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ABSTRACT

Achieving tunable magnetism in low-dimensions is an essential step to realize novel spintronic applications. In this manner, two-dimensional
transition metal carbides/nitrides (MXenes) with intrinsic magnetism have attracted significant interest. In this study, we extensively examine
the structural and magnetic properties of 1T- and 2H-Ti,C monolayers by using first-principles techniques. We reveal the dynamical stability
of both phases by using phonon spectra analysis and ab initio molecular dynamics simulations. The magnetic ground state is determined by
considering all possible spin configurations and taking into account spin-orbit coupling effects, strong onsite Coulomb interaction, and
corrected self-interaction terms. Our results indicate that while 1T-Ti,C is anti-ferromagnetic, 2H-Ti,C exhibits ferromagnetism, which is
stable at/above room temperature. The electronic structure analysis demonstrates that 1T-Ti,C is an indirect bandgap semiconductor and
2H-Ti,C is a half-metal with 100% spin-polarization. Additionally, it is shown that the magnetic state is robust against low mechanical
deformations and fundamental bandgap (also half-metallic bandgap) can be tuned by compressive/tensile strain. Phase-dependent and tunable
electronic and magnetic properties of Ti,C monolayers offer new opportunities in the field of low-dimensional magnetism.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5140578

I. INTRODUCTION

Two-dimensional (2D) transition metal carbides, nitrides, and
carbonitrides (MXenes) are recent additions to the field of 2D
materials,”” and they have received significant attention following
the synthesis of Ti;C,.” MXenes can be produced by extracting
the A-group atomic layers from pristine phases that are identified

systems are found as nonmagnetic (NM), thereof magnetic order-
ing (MO) can only be induced by external modifications (such as
inclusion of adatoms’' and/or defectszz), which are experimentally
challenging to realize and they also limit the potential usage. In
this manner, several studies have focused on understanding
the magnetic response of bare and functionalized derivatives of

with a general formula of M, ;AX, (M: transition metal atom, A:
Group XIII or XIV element, X: C and/or N)."™ Therefore, Ti;C,
actually belongs to a large family, many of which have been experi-
mentally realized™”® or theoretically predicted.””'" MXenes
possess unique properties depending on their constituent elements
and/or surface terminations and they have been suggested as
suitable materials for various applications such as alkali-ion batte-
ries,'"'?  electrochemical capacitors,13 thermoelectric systems,14
optoelectronic devices,'” water purification,'® gas-sensors,'” lubri-
cants,'® and topological insulators.'

Among the novel properties of MXenes, being intrinsically
magnetic is of particular importance.”’ Most of the reported 2D

MXenes” ™ to achieve tunable magnetism in low-dimensions,
which is an undergoing challenge to be overcome.”” Si et al. pro-
posed that Cr,C exhibits ferromagnetism with 100% spin-
polarization due to itinerant d-electrons of Cr. Zhao et al. have
studied the strain dependent electronic and magnetic properties of
monolayer M2C (M = Hf, Ti, Nb, Sc, Ta, V, Zr) and concluded that
while resulting magnetic moments are very sensitive to applied
strain, the metallic characteristic is not altered even at high strain
levels.”” Gao et al have investigated the stable monolayers of
Ti,C(N), which have been found to be a ferromagnetic metal.”’
Surface functionalization is also a critical factor that modifies

fundamental properties of MXenes.”~ Champagne et al. have
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investigated the electronic properties of bare and surface terminated
V2C from first-principles calculations and they have showed that
the metallic character of bare V2C is preserved for all surface
groups.”* Zhang et al. have demonstrated that the magnetic ground
state of the Mn2C monolayer can be switched from anti-
ferromagnetic (AFM) to ferromagnetic (FM) by full hydrogena-
tion/oxygenation.” Urbankowski et al. have reported that while
bare Ti4N3 is a FM metal with a high magnetic moment, surface
terminations significantly modify its magnetic properties and -OH
termination reduces the magnetic moment to almost zero, making
it nonmagnetic.® In spite of the above-mentioned studies, the
detailed investigation magnetic properties of MXenes are still scarce
and phase dependence has not been considered yet.

With this motivation, we analyze the electronic and magnetic
properties of the Ti2C monolayers that have been suggested for
various applications’®”” and their layered form has been recently
realized in the 1T-phase.” Starting from geometry optimization,
we first reveal the stability of bare 1T- and 2H-phases of Ti2C
by considering phonon dispersion analysis and high temperature
ab initio molecular dynamics (AIMD) calculations. Next, we
examine the magnetic ground states by considering all possible spin
orderings and taking into account spin—orbit coupling (SOC) effects,
strong onsite Coulomb interaction, and corrected self-interaction
terms. It is found that while the 1T-phase is an anti-ferromagnetic
semiconductor, the 2H-phase is a ferromagnet exhibiting half-
metallicity (i.e., being metallic for majority spin electrons and semi-
conductor for minority-spin electrons). The effect of low-strain on
the electronic structure is studied, and the durability of the magnetic
ground state under tensile/compressive strain is also demonstrated.

Il. COMPUTATIONAL METHODOLOGY

The spin-polarized first-principles calculations were performed
within the framework of density functional theory (DFT) imple-
mented in the Vienna ab initio simulation package (VASP).”**’ The
projected augmented wave (PAW) potentials with a kinetic energy
cutoff of 600eV was used.” The exchange-correlation term was
described with generalized-gradient approximation in Perdew-Burke-
Ernzerhof formalism (GGA-PBE)"' and hybrid functionals (HSE06)."*
The van der Waals (vdW) interaction was included by using the
DFT-D2 method.”’ The strong onsite Coulomb interaction of local-
ized d-orbitals was treated with DFT+U approach.” In this frame-
work, the difference between the onsite Coulomb (U) and exchange
(J) parameters was set to 2-5eV in accordance with the reported
values in the literature.””"> The spin-orbit coupling (SOC) effects
were also taken into account. The Brillouin zone integration was per-
formed by taking a I"-centered 16 x 16 x 1 k-point mesh for the unit
cell. The lattice constants were optimized and atoms were relaxed
without any constraint until the energy difference between two
sequential steps was less than 107> eV, and maximum force on atoms
was smaller than 107>eV A ™. The vacuum space of ~20 A was
inserted along the z-direction to avoid the fictitious interactions gener-
ated due to periodic boundary conditions. The electronic charge trans-
fers were calculated with decomposition of charge density into atomic
contributions by applying the Bader charge analysis technique. "’

The vibrational properties were obtained by the finite-
displacement method implemented in the PHONOPY code.”” Ab
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initio molecular dynamics (AIMD) simulations were carried out to
examine the thermal stability of the Ti2C monolayers by using a
4 x 4 x 1 super cell at 300 K, 600 K, and 900 K with the total simu-
lation time of 3 ps and 2 fs time steps.

The cohesive energy (per unit cell) of 1T- and 2H-Ti,C was
calculated using the following relation:

EC =2X ET(TI) + ET(C) - ET(Tizc), (1)

where E7(Ti) and Er(C) are the single isolated atom energies of Ti
and C, and Ep(Ti;C) is the total energy of the 1T- or 2H-Ti,C
monolayer.

Ill. RESULTS AND DISCUSSION

Similar to 2D TMDs, monolayers of MXenes can also crystal-
lize in the 1T- or 2H-phase.”” Accordingly, in this study, both of
the phases, unit cells of which are shown in Figs. 1(a) and 1(b), are
taken into account. 1T- and 2H-Ti,C structures represent P-3ml
and P-6m2 symmetries and are formed by sandwiching the C
atomic layer between two Ti triangular sublattices where Ti atoms
are arranged in a hexagonal geometry. In order to determine the
magnetic ground states of both phases, a 2 x 2 super cell that con-
tains eight Ti and four C atoms is constructed. We consider non-
magnetic (NM), ferromagnetic (FM), and antiferromagnetic (AFM)
orderings. While there is only one possibility for NM and FM states,
three coupling configurations exist for AFM (i.e., AFM1, AFM2, and
AFM3, which are shown in Fig. S1 in the supplementary material).
The comparison of total energies (Er), which are obtained following
structural optimizations including lattice constants for each magnetic
states, implies that while the AFM2 ordering (where the spin of
electrons of Ti atoms in the uppermost and lowermost atomic
layers align in antiparallel arrangement) is preferred for 1T-Ti,C,
the lowest energy configuration is FM with u = 2.0ug/cell for
2H-Ti,C. It should be noted that previously the magnetic ground
state of 1T-Ti,C was reported as FM with u = 1.91up/cell’’
since not all of the AFM configurations were taken into account.

(b) 2H-phase

FIG. 1. Top and side views of (a) 1T- and (b) 2H-Ti,C monolayers. Ti and C
atoms are represented with blue and brown spheres, respectively.
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TABLE I. The magnetic ordering (MO), the lattice constant (a), bonding distance
between Ti and C (dyi_c), thickness (h), cohesive energy per unit cell (Eg), and
total magnetic moment per unit cell (ug) for ground state configurations of 1T- and
2H-Ti,C monolayers.

Phase MO a(d) dnc(A) h(A) Ec(eV) u(p)
1T AFM 307 2.11 2.29 1927 0.00
2H FM  3.05 2.15 247 1804 200

However, Ep(AFM2) is 36 meV/cell lower than Ep(FM) (with
1 = 1.89ug/cell) for 1T-Ti,C.

The energy difference between spin-polarized and unpolarized
state is significant for both phases and calculated as 105 meV/cell and
132 meV/cell for 1T- and 2H-Ti,C, respectively, indicating the stabil-
ity of magnetic configurations. In addition to the comparison of total
energies, we also calculated the exchange interaction by using the
Heisenberg model in which the Hamiltonian can be defined as

H=— le(si -§) — %jb(sk -S), )
l,) o

where J; and J, are the first-nearest and the second-nearest exchange-
coupling parameters. S is the net spin at the Ti sites, and (i, j) and
(k, 1) are the first-nearest and second-nearest site pairs, respectively.
According to this model, exchange-coupling parameters are expressed
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as J, = (Er(AFM1) — E¢(FM))/128> and J, = [(Er(AFM2) —
Er(FM))/S? — 4]J;1/16 and are calculated to be J; = 6.80 meV
(J, = —14.62meV) and J, =22.36meV (J, =22.84meV) for
2H-Ti,C (1T-Ti;C). Here, the minus sign demonstrates that the
1T-Ti,C system prefers the antiferromagnetic ordering. The obtained
values are comparable with the exchange-coupling parameters
reported for Mn2C™ and Cr2C** monolayers. Using the mean field
approximation,'® the Curie temperature of FM state can be calculated
by using J parameters and estimated as ~290 K.

Following the determination of magnetic ordering, the struc-
tural properties are obtained for the ground state configurations
and are summarized in Table I. The optimized lattice constants (a)
of 1T- and 2H-Ti,C are 3.07 A and 3.05 A with bonding distance
between Ti and C (dri_c) of 2.11 A and 2.15 A, respectively. The
thickness (h) of the monolayer can be defined as the vertical dis-
tance between Ti sublattices and is equal to 2.29 A and 2.47 A for
1T- and 2H-Ti,C, respectively. Ec of both phases is calculated by
using Eq. (1) and it is found that Ec(1T—Ti,C) is 1.23 eV higher
than Ec(2H—Ti,C). In a similar manner, the total energy (per unit
cell) of the ground state configuration of 1T-Ti,C is 1.23 eV higher
than that of 2H-Ti,C, which shows that the 1T-phase is energeti-
cally more favorable than the 2H-phase. The energy difference is
within the same range of those that are reported for various transi-
tion metal dichlorides (TMDCs).*’

Next, the dynamical stability of 1T- and 2H-Ti,C monolayers
is tested by calculating the corresponding phonon band structures.
As illustrated in Figs. 2(a) and 2(b), all phonon modes of 1T- and

600 K

FIG. 2. The phonon band structures and snapshots of AIMD simulations (at 300 K, 600 K, and 900 K) for (a) 1T- and (b) 2H-Ti,C monolayers.
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S N 35 FIG. 3. The electronic band structures of (a) 1T- and (b)
K oS 2H-Ti,C monolayers. Spin up and down bands are shown
80 == == N = with solid blue and orange lines for 2H-Ti,C, respectively.
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=R =33 \‘5\'\ lines. The Fermi level is set to zero and shown with gray
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2H-Ti,C have real eigenfrequencies indicating stable configura-
tions. In addition to stability, the vibrational modes are analyzed at
I-point. The decomposition is calculated as I' = 2E; + 2E, +
A+ Ay, and T'=2E" +2F + A\ + A,” for 1T- and 2H-Ti,C,
respectively. The six optical phonon branches of 1T-Ti,C consist of
two non-degenerate out-of-plane modes (332 and 555cm™!) and
two double-degenerate (230 and 654cm™!) in-plane vibrational
modes. Similarly, the six optical phonon branches of 2H-Ti,C also
consist of two non-degenerate out-of-plane modes (355 and
502 cm~!) and two double-degenerate (112 and 494 cm™!) in-plane
vibrational modes. Among the calculated modes, the E", A’, E,,
and Aj; modes are Raman active; A,”, E,, and A;, modes are IR
active; and the E' mode is both Raman and IR active.

The thermal stability of 1T- and 2H-Ti,C is further examined
by ab initio molecular dynamics (AIMD) simulations [Figs. 2(a)
and 2(b)]. Starting from 300 K, the temperature is stepwise increased
to 600 K and then 900 K within 3 ps total simulation time. As can be
noticed from the snapshots taken at the considered temperatures,
apart from minor distortions, the crystallinity of both phases is
preserved, implying the stability even at high temperatures.
Additionally, magnetic moments calculated at 0K are retained at
300K, also indicating the stability of magnetic states at ambient

temperature in agreement with the estimated Curie temperature
(see above).

Following the confirmation of structural stability and revealing
the magnetic ground states, the electronic band structures are
examined. As shown in Fig. 3(a), 1T-Ti,C is an AFM semiconduc-
tor with the calculated bandgap (EngPE) of 0.42 eV in its magnetic
ground state. Its valence band minimum (VBM) and conduction
band minimum (CBM) reside between K and I" symmetry points,
indicating the indirect bandgap character. Interestingly, the system
is metallic for the FM (and also other AFM) configuration (Fig. S2
in the supplementary material). On the other hand, different from
1T-Ti,C, 2H-Ti,C exhibits half-metallicity where it is metallic for
majority-spin electrons and semiconducting for minority-spin elec-
trons. The half-metallic bandgap (i.e., bandgap for minority-spin
electrons) is calculated as 0.54eV. The dispersive metallic band
arises mainly from itinerant Ti d-orbitals, clarifying why FM is
energetically favored.”’ 2H-Ti,C is metallic for all the other AFM
configurations (Fig. S3 in the supplementary material). Due to
valence d-electrons of Ti, the spin-orbit coupling (SOC) effects are
expected to be significant. In that sense, SOC is included in elec-
tronic structure calculations (PBE+SOC) by setting the initial spin
quantization axis as s,. As can be noticed in Figs. 3(a) and 3(b), the
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FIG. 4. The electronic band structures of (a) 1T- and (b)

2H-Ti,C monolayers calculated at the level of PBE+U.
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SOC effect is minute in AFM 1T-Ti,C; thus, the band profile is not
altered and energy splitting is calculated as 31 meV. For 2H-Ti,C,
the SOC effect is more significant and it modifies dispersion of the
bands, especially those arising from d-orbitals. The energy splitting
is ~150 meV but the half-metallic (HM) character is preserved.

In order to properly calculate the strong onsite Coulomb
interaction of d-electrons, the PBE+U approach is applied.”
The strength of the interaction is described by U-J parameter
(U and J correspond to Coulomb and exchange parameters, respec-
tively), where J is fixed to 0 and U takes values between 2 and 5 eV
based on earlier studies on 2D MXenes and TMDs.”””” The
obtained electronic band structures with PBE+U (for U = 2 and
U = 3) are shown in Figs. 4(a) and 4(b). With the inclusion of U,
EPBEFU of 1T-Ti,C decreases and the system even becomes semi-
metallic for higher values of U. A similar trend is also obtained
when hybrid functionals (HSE and HSE+U) are used instead of
GGA-PBE. For this case, as expected, E;iE is larger than EPfPE and
calculated as 0.48 eV due to the correction of the self-interaction
error.” " E?aiE also decreases with increasing values of U (Fig. S4
in the supplementary material). For 2H-Ti,C, however the HM
character is preserved with the inclusion of U, the bandgap of
minority-spin electrons (i.e., HM bandgap) decreases and also the
dispersion of metallic majority-spin states are altered [Fig. 4(b)].
Similar to fundamental bandgap, implementing HSE also widens

ARTICLE scitation.org/journalljap

the HM bandgap (0.93 eV) (Fig. S4 in the supplementary material)
and the minority-spin states remain to be semiconducting even for
high U values confirming the HM character.

As strain engineering is a prominent strategy to tune the elec-
tronic properties of 2D materials,” lastly we examine the effect of
low strain on the electronic structure of 1T- and 2H-Ti,C monolay-
ers at the level of GGA-PBE as shown in Figs. 5(a) and 5(b). We
apply biaxial strain within the range of —3% to +3% (“—” and “+”
sign indicate compressive and tensile strain, respectively) and reop-
timize the atomic positions for each strain level. First, it should be
noted that the transition from 1T- to 2H-phase (or vice versa) is
not noticed even for higher strain values. For 1T-Ti,C, ngpE
decreases (I'-K region) under compressive strain and becomes
semi-metallic at —3% while preserving the AFM magnetic state.
The applied tensile strain also decreases EFPF but the system
remains to be semiconducting up to 3%. In addition to the alterna-
tion of the bandgap, the valence band dispersion (i.e, VBM) is
drastically modified by tensile strain and becomes less dispersive,
indicating a significant change in the effective mass of electrons.
For 2H-Ti,C, however the HM character of 2H-Ti,C is preserved
for tensile strain, HM bandgap decreases with compressive strain
and 2H-Ti,C transforms from HM to ferromagnetic metal at —2%.
Similar results are obtained when uniaxial tensile/compressive
strain is applied within low-strain levels.
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FIG. 5. The electronic band structures of (a) 1T- and (b) 2H-Ti,C monolayers under compressive and tensile strain. Spin up and down bands are shown with solid blue
and orange lines, respectively. The Fermi level is set to zero and shown with gray line.

J. Appl. Phys. 127, 084302 (2020); doi: 10.1063/1.5140578
Published under license by AIP Publishing.

127, 084302-5


https://doi.org/10.1063/1.5140578#suppl
https://doi.org/10.1063/1.5140578#suppl
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

IV. CONCLUSION

In summary, we investigate the structural, magnetic, and elec-
tronic properties of 1T- and 2H-Ti,C monolayers. Phonon spec-
trum analysis and high temperature ab initio MD calculations
reveal the dynamical stability of both phases. In order to determine
the correct magnetic ground states, all possible spin configurations
are tested and spin-orbit coupling effects (PBE-SOC), strong onsite
Coulomb interaction (PBE+U), and corrected self-interaction terms
(HSEO06) are taken into account. Interestingly, while 1T-Ti,C is
found to be an anti-ferromagnetic semiconductor with an indirect
bandgap, 2H-Ti,C is a ferromagnetic half-metal with 100% spin-
polarization. However, spin-orbit coupling effects are found to be
significant, and it does not alter the magnetic ground state and the
electronic structure of the monolayers. The ab initio MD calcula-
tions and the calculated Curie temperature confirm the stability of
the magnetic ground state at ambient temperature. Finally, the
effect of strain on the electronic band structure is examined and it
is shown that the fundamental and half-metallic bandgap can be
tuned by applying compressive/tensile strain, which can result in
semiconductor (or half-metal) to metal transition. The intrinsic
and stable magnetism of Ti,C monolayers in addition to their
phase-dependent electronic and magnetic properties point out
these systems as promising materials, especially for low-power and
miniaturized spintronic applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for possible spin configura-
tions, electronic band structures for AFM and FM magnetic states,
and electronic band structures obtained with the HSE and HSE+U
method, for 1T- and 2H-Ti,C monolayers.
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