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MXene-based Ti,C/Ta,C lateral heterostructure: an
intrinsic room temperature ferromagnetic material
with large magnetic anisotropyf

S. Ozcan@*? and B. Biel P

Two-dimensional (2D) lateral heterostructures (LH) combining Ti,C and Ta,C MXenes were investigated by
means of first-principles calculations. Our structural and elastic properties calculations show that the lateral
Ti,C/Ta,C heterostructure results in a 2D material that is stronger than the original isolated MXenes and
other 2D monolayers such as germanene or MoS,. The analysis of the evolution of the charge
distribution with the size of the LH shows that, for small systems, it tends to distribute homogeneously
between the two monolayers, whereas for larger systems electrons tend to accumulate in a region of ~6
A around the interface. The work function of the heterostructure, one crucial parameter in the design of
electronic nanodevices, is found to be lower than that of some conventional 2D LH. Remarkably, all the
heterostructures studied show a very high Curie temperature (between 696 K and 1082 K), high
magnetic moments and high magnetic anisotropy energies. These features make (Ti,C)/(Ta,C) lateral
heterostructures very suitable candidates for spintronic, photocatalysis, and data storage applications
based upon 2D magnetic materials.

1 Introduction

Over the past few years, two-dimensional (2D) materials have
experienced a major research effort in materials science. Due to
their superb electronic and mechanical properties,"™ many 2D
materials such as graphene, black phosphorus, transition metal
thin films, hexagonal boron nitride (h-BN), and molybdenum
disulfide (MoS,) have been obtained in experiments and pre-
dicted by theory.>** However, the fulfillment of the applications
of 2D materials is often limited by some inherent difficulties,
e.g., such as the zero gap in graphene, the low carrier mobility in
MoS,, or the instability of phosphorene upon oxidation, among
others.*

2D materials might show, however, distinct physical and
chemical properties when two or more of them are combined
into a heterostructure.”*® The formation of heterostructures
thus determines in those cases the overall performance of the
hybrid material,"”*° leading to a new area to study interfaces
and device applications.””** Generally, two types of 2D hetero-
structures can be considered: vertical heterostructures (VH) and
lateral heterostructures (LH). In the vertical heterostructures,>
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the 2D monolayers are vertically stacked layer-by-layer, bonded
by weak van der Waals (vdW) forces. LH, in contrast, are built by
seamless in-plane, side-by-side growth of the 2D monolayers,
bonded together by covalent bonds. Since the LH are connected
by chemical bonds in the “interline”, they can potentially show
enormous epitaxial quality and stability, and exhibit physico-
chemical properties that might immensely differ from those of
the original 2D materials that form the LH.***® Moreover, LH
have twice the surface and simpler band alignment compared
with the VH.*”?® All of this makes LH with well-controlled
domain sizes and atomic sharp interface equally or even more
promising than their vertical counterparts.> Finding suitable
candidate materials to build a LH with the desired properties
has some difficulties due to structural limitations, such as the
need for a small lattice mismatch of materials in order to make
the interface between the two monolayers as seamless as
possible. Hence, a theoretical exploration of the LH structural
and electronic properties has been essential to overcome these
issues prior to the experimental work.?*-

In 2012, Levendorf et al.*® developed a patterned regrowth
method for the synthesis of lateral graphene/h-BN hetero-
structures on Cu foil. Following this result, several groups®*—°
reported the fabrication of LH for transition metal dichalcoge-
nides (TMDs), and since then several experimental reports on
the synthesis of various TMD-based LH have been published.
Recently, Zeng et al.*® prepared 2D lateral WC-graphene heter-
ostructures with excellent chemical stability and reactivity, thus
triggering a renewed attention to this field. In particular,
unusual electronic and magnetic properties such as the giant
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magnetocrystalline anisotropy energy (MAE) were demon-
strated at the interface as the phosphorene/WSe, interface,**
which shows the abundant opportunities of LH for applications
in spintronics. However, much more work needs still to be done
in order to fully exploit the extraordinary potential of magnetic
LH.

In this context, 2D MXenes have attracted increasing atten-
tion in recent years due to their significant potential applica-
tions in electronic devices, sensors, catalysis, energy
conversion, and storage systems.*”*” After the synthesis of
Ti;C,,” many MXenes have since then been experimentally
discovered**° or theoretically predicted.*** As a typical metallic
group of MXenes, M,C (M = Ti, Ta) have also been widely
studied, both in experiments and theory.****** The Ti,C and
its derivatives, the Ti,CC,, Ti,CO,, and Ti,CS, MXenes, exhibit
good stability and have excellent potential for their use as anode
materials due to their strong adsorptions and low diffusion
energy barriers, which suggest fast charge-discharge rates.>**%>”
Besides, although the majority of the functionalized MXene
systems are nonmagnetic, the Ti,.;X, (X = C, N) monolayers are
magnetic due to the 3d electrons of the surface Ti atoms.*® On
the other hand, Ta,C is stable, has high thermal stability, and
provides good electronic conductivity, hence becoming
a candidate as an anode material.>*®* While the Ta,C is
nonmagnetic (NM), its magnetic properties can be tuned by
applying mechanical strain.** Considering that both materials
share the same structural features and present a small lattice
mismatch, Ti,C and Ta,C should thus be excellent candidate
materials to build magnetic LH. At this point, the critical issue
arises of whether LH composed of Ti,C and Ta,C will be stable,
and what the actual structural, electronic, and magnetic prop-
erties of such LH would be.

Inspired by the aforementioned questions, in this work we
provide a comprehensive investigation, based on Density
Functional Theory (DFT), into various lateral heterostructures
composed by the Ti,C and Ta,C MXene monolayers.

2 Method

All the calculations were carried out using the Vienna Ab initio
Simulation Package (VASP),*** based on DFT. In this method,
the Kohn-Sham single-particle functions are expanded based
on plane waves up to a cut-off energy of 450 eV,** found to
provide good convergence of the total energy. We have given the
convergence results in ESI (see Table S1t) for spin-polarized
calculation. The electron-ion interactions were described by
using the projector augmented-wave (PAW) method.*>* For the
electron exchange and correlation terms, the Perdew-Zunger-
type functional®®®” was used within the generalized gradient
approximation (GGA)* in both the PBE parameterization® and
the hybrid exchange-correlation functional (HSE06).7* Addi-
tionally, our calculations were refined using the optimized
functional optB86b-vdW” to take into account the van der
Waals interactions. Calculations were then carried out self-
consistently using the VASP implementation” within the
Roman-Perez and Soler’ scheme. The self-consistent solutions
were obtained by employing the (13 x 21 x 1), (9 x 21 x 1), (7
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x 21 x 1), and (4 x 21 x 1) Monkhorst-Pack’ grid of k-points
for the integration over the Brillouin zone for (Ti,C),/(Ta,C),
(with p = ¢ = 3, 4, 5, 10, where p and g are the numbers of unit
cells of each 2D material repeated to form the LH unit cell),
respectively. To prevent spurious interaction between isolated
layers, a vacuum layer of at least 15 A was included along the
normal direction to the surface. The elastic tensor of each
system is derived from the stress-strain approach.”

3 Results and discussions

Ti,C and Ta,C have a trigonal crystal structure (space group
P3m1). The calculated lattice constants of the isolated mono-
layers Ti,C and Ta,C are 3.05 A and 3.12 A, respectively,
agreeing well with previous theoretical studies, where a lattice
constant of 3.04 A (ref. 42) and 3.14 A (ref. 43) was found. The
lattice mismatch of Ti,C and Ta,C is then merely 2.2%,
implying that both materials are very suitable to build LH with
coherent interfaces. Fig. 1(a) shows the typical structures of our
atomic model of the LH. Along the x-direction of the LH in
Fig. 1(a), single layer Ti,C and Ta,C repeat alternating and
periodically, whereas along the y-direction the two different
stripes extend to infinity (without any edge). We have named
these heterostructures as (Ti,C),/(Ta,C),;. To investigate the
impact of the LH lateral size we have investigated several LH, for
p =q=(2,2), (3,3), (4,4), (5,5), and (10,10). The lateral size of
each one of these LH unit cells is then 12.15, 18.25, 24.35, 30.44,
and 60.94 A, respectively.

We first evaluated the stability of all the structures by
analyzing the formation energy (), following the equation

El‘ = (Elolal - Etot(TiZC) - Elot(TaZC))/N (1)

where Eoal, Eror(Ti2C), and Ey(Ta,C) represent the total energy
of (Ti,C),/(Ta,C), LH, total energies of Ti,C and Ta,C mono-
layers, respectively, and N is the total number of atoms in the
LH. We summarize the optimized values of the formation
energy and lattice constants in Table 1. According to our nota-
tion, a more negative formation energy indicates a more stable
structure. The negative formation energies indicate that the
synthesis of all the studied LH (from p = g = 3 to 10) is highly
possible and most likely to be achieved experimentally than that

Top view

Side view
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00000000 0
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Fig. 1 (a) Top and (b) side views of the atomic model of the (Ti,C),/
(Ta,C), lateral heterostructure with p = 3 and g = 3. Two-dimensional
unit cell with lattice parameters and Bravais lattice vectors a and b are
also indicated. /1 and [, are interline (or boundaries, interfaces)
between different constituent MXene stripes. (c and d) Side views of
the (Ti,C)s/(TaxC)z showing the ferromagnetic (FM) and antiferro-
magnetic (AFM) states, respectively.
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Table 1 Optimized values of the lateral heterostructures (Ti>C)y/
(TaxC), for p = q (2, 3, 4, 5, 10), lattice constants a and b (in A), and
formation energy E; (in eV)

Composite

(p/q) a b E¢
(2/2) 12.15 6.08 0.29
(3/3) 18.25 6.08 —0.67
(4/4) 24.35 6.09 —0.51
(5/5) 30.44 6.085 —0.41
(10/10) 60.94 6.09 —0.20

of those structures with positive formation energies. As seen in
Table 1, as the value of p = g increases the absolute value of the
formation energy decreases. Similar behavior has also been
found for other LH, such as the LH based on boron phosphide
(BP) and GaN monolayers.”

To explore the mechanical stability and the potential
performance under different stress conditions, we investigated
the mechanical properties of Ti,C, Ta,C, and (Ti,C);/(Ta,C); LH
using the stress-strain approach.”® According to the Born
stability criteria,”® 2D hexagonal crystals should obey the
following conditions:

Ci1>0,Cs6>0,2 x Cgo=Cyy — Cpp, and Cy; > |Cra|  (2)
The calculated in-plane elastic constants for (Ti,C)s/(Ta,C)s
LH is listed in Table 2. For comparison, we also show the results
obtained for the Ti,C and Ta,C MXenes. Our results demon-
strate that all the calculated heterostructures satisfy the
mechanical stability criteria, and they are thus mechanically
stable. The in-plane stiffness (C) can be calculated as
C=Cpy x (1 = (Cra/Cpy)) (3)
and it is a measure of the monolayer's mechanical strength.
Here, the two independent elastic constants, C;; and Cj,, can
also be used to evaluate the elastic properties of homogeneous
and isotropic materials. The in-plane stiffness of (Ti,C);/(Ta,C)3
LH is 179 N m™", which is higher than the values of both iso-
lated Ti,C (138 N m ") and Ta,C (156 N m ). This result
implies that the lateral combination of two monolayers leads to
a stronger 2D material. To put this value in context, we note
that, according to our results, the mechanical strength of
(Ti»C)s/(TaxC); LH is smaller than that of graphene (340.8 N
m ') but higher than that of MoS, (120.1 N m !),”> WS,
(106.4 N m ™), ® silicene (61.34 N m™'),** or germanene (42.05 N
m—l)‘Bl
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Bulk modulus and shear modulus describe, respectively, the
resistance of a material to volume and shape change. To obtain
these values, the Voigt (upper bound of elastic properties in
terms of uniform strain),*> Reuss (lower bound in terms of
uniform stress),* and Hill (the average between Voigt and
Reuss)® approximations are mainly used. The ratio of shear to
bulk modulus (G/K) roughly reflects the ductility of the material.
If the G/K value is less than 0.5, then the material is expected to
be ductile.®® From our results we infer, then, that all the calcu-
lated MXenes exhibit ductility, a behavior also shown by some
2D materials such as germanene and stanene,**® in contrast to,
for instance, graphene and silicene, which are known to be
brittle.** Besides the G/K ratio, Poisson's ratio also gives an idea
of the brittle/ductile behavior of materials. The bigger the
Poisson's ratio, the better the material plasticity. For example,
while » ~ 0.1 indicates more brittleness (such as for pure
covalent materials, as is the case of graphene), a typical metallic
behavior with » = 0.33 exhibits ductility, as the aforementioned
example of germanene.** As shown in Table 2, the Poisson's
ratio of all calculated MXenes is larger than 0.33, indicating the
ductility of these materials.

In order to get some insight into the electronic properties, we
have analyzed the charge redistribution across the LH. For the
smallest LH studied here, i.e. (3,3) and (4,4), the charge density
redistributes homogeneously in the Ti,C side and there is no
accumulation of charge at the interface (see Fig. S1 in the ESIf).
We have thus focused on the largest structure ((TiyC)10/(Ta2C)10)
to obtain a better understanding of the charge density evolution
away from the boundaries. The charge density difference Ap(r)
is obtained as:

Ap(r) = P(Ti,C),/(TarC),o(®) — [A(Ti,0),,(X) + P(Ta,0),,(1)] (4)

where p(ri,c),/(ta,c)10(r) represents the total charge density of
(Ti,C)10/(Ta2C)10 LH, and peri c), (¥) and p(ra,c), (¥) are the charge
densities of the isolated (Ti,C);, and (Ta,C);, monolayers,
respectively. The three-dimensional charge density difference of
(Ti»C)10/(TaxC)1o LH is plotted in Fig. 2(a) and (b), where the
yellow and cyan regions indicate accumulation and depletion of
charge, respectively. As it can be seen, the charge accumulates
in the interline region of the heterostructure over an area of
approximately 6 A, while there is almost no charge transfer at
either Ti,C or Ta,C far away from the interline because of the
weak interaction between the Ti,C and Ta,C monolayers. This
interface charge rearrangement is due to the electronegativity
difference between the interface atoms. Since the Ti atom is
more electronegative (1.54) than the Ta atom (1.50), some
electrons flow from the Ti,C monolayer to the Ta,C monolayer

Table2 Calculated elastic constants: elastic constants (C;in N m™), Hill shear modulus (G in N m™), Hill bulk modulus (K) (N m™), G/K ratio, and

Poisson's ratios (v) of Ti,C, Ta,C, and (Ti,C)s/(Ta,C)s LH

Structure Ci1 Cqo Cee G K G/K v

Ti,C 160 59 50.74 50.74 109.22 0.46 0.37

Ta,C 235 136 50 49.55 185.20 0.27 0.57

(TixC)s/(Ta,C)s 217 91 64 63.31 154.07 0.41 0.40 (Min)/0.43 (Max)
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Fig. 2 (a) Side and (b) top views of the charge density difference for

the (Ti,C)10/(TaxC)io LH. The value of the depicted isosurfaces is
0.008e/A®. The yellow and cyan regions indicate accumulation and
depletion of charge, respectively. Electron localization functions of the
(TioC)10/(TazC)yo LH along the (c) (010) plane and (d) (001) plane. The
(010) and (001) planes are shown in the bottom right corner. (e) Planar
averaged electrostatic potential energy and its average along the y-

direction, V(y).

when the two materials are brought together, leading to
a charge accumulation in the region near the interline. To
provide a more quantitative insight and determine the amount
of charge transfer between Ti,C and Ta,C we have employed the
Bader charge analysis, which gives the result of a charge transfer
of 3.7e for the (Ti,C);0/(TayC)io LH.

The electron distribution can be further analyzed by looking
at the electron localization functions (ELF).*” Theoretically, an
ELF value of 0.5 indicates that the Pauli repulsion has the same
value as that in a uniform electron gas of the same density,*®
whereas ELF = 1 (0) corresponds to perfect localization (delo-
calization), where the bonding would have a covalent (metallic)
character.®”*® From the ELF map in Fig. 2(c) and (d), we can see
that the (Ti,C),0/(Ta,C);0 LH surface shows a cloud of lone-pair
electrons, the density of electrons at the Ta,C side being higher
than at the Ti,C side. The substantial concentration of electrons
is mostly located around the C atoms, which implies the pres-
ence of a covalent bond between the C-C atoms. Similar
behavior was also found for Ti,C; and Ti,N;.”

Fig. 2(e) shows as well that both the planar average electro-
static potential and its average value V(y) changes at the
boundaries of LH, which can be explained in terms of the
difference in the electrostatic potentials of the isolated mono-
layers. The Ti,C monolayer has a higher electrostatic potential
than the Ta,C, with a potential difference calculated to be
0.76 eV. This potential energy difference will induce a built-in
electric field, which results in a band bending near the
boundaries of the (Ti,C),/(Ta,C),; LH. The workfunction (WF, or
¢) is an important physical parameter of materials, and it is
defined as the energy required to remove an electron from the
Fermi level to vacuum. Low WFs material can thus improve the
power efficiency of a device. We have calculated the WF of Ti,C,
Ta,C, and (Ti,C);0/(Ta,C)1o LH as 4.67 eV, 4.97 eV, and 4.80 €V,
respectively. The values found for the WF of Ti,C and Ta,C are

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

in good agreement with other theoretical calculations (Ti,C
(4.53 eV)** and Ta,C (4.77 eV)**). Hence, the (Ti,C),,/(Ta,C)1o LH
presents a lower WF than that of graphene/black phosphorene
bilayer (5.38 eV)** and Ti,CO, (5.90 eV),” making it potentially
more promising to improve the performance of nanoelectronic
devices. The WF can also explain the origin of the charge
accumulation at the interface. It is known that when two metals
are brought into contact no energy barrier will arise at the
interface, even if their workfunctions are different.®® If the
electrons flow from a small (big) workfunction metal to another,
there will be a positive (negative) charge space in the second
metal near the interface with the first one.*® In our case, the
charge transfer occurs from the Ti,C (small workfunction side)
to the Ta,C monolayer, and hence electrons accumulate at the
interface region of the (Ti,C)¢/(Ta,C);o LH on the Ta,C side,
while there is a charge depletion on the Ti,C side of the LH,
which is consistent with Fig. 2(a) and (b).

Finally, we have explored the magnetic properties of these
LH. Ongoing research in spintronics is focused on developing
new materials and devices that can better harness the spin of
electrons and exploring new physical phenomena that arise
from spin transport and manipulation. In particular, finding
novel 2D materials with high Curie temperatures is essential to
bring spintronics from the laboratory to commercial applica-
tions. We start our investigation by performing a spin-polarized
geometry optimization of the isolated 2D MXenes, Ti,C and
Ta,C, and the LH. The spin-polarized optimized lattice param-
eters of Ti,C and Ta,C are 3.086 A and, 3.081 A, respectively.
Ti,C presents an interesting magnetic ground state, with a non-
zero magnetic moment in the ferromagnetic (FM) but whose
ground state is antiferromagnetic (AFM) (magnetic moment
zero), while Ta,C is non-magnetic. Their respective magnetic
moments are 1.90 uB for Ti,C and 0.00 uB for Ta,C. These
results are in good agreement with previous studies, which
found 3.083 A and 1.91 uB for Ti,C (ref. 97 and 98) and 3.083 A
and 0.00 uB for Ta,C.* The optimized lattice constants for the
(Ti,C),/(Ta,C), LH were obtained by relaxing both the lattices
and the atomic positions for the magnetic ground state, and are
given in Table 3.

The next step is to determine the magnetic ground state of
each LH (Ti,C),/(Ta,C), for (p = g = 3, 4, 5, 10), considering the
FM, AFM, and nonmagnetic (NM) states, as showcased in Fig. 1.
Table 3 displays the values obtained for the total energy for the
three possible configurations for all the studied LH. The FM
state has the lowest total energy compared to the NM and the
AFM states for all structures, and it is thus the magnetic ground
state. The band structure of the (Ti,C)3/(Ta,C); (Fig. S2 in ESIt)
shows dispersive metallic bands crossing the Fermi level (Eg).
Such bands are actually the signature of a ferromagnetic metal
behavior, according to the Stoner theory.”® The analysis of the
energy bands and the density of states (DOS) of the (Ti,C)s/
(Ta,C); that are depicted in Fig. 3 shows that the predominant
contribution to the dispersing bands that cross the Er comes the
Ti d-orbitals. This means that the Ti d electronic states around
the Er are indeed itinerant, thus favoring ferromagnetism
according to the Stoner theory. This behavior is also found for
other 2D MXenes such as Cr,C (ref. 64) and Ti,C."*®

RSC Adv, 2023, 13, 17222-17229 | 17225
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Table 3 The optimized lattice constants ag (in A) with the FM state, the total (M) magnetic moments (in uB) at equilibrium lattices, the total
energy differences of FM with NM (EFM — ENM) and FM with AFM (EFM — EAFM) states (in eV), and the Curie temperatures (K) and Magnetic
Anisotropy Energy (MAE) (neV per (Ti + Ta) atom) for the high symmetry directions for (Ti,C),/(Ta,C), for p = q (3, 4, 5, 10)

Composite

(plq) a Mot Epp-nMm Epm—arm Tc (100) (010) (110) (001) (111)

(313) 18.34 10.22 —0.39 —0.09 696 19 6 0.00 58 32

(4/4) 24.47 13.67 —0.54 —0.14 1082 20 5 0.00 104 38

(5/5) 30.58 17.85 —0.69 -0.11 850 21 6 0.00 106 38

(10/10) 61.21 36.18 —1.40 —0.09 696 9 3 0.00 25 9
—winos =) per—— —— —wos ] room temperature: Yang et al. found that both Cr,VC,F, and

— C(p) 4 Ta(d) Tid)

— T | =l

— C(p)— Ti(d) '

Arb. units

Arb. units
Arb. units

A A |

-2 0 2 -2 0 -é 0 2I

Energy (eV) Energy (eV) Energy (eV)
@ (b) (©)

Fig. 3 Projected density of states (PDOS) of the (a) Ti,C, (b) Ta,C, (c)
spin-resolved density of states of the (Ti,C)z/(Ta,C)s LH for the p and
d orbitals of the Ti and Ta atoms. The Fermi level is set at 0 eV.

The spin-resolved (DOS) of the FM state for the (Ti,C)s/
(Ta,C); LH provides further insight into the magnetic nature of
the LH. As can be seen in Fig. 3, the heterostructure remains
metallic, the metallicity mainly originating from the d orbital of
the Ti and Ta atom in (Ti,C);/(Ta,C); LH, as it happens for the
isolated structures.

As we discussed, the Curie or Néel temperature (T¢ or Ty) is
an essential parameter to assess realistically the possibility of
using a material in future nanoelectronic devices. A T beyond
room temperature is a highly demanded characteristic, and
there has been much research'*'* trying to find materials with
high enough Tc. We have then calculated the T¢ for all the
(Ti,C)p/(TayC), (p = q = 3, 4, 5, 10) LH by means of the mean-
field theory approximation (MFA), which estimates it as kgT¢
= (2/3) A(E).** Here, kg is the Boltzmann constant, and A(E) is
the energy difference between FM and the AFM states. The
results are summarized in Table 3. The T of (Ti,C),/(Ta,C), for
p=¢(3,4,5,10) LH are as high as 696 K, 1082 K, 850 K, and 696
K, respectively, thus well above room temperature (RT). Even
though considering the possible overestimation of MFA, it is
widely accepted that it provides a good qualitative variation
trend of the T,'** %' and the estimated values in our case
clearly indicate a highly likely high Curie temperature for
(Ti,C),/(Ta,C),. For comparison, our calculation of the Néel
temperature of Ti,C is 247 K, in agreement with previous
studies.”® While 2D ferromagnetism has been experimentally
demonstrated for the Cr,Ge,Tes bilayer and the CrI; mono-
layer,'*”'%® the Tcs is that 30 and 45 K, respectively, far below
room temperature. Our results, however, corroborate the suit-
ability of other 2D materials for spintronic devices operating at

17226 | RSC Adv, 2023, 13, 17222-17229

Cr,VC,(OH), present Curie temperature values of 695.65 K and
618.36 K, respectively.’® Such high Curie temperatures (1877-
566 K) were also found for other 2D MXenes such as Mn,NT,
with different surface terminations (T = O, OH, and F),"*°
showing the great potential of MXene-based devices for
spintronics.

Lastly, we will discuss the magnetic anisotropy energy (MAE)
to further explore the FM character of (Ti,C),/(Ta,C), LH. A large
MAE implies, in principle, a better resistance of the magnetic
ordering against heat fluctuations at the operating tempera-
tures of commercial devices, and many efforts are nowadays
devoted to improving the values of MAE in potentially magnetic
2D materials. The MAE in FM 2D materials emerges mostly
from the spin-orbit coupling (SOC) interactions, and as such is
examined by considering the spin-orbit coupling (SOC) along
five magnetization directions in the ab-plane, ie., the (100),
(010), and (110) directions, and out of the ab-plane, i.e. the (001)
and (111) directions. The difference in energy between the
system with a given spin orientation and the energy of the most
stable spin orientation (easy axis) defines the MAE. As seen in
Table 3, (Ti,C),/(Ta,C), for (p = g = 3, 4, 5, 10) LH exhibit an in-
plane easy axis, which is the (110). The values of the MAEs for
the other SOC orientations are also shown in Table 3 for
comparison. The large MAE mainly originates from the strong
Ti-Ti and Ta-Ta coupling in the ab-plane of (Ti,C),/(Ta,C), (p =
g = 3, 4, 5, 10) LH. Our results are similar to previous results
found for MnP,""* VS,,"** and Mn,C,"® but larger than those
found for Fe (1.4 peV per Fe atom) and Ni (2.7 peV per Ni atom)
bulks.”* The high T¢ (and also high magnetic moments), and
high MAE of (Ti,C),/(Ta,C), make them promising 2D magnetic
materials for spintronic, photocatalysis, and data storage
applications at room temperature.

4  Summary

Using DFT based-simulations, we have illustrated the prospec-
tive mechanic, electronic, and magnetic properties of the
(Ti,C),/(Ta,C), LH. The formation energies of the (Ti,C),/
(Ta,C), LH confirm the energetic stability of this 2D material.
The investigation of their mechanical properties shows that the
lateral combination of two monolayers results in a stronger 2D
material than the isolated monolayers. For wide enough LH,
most electrons tend to accumulate at the interface, with
a spatial charge extension of ~6 A. All the studied LH show high

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Curie temperatures, well beyond room temperature, and high
magnetic anisotropy energies. Our findings show the need to
reinforce further exploration of MXene-based 2D hetero-
structures to exploit their elevated capabilities for magnetic
storage and spintronic devices.

Author contributions

Sibel Ozcan: conceptualization (lead); formal analysis (lead);
writing - original draft (lead); writing - review and editing
(equal). Blanca Biel: conceptualization (supporting); writing -
review and editing (equal); funding acquisition (lead).

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

B. B. kindly acknowledges financial support from Programa
Operativo FEDER B.FQM.272.UGR20 and AEI under project
PID2021-125604NB-100. S. O. and B. B. also acknowledge
financial support by the Junta de Andalucia under the Programa
Operativo FEDER P18-FR-4834. The Albaicin supercomputer of
the University of Granada and TUBITAK ULAKBIM, High
Performance and Grid Computing Center (TRUBA resources)
are also acknowledged for providing computational time and
facilities.

References

1 K. F. Chen, S. Y. Song, F. Liu and D. F. Xue, Chem. Soc. Rev.,
2015, 44, 6230-6257.
2 W. Jin, Z. Wang and Y. Q. Fu, J. Mater. Sci., 2016, 51, 7355—
7360.
3 K. F.Mak, C. Lee, J. Hone, J. Shan and T. F. Heinz, Phys. Rev.
Lett., 2010, 105, 136805.
4 Y. Jing, Z. Zhou, C. R. Cabrera and Z. Chen, J. Phys. Chem. C,
2013, 117, 25409-25413.
5 V. Nicolosi, M. Chhowalla, M. G. Kanatzidis, et al., Science,
2013, 340(6139), 12264109.
6 S. Z.Butler, S. M. Hollen, L. Cao, et al., ACS Nano, 2013, 7(4),
2898-2926.
7 S. Chen and G. Shi, Adv. Mater., 2017, 29(24), 1605448.
8 M. Pumera and Z. Sofer, Adv. Mater., 2017, 29(21), 1605299.
9 X.Kong, Q. Liu, C. Zhang, et al., Chem. Soc. Rev., 2017, 46(8),
2127-2157.
10 A.J. Mannix, B. Kiraly, M. C. Hersam, et al., Nat. Rev. Chem.,
2017, 1(2), 1-14.
11 C. Tan, X. Cao, X.-]. Wu, et al., Chem. Rev., 2017, 117(9),
6225-6331.
12 S. H. Mir, V. K. Yadav and J. K. Singh, ACS Omega, 2020, 5,
14203-14211.
13 N. Muhammad, M. U. Muzaffar and Z. J. Ding, Phys. Chem.
Chem. Phys., 2021, 23, 17392-17401.
14 H. Zhang, M. Pei, B. Liu, Z. Wang and X. Zhao, Phys. Chem.
Chem. Phys., 2022, 24, 19853-19864.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

15 X. Bao, T. Sun, Y. Liu and C. Xu, et. al., Phys. Chem. Chem.
Phys., 2021, 23, 23024-23031.

16 X. Cui, G.-H. Lee, Y. D. Kim, et al., Nat. Nanotechnol., 2015,
10(16), 534-540.

17 Y. Liu, Y. Huang and X. Duan, Nature, 2019, 567, 323.

18 M. Gibertini, M. Koperski, A. F. Morpurgo and
K. S. Novoselov, Nat. Nanotechnol., 2019, 14, 408.

19 C. Jin, E. Y. Ma, O. Karni, E. C. Regan, F. Wang and
T. F. Heinz, Nat. Nanotechnol., 2018, 13, 994.

20 K. S. Novoselov, A. Mishchenko, A. Carvalho and
A. H. C. Neto, Science, 2016, 353, aac9439.

21 X. Liu and M. C. Hersam, Adv. Mater., 2018, 30, 1801586.

22 E.Pomerantseva and Y. Gogotsi, Nat. Energy, 2017, 2,17089.

23 A. K. Geim and 1. V. Grigorieva, Nature, 2013, 499, 419-425.

24 G. Eda, T. Fujita, H. Yamaguchi, D. Voiry, M. Chen and
M. Chhowalla, ACS Nano, 2012, 6(8), 7311.

25 Y. C.Lin, D. O. Dumcenco, Y. S. Huang and K. Suenaga, Nat.
Nanotechnol., 2014, 9(5), 391.

26 C. H. Naylor, W. M. Parkin and Z. L. Gao, et. al., ACS Nano,
2017, 11(9), 8619.

27 M.-Y. Li, Y. Shi, C.-C. Cheng, L.-S. Lu, Y.-C. Lin, H.-L. Tang,
M.-L. Tsai, C.-W. Chu, K.-H. Wei, J.-H. He, et al., Science,
2015, 349, 524-528.

28 J. Zhang, W. Xie, J. Zhao and S. Zhang, 2D Mater., 2016, 4,
015038.

29 J. Zhao, K. Cheng, N. Han and ]. Zhang, Wiley Interdiscip.
Rev.: Comput. Mol. Sci., 2018, 8(e1353), 1-19.

30 Q. Sun, Y. Dai, Y. Ma, et al., 2D Mater., 2016, 3(3), 035017.

31 G. Fiori, A. Betti, S. Bruzzone, et al., ACS Nano, 2012, 6(3),
2642-2648.

32 G.-X. Chen, X.-G. Li, Y.-P. Wang, et al., Phys. Rev. B, 2017,
95(4), 045302.

33 Z.Yang, J. Pan, Q. Liu, et al., Phys. Chem. Chem. Phys., 2017,
19(2), 1303-1310.

34 K. Cheng, Y. Guo, N. Han, et al., J. Mater. Chem. C, 2017,
5(15), 3788-3795.

35 H. Jin, J. Li, B. Wang, et al., J. Mater. Chem. C, 2016, 4(47),
11253-11260.

36 M. P. Levendorf, C. J. Kim, L. Brown, P. Y. Huang,
R. W. Havener, D. A. Muller and J. Park, Nature, 2012,
488, 627-632.

37 Y. Gong, J. Lin, X. Wang, G. Shi, S. Lei, Z. Lin, X. Zou, G. Ye,
R. Vajtai, B. I. Yakobson, et al., Nat. Mater., 2014, 13, 1135-
1142.

38 C. Huang, S. Wu, A. M. Sanchez, J. J. P. Peters, R. Beanland,
J. S. Ross, P. Rivera, W. Yao, D. H. Cobden and X. Xu, Nat.
Mater., 2014, 13, 1096-1101.

39 X. Duan, C. Wang, J. C. Shaw, et al., Nat. Nanotechnol., 2014,
9, 1024-1030.

40 M. Q. Zeng, Y. X. Chen, J. X. Li, H. F. Xue, R. G. Mendes,
J. X. Liu, T. Zhang, M. H. Rimmeli and L. Fu, Nano
Energy, 2017, 33, 356-362.

41 X.-Q. Tian, L. Liu, Z.-R. Gong, a Y. Dy, J. Gu, B. I. Yakobson
and J.-B. Xu, J. Mater. Chem. C, 2016, 4, 6657.

42 1. R. Shein and A. L. Ivanovskii, Comput. Mater. Sci., 2012,
65, 104-114.

RSC Adv, 2023, 13,17222-17229 | 17227


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03343k

Open Access Article. Published on 08 June 2023. Downloaded on 11/21/2025 6:02:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

43 M. Kurtoglu, M. Naguib, Y. Gogotsi and M. W. Barsoum,
MRS Commun., 2012, 2, 133-137.

44 G. Gao, G. Ding, J. Li, K. Yao, M. Wu and M. Qian,
Nanoscale, 2016, 8, 8986-8994.

45 X. H. Zha, J. Zhou, Y. Zhou, Q. Huang, J. He, J. S. Francisco,
K. Luo and S. Du, Nanoscale, 2016, 8, 6110-6117.

46 M. Pandey and K. S. Thygesen, J. Phys. Chem. C, 2017, 121,
13593-13598.

47 C.F. Fu,X.Li, Q. Luo and J. Yang, J. Mater. Chem. A, 2017, 5,
24972-24980.

48 M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M. Heon,
L. Hultman, Y. Gogotsi and M. W. Barsoum, Adv. Mater.,
2011, 23, 4248.

49 K. Hantanasirisakul and Y. Gogotsi, Adv. Mater., 2018, 30,
1804779.

50 M. Naguib, O. Mashtalir, J. Carle, V. Presser, J. Lu,
L. Hultman, Y. Gogotsi and M. W. Barsoum, ACS Nano,
2012, 6, 1322.

51 L. Wang, P. Hu, Y. Long, Z. Liu and X. He, J. Mater. Chem. A,
2017, 5, 22855.

52 B. Anasori, M. R. Lukatskaya and Y. Gogotsi, Nat. Rev.
Mater., 2017, 2, 16098.

53 M. Naguib, J. Halim, J. Lu, K. M. Cook, L. Hultman,
Y. Gogotsi and M. W. Barsoum, J. Am. Chem. Soc., 2013,
135, 15966.

54 S. Wang, et al., Comput. Mater. Sci., 2014, 83, 290-293.

55 T. Yu, S. Zhang and G. Yang, J. Mater. Chem. A, 2017, 5,
18698.

56 Y. Xiao, Y. Ding, H. Cheng and Z. Lu, Comput. Mater. Sci.,
2019, 163, 267-277.

57 M. Faraji, A. Bafekry, M. M. Fadlallah, F. Molaei, N. N. Hieu,
P. Qian, M. Ghergherehchi and D. Gogova, Phys. Chem.
Chem. Phys., 2021, 23, 15319-15328.

58 M. Sternik and U. D. Wdowik, Phys. Chem. Chem. Phys.,
2018, 20, 7754.

59 S. Zhao, W. Kang and J. Xue, Appl. Phys. Lett., 2014, 104,
133106.

60 (a) G. Kresse and J. Hafner, Phys. Rev. B: Condens. Matter
Mater. Phys., 1993, 47, 558; (b) G. Kresse and ]. Hafner,
Phys. Rev. B: Condens. Matter Mater. Phys., 1994, 49, 14251.

61 G. Kresse and J. Furthmiller, Comput. Mater. Sci., 1996, 6,
15.

62 G. Kresse and D. Joubert, Phys. Rev. B: Condens. Matter
Mater. Phys., 1999, 59, 1758.

63 G. Kresse and J. Furthmiller, Phys. Rev. B: Condens. Matter
Mater. Phys., 1996, 54, 11169.

64 C. Si, ]J. Zhou and Z. Sun, ACS Appl. Mater. Interfaces, 2015, 7,
17510.

65 P. E. Blochl, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,
50, 17953.

66 J. P. Perdew, J. A. Chevary, S. H. Vosko, A. Jackson,
K. M. R. Pederson, D. ]J. Singh and C. Fiolhais, Phys. Rev.
B: Condens. Matter Mater. Phys., 1992, 46, 6671.

67 J. P. Perdew and A. Zunger, Phys. Rev. B: Condens. Matter
Mater. Phys., 1981, 23, 5048.

68 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865-3868.

17228 | RSC Adv,, 2023, 13, 17222-17229

View Article Online

Paper

69 J. Heyd, G. E. Scuseria and M. Ernzerhof, J. Chem. Phys.,
2003, 118, 8207.

70 J. Heyd, G. E. Scuseria and M. Ernzerhof, J. Chem. Phys.,
2006, 124, 219906.

71 A. V. Krukau, O. A. Vyrdrov, A. F. Izmaylov and
G. E. Scuseria, J. Chem. Phys., 2006, 125, 224106.

72 J.Klimes, D. R. Bowler and A. Michaelides, J. Phys.: Condens.
Matter, 2010, 22, 022201.

73 J. Klimes, D. R. Bowler and A. Michaelides, Phys. Rev. B:
Condens. Matter Mater. Phys., 2011, 83, 195131.

74 G. Roman-Perez and J. M. Soler, Phys. Rev. Lett., 2009, 103,
096102.

75 H. Monkhorst and J. Pack, Phys. Rev. B: Condens. Matter
Mater. Phys., 1976, 13, 5188.

76 Y. Le Page and P. Saxe, Phys. Rev. B: Condens. Matter Mater.
Phys., 2002, 65, 104104.

77 Y. Wang, X. Wu, N. Song, X. Yang, Y. Zheng and F. Wang, /.
Mater. Sci., 2021, 56, 7451-7463.

78 M. Born, Math. Proc. Cambridge Philos. Soc., 2008, 36, 160-
172.

79 Q.Peng and S. De, Phys. Chem. Chem. Phys., 2013, 15,19427.

80 M. Zhang, C. Tang, W. Cheng and L. Fu, J. Alloys Compd.,
2021, 855, 157432.

81 R. John and B. Merlin, Cryst. Struct. Theory Appl., 2016, 5,
43-55.

82 W. Voigt, Lehrbuch der Kristallphysik (mit Ausschluss der
Kristalloptik), Teubner, Leipzig, 1928.

83 A. Reuss, J. Appl. Math. Mech., 1929, 9(1), 49-58.

84 R. Hill, Proc. Phys. Soc., Sect. A, 1952, 65, 349.

85 C.L.Li, B.Wang, Y. S. Li and R. Wang, J. Phys. D: Appl. Phys.,
2009, 42, 065407.

86 C. Lee, X. Wei, J. W. Kysar and J. Hone, Science, 2008, 321,
385-388.

87 B. Silvi and A. Savin, Nature, 1994, 371, 683.

88 M. Kohout, F. R. Wagner and Y. Grin, Theor. Chem. Acc.,
2002, 108, 150-156.

89 S. Shi, L. Zhu, H. Zhang and Z. Sun, J. Alloys Compd., 2017,
711, 637-642.

90 W. Liu, X.-G. Lu, Q.-M. Hu, H. Wang, Y. Liu, P. Boulet and
M.-C. Record, J. Alloys Compd., 2019, 811, 152053.

91 N. Zhang, Y. Hong, S. Yazdanparast and M. Zaeem, 2D
Mater., 2018, 5, 045004.

92 S. Thomas and M. A. Zaeem, Adv. Theory Simul., 2021, 4,
2000250.

93 Y. Liu, H. Xiao and W. A. Goddard, J. Am. Chem. Soc., 2016,
138, 1585315856.

94 Y. Cai, G. Zhang and Y.-W. Zhang, J. Phys. Chem. C, 2015,
119, 13929.

95 X.-H. Li, R.-Z. Zhang and H.-L. Cui, ACS Omega, 2020, 5,
18403.

96 F. Giubileo and A. D. Bartolomeo, Prog. Surf. Sci., 2017, 92,
143-175.

97 G. Gao, G. Ding, J. Li, K. Yao, M. Wua and M. Qianb,
Nanoscale, 2016, 8, 8986-8994.

98 N. G. Romeral and A. M. Garcia, et. al, J. Phys. Chem. C,
2023, 127, 3706.

99 H. Capellmann, Z. Phys. B: Condens. Matter, 1979, 34, 29.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03343k

Open Access Article. Published on 08 June 2023. Downloaded on 11/21/2025 6:02:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

100 B. Akgenc, A. Mogulkoc and E. Durgun, J. Appl. Phys., 2020,
127, 084302.

101 J.-Y. You, Z. Zhang, B. Gu and G. Su, Phys. Rev. Appl., 2019,
12, 024063.

102 J.-Y. You, Z. Zhang, X.-J. Dong, B. Gu and G. Su, Phys. Rev.
Res., 2020, 2, 013002.

103 H. Jin, Y. Dai, B. Huang and M. H. Whangbo, Appl. Phys.
Lett., 2009, 94, 162505.

104 N. Tandon, G. P. Das and A. Kshirsagar, Phys. Rev. B:
Condens. Matter Mater. Phys., 2008, 77, 205206.

105 Y. Zhang, B. Sa, N. Miao, J. Zhou and Z. Sun, J. Mater. Chem.
A, 2021, 9, 10882.

106 Z.-H. Li, J. Wang and J.-H. Yuan, Comput. Mater. Sci., 2021,
200, 110838.

107 C. Gong, L. Li, Z. Li, H. Ji, A. Stern, Y. Xia, T. Cao, W. Bao,
C. Wang, Y. Wang, Z. Q. Qiu, R. J. Cava, S. G. Louie, J. Xia
and X. Zhang, Nature, 2017, 546(7657), 265-2609.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

108 B. Huang, G. Clark, E. Navarro-Moratalla, D. R. Klein,
R. Cheng, K. L. Seyler, D. Zhong, E. Schmidgall,
M. A. McGuire, D. H. Cobden, W. Yao, D. i. Xiao,
P. JarilloHerrero and X. Xu, Nature, 2017, 546(7657), 270-
273.

109 J. Yang, X. Zhou, X. Luo, S. Zhang and L. Chen, Appl. Phys.
Lett., 2016, 109, 203109.

110 H. Kumar, N. C. Frey, L. Dong, B. Anasori, Y. Gogotsi and
V. B. Shenoy, ACS Nano, 2017, 11, 7648-7655.

111 B. Wang, Y. Zhang, L. Ma, Q. Wu, Y. Guo, X. Zhang and
J. Wang, Nanoscale, 2019, 11(10), 4204-4209.

112 Y. Yue, J. Supercond. Novel Magn., 2017, 30(5), 1201-1206.

113 L. Hu, X. Wua and J. Yang, Nanoscale, 2016, 8, 12939-12945.

114 G. H. O. Daalderop, P. J. Kelly and M. F. H. Schuurmans,
Phys. Rev. B: Condens. Matter Mater. Phys., 1990, 41, 11919.

RSC Adv, 2023, 13,17222-17229 | 17229


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03343k

	MXene-based Ti2C/Ta2C lateral heterostructure: an intrinsic room temperature ferromagnetic material with large magnetic anisotropyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03343k
	MXene-based Ti2C/Ta2C lateral heterostructure: an intrinsic room temperature ferromagnetic material with large magnetic anisotropyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03343k
	MXene-based Ti2C/Ta2C lateral heterostructure: an intrinsic room temperature ferromagnetic material with large magnetic anisotropyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03343k
	MXene-based Ti2C/Ta2C lateral heterostructure: an intrinsic room temperature ferromagnetic material with large magnetic anisotropyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03343k
	MXene-based Ti2C/Ta2C lateral heterostructure: an intrinsic room temperature ferromagnetic material with large magnetic anisotropyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03343k
	MXene-based Ti2C/Ta2C lateral heterostructure: an intrinsic room temperature ferromagnetic material with large magnetic anisotropyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03343k
	MXene-based Ti2C/Ta2C lateral heterostructure: an intrinsic room temperature ferromagnetic material with large magnetic anisotropyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03343k
	MXene-based Ti2C/Ta2C lateral heterostructure: an intrinsic room temperature ferromagnetic material with large magnetic anisotropyElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra03343k


