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Stable sandwich structures of two-dimensional iron
borides FeB, alloy: a first-principles calculationf
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Due to the complexity of the interaction between boron and 3d transition metals, stable two-dimensional
(2D) iron borides FeB, compounds have attracted tremendous attention in recent years. Combining the

evolutionary algorithm with first-principles calculations, we have systematically investigated the

structural stabilities and electronic properties of 2D iron borides FeB, (x = 2-10) alloys. It is found that
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the multilayer iron borides FeB, (x = 4, 6, 8, 10) are wide-band-gap semiconductors, which are more

stable than the corresponding monolayers. Furthermore, the electronic and optical properties of these
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1. Introduction

Due to their electron deficiency, boron (B) nanostructures have
attracted both theoretical and experimental attention in the
past decades.” Experimental observations have shown
a striking evolution of B clusters as their size increases,
including planar/quasi-planar structures with tetragonal/
pentagonal/hexagonal defects and hollow cages.*"* Mean-
while, the configurations of boron clusters can be further
modulated by introducing the transition metal (TM) atoms.
Various planar hyper-coordinate species of TM@B,, (n = 7-10)
with TM atom at the center of the boron wheel have been
confirmed theoretically and experimentally, such as [FeBg> ],
[CoBg7], [FeBy |,**** M@By (M = Ru, Rh, Ir),"*** and M@By,
(M = Ta, Nb)."* Recent progress showed that [CoB;s | and
[MnB;s |** are boron molecular drums with 16 nearest
neighbor B atoms, while [CoB;s |* and [RhB;g [*° can be
considered as the planar motifs for the metallo-borophenes.
The interaction between boron and metal atoms has
a dramatic effect on the structural stabilities of B nanostructures.
Theoretical calculations showed that the isolated stable two-
dimensional (2D) B sheets*** have been observed to form
a triangular lattice with proper vacancies, while the concentration
and distribution of vacancies would change with the substrate as
confirmed by the recent experiments.** Various metallo-
borophenes have been proposed by theoretical calculations,
such as the Dirac material monolayer of TiB,,* the sandwich
structure of MoB,,” the Li doped borophene for high capacity
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semiconductors may be modulated by biaxial strains, indicating their potential application for advanced
blue/UV light optoelectronic devices.

electrode material,® the superconducting Li-B monolayer.** By
means of a particle swarm optimization method combined with
density functional theory (DFT) calculations,** a 2D FeBq and
FeB, nano-material have been predicted to be stable, where B-
FeBg, Y-FeBg are identified as the semiconductors and FeB,
exhibits the Dirac state similar to the monolayer TiB,.

In this work, we have performed the searching of possible
candidates for 2D iron borides FeB, structures by the evolu-
tionary algorithm combined with the first-principles calcula-
tions. Our study reveals that the sandwich structures are
energetically favorable than the monolayer ones. We have found
that these ground state structures are semiconductors with wide
band gaps, exhibiting the potential application for transistors
with high on/off ratios and optoelectronic devices in the range
of blue or UV light.

2. Computational methods

Possible stable structures were searched using the ab initio
evolutionary algorithm USPEX.**¢ In these calculations, initial
structures were randomly produced using plane group
symmetry with a user-defined initial thickness of 2 A, which was
allowed to change during relaxation. In the ground state
searching, the population size was set to be 30, and the max
number of generation was maintained at 50. To get a greater
coverage of potential candidates, we also constructed various B
sheets with hexagonal vacancies based on the triangular lattice
supercell (form 2 x 2 to 6 x 6) to screen the sandwich structures
with various coverages. As the borophene (n = 1/5, 1/6) have
been synthesized in the experiment,**” we considered the
corresponding sandwich structures of FeBg and FeB;, (shown in
the Fig. S1(g and h)}), which were used as the initial seeds to
search the 2D isomers of FeBg and FeB,, with higher stabilities
by the USPEX technique.

This journal is © The Royal Society of Chemistry 2017
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Our first-principles calculations were based on the density
functional theory implemented in the Vienna ab initio simula-
tion package (VASP5.4.1) method.?”?® The electron-ion inter-
actions were described by the projector augmented wave (PAW)
potentials.*® To treat the exchange-correlation interaction of
electrons, we chose the functional of Perdew-Burke-Ernzerh
(PBE) within the generalized-gradient approximation (GGA).*
All structures were fully relaxed until the force on each atom was
smaller than 0.01 eV A~ with the cutoff energy of 480 V. The K-
point mesh of (15 x 15 x 1) was taken to calculate the elec-
tronic structure. In addition, the hybrid functional* HSE06 was
also employed to confirm the energetic stability and the band
gaps of the semiconducting structures. In order to confirm the
dynamical stability of the structure, the phonon spectrums were
calculated with the finite displacement method as implemented
in the Phonopy code,*>** where the precise convergence criteria
for the total energy was 10 ° eV. Thermal stability was also
studied using ab initio molecular dynamics (AIMD) simulations
with the temperature controlled by a Nosé heat bath scheme.*

To explore the possibility for the experimental realization of
the 2D iron borides FeB, materials, we have calculated the
formation enthalpy (H), which is defined as:

H= (Elot — )V X UFe — X X MB)/(X_'_J})

where E, is the total energy of the 2D iron borides FeB,
structure, the ug. and up are the calculated chemical potentials
for bulk bce-Fe and a-B sheet,* respectively, x and y represent
the number of atoms for Fe and B in the unit cell. To study the
thermodynamics properties of iron borides FeB,, we consider
the vibration free energies under the quasi-harmonic approxi-
mation, which can be written as**

F=E,+ Zhwi/Z +kTZln[l —exp(—hw; /kT))
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here E, is the total energy at 0 K and w; is the frequency of
different vibrational mode.

3. Result and discussion

Combined the evolutionary algorithm search with the first-
principles calculation, firstly, we confirmed that the sandwich
structures of the 2D iron borides FeB, isomers are stable than
the monolayer ones in total energies. Secondly, we studied the
electronic properties of these stable semiconductors, based on
the HSEO6 calculations. In order to explore the potential
application of these 2D materials, finally, we simulated
the absorption spectrum of the stable 2D sandwich
semiconductors.

3.1 Geometric structures and stability of iron borides FeB,

In agreement with the previous study, the FeBg (ref. 46) is
a three layers structure with a thickness about 2.35 A and the
optimized lattice parametres are @ = b = 3.48 A in plane as
shown in Fig. 1a. The geometric structure is formed by two
boron-kagome layers sandwich a triangular Fe metal layer, just
like the 2D MgBs superconductor.”** In the energetically
favorable sandwich FeBg, the interbedded Fe atoms are adjacent
to the six B atoms in the up and down B kagome layers, the inter
atomic distance between the Fe and B is 2.10 A. Compared to
the sandwich of FeBg, the reported eight-coordinate quasi-
planar «-FeBy (ref. 32) was found to be not stable in our
study, with about 3 eV higher in total energies per unit.

As shown in Fig. 1(b-d), the new predicted stable FeB4 g 10
share similar features with the FeBs. The FeB, is a multilayer
structure with a thickness about 4.17 A, containing three boron
layers and two Fe layers. The first and last layers are both the
boron kagome-lattice with three atoms, with the parallel B
chains are located in the middle shown in the black dash line

TAlAYAIYAl YA
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Fig. 1 The geometric structure of the iron borides FeB, sandwiches. (a—d) Top view and side view for the 2D FeB46510) the red dash line

represent the unit cell of the corresponding 2D alloy. (e) Brillouin zone of
and blue spheres stand for iron and boron, respectively.
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the multilayer structure FeB4 6 5 10). The brown spheres, green spheres
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Table 1 The formation enthalpy of the most stable monolayer (M) FeB, and sandwich (S) FeB, at GGA (PBE)

FeB, FeB, FeB, FeBg FeBg FeBqo

H (eV)M 0.073 (0.33 up) —0.095 0.027 (1.92 ug) 0.022 (2.02 ug) 0.028 (1.63 up)
H (eV)/s —0.208 (0.60 ug) —0.324 —0.330 —0.230 —0.168

square, the B-Fe bond length in the middle layer is shorter than
the one in the up or down side B layers. The most stable FeBg is
a derivative of FeBg sandwich, with a B honeycomb monolayer
adsorbed on the kagome B layer as shown in the Fig. 1(c).
Similarly, the stable 2D FeB,, is the structure of FeBs with two
additional B honeycomb monolayers on the top and bottom
respectively, as both sides (up and down) of FeBg are the same,
so the B dimer adsorbed on the both sides are equivalent, as
shown in Fig. 1(d).

Table 1 shows the formation enthalpies (H) of the most
stable sandwich (S) structures and monolayer (M) structures of
iron borides FeB, (x = 2-10). The negative H predicts the
experimental synthesis is an exothermic reaction, which can be
likely realized in the lab. Our calculation show that, only the
FeB, may be a monolayer structure (Fig. S1(b)}), while other 2D
planar candidates might be not stable since the positive H
would induce the phase segregation, where there is a magnetic
moment more than 1 ug due to the empty d orbital of Fe.
Compared with the multilayer structures by USPEX, the three-
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layer sandwiches based on the triangular lattice supercell are
found to be not stable in the phase diagram (shown in the
Fig. S21).

Furthermore, we have performed the phonon-dispersion
calculation for these stable compounds, along the high
symmetric points in the Brillouin zone (as shown in Fig. 2(a-d)).
We find that the phonon frequency is completely positive in all
the momenta space, demonstrating that all the four structures
are dynamically stable. We have also examined the thermal
stability for iron borides FeB, (x = 4-10) sandwiches by per-
forming AIMD simulations. A 4 x 4 x 1 supercell was used to
reduce lattice translational constraints. The simulations were
carried out with a heat bath scheme at 370 K for 8 ps with a time
step of 1 fs. As shown in the Fig. S4,T the bond lengths of B-Fe
(B atom in the kagome layer) have very small fluctuations
around the equilibrium bond lengths during the entire simu-
lation, indicating the thermal stability of these 2D compounds
at room temperature. The vibrational free energy for the four
iron borides FeB, (x = 4, 6, 8 and 10) alloies indicating that, the

~
=3
~

40

Frequency(THz)

Frequency(THz)

Fig.2 The phonon band dispersions for the iron borides FeB, sandwich structures. (a—d) Represent the phonon dispersion of FeB,, FeBg, FeBg

and FeBj, respectively.
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iron borides FeB, sandwiches are more stable than the corre-
sponding monolayer ones at higher temperature (0-1000 K), as
shown in the Fig. S5.1

3.2 Electronic properties of iron borides FeB,

In order to explore the electronic properties of iron borides
FeB,, we calculated the electronic band structure of these
compounds by the PBE functional. We compared the band
structures of PBE with/without SOC and found that SOC effect
could be ignored since it had little impact to the band structure
of iron borides FeB,. As the PBE functionals are known to
underestimate the bandgap of semiconductors, we applied the
HSEO06 as the exchange-correlation functional to obtain the
accurate bandgaps of these compounds.

As shown in the Fig. 3a, the HSE06 calculated bandgap is
3.36 eV for FeBe. According to the band structures shown in
Fig. S6,T all these semiconductors own indirect bandgaps, 2.36,
3.51, 3.44 eV for FeB,, FeBg, FeBy,, respectively. With the Dgp,
symmetry of FeBg sandwich, the Fe 3d orbitals split into E4(d,y,
dy2_y2), Exg(dys, dys), Arg(dz2) in the triangular lattice, while the s,
p orbitals of B in the kagome lattice are tend to form the in-
plane sp® hybridize orbital and the out-of-plane p, orbital.
Using the WANNIER90 package*>* with these projection
orbitals, we fit a tight-binding (TB) Hamiltonian with maximally
localized Wannier functions to the bands calculated by the first-
principles method (red dash line in Fig. 3a), indicating the
dominant contributions of these orbitals to the electronic
properties for FeBg. The valence-band maximum (VBM) is along
the K-I direction, and the conduction-band minimum (CBM) of
FeBg occurs along the M-K direction. Insight in the PDOS of
FeBg in Fig. 3b, the states near the Fermi level have contribu-
tions from the d,> orbital of Fe and p, orbital of B. While, the p,
orbital of B and (d,, + d,,) orbital of Fe dominate the states of
VBM and CBM, which can be viewed from the charge distribu-
tion of VBM and CBM in Fig. 3c. The B crystal field increases the
splitting of Fe 3d orbitals, and the PDOS indicates the strong
hybridization between B p, orbital and Fe d., d,, + d,, orbital.
Note that the isolated bilayer B kagome lattice and Fe triangular
lattice are both metallic, while the interactions between the Fe

(b),
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3d orbital and B p, orbital induce the semiconducting in these
stable 2D sandwich structures.

To understand the stabilities of these 2D materials, we
studied the electron localization function (ELF) to gain a deep
analysis of the unique bonding characteristics, as the ELF can
present good description of electron localization in solids,
which can help to highlight the bond distributions between B-
B, B-Fe atoms. As shown in Fig. 4(a-d), the electrons are widely
distributed around B atoms. The whole boron networks are
covered by the delocalized electrons gas, with the charge
transfer from Fe to boron. The isolated B monolayer on the
surface of FeBg and FeB,, lead to an intensive electron distri-
butions as shown in the side view of Fig. 4(c and d). According
to the Bader charge analysis method, it is found that each Fe
atom transfers 0.192 e to the adjacent B atoms in the FeB, thin
film. In the multilayers FeB g 10), the charge transfers are
0.236 e, 0.312 e, 0.332 e respectively, due to the electron defi-
ciency of B kagome frame and moderate electronegativity
of Fe.

3.3 Optical properties and vibrational mode

Here we have studied the absorption spectra of iron borides
FeB, sandwiches semiconductors with the HSE06 functional to
explore the potential application in optoelectronic devices.
First, the frequency-dependent dielectric function ¢(w) = &;(w) +
iey(w) is calculated, and then the absorption coefficient as
a function of photon energy is evaluated according to the
following expression.®"*?

12
dre [ [e1% + &7 EE B
B =Gy

As shown in Fig. 5a, the large bandgap semiconductor
corresponds to a blueshift absorption spectra, compared to 2D
semiconductors black phosphorus® and MoS,.** For potential
application in real systems, the 2D semiconductors should be
grown on a flexible substrate, where the strain effect would
inevitably be considered due to the lattice constant mismatch.

E - = - Wannier90|
) ————
%‘3 PBE

5 — — ~HSE06

PDOS(electrons/eV)
S

——— B-s+px+py
——B-pz
Fe-dxy+dx:—y2
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Fe-dZ’

Total dos

2
Energy(eV)

Fig.3 The electronic properties of FeBg sandwich. (a) Electronic band structure of FeBg, the blue solid line represents the PBE band, the red dash
line represents the Wannier interpolated band, the orange dash line represents the HSEO6 band. (b) Total and partial densities of states (PDOS) of
FeBg sandwich at HSEO6 level. (c) Charge distribution of VBM and CBM for the FeBg sandwich at HSEOG6 level. The energy zero is set at the VBM

for (a) and (b).
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Isosurfaces of electron localization function (ELF) plotted with 60% of the peak amplitude value for the FeB, sandwiches (HSEQ6). (a—d)

Top and side view of the ELF maps for FeB 4,6,5.10), the color from red to blue in the side view indicating accumulation and depletion of electrons.

Here we simulated the strain effect for FeBy (the most stable
semiconductor in the phase diagram). Negative and positive
values of ¢ stand for compression and elongation, respectively.
As the bandgap are tunable by the strain effect, here we calcu-
lated the HSE06 bandgap as a function of ¢, shown in Fig. 5b
inset with a reasonable strain ranging form —5% to 5%. The
bandgap of FeBs sandwich would be effectively modulated with
the biaxial strain, from 1.6 eV to 3.5 e€V. As shown in Fig. 5b, the
absorption spectra of FeBys without strain is located in the
ultraviolet region. Under compression, the absorption spectra
are blueshifted, while there are redshift with the tensile strain.
The other three semiconductors presented a similar phenom-
enon shown in the Fig. S7.f The optical properties can be
effectively modulated by changing of bandgap with the various
biaxial strain, where the tensile strain will reduce the gap and
result in the absorption of photo energy at the blue-purple light
region, indicating a promising for efficient thin film ultrathin
solar-cell applications.

Based on Density-Functional Perturbation Theory (DFPT)>
linear response calculations, we simulated the Raman and
Infrared (IR) spectra of FeB¢ sandwich at the I' point in the
Brillouin zone center. There are 21 representations for FeBg [P6/

30324 | RSC Adv., 2017, 7, 30320-30326

mmm(191)], analyzed by the Phonopy code,*>* the irreducible
representations of the I' point and can be expressed as

I'=3A, ® 4E1,(R) ® 3E5,(R) ® Aj,(R) ® B,(R) & SE ()
& 2Exu(D) & Axy(l) @ Bou(D

The Eig, Ezg, Aqg, and By, are Raman-active, Eqy, Ezy, Azy, Boy
are Infrared-active, and A, is neither Raman nor Infrared active.
The calculated Raman and IR vibrational modes with corre-
sponding wave numbers are presented in Fig. 5c. The vibra-
tional modes for the intense peaks are plotted in Fig. 5d, which
shows that the out-of-plane vibration of the B kagome lattice
leads to the Raman E,, active mode at 399.53 cm ™' and in-plane
vibration of B and Fe atoms corresponding to the IR active mode
at 508.84 cm'. Finally, the multiple in-plane vibration of B
atoms results in a small IR active peak at 921.72 cm™'. Raman
active mode is very useful to access the information of the
anisotropic polarization-dependence properties for the 2D
semiconductors. The analysis of Raman scattering intensity for
FeBg is presented in Fig. S8.1 The Raman and IR active mode
may be useful to experimentally identify the 2D semiconductors
in the future.

This journal is © The Royal Society of Chemistry 2017
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Fig.5 The optical properties (HSE06) and vibrational mode for the stable semiconductors. (a) The absorption spectra of 2D FeB, (x = 4, 6, 8, 10)
sandwiches. (b) Strain induced change of the absorption spectra of 2D FeBg, inset represents the band gap and total energy of FeBg as a function
of biaxial strain ¢. (c) The simulated Raman and IR spectra for FeBe. (d) The Raman and IR vibrational modes for the corresponding intensity peaks.

4. Conclusion

In summary, we have confirmed that the structures of the stable
2D iron borides FeB, are multilayer structures through the
USPEX search combined with the DFT calculation. By using
HSEO06 functional, we carried out the band structure calculation
and found the stable FeB,¢5,10) are 2D wide-band-gap semi-
conductors. In addition, we notice that, the bandgap and
optical properties of FeBg sandwich can be effectively adjusted
by applying a biaxial strain, through the tensile strain, the range
of the absorption spectra extends from the UV region to the
blue-purple light region. Finally, we also calculate the Raman
and IR vibrational modes for FeBs sandwich, which may offer
a few guidance for the experimental characterization.
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