the spin-up counterpart.
These doping-induced feature-rich electronic properties suggest
the doped systems to be prospective 2D spintronic materials,
which can be used to generate spin current.”® Due to their
considerably large electronegativity (as compared to K atoms), N
and O dopants may receive the charge transferred from the host
K-neighbor atoms. This process is quantified through Bader
charge analysis. The results (given in Table 1) indicate that
the N dopant gains between 0.78 and 0.80e, while a charge
quantity of between 0.83 and 0.84e is transferred to the O
dopant.

The analyzed spin-asymmetry of the band structures gives
evidence of doping-induced magnetization. The emergence of
magnetism is confirmed by total magnetic moments of 2.00 and
1.00 up in the N- and O-doped KF monolayers, respectively. To
get insights into the origin of the magnetism in these systems,
the spin density and PDOS spectra of the magnetizing atoms are
calculated. Specifically:

e The spin density diagram in Fig. 5 indicates the key role of
the dopants in producing magnetic properties, considering
a large spin accumulation generated by the difference in charge
distribution between the spin channels at their sites.

e The PDOS spectra of N and O atoms given in Fig. 6 confirm
that the magnetism originates mainly from their 2p orbitals.
Remember that N and O atoms have 2s*2p® and 2p”2p* valence
electron configurations, respectively. Therefore, after receiving
about 1e from the host monolayer, the N atom has 2 unoccupied
states, leading to a total magnetic moment of 2 uz. Meanwhile,
this number is 1 ug in the case of O doping.
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o

Fig.5 Spin density (iso-surface value: 0.004 e A=%) in (a—c) N- and (d-
f) O-doped KF monolayer with doping level of 25%, 11.11%, and 6.25%.
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Fig. 6 Projected density of states of dopants in KF monolayers doped
with (a) 25%, (b) 11.11%, and (c) 6.25% N; and (d) 25%, (e) 11.11%, and (f)
6.25% O.

C. Effects of doping with Ca and Sr at cation sites

Herein, doping at the cation sites of the KF monolayer is
considered. The doping energies of Ca and Sr atoms are listed in
Table 1. Except for 25% N, the doping processes are exothermic
as suggested by the negative doping energies. Ca doping may be
easier to realize than Sr doping due to its more negative doping
energy. For both cases, a high doping level requires more
energy, since the doping energy becomes more positive with the
increase in the dopant concentration. Further AIMD simula-
tions indicate good thermal stability of the Ca- and Sr-doped KF
monolayers, exhibiting no temperature-induced structural
destruction up to 3000 fs (see Fig. 7). Similar to previous cases,
low-doping systems may be thermally more stable than highly
doped ones, considering the smaller temperature fluctuations
shown by AIMD simulations. The calculated spin-polarized
band structures of the Ca- and Sr-doped KF monolayers are
displayed in Fig. 8. Both spin states exhibit semiconductor
character; however, the spin asymmetry induced by new middle-
gap flat energy branches gives rise to the development of
a magnetic-semiconductor nature. The spin-dependent band
gaps are listed in Table 1. In contrast to the previous cases of
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Fig. 7 AIMD simulations (at 300 K) of KF monolayers doped with (a)
25%, (b) 11.11%, and (c) 6.25% Ca; and (d) 25%, (e) 11.11%, and (f) 6.25%
Sr.
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Fig. 8 Spin-polarized band structure (spin-up: black and green
curves; spin-down: red and blue curves) of KF monolayers doped with
(@) 25%, (b) 11.11%, and (c) 6.25% Ca; and (d) 25%, (e) 11.11%, and (f)
6.25% Sr.

doping with N and O, the spin-up energy gaps are smaller than
the spin-down energy gaps due to the appearance of energy
states around the Fermi level (below the Fermi level for the spin-
up channel and above the Fermi level for the spin-down
channel). In addition, acting as cations in the doped systems,
Ca and Sr dopants may transfer a certain amount of charge to
their nearest host F atoms due to their considerably lower
electronegativity. A study based on Bader charge analysis indi-
cates the transfer of 0.16-0.22e and 0.14-0.15¢ from the Ca and
Sr atoms to the host monolayer once they are substitutionally
incorporated (see Table 1).

Despite their similar quantities of transferred charge, Ca/Sr
and K atoms have different valence electron configurations
(3d%4s%/4d%5s> and 3d%s', respectively). Therefore, the
replacement of K atoms by Ca and Sr atoms may significantly
magnetize the KF monolayer, which has been evidenced by the
spin-asymmetric band structures. Moreover, our calculations
yield total magnetic moments of 1 ug, and this parameter
increases slightly at a high doping level of 25% for Ca and Sr, to
1.06 and 1.05 ug, respectively. The results for the spin density in
Fig. 9 and PDOS in Fig. 10 provide a deeper understanding of
the origin of the magnetism. Precisely:

e The spin density has been calculated as the difference
between the spin-up and spin-down charge distributions. The
illustration of the spin density in Fig. 9 indicates that the
difference occurs mainly at the Ca and Sr sites, confirming their
role as magnetizing agents.

e The PDOS spectra of the Ca and Sr dopants in Fig. 10
indicate that, in the considered energy range, they contribute to
both the valence band and conduction band. Most importantly,
the energy states around the Fermi level are formed mainly from
Ca-3d:, Ca-4s, Sr-4d, and Sr-5s states with a clear spin asym-
metry. Therefore, one can conclude that these mentioned

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Spin density (iso-surface value: 0.002 e A=%) in (a—c) Ca- and
(d—f) Sr-doped KF monolayers with doping level of 25%, 11.11%, and
6.25%.
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Fig.10 Projected density of states of dopants in KF monolayers doped
with (a) 25%, (b) 11.11%, and (c) 6.25% Ca; and (d) 25%, (e) 11.11%, and (f)
6.25% Sr.

electronic states are the main origin of the magnetism in the Ca-
and Sr-doped KF monolayers.

D. Effects of codoping

In this part, the effects of codoping with N/O, Ca/N, Ca/O, Sr/N,
Sr/0, and Sr/Ca on the electronic and magnetic properties of the
KF monolayer are investigated. Firstly, the doping energies are
calculated, and these results are given in Table 2. As expected,
charge donors Ca and Sr will significantly decrease this

© 2023 The Author(s). Published by the Royal Society of Chemistry
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parameter, such that the smallest value of 0.66 eV is obtained
for Ca/Sr codoping. Meanwhile, simultaneous substitution of
two F atoms by N and O charge acceptors requires the largest
doping energy of 12.02 eV.

Fig. 11 shows the spin-polarized band structures of the
codoped systems. It can be clearly noted that there is spin
asymmetry as a consequence of new energy states, which are
developed in the forbidden energy range of the host KF mono-
layer. As such, a magnetic-semiconductor nature is obtained in
all six cases, and is generated by semiconductor character in
both spin states. Table 2 gives the spin-dependent band gaps.
Note that the N/O-codoped monolayer has a large spin-up
energy gap and small spin-down energy gap, and the opposite
feature is obtained via Ca/Sr codoping (similar to the previous
cases of single-atom doping). However, the synergistic effects of
codoping at both cation and anion sites leads to small (less than
1 eV) band gaps in both spin configurations. With the exception
of the N dopant in the case of the N/O-codoped KF monolayer,
the involvement of two dopants induces an increase in the
transferred charge, as shown by the Bader charge analysis,
whose numerical results are given in Table 2.

Codoping with N/O and Ca/Sr magnetizes the KF monolayer,
with total magnetic moments of 3.00 and 2.00 ug, respectively.
Herein, all dopant atoms play a key role in producing magnetic
properties, as confirmed by the spin density illustrated in
Fig. 12a and f. Furthermore, magnetism also emerges in Ca/N-,
Ca/O-, Sr/N-, and Sr/O-codoped systems, with total magnetic
moments of 2.19, 0.61, 2.18, and 0.70 ug, respectively. Fig. 12b—-e
show that in these cases, magnetism originates mainly from N
and O atoms, while Ca and Sr atoms exhibit weaker influences
on the magnetic properties. Undoubtedly, the electronic and
magnetic properties of the codoped systems are regulated
mainly by the N-2p, O-2p, Ca-3d, Ca-4s, Sr-4d, and Sr-5s orbitals,
similar to the previous cases of separate dopings.
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Fig. 11 Spin-polarized band structure (spin-up: black and green
curves; spin-down: red and blue curves) of KF monolayers codoped
with (a) N/O, (b) Ca/N, (c) Ca/O, (d) St/N, (e) Sr/O, and (f) Ca/Sr.
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IV. Conclusions

In summary, first-principles calculations have been performed
to predict the KF monolayer as well as investigate the effects of
doping on its electronic and magnetic properties. The KF
monolayer is predicted to have good stability, adopting a planar
graphene-like honeycomb structure. Electronic calculations
indicate insulating and ionic characters without intrinsic
magnetism, where the valence band and conduction band are
formed mainly by F-2p and K-4s orbitals, respectively. Doping
with N/O at anion sites and Ca/Sr at cation sites is considered in
order to induce magnetic properties. The calculations of doping
energy indicate that replacing a K atom is energetically more
favorable than replacing an F atom. Bader charge analysis
indicates a charge gain of N and O dopants from the host
monolayer, while Ca and Sr dopants act as charge donors,
transferring significant amounts of charge to the host mono-
layer. The modified electronic interactions lead to the appear-
ance of new middle-gap energy states, which originate from the
N-2p, O-2p, Ca-3d, Ca-4s, Sr-4d and Sr-5s orbitals due to their
partial occupancy. Consequently, they produce mainly
magnetic properties in the doped systems. The codoped KF
monolayers have also been investigated, and exhibit magnetic
semiconductor behavior, similar to the cases of single-atom
doping. In the cases of the N/O- and Ca/Sr-codoped systems,
all dopants act as magnetizing agents. Meanwhile, only N and O
atoms play a dominant role in the origin of the magnetism in
the Ca/N-, Ca/O-, Sr/N-, and Sr/O-codoped systems, where Ca
and Sr exhibit weak influences. In addition, AIMD simulations
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confirm good thermal stability of the doped and codoped
systems at room temperature. The results presented herein pave
a solid path, based on doping, to functionalize new ionic KF
monolayers for spintronic applications; this is not accounted
for by the pristine monolayer, which has no intrinsic magne-
tism or suitable electronic structures.
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