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Ultra-thin structures of manganese fluorides:
conversion from manganese dichalcogenides
by fluorination
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In this study, it is predicted by density functional theory calculations that graphene-like novel ultra-thin
phases of manganese fluoride crystals, that have nonlayered structures in their bulk form, can be
stabilized by fluorination of manganese dichalcogenide crystals. First, it is shown that substitution of
fluorine atoms with chalcogens in the manganese dichalcogenide host lattice is favorable. Among
possible crystal formations, three stable ultra-thin structures of manganese fluoride, 1H-MnF,, 1T-MnF,
and MnFs, are found to be stable by total energy optimization calculations. In addition, phonon
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Accepted 13th April 2021 crystal structures displaying distinctive characteristic peaks in their vibrational spectrum enabling
experimental determination of the corresponding phases. Differing from 1H-MnF, antiferromagnetic

(AFM) large gap semiconductor, 1T-MnF, and MnF3 single-layers are semiconductors with ferromagnetic
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Various experimental methods have been used in the last two
decades in order to synthesize two-dimensional (2D) ultra-thin
materials. Among those methods, micromechanical cleavage
has been reported to be a simple and effective method for
obtaining monolayers of layered bulk crystals via exfoliation
using an adhesive tape.' In addition, chemical vapor deposi-
tion (CVD) and molecular beam epitaxy (MBE) techniques have
often been used in order to produce large-scale, high-quality
ultra-thin structures. However, these procedures are much less
cost-effective, often intricate, and expensive.*® Therefore, due
to its simplicity micromechanical cleavage has been still widely
used with the required improvements made for obtaining large-
scale flakes.’ Although it is a widely-used method, application
of cleavage technique has been limited to crystal structures
composed of van der Waals (vdW) coupled layers, and there-
fore, synthesis of 2D crystals from non-layered bulk structures
is an important issue. Very recently, we demonstrated a novel
method for the synthesis of 2D ultra-thin structures from non-
layered bulk materials using the chemical conversion process."®
It was demonstrated that for sufficiently long fluorination time,
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layered InSe can be turned into a thin InF; crystal in which all
Se atoms are chemically exchanged with F atoms. It was also
theoretically predicted that the fluorinated InSe is a direct band
gap semiconductor and have a slightly softer crystal structure
with a strong in-plane anisotropy.’* Additionally, fluorination
dependent enhancement in the stability of 2D crystals has also
been reported recently.'” Studies on chemically functionalized
or converted ultra-thin crystal structures are still continuing.

Among the fluoride crystals, manganese fluorides having
diverse phases have been widely used in various applications.
MnF, is known as a powerful oxidizing agent with blue-violet
color and is synthesized via the reaction of MnF; with HF."® It
was demonstrated that MnF; is an effective fluorination agent
which is used to convert hydrocarbons into fluorocarbons.™ It
was also reported that MnF; is a spin-polarized Dirac material*®
exhibiting the Jahn-Teller type distortion.'® On the other hand,
MnF, has also been used as an anode material in lithium-ion
battery'”'® and glass applications.'®>° Short luminescence®
and two-color photoluminescense®* features of MnF, were also
reported. Although, thin-films of manganese fluoride crystals
have been studied, their ultra-thin two-dimensional structures
have not been reported yet.

The research on two-dimensional ultra-thin materials has
been growing exponentially since the successful isolation of
graphene.”®?* Following graphene, ultra-thin forms of other
layered structures such as transition metal dichalcogenides
(TMDs),>*® InSe,”® and magnetic single-layers such as Crl,*°
VI;,>' 3 MnSe,** have been added to the 2D library of materials.
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Magnetic single-layers are currently being used in spintronic
applications however, the number of known 2D magnets is
limited. Therefore, the search for novel 2D magnetic single-
layers is still a hot topic in material science.

In this study, we propose the formation of different MnF,
single-layers that can be obtained through fluorination of
manganese dichalcogenide structures. Our first-principles
calculations reveal that the chemical exchange of F-chalcogen
is energetically favorable and 1H and 1T phases of MnF, are
formed as dynamically stable, magnetic semiconductors. In
addition, ultra-thin MnF; is shown to be a stable magnetic
semiconductor exhibiting different atomic compositions.
Electronic band structure calculations indicate the formation
of semiconducting MnF,s which also exhibit distinctive vibrational
properties. Thus, the chemical conversion of layered materials
through fluorination can be an efficient way to obtain 2D forms of
non-layered materials.

1 Computational methodology

First-principles calculations within density functional theory
(DFT) were carried out in order to determine the structural,
vibrational and electronic properties of single-layer MnF, crystals
by using Vienna ab-initio Simulation Package (VASP)**?° with the
implemented plane-wave projector-augmented wave (PAW)*
potentials. For the exchange-correlation functional, the general-
ized gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE)*® was used. DFT+U in Dudarev’s formulation is used in order
to take into account the strong correlations between the d orbitals
of Mn atoms.> Effective parameter, U, is taken as 3.9 eV."* The
van der Waals correction was implemented by using the DFT-D3
method with Becke-Jonson damping.*' The kinetic energy cut-
off of the plane-wave basis set was taken to be 500 eV in all
calculations. Total energy difference of 10> eV between con-
sequent steps was taken as convergence criteria. Gaussian
smearing of 0.05 eV was set for the density of states (DOS)
calculations. At least 20 A of vacuum spacing was taken in
all calculations in order to prevent any interactions between
adjacent layers. I' centered k-point mesh for the primitive cell
with the size of 5 x 5 x 1 was used for calculating structural and
vibrational properties and 8 x 8 x 1 was used for density
of states (DOS) calculations. Geometric relaxation of atoms
was allowed until pressures in all directions became less than
1 kB. The vibrational properties of the structure were investi-
gated by the small-displacement method.**> The charge transfer
analysis was carried out from the effective charge difference on
individual atoms using the Bader technique.*?
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In order to calculate the first-order Raman activities, firstly
the phonon modes at I point are calculated. Dynamical matrix
is constructed by the results of small displacement of each
atom in the unit cell. Phonon modes are obtained and the
change in dielectric tensor is calculated in order to determine
the corresponding Raman activity.***> Raman tensor, R, is
calculated by
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where Qy is the normal mode that describes the whole motion
of involving atoms of the kth phonon mode and «; is the
polarizability tensor of the material. Raman activities are
calculated by the equation;

Ry = 450° + 7/ (2)

where o is the isotropic and f is the unisotropic part of the
derivative of the polarizability tensor.

2 Fluorination and atomic structure

Manganese dichalcogenides, MnX, (X = S, Se, or Te) are known
to be dynamically stable, with magnetic single-layers which
exhibit layered crystal structure in their bulk forms. However,
the metallic nature of MnS,, MnSe,, and MnTe, limits their use
in optoelectronic device applications.*®*® As previously achieved
in InSe,'° one can expect that the chemical conversion of these
ultra-thin crystals can lead to the formation of manganese-based
novel structures with new functionalities (Table 1).

The schematic representation of fluorination of MnX, by
single fluorine atoms is shown in Fig. 1(a). Our results show
that the chemical substitution of a chalcogenide atom by a F
atom is energetically feasible with calculated exchange energies
of —0.05, —0.29, and —1.49 eV for S, Se, and Te, respectively.
Following the investigation of the energetics of single F
exchange in single-layer MnX, structures, formation of possible
MnF, phases with different compositions, namely 1H-MnF,,
1T-MnF,, and MnF;, are examined (see in Fig. 1(b-d)).

Total energy optimization calculations show that single-layer
MnF, structures can be crystallized either in 1H or 1T phases. In
both phases, the Mn layer is sandwiched between two F layers,
exhibiting P6/m2 and P3/m2 space-group symmetries, respectively.

Table1l Calculated parameters for single-layer MnF,s: optimized in-plane lattice constants (a and b), bond length between Mn and F (dmn-f), the F-Mn—
F bond angle (6). magnetic ground state of the structure, in-plane stiffness (C, and C,), the Poisson ratio (v, and v,), donated electron per Mn (puy),

EG GA

cohesive energy per atom (Ec), work function (@), energy band gaps calculated within GGA (Ega5 ), Raman active modes

a(d) bA) 0() Mag.state C, C,(Nm™") w1 pun (€7) Ec(eV) @ (eV) Egay (eV) R-Active modes (cm™")
1H-MnF, 6.26 6.26 67 AFM 57,57 0.24, 0.24 1.5 4.31 8.54 3.82 245, 418, 447
1T-MnF, 6.71 6.71 79 ™M 47, 47 0.34, 0.34 1.6 4.52 6.96 3.67 253, 325
MnF; 8.53 5.38 84-92 FM 40, 49 —0.46, —0.57 2.0 3.86 9.48 0.47 437, 482, 674, 1221
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Fig. 1 (a) Schematic of the fluorination process of MnSe, monolayer with
the energy difference of corresponding states given in the inset. Crystal
structures with difference charge densities of (b) 1H-MnF,, (c) 1T-MnF,,
and (d) MnFs. (e) Superexchange interactions and (f) corresponding XRD
spectra of single-layer MnF, structures represented by red, blue and green
lines, respectively. Purple, green, and violet colored atoms represent Mn,
chalchogen (S, Se, Te), and F atoms, respectively.

On the other hand, single-layer MnF; is formed such that the Mn
atoms are surrounded by bi-pyramidal tetrahedrally oriented F
atoms in an accordion-like confirmation. It is calculated that in
these crystal structures each Mn atom has 5 up net magnetic
moment. While antiferromagnetic (AFM) order is favorable for 1H
phase, 1T phase favors ferromagnetic (FM) order. In addition, FM
ordered state is also ground state for MnF; (with 4 and 3 ug net
magnetic moment per inner and outer Mn atoms, respectively). As
shown in Fig. 1 AFM (FM) order of Mn atoms in 1H-MnF, phase
(in 1T-MnF, and MnF; phases) is stabilized by superexchange
interaction provided by fluorine atoms. In addition, cohesive
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energies of 1H-MnF,, 1T-MnF, and MnF; are calculated to
be 4.31, 4.52 and 3.86 eV per atom, respectively. It appears
that though cohesive energies of predicted single-layers are
energetically less favorable than their bulk forms (4.93 and
4.56 for MnF, and MnF;, respectively), their synthesis can
be achieved through fluorination of ultra-thin manganese
dichalcogenides.

3 Mechanical and vibrational
properties

Linear-elastic properties of MnF, single-layers are also deter-
mined in terms of the in-plane stiffness, and Poisson ratio.
In-plane stiffness, Cyy), is the rigidity of a material while
Poisson ratio, vy, is the ratio of transverse contraction strain
to longitudinal extension. In order to determine the elastic
properties of the MnF, single-layers, elastic strain tensor
elements, C; are calculated. In-plane stiffness and Poisson
ratio are calculated by using the formula;

(C11Cxn — Ci2 x Cyy)

Cx(}') = sz(ll) (3)
Cn

Vi = 4

*0) Coan @)

In-plane stiffness values are calculated as 57 N m~ " for
1H-MnF,, and 47 N m™*! for 1T-MnF,. In the case of MnF;, an
in-plane anisotropy in x and y directions is predicted where the
C. and C, values are found to be 40 and 49 N m™ ', respectively.
As compared to the elastic constants of well-known single-layers
such as graphene (330 N m~),**”° Mos, (122 N m "),*>”° h-BN
(273 Nm™1),*"° and WS, (122 N m *),”° in-plane stiffness values
of MnF, single-layers indicate their ultra-soft nature. On the other
hand, negative Poisson ratio values of the MnF; (v, = —0.46,
vy = —0.57) single-layer indicate its the auxetic nature. Such
materials have been used in multimodal sensing surfaces,’
foam sensors,”> membrane®® and filter applications.>* Therefore,
differing from 1H and 1T structures, single-layer of MnF; is
expected to undergo lateral expansion when stretched long-
itudinally and become thinner when compressed laterally.

Dynamical stability and vibrational properties of the predicted
MnF, structures are investigated in terms of their phonon band
dispersions and Raman activity spectra. As presented in Fig. 2,
1H-MnF,, 1T-MnF,, and MnF; single-layers have phonon
branches all having positive eigenfrequencies in the whole
Brillouin zone and therefore, they are dynamically stable in
free-standing form. 1H and 1T MnF, are found to exhibit six
optical phonon branches two of which arise from the non-
degenerate out-of-plane vibration of the atoms. The remaining
four branches stand for in-plane vibrational motions. In the case
of 1H-MnF,, three existing Raman active modes which are named
as Ay, E’, and E” are shown in Fig. 2. The A; mode represents the
vibration of only F atoms against each other in the out-of-plane
direction while the E' mode stands for the in-plane vibration of
Mn and F atoms against each other. In addition, E” mode arises
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Fig. 2 Phonon dispersions and corresponding Raman spectrum of (a) 1H

200 300

from the opposite in-plane vibration of F atoms. On the other
hand, 1T-MnF, exhibits two Raman active modes, namely A;, and
E,. Ay, denotes the opposite vibration of F atoms in the out-of-
plane direction while E; represents the vibrations of F atoms
against each other in the lateral directions. In the case of single-
layer MnF;, the prominent peaks in the Raman spectrum are
located at 437, 482, 674, and 1221 cm ! in its magnetic ground
state. The most intense peak at frequency 437 cm ™" is attributed
to the coupled in-plane and out-of-plane vibration of F atoms in
the inner MnFg units while the other three Raman modes are
dominated by the F vibrations in the outer MnFs. While the
modes at 482 and 674 cm ™" arise from the coupled in-plane and
out-of-plane vibrations, the mode having frequency 1221 cm™ " is
dominated by the out-of-plane vibration of the F atoms in outer
MnF; units. Raman activity calculations, shown in lower panel of
Fig. 2, reveal that for each predicted MnF, single layer structure there
are distinctive Raman-active phonon peaks and therefore, these
crystal structures can be distinguished by Raman spectroscopy.

In addition to the dynamical stability, thermal stability of
manganese fluoride single-layers at room temperature are
investigated by performing molecular dynamics simulations.
Simulations are carried out for ~2 ps with 2 fs difference
between consequent steps using NVE ensemble. In addition,
3 x 3 x 1 k-point sampling was chosen for 4 x 4 x 1 supercell.
Here, average bond length between the bonding Mn and
F atoms is calculated for each time step by the equation;

dMn—F

= [sz i \/(xi = x)+ i —p) + (- Zj)z/nbonds(MnF):|
()

where ny, is the number of Mn atoms, ny is the number of F
atoms bonding with ith Mn atom, i and j are the indeces of Mn
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-MnF,, (b) 1T-MnF,, and (c) MnFs.

and F atoms, Xy ), yi(j); Zi(j) are the coordinates of the bonding
Mn and F atoms, and nponds(mn-r) is the total number of Mn-F
bonds. Moreover, in order to further check the stability, the
average change in the atomic coordinates are calculated;

Ad =

nia] \/(xo = Xk)? 4 (o — yu)* + (20 — Zk)z/nmlal] ©)
T

where noq is the total number of atoms in the unit cell, xo, yo,
Zo are the coordinates of the atoms in the optimized structure,
Xk, Yk» 2k are the coordinates of the kth atom.

It is apparently seen that, while 1T-MnF, and MnF; retain
their stable phase, significant deformation occurs in the 1H-MnF;
lattice (see Fig. 2(a and c)). For further investigation of the
deformation of 1H-MnF,, MD simulations are carried out with
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Fig. 3 Average Mn-F bond lengths in the MD simulations at (a) 300 K
constant temperature, (b) rising temperature, and average atomic displa-
cements at (c) 300 K constant temperature, (d) rising temperature.
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Fig. 4 Electronic band structure of (a) 1H-MnF,, (b) 1T-MnF,, and (c) MnFs. Major and minor spin components are represented by solid blue and dashed
red lines, respectively. (d) Band alignments of ultra-thin MnF, structures and other reported single-layers.

increasing temperature. Here, temperature of the 1H-MnF,,
1T-MnF, and MnF; crystal structure is increased from 0 K with
2 fs time steps. As shown in Fig. 2(b and d), atomic structure
of the 1T-MnF, and MnF; crystals maintain their stability for
high temperatures, while the 1H-MnF, crystal is significantly
distorted starting from ~ 200 K.

4 Electronic band structure and
possible van der Waals
heterostructures

Electronic properties of the 2D MnF, crystals are investigated
through their electronic band structures. In contrast to manganese
based dichalcogenide single-layers having metallic character,
MnF, single-layers are semiconductors with varying band gaps
(see Fig. 3). 1H-MnF, is found to be an indirect band gap
semiconductor with a band gap of 3.15 eV. The valence band
maximum (VBM) and the conduction band minimum (CBM)
are located at the I'-M interval and the I" points, respectively.
In contrast, 1T-MnF, has a direct band gap character whose
VBM and CBM are located at the I" point with a band gap of
3.67 eV. In addition, single-layer MnF; is an indirect band gap
semiconductor that has a band gap (0.47 eV) much smaller than
those of the MnF, structures. Its VBM and CBM reside at the I"
and X-S points, respectively. In all three single-layers, the edge
of the VBM states is composed of Mn-d and F-p orbitals while
the CBM state are dominated by the Mn-d orbitals.

Here, we also investigate the possible heterojunctions of the
ultra-thin manganese fluorides with reported single-layers such
as MoS,, WS,, WSe,, AIN, GaN, SiC, and GeC.*®*® Our results
show that 1H-MnF, has lattice-mismatch of less than 1% with
MoS,, WS,, and AIN while mismatch of 4% is calculated for
GaN and GeC, and 5% for WSe,. 1T-MnF, has lattice-mismatch
of 5%, 5%, 2%, 6%, 3%, 7%, and 2% with MoS,, WS,, WSe,,
AIN, GaN, SiC, GeC, respectively. Comparative band alignments
of these heterojunctions are presented in Fig. 3(d). According to
the results, 1H-MnF, forms type-I heterojunction with MoS,,
WS,, WSe,, AIN, GaN, and SiC while it forms type-III hetero-
junction with GeC. Type-II heterojunction is also predicted
between 1T-MnF, and WSe,, AIN, GaN, SiC. Additionally,
1T-MnF, forms type-II heterojunction with GeC and type-I

10222 | Phys. Chem. Chem. Phys., 2021, 23, 10218-10224

heterojunction with MoS, and WS, single-layers. Apparently,
formation of all three types of heterojunctions are possible with
magnetic MnF, single layers, therefore these materials are
expected to be used in various optoelectronic device applications.
In the case of MnF;, type-Ill heterojunction with the given
materials is predicted. However, due to high lattice mismatch
between these single-layers and ultra-thin MnF;, heterojunction
formation is not feasible (Fig. 4).

5 Conclusions

In this study, we have investigated possible manganese fluoride
crystals that can be obtained by fluorination of manganese
dichalcogenides. Firstly, it is predicted that, similar to that
recently performed for conversion of InSe crystals,'® it is quite
possible for the chalcogen atoms of the host lattice to be
replaced by fluorine atoms. Total energy optimization and
dynamic stability calculations have shown that formation of
three novel ultra-thin crystalline manganese fluoride structures
is feasible by chemical conversion. It is also revealed by ab-initio
calculations that these stable ultra-thin crystal structures can
form type-I, type-II, and type-III heterojunctions with other
ultra-thin materials that have been studied in the literature.
Notably, manganese fluorides which do not have ultra-thin
phases can be obtained indirectly by fluorination of manganese
chalcogenides and this appears to be an effective alternative
method for synthesis of new materials needed in rapidly
advancing nanotechnology studies.
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