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ABSTRACT: Ferromagnetism and half-metallicity are two vital properties of a material for
realizing its potential in spintronics applications. However, none of the two-dimensional
(2D) pristine metal—carbide sheets synthesized experimentally exhibits half-metallicity with
ferromagnetic coupling. Here, a ferromagnetic and half-metallic FeC, sheet containing
isolated C, dimers rather than individual carbon atoms is predicted to be such a material.
Based on state-of-the-art theoretical calculations, we show that the FeC, sheet is dynamically,
thermally, and mechanically stable and can be chemically exfoliated from the bulk phase of
layered ThFeC,. Due to its unique atomic configuration, the FeC, sheet exhibits
ferromagnetism with a Curie temperature of 245 K. This is in contrast to its bulk
counterpart, ThFeC,, which is paramagnetic. We also find that, unlike the metallic metal—
carbide sheets, the FeC, sheet is half-metallic with semiconducting spin-up and metallic spin-
down channels. Moreover, half-metallicity can remain until an equi-biaxial strain of 10%. In
addition, we provide the Raman and infrared spectra which can be used to identify this new 2D structure experimentally in the
future.
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Bl INTRODUCTION

Bulk transition metal carbides constitute a diverse class of
materials with many technological applications ranging from

properties render the C, dimers containing sheet very appealing
for many applications. However, the reported TiC, sheet is still
metallic and nonmagnetic. How to synthesize such transition

cutting tools, wear parts, optical coatings, and electrical contacts metal carbide sheets containing C, dimers remains unanswered

to diffusion barriers."” In recent years, considerable attention
has been paid to two-dimensional (2D) transition metal
carbides, owing to their exceptional properties. One of these is
the hotly pursued MXene type M,,,C, layers,” where M is an
early transition metal element including Ti, Sc, V, Cr, Zr, Zb,
Mo, Hf, and Ta. Because of their rich chemistry, unique
morphology, and good electronic conductivity, these 2D
M,,,,C,, materials have vast potential for applications in sensors,
electronic devices, catalysts, and so on.*® However, in MXenes,
the atomic ratio of metal atoms is higher than that of carbon.
Consequently, a high concentration of exposed metal sites
makes such sheets less biocompatible and chemically less stable.
In addition, all the synthesized pristine carbon containing
MZXenes are metallic and nonmagnetic,6 which limits their
applications in spintronics. Thus, surface modification is usually
needed for their practical application. To overcome these

from previous studies.” Here we report a half-metallic and
ferromagnetic 2D sheet composed of iron atoms and C, dimers
and propose a possible way to synthesize it by chemical
exfoliation from its parent three-dimensional (3D) ThFeC,
crystal. This is possible because the structure of bulk ThFeC,

11,12 .
7% and is

consists of C, dimers bonded with Fe and Th atoms
alternatively stacked between FeC, layers and Th atoms. Note
that MXene monolayers have been chemically exfoliated from
the MAX phases’ which belong to a family of transition metal
carbides or nitrides. In this work, using first-principles
calculations and molecular dynamics (MD) simulations based
on density functional theory, we show that the FeC, sheet can
be chemically exfoliated from bulk ThFeC,. According to our
phonon dispersion calculations, MD simulation, and mechan-
ical parameters calculation, we show that FeC, sheet is

drawbacks, a TiC, sheet was recently proposed,” which
contains C, dimers®~'? instead of individual C atoms, resulting
in less exposed metal sites on the surface. This leads to
improved chemical stability, low mass density, high heat
capacity, large Debye stiffness, and outstanding Li storage
capacity with a small migration energy barrier.” These novel

-4 ACS Publications  © 2016 American Chemical Society

dynamically, thermally, and mechanically stable. Different
from the bulk phase of ThFeC, that is metallic and
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paramagnetic, the FeC, sheet is half-metallic and ferromagnetic
with a Curie temperature (T.) of 245 K.

B METHODS

Our first-principles calculations are based on density functional theory
(DFT) and the projector augmented wave (PAW) method"™ as
implemented in the Vienna ab initio Simulation Package (VASP)."
The electronic exchange-correlation interaction is treated using
Perdew—Burke—Ernzerhof functional (PBE) within the generalized
gradient approximation (GGA)."> The 2s22p? 3d’4s!, and
6526pé6d27s2 atomic orbitals are treated as valence states for C, Fe,
and Th, respectively. Plane waves with kinetic energy cutoff of 500 eV
are used to expand the valence electron wave functions. To account for
strong correlation of the unfilled d orbitals of Fe d and Th d atoms, we
apply the GGA+U scheme.'® We carried out test calculations with
effective U values ranging from 2 to a 6 eV, and adopted an effective U
value of 5 eV for both Fe 3d and Th d orbitals in our calculations, in
keeping with previous studies.'”” >' Full geometry optimization
without any symmetry constraint is carried out by using convergence
criteria of 10™* eV for total energy and 1072 eV/ A for force
component. We apply periodic boundary conditions with a vacuum
space of 18 A in order to avoid interactions between the layers in the
nearest-neighbor unit cells. Since both bulk ThFeC, compound and
the FeC, sheet are chemically bonded structures, the van der Waals
(vdW) interaction corrections are not included. The first Brillouin
zone is represented with a 9 X 9 X 1 and 5 X 7 X S Monkhorst—Pack
special k-point mesh** for the FeC, sheet and ThFeC, crystal,
respectively. To confirm the dynamic stability, phonon calculations are
performed using the phonopy program.”® Thermal stability is studied
using ab initio molecular dynamics (AIMD) simulations with
temperature controlled by a Nosé heat bath scheme.”*

B RESULTS AND DISCUSSION

Geometry. We begin our study by examining the bulk
phase of ThFeC,.'""> The geometrical structure is shown in
Figure la. The bulk phase is composed of two kinds of layers,
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Figure 1. (a) Bulk phase of ThFeC,. (b) FeC, layers exfoliated from
bulk ThFeC,. (c) Side and top views of the optimized FeC, sheet.

namely, the FeC, and Th atomic layers, which are alternatively
stacked in the z-direction of the 3D crystal. It is well-known
that, for van der Waals coupled layered structures such as
graphite, mechanical exfoliation is sufficient to obtain the
monolayer sheets, while, for chemically bonded layered bulk
phases such as the MAX phases, chemical exfoliation technique
has been developed to extract a single layer (MXene).” Hence,
the FeC, layers could be chemically exfoliated from the bulk
phase of ThFeC,, similar to exfoliating a MXene single layer
from the MAX phase. The geometry of a FeC, layer directly
exfoliated from the bulk phase is given in Figure 1b, which
belongs to Amm2 space group where each Fe atom is 4-fold-
coordinated with three C, dimers. After geometry relaxation,

the crystallographic symmetry of the sheet reduces to Pmmn,
where each Fe atom is 6-fold-coordinated and each carbon is 4-
fold-coordinated, as shown in Figure Ilc, exhibiting the
characteristics of imperfect sp® hybridization,25 similar to the
case of the ThEeC, bulk phase'>* and iron carbide clusters.””
The optimized lattice parameters are a = 4.535 A and b = 2.887
A, and each unit cell contains two Fe and four C atoms. In this
2D structure, the FeC, sheet consists of three atomic layers
with the Fe atoms in the middle and the C, dimers on the top
and bottom layers. The total “thickness” A is 1.980 A, as shown
in Figure 1c. The optimized Fe—C bond length is 1.84 (2.11) A
along the x (y)-direction. The bond length of the C, dimer is
1.33 A, which is comparable with 1.32—1.47 A in the ThFeC,
bulk phase'**® and is the same as that in the FeC, gas phase
molecule.”® The coordinates are given in the Supporting
Information (SI). We estimate the exfoliation energy E,,, which
is defined as the energy required to exfoliate one FeC, layer
from a ThFeC, surface. In our calculation, the ThFeC, surface
is represented by a five layered ThFeC, slab, with the
coordinates of atoms in the bottom two layers fixed during
the geometry relaxation. E,, can then be expressed as

E, = EFeCZ + E(ThFeC2)4+Th - E(ThFeCZ)S

With all the geometries in this equation fully optimized, we
obtain E,, = 1.91 X 107* J/cm? We also calculate the formation
energy””*" of the FeC, sheet, which is defined as E; = (Egec, —

24ic — Hg)/3, where Eg., is the total energy per formula unit,

and ¢ and g, are chemical potentials of graphene and bcc-Fe,
respectively. The calculated formation energy is —0.23 eV/
atom. The negative value corresponds to an exothermic
reaction, which further confirms its stability.

Dynamical Stability. To confirm the dynamical stability of
the FeC, sheet, we first calculate its phonon dispersion. The
results are plotted in Figure 2a, which shows that the FeC,
sheet is dynamically stable because all the vibrational modes are
real in the whole Brillouin zone. The vibrational modes below
350 cm™" consist of three acoustic bands and three optical
bands, which are mainly contributed by the Fe atoms due to its
greater atomic number. The two highest optical vibrational
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Figure 2. (a) Phonon band structures, total phonon DOS, and partial
DOS. (b) Total potential energy fluctuation during AIMD simulations
at 350 K of the FeC, sheet.
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modes are separated from other optical vibrational modes by a
large phonon gap of around 800 cm™.

Thermal Stability. We next examine its thermal stability by
performing AIMD simulations. A 4 X 4 X 1 supercell
containing 96 atoms is used to reduce lattice translational
constraints. The simulations are carried out with a Nosé—
Hoover heat bath scheme* at 350 K for 5 ps with a time step
of 1 fs. This simulation time is consistent with what has been
used in previous works.’*> The fluctuation of total potential
energy with simulation time is shown in Figure 2b. After
simulation, we find that the average value of the total potential
energy remains nearly constant during the entire simulation,
confirming that this new sheet is stable at room temperature.

Mechanical Stability. To further confirm the mechanical
stability of the FeC, sheet based on Born criteria,”** we
calculate its elastic constants. In the linear elastic range, the
elastic constant tensor forms a sgrmmetric 6 X 6 matrix with 21
independent components.”*® The elastic constants are
calculated to be C;; = 133.29 N/m, C,, = 68.18 N/m, C,, =
24.80 N/m, and C,4 = 15.19 N/m. These values comply with
the Born criteria,”””* namely, C,;, Cy, Cy4y > 0 and C;,C,, —
C;,> > 0, demonstrating that the FeC, sheet is mechanically
stable.

Mechanical Properties. Having confirmed the stability of
the FeC, sheet, we study its mechanical properties. The in-
plane Young’s modulus, calculated by using E = (C*,— C?,)/
Cyp, is 9841 GPa:nm, which is much smaller than that of
graphene (345 GPa-nm).”” The Poisson ratio, calculated using
Uy, = Uy = Cp/Cyy, is 0.186. In addition, we find that the
phonon softening does not happen until 21% equi-biaxial
tensile strain, as shown in Figure SI1. We note that the
magnitude of the strain the FeC, sheet can withstand is larger
than the 14.8% of graphene®® and 17.1% of penta-graphene,*”
confirming its ultrahigh ideal strength. At the critical strained
state, the Fe—C bond length in the x (y)-direction increases to
2.13 (2.21) A from 1.839 (2.105) A, while the C—C bond
length decreases to 1.31 A from 1.33 A; see Figure S2 for
details.

Magnetic Coupling and Electronic Properties. We next
study the magnetic coupling between the Fe atoms in the FeC,
sheet by calculating the total energies of the ferromagnetic
(FM) and antiferromagnetic (AFM) configurations in the unit
cell, and the AFM and ferrimagnetic (FIM) configurations in a
1 X 2 supercell, as shown in Figure 3. The FM configurations
shown in Figure 3a are found to be 64, 68, and 112 meV lower
in energy than the AFM,, AFM,, and FIM ones per unit cell,
respectively, indicating that the Fe atoms prefer to couple
ferromagnetically in the FeC, sheet. The total magnetic
moment per unit cell is found to be 8.00 ug, which is mostly
located on and equally shared by the two Fe atoms; i.e., each Fe
atom carries a magnetic moment of ~4.00 pg. For comparison,
calculations are also carried out for bulk ThFeC,, which is
paramagnetic. The details are given in SI Figure S3.

To further understand the magnetic and electronic proper-
ties, we calculate the band structure of the FeC, sheet. The
band dispersion shows very different conductivity in the spin-
up and spin-down channels. The spin-up channel shows a
semiconducting feature with a large quasi-direct band gap of
3.21 eV, while the spin-down channel is metallic, as the partially
occupied bands cross the Fermi level in the vicinity of the I'
and S points in the Brillouin zone (see Figure 4a). Therefore,
the FeC, sheet is half-metallic different with other 2D
materials.””*" Examination of the band decomposition near
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Figure 3. Spin density isosurface with a value of 0.1 e/A> for the FM
(a), AFM, (b), AFM, (c), and FIM (d) coupling configurations of the
FeC, sheet. The relative energies AE calculated with respect to the
lowest energy configuration (a) are also given.
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Figure 4. (2) Band structure of the FeC, sheet decomposed with
respect to the Fe 3d, C 2s, and C 2p orbitals. (b) Variation of the total
energy per unit cell of the FM and AFM configurations with the
external strain. (Inset) Energy level diagram of Fe*" ion in D, crystal
field environment. (c) Variation of the total magnetic moment per unit
cell of the FeC, sheet with temperature.

the Fermi level reveals that the Fe d,, orbitals contribute to the
valence band and the Fe d,;, d,,, and d,»_,> orbitals contribute to
the two conduction bands crossing the Fermi level in the spin-
down channel, as shown in Figure 4a. In the spin-up channel,
the valence band maximum (VBM) and the conduction band
minimum (CBM) are derived from the C 2p orbitals. The C,
dimers with a large electronegativity receive electrons from the
Fe atoms. Due to the presence of spin splitting, the same single
particle orbital dispersions in the two channels lie at different
energies. Hence hybridizations among the different orbitals
(especially p—d hybridization) in each spin channel are also
different, which makes the dispersions in the two spin channels
different.

In order to explore the effect of spin—orbit coupling (SOC)
on the band dispersion of the FeC, sheet, we perform band
structure calculations at the PBE+U+SOC level. The band
structures with and without SOC are plotted in Figure S4, for
comparison. We observe that the band dispersions are nearly
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maintained after SOC is included, and the metallic feature is
unchanged. For comparison, the calculated band structure of
the bulk ThFeC, is given in Figure S5. We note a metallic
feature with the main contribution to metallicity coming from
the Fe 3d orbitals. One can see that the FeC, sheet displays
different electronic properties from the ThFeC, bulk phase: the
2D sheet is half-metallic, while the 3D bulk is metallic.

In the FeC, sheet, the Fe atom is in a high spin state, as the
weak ligand effect of the C, dimer causes small crystal field
splitting.” A quantitative analysis shows that the Fe atom has
five d electrons occupying the spin-up d,, d,, d,,, d,>, and d,2_
orbitals, and one d electron occupylng the spin-down d,,
orbital, as shown in the inset of Figure 4b.

To confirm robustness of the magnetic stability, we calculate
the variation of the total energies of the FM and AFM
configurations (as shown in Figure 3a,b) with equi-biaxial strain
increasing from 0% to 10%. Note although the ideal strength of
the FeC, sheet is 20%, here we only consider equi-biaxial strain
up to 10% because such high strain is very challenging to be
achieved in experiments. The calculated results are plotted in
Figure 4b. The FM coupling remains the preferred state, but
the energy difference between the FM and AFM, config-
urations decreases. The variations of the bond lengths of Fe—
Fe, C—C, and Fe—C with the equi-biaxial strain are given in
Figure S2, respectively. The Fe—Fe bond length increases to
3.035 A under 10% equi-biaxial strain. The Fe—C bond lengths
in the x- and y-directions increase to 1.960 and 2.171 A,
respectively, while the C—C bond length decreases to 2.172 A.

Curie Temperature. In order to estimate the Curie
temperature (T.) of the FeC, sheet, we use Monte Carlo
(MC) simulation based on a simplified Ising model, E,, = Zl}
Jipipty where p; (/4]) indicates the magnetic moment of site i
(site j), and Jj; is the magnetic exchange parameter between i
and j. As shown in Figure 3a—c, we take into account two types
of interactions in the Ising model, namely, type I (with
exchange parameter J;) and type II (with exchange parameter
J»)- In order to estimate ], and J,, we use DFT to calculate the
total energy for each coupling configuration as shown in Figure
3a—c. The total energy of each magnetic state is written as E =
E, + E,, where E; is the total energy excluding the magnetic
coupling (not sensitive to different magnetic states). Thus, the
exchange parameters can be derived as

= —(Epm — EAFMI)/S,MZ (1)

J, = —(Epm + Eppy, — zj-r“:A1:1\4z)/8/42 (2)

The exchange parameters ], and J, are estimated to be 0.50
and 0.56 meV, respectively. In the MC simulation, we use a 50
X 50 supercell to reduce the periodic constraints. At each
temperature, S X 10 steps are taken to achieve the equilibrated
magnetic moment. The variation of the magnetic moment per
unit cell with temperature is plotted in Figure 4c. T, is

c

estimated to be about 245 K, which is two times larger than
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Figure 5. (a) Raman and IR spectra. (b) Three Raman modes
corresponding to the three intensity peaks. (c) Three IR modes
corresponding to the three intensity peaks. Arrows represent the
directions of oscillation.

that of 2D MnO,” and shows better spin half-metallic property
than AFM 2D MoS,.*

Since Fe and C belong to 3d and 2p blocks in the periodic
table, respectively, their SOC coefficients are small (propor-
tional to Z*, where Z is the atomic number). We thus calculate
the magnetocrystalline anisotropy energy (MAE) including
SOC interactions.”' We find that the easy axis is along the z-
direction (out-of-plane), and the magnetization along the z-
direction is lower in energy than that along the x- and y-
directions by 1.67 and 0.98 meV per unit cell, respectively.
Since the MAE value is small, use of the Heisenberg model that
includes the quantum fluctuation and magnetocrystalline
anisotropy would lower the estimated Curie temperature.
However, previous studies on FM (Lay-sCay,s) (MngsZngs)-
AsO and La(MngZn,)As(OysHys) show that the estimated
T. based on the Helsenberg model is comparable with those
using the Ising model.** Thus, in the current study we used the
Ising model to facilitate comparison with previous theoretical
studies®** which estimated T, of 2D ferromagnetic materials
by using the nearest-neighbor Ising model.

Raman and IR Spectra. Based on phonon vibrational
properties at the I' point in the Brillouin zone center, we
simulate the Raman and IR spectra of the FeC, sheet, which are
related to the symmetry of the structure. We note that the little
group of the I' point is D,;, which has eight one-dimensional
irreducible representations at the Brillouin zone center and can
be expressed as

I = 3A,(R) @ B,,(R) @ 3B,,(R) @ 2B, (R) ® A, ® 3B,,(1) ® 2B,,(1) ® 3B,,(1) )

Here A, By, By, and B;, are Raman-active, By, B,, and Bj,
are infrared-active, and A, is neither Raman-active nor infrared-
active. The calculated Raman and IR vibrational modes with
corresponding wave numbers are presented in Figure Sa. The

vibrational modes with corresponding wave numbers for the

intense peaks shown in Figure Sa are plotted in Figure Sb,c,
which show that the out-of-plane vibration of C dimers and Fe
atoms leads to the Raman A, active mode at 347.7 cm™), the
out-of-plane vibration of the C dimers and in-plane Fe atoms
lead to the Raman B,, active mode at 474.4 cm™, and the

DOI: 10.1021/acsami.6b07482
ACS Appl. Mater. Interfaces 2016, 8, 26207—26212


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b07482/suppl_file/am6b07482_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b07482/suppl_file/am6b07482_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b07482

ACS Applied Materials & Interfaces

Research Article

vibration mode of the C=C bond is at 1548.0 cm ™", which was
also observed in other materials containing C, dimers.**** The
three IR modes are at 335.7, 411.7, and 618.3 cm™,
respectively. The nine Raman-active and eight IR-possible
modes are given in Figure S6. To analyze Raman- and IR-active
modes, the variation of dipole moments are given by using
group theory in Figure Sb (see SI section for details). The FeC,
Raman simulated spectrum covers a large range from 200 to
600 cm™ and from 1450 to 1650 cm™), and the distribution of
the IR spectrum is from 200 to 800 cm™, as shown in Figure
Sa. The simulated Raman and IR spectra of the FeC, sheet
would be useful to experimentally identify the 2D crystal
structure in the future.

B SUMMARY

Unlike C atoms, C, is a well-known pseudohalogen with an
electron affinity of 3.4 eV and is an important structural unit in
bulk transition metal carbides. In this study, we report, for the
first time, a new FeC, sheet containing C, dimers, which can be
chemically exfoliated from bulk ThFeC, phase. Using density
functional theory combined with AIMD and phonon dispersion
calculation, we found that, upon exfoliation from bulk ThFeC,,
the FeC, sheet changes its symmetry from Amm2 to Pmmn,
while retaining its robust dynamical, thermal, and mechanical
stability. In sharp contrast to the metallic and paramagnetic
bulk phase of ThFeC, and the recently reported TiC, sheet, the
exfoliated FeC, sheet is half-metallic and ferromagnetic with a
Curie temperature of 245 K, making it a promising candidate
for spintronic applications. In addition, the FeC, sheet has an
ultrahigh ideal strength, nine Raman-active modes with a strong
intensity at 4744 cm™' and eight IR modes with strong
intensity at 335.7 cm™. We hope that the present theoretical
study will stimulate experimental exploration of transition metal
carbide sheets containing C, dimers, which are beyond the
conventional MXenes and have many potential applications.
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