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1. Introduction

How does thickness affect magnetic coupling in
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Ibério de P. R. Moreira

The magnetic nature of Ti,C, TisC,, and Ti,Cs MXenes is determined from periodic calculations within
density functional theory and using the generalized gradient approximation based PBE functional, the PBEO
and HSEO6 hybrids, and the on-site Hubbard corrected PBE+U one, in all cases using a very tight
numerical setup. The results show that all functionals consistently predict a magnetic ground state for all
MXenes, with spin densities mainly located at the Ti surface atoms. The analysis of solutions corresponding
to different spin orderings consistently show that all functionals predict an antiferromagnetic conducting
ground state with the two ferromagnetic outer (surface) Ti layers being antiferromagnetically coupled. A
physically meaningful spin model is proposed, consistent with the analysis of the chemical bond, with
closed shell, diamagnetic, Ti** like ions in inner layers and surface paramagnetic Ti* like centers with one
unpaired electron per magnetic center. From a Heisenberg spin model, the relevant isotropic magnetic
coupling constants are extracted from an appropriate mapping of total energy differences per formula unit
to the expected energy values of the spin Hamiltonian. While the numerical values of the magnetic
coupling constants largely depend on the used functional, the nearest neighbor intralayer coupling is found
to be always ferromagnetic, and constitutes the dominant interaction, although two other non-negligible
interlayer antiferromagnetic terms are involved, implying that the spin description cannot be reduced to NN
interaction only. The influence of the MXene thickness is noticeable for the dominant ferromagnetic
interaction, increasing its value with the MXene width. However, the interlayer interactions are essentially
due to the covalency effects observed in all metallic solutions which, as expected, decay with distance.
Within the PBE+U approach, a U value of 5 eV is found to closely simulate the results from hybrid
functionals for Ti,C and less accurately for TizC, and TisCs.

generally obtained by chemically removing the A element from
MAX phases, a family of layered materials where M and X are as

Since the discovery of graphene back in 2004," the number of
two-dimensional (2D) materials has rapidly grown with a parallel
increase in possible applications.” Among these, a new family of
2D transition metal carbides, nitrides, and carbonitrides, gener-
ally known as MXenes,>* has attracted considerable attention
because of their broad range of applications.”” MXenes are
represented by the M,,.,X,, T, general formula where M is an early
transition metal, X is either C or N, and T, stands for chemical
groups attached to MXenes surfaces due to synthetic conditions,
usually referred to as functionalization, and with 1 < n < 3
determining the MXene thickness. At variance to van der Waals
layered systems, MXenes are genuine 2D materials that are
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defined above and A is a p-group element.* The chemical
etching of the MAX precursor leads to MXenes with the surface
covered by different adsorbates, most often OH, H, O, or F, as
aforementioned, denoted as T,.>® Nonetheless, new experimental
techniques have been described to efficiently remove the T,
groups,”® resulting in pristine MXene surfaces with the general
formula M,;X,. Due to their wide variety of compositions,
MXenes exhibit a broad range of properties and applications
which can be tuned by choosing appropriate composition, thick-
ness, and/or functionalization. Many applications of MXenes are
related to different types of devices such as electrochemical
capacitors and their use as alkali-ion batteries,”™" lubrication,
bio- and gas-sensors, and also increasingly in chemistry and
catalysis.">™*

There is general consensus that functionalized MXenes
exhibit a closed-shell type electronic structure and, hence, do
not display magnetic properties."” However, a different situa-
tion emerges when considering bare MXenes.'® For instance, in
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agreement with previous works,'”"'® but using a very tight setup
that leads to numerically converged results up to 1 meV with
three different density functionals and an appropriate spin
Heisenberg Hamiltonian, we have recently reported that Ti,C
has a magnetic ground state involving antiferromagnetic
coupling of the two ferromagnetic metallic layers."® In this
study, the low-lying electronic states of Ti,C were also mapped
into a Heisenberg spin Hamiltonian with the three relevant
isotropic magnetic coupling constants extracted from appro-
priate total energy per formula unit differences for the corres-
ponding magnetic solutions to those involving the expected
value of the spin Hamiltonian for the corresponding solutions.
Now, the fact that MXenes are layered materials raises the
question of what the influence of the number of layers on the
magnetic properties is. In the case of the Ti;C, MXene, the first
synthesized member of the family, there are indications that it
also displays a magnetic ground state.”®*" In addition, a recent
study has also experimentally and theoretically studied the
TizC, ground state and found the co-existence of two different
magnetic phases, ferromagnetic (FM) and antiferromagnetic
(AFM), at room temperature.”” Even if some authors considered
the existence of different possible spin solutions,**** a detailed
study of the nature of bonding in the system and all possible
magnetic states and spin orders using accurate density func-
tionals, and appropriate mapping of the electronic states energies
per formula unit into a physically meaningful Heisenberg spin
Hamiltonian is still lacking and urgently needed. A similar
situation is found for Ti,C,,*> for which the information is even
more limited. In any case, all mentioned studies consistently
report that only the Ti surface atoms have a significant net atomic
spin density, which, in the case of Ti;C, and Ti,Cs, implies that Ti
atoms in the inner layers are of different nature and have residual
spin density only (i.e., are diamagnetic) which, again, poses the
question of the influence of the MXene thickness on the mag-
netic interactions and the corresponding isotropic magnetic
couplings.

The present work is aimed at providing an accurate and
systematic description of the chemical bonding and magnetic
coupling in Ti,C, Ti;C,, and Ti,C; MXenes using the same
quantum mechanically grounded electronic structure methods.
An additional goal is to provide mapping of the different
magnetic solutions into a Heisenberg spin Hamiltonian com-
patible with the quantum mechanical description of the elec-
tronic structure. This will ultimately establish the influence of
the number of atomic layers on the magnetic properties and
chemical bonds of these paradigmatic MXenes.

2. MXene models and
computational details

The electronic structure of this family of MXenes has been
studied in the framework of density functional theory (DFT)
using three different exchange-correlation functionals of increas-
ing complexity. These include the broadly used Generalized
Gradient Approximation (GGA) based Perdew-Burke-Ernzerhof
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(PBE)* functional, the hybrid PBE0***” including a 25% of non-
local Fock exchange, and the range separated HSE06>® hybrid
functional including also a 25% of Fock exchange and a range
separation for the non-local exchange with a screening para-
meter, w, of 0.2 A=, The choice of these functionals, all derived
from the PBE one, allows one to separately investigate the physics
included in each model. This is necessary since PBE tends to
excessively delocalize the electron density leading to incorrect
description of many magnetic systems and to largely under-
estimate the band gap of semiconducting and insulating
materials.>® Because of its popularity in rather accurately describ-
ing materials for which GGA functionals fail, we also explore the
PBE+U approach® that includes an on-site Hubbard-like two-
electron repulsion term that penalizes doubly occupancy of the
orbitals to which U acts upon, most often the first series of
transition metal 3d or rare earth 4f levels. However, the choice of
the U parameter is a delicate issue since it is not clear that the U
parameters broadly used in the literature, mainly for oxides,*'**
are appropriate to describe the electronic structure of MXenes
with a variety of occupations of d orbitals. To provide reliable
information, we investigate in detail how the relative stability of
the ground state and the magnetic interactions depends on the U
parameter, and study whether a given U value mimics the results
obtained by means of the more accurate PBEO or HSE06 hybrid
functionals.

We also stress the fact that the whole study relies on a non-
relativistic approach to describe the electronic structure of the
systems and on using a single spin polarized Slater determi-
nant description of the electron density to solve the corres-
ponding Kohn-Sham equations. Hence, in order to describe
the magnetic interactions, we rely on the mapping between the
energy of different spin unrestricted electronic solutions and
the Heisenberg spin Hamiltonian including two-body isotropic
interactions between selected nearby paramagnetic centers
located on the outer Ti" layers as discussed below.

For each of the considered MXenes, a series of periodic DFT
calculations are carried out to investigate the nature of the non-
spin-polarized and several spin-polarized solutions. All calcula-
tions are performed with the Vienna ab initio simulation package
(VASP)** and a strict numerical setup, described below, to
provide a numerically converged solution within 1 meV for the
total energy. To study the different possible spin solutions,
including the non-spin-polarized one (or diamagnetic), a first
set of calculations with the PBE functional is carried out to
obtain the minimum energy structure and the corresponding
optimized parameters for the FM and non-magnetic (NM) solu-
tions. For these calculations, a p(1 x 1) unit cell is used for each
of the three scrutinized MXenes, see Fig. 1. The unit cell includes
a 15 A vacuum width in the z direction (perpendicular to the
surface) to appropriately represent these 2D materials as well as
to avoid any interaction between the artificially periodically
repeated replicas. In all cases, a 700 eV Kkinetic energy cut-off is
used for the Plane Wave (PW) basis set used to expand the
electron density with the Kohn-Sham formalism, and the
Projector-Augmented Wave (PAW) method is selected to account
for the interaction between the valence and the core electron
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Fig. 1 Top view of fully relaxed p(1 x 1) (left) and side views (right) of (a)
TioC, (b) TisCyp, and (c) TisCs. The side views show the ABC stacking. Blue
and orange atoms represent Ti and C atoms, respectively.
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densities.>®> A Monkhorst-Pack grid of 13 x 13 x 1 special
k-points is used to carry out the numerical integrations in the
reciprocal space. To guarantee the convergence of the self-consistent
field procedure, all calculations were carried out using the
Methfessel-Paxton smearing method with a width of 0.01 eV for
partial occupancies. Upon convergence, the smearing was removed,
and all total energy values were then extrapolated to 0 K. The
geometry optimizations are considered converged when the forces
acting on the nuclei are all below 0.01 eV A™* and a 107° eV
threshold was chosen as the electronic convergence criterion.

In the second set of calculations, the total energy of the
p(2 x 1) supercells was evaluated at the PBE geometry for the
different corresponding spin solutions, in principle, to different
ordering of spins localized in metal atoms. The energy difference
between the different magnetic solutions is very small and there
is evidence that the differences in the optimized structure for the
different solutions are negligible."® This may not be the case for
the NM solution lying higher in energy. Therefore, for each
MXene, the total energy of each different solution was computed
with the PBE, PBEO, and HSE06 functionals at the PBE non-spin-
polarized and spin-polarized optimized structures. In order to
study the chemical bonds, a topological analysis of the charge
density based on the Bader analysis®® has been performed for
each Ti,C, Ti3C,, and Ti,C; magnetic solution obtained with the

| m

| m

C) m

Fig. 2 Schematic representation of the (a) FM, (b) AFM1, (c) AFM2, and (d) AFM3 magnetic solutions of Ti,C (left), TisC, (center), and Ti4C3 (right). Arrows
indicate the relative orientation of the atomic spin densities (i.e., o or B) of the magnetic solutions that have been arbitrarily set perpendicular to the
surface and do not represent the orientation of the resulting magnetic moments.
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three density functionals. The Bader charges were computed
using the VASP-linked code provided by Henkelman et al.*” For
the reader, the inputs used for VASP calculations are available in
the ESL+

3. Spin model and magnetic coupling

A thorough analysis of the calculations, described in detail in
the next sections, indicates that, for all the explored solutions,
the spin density is mainly located on the surface Ti atoms and
is consistent with a model involving one unpaired electron per
Ti atom. Note also that, due to periodic symmetry constraints,
the only possible solutions for the p(1 x 1) unit cells are the
non-spin-polarized—NM, diamagnetic solution—the FM one,
with parallel spins mainly localized in the Ti surface atoms, and
the AFM1 one, with antiparallel spins in the two surface Ti
atoms of the unit cell. To explore additional spin orderings, a
p(2 x 1) supercell is used where two new possible spin order-
ings are possible. These are the AFM2 and AFM3 (Néel-like)
schematically shown in Fig. 2. To avoid numerical noise, the
FM and AFM1 solutions were also obtained for the p(2 x 1)
supercell.

Following Moreira and Illas work,*® it is now possible to map
the DFT solutions into an appropriate Heisenberg spin Hamiltonian
such as the one described in eqn (1), which considers three different
isotropic two body interactions (Juee", Ji% and jiier) and the
spin operator, S;, as described in Fig. 3.

j 2 A— 1nlerzs S mlrazsl Sk
spin - —
i#j 1#k ( )
1.
ints
1‘\?Nelr\1 Z Sm ° Sn
m#n

Using this form of the spin Hamiltonian, J7 > 0 represents a
ferromagnetic interaction between the corresponding magnetic
centers. Other interlayer coupling constants can be considered
but, from a simple distance analysis, it is expected that these

inter intra

would have a minor effect and that the present Jxn ', /un -, and
]11\‘?{55 interactions provide a consistent description of the mag-
netic behavior or the systems. The mapping idea between the
energies of the magnetic solutions and the defined spin
Hamiltonian is very simple and implies obtaining the expected
energy value of Hyp, in eqn (1) corresponding to each of the
different spin solutions and to make it equal to the DFT value

for that solution. The expected values of each solution can be

a) b)

i
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easily derived following the procedure outlined by Rivero,
Moreira, and Illas.>* We note here that this procedure is
different from the one often used in molecular systems where
the mapping involves eigenvalues of the spin Hamiltonian and
calculated values for the appropriate spin eigenstates of the
molecular system.*® In the framework of DFT, this type of
mapping faces problems as it is not always possible to repre-
sent an appropriate spin state—e.g. an open-shell singlet—with
a single Kohn-Sham determinant which implies the use of
broken symmetry solutions.** The procedure described above is
general and can be applied to both molecular and periodic
systems. For additional details, the reader is referred to
specialized literature.®*?

The expected values of the different spin solutions for Ti,C
have been reported recently and we do not find it necessary to
reproduce them here. Following the same procedure,**3%*> the
expected values of the different spin solutions per formula unit
for Ti;C, are as follows:

3J1mcr 6Jmtrd 3J1mcr

E _ NNN )

FM = 4 4 4 ) ( )
3J1nter 6Jmtr4 3]11\111;\?{\]

Enrvi = 4 4 1 3)
Jmter 2Jmtra 3Jmter

Earv2 = 4 4 N4NN, (4)
Jmter 2J1ntra 3J1mer

E NNN 5

AFM3 — 4 4 4 ) ( )

whereas, for Ti,Cj, one finds:

Eent — J:“er 6J:tra 6J}'\,:1‘§f{\,7 (©)
Earmi = JI:‘“ 6J:nm + 6‘]%\':11\?{\1, (7)
Ene =~ 2RR | 2R (5
Exrms = Jlj:er 2]:“4 2]&:{?&7 )

where J¥T represents the magnetic coupling interaction

between interlayer nearest neighbors (NN), /i¢? between intra-
layer NN, and Jiner hetween interlayer next-nearest neighbors
(NNN). The paths of the magnetic coupling interactions are

i

inter.
NIV

inter
NNN

Fig. 3 Spin exchange paths for the magnetic coupling parameters, J", Jigi2, and JIGi for p(2 x 2) (a) TioC, (b) TisCo, and (c) Ti4Cs, as defined in the text.
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shown in Fig. 3. Plugging the DFT calculated energies for each
solution per formula unit of the material, a set of equations are
obtained which, upon solving it, provided an estimate of the
corresponding magnetic coupling constants. These magnitudes
are very sensitive to the exchange-correlation functional used.
Here, the use of three functionals related to PBE but with
different flavors, plus exploring the performance of PBE+U,
permits one to put error bars to the calculated values and thus
obtain a realistic range of values.

4. Results and discussion

As already commented, the main goal of the present work is to
analyze the influence of the MXene thickness on their electro-
nic structure and chemical bonding, and how it affects the
relative stability of the low-lying electronic states that differ in
spin ordering. Therefore, for completeness, the results for Ti,C
already reported in previous work'® are included in the forth-
coming discussion.

4.1. Structural analysis

For the p(1 x 1) unit cells shown in Fig. 1, the relevant
structural parameters of Ti,C, Ti;C,, and Ti,Cz are reported
in Table 1. This includes the distances between Ti and C atoms
(dri—-c) and the lattice parameters (a,) predicted by the PBE
functional for the NM and FM solutions. For each MXene,
Table 1 also includes the PBEO and HSEO06 energy difference
between the FM and NM solutions; this is a quite large value of
roughly 0.5 eV per formula unit (significantly larger than the
corresponding PBE values listed in Table S1 of the ESI{), a clear
indication that the electronic structure of these materials
cannot be accurately represented by a NM solution even if the
crystal structure is not very sensitive to this issue as commented
below. Note that Fig. 1 clearly displays the ABC stacking
inherited from the MAX phase. An alternative ABA stacking
has been predicted by Gouveia et al.** which, for some MXenes,
is the preferred structure. Nevertheless, the present study
focuses on the ABC stacking only.

For the three MXenes, the dr;_c and g, values for the FM and
NM structures are nearly identical as expected and values are in

Table 1 Distance between Ti and carbon atoms (dti_c) and lattice con-
stant (ag), both in A, for Ti,C, TizC», and Ti4Cs in the FM and NM electronic
states as obtained from calculations with the PBE functional using the
p(l x 1) unit cell. For each optimized structure, the energy difference
between the FM and NM solution per formula unit, AE in meV, predicted by
the PBEO and HSEO6 functionals is reported. Negative values indicate that
the FM configuration is more stable than the NM one, taken as zero

MXene Structure dric ap EretSom AERSES
Ti,C* NM 2.10 3.04 —450 —376
FM 2.10 3.09 —488 —420
TizC, NM 2.05 3.10 —398 —344
™M 2.06 3.10 —405 —351
Ti,Cs NM 2.05 3.12 —512 —433
FM 2.05 3.10 —514 —437

“Values from ref. 19 are included for completeness.
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line with previous results. For instance, Naguib et al.® reported
for the first time the experimental formation of 2D nanocrystals
of Ti;C, and carried out a series of, presumably non-spin
polarized, DFT calculations using the PBE functional aimed
at predicting a,; they simulated the XRD diffractograms of the
bare geometry-optimized structure of Ti;C, and compared it to
the experimental ones concluding that the similarity between
them supports their predicted a, value of 3.05 A. This is close to
the present value of 3.10 A for both solutions and to the previous
results of 3.07** and 3.09 A** for the non-spin-polarized solution as
predicted with the Wu-Cohen®® and PBE functionals, respectively,
and also to the 3.10 A value reported for the PBE spin-polarized
one. Recently, the experimental Ti;C, lattice parameter has been
reported with a value of 3.07 A.*® Hence, the Ti,C, optimized
lattice parameters for both FM and NM solutions are in good
agreement with the experimental and theoretically predicted ones,
which provides support to the rest of the values in Table 1. In fact,
the Ti,C; lattice parameter predicted by other authors also with the
PBE functional, 3.07** and 3.10 A,>* nicely match the values in
Table 1. Here, there is a small difference of 0.02 A between the
optimized a, for the NM and FM structures. Even if the differences
are small, the analysis of the different magnetic solutions is carried
out from the structure corresponding to the FM solutions and
expanded to a p(2 x 1) supercell so as to carry out the set of
calculations of the considered possible spin orderings.

4.2. Ground state analysis, spin solutions, and net charges

The results in Table 1 indicate that Ti,C, Ti;C,, and Ti,C; MXenes
exhibit a magnetic ground state with the NM solution lying
significantly above in energy for both tested hybrid density
functionals whereas the PBE energy differences between the
FM and NM solutions, Egyvnm, fOr each structure and MXene
are gathered in Table S1 of the ESL{ As expected, the Erynm at
the same structure is affected by the density functional by
differently stabilizing the FM configuration with respect to the
NM one. Hence, the PBEO calculated Egy v is larger than the
HSE06 one. Nevertheless, for the three MXenes, the PBEO
and HSEO06 calculated Epy_nv Values are of the same order of
magnitude and significantly larger than the corresponding PBE
values—i.e. PBE leads to much closer values between spin-
polarized and non-magnetic solutions.

Once the magnetic nature of the electronic ground states of
the three bare MXenes has been irrevocably established, we
focus now on the FM, AFM1, AFM2, and AFM3 spin-polarized
solutions obtained from the p(2 x 1) supercell as indicated in
Fig. 2. For the three MXenes, Table 2 reports the energy of each
solution relative to the FM one (AEspm,rm) Obtained with both
hybrid functionals with the corresponding PBE values reported
in Table S2 of the ESI.{ Energy differences are considered
meaningful when are larger than 1 meV and a solution is
considered magnetic when the calculated spin density per Ti
atom is larger than 0.1 unpaired electrons in absolute value.
Values from Table 2 show systematically that the AFM1 solution
is always more stable than the FM, AFM2, and AFM3 ones for
the three MXenes with the last two magnetic solutions lying
above the FM solution. This implies that, for the three MXene,
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Table 2 Energy of AFM1, AFM2, and AFM3 solutions relative to the FM one
for the p(2 x 1) supercell of Ti,C, TizC,, and TisCs (AE in meV) as obtained
from PBEO, and HSEO6 functionals at the PBE optimized FM structures.
The sign is such that the AFM1 solution is more stable than the FM whereas
AFM2 and AFM3 are above the FM solutions

MXene AE PBEO HSE06
Ti,C” AFM1-FM —187 —149
AFM2-FM 313 293
AFM3-FM 336 301
Ti,C, AFM1-FM —282 —206
AFM2-FM 303 298
AFM3-FM 323 321
Ti,Cs AFM1-FM —171 —125
AFM2-FM 550 494
AFM3-FM 550 491

% Values obtained from ref. 19.

the AFM1 solution is in the electronic ground state. It is worth
noting that, in all cases, the spin inversions needed to build the
AFM2 and AFM3 spin orders from the FM imply a quite high
energy penalization.

Next, we comment on the nature of the chemical bond by
focusing on the Bader charges calculated with the PBEO and
HSEO06 hybrid density functionals which are summarized in
Table 3; for inclusiveness the PBE Bader charges are reported in
Table S3 of the ESL{ The first point to highlight is that, as
expected, the calculated Bader charge on each atom and MXene
is not affected by the spin inversions introduced in going from
the FM solution to the AFMs ones thus revealing a clear
separation between the spin and the spatial part of the solution
and supporting the choice of a Heisenberg Hamiltonian to
describe the magnetic interactions in these systems. The sec-
ond point to note is that the Bader charges on the Ti surface
atoms are not significantly affected by the MXene width and the
same holds for the Bader charges on the C surface atoms, only
slightly decreasing with increasing the MXene thickness.

Table 3 Calculated PBEO and HSEO6 Bader charges (Q in a.u.) of Tiand C
atoms of Ti,C, TizC, and, TisCs for all magnetic solutions

MXene Ti,C Ti,C, Ti,Cs
Functional PBEO HSEO6 PBE0O HSEO6 PBE0  HSE06
O e Ti 1.3 1.3 1.4 1.4 1.4 1.4
OherTi — — 1.8 1.8 1.8 1.8
erx)erc - - - - —2.0 —2.0
O™, e —26 -26 —23 -23 —22 22
QAFMY i 1.3 1.3 1.4 1.4 1.4 1.4
Qfhneri — — 1.8 1.8 1.8 1.8
Qherc — — — — —2.0 —2.0
Qs ¢ —2.6 —2.6 -2.3 —2.3 —2.2 —2.2
QaFM2 1.3 1.3 1.4 1.4 1.4 1.4
Qfhneri — — 1.8 1.8 1.8 1.8
Ohnerc — — — — —2.0 —2.0
Qa2 —2.6 —2.6 -2.3 —2.3 —2.2 —2.2
Qo i 1.3 1.3 1.4 1.4 1.4 1.4
Qfneri — — 1.8 1.8 1.8 1.8
Qherc — — — — —2.0 —2.0
QNS —2.6 —2.6 -2.3 —2.3 —2.2 —2.2
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In addition, for Ti;C, and Ti,Cs, the Bader charges on the Ti
and C atoms in the inner atomic layers are larger than those in
the more external ones. The results show that all functionals
consistently predict a magnetic ground state for all MXenes
with spin densities mainly located in the Ti surface atoms, as
detailed in a separate section. This is likely to be related to the
high reactivity of the outer metallic layers, involving only
partially oxidized undercoordinated atoms. It is worth pointing
out that PBEO and HSEO06 calculated Bader charges for each
MXene are nearly identical. Finally, the picture of the chemical
bond is completed by the calculated Density of States (DOS)
with HSEO06 available in the ESI{ (Fig. S1-S3). For all magnetic
solutions and all MXenes considered in the present work, the
analysis of DOS shows the absence of a gap at the Fermi energy
level, implying that these bare systems are metallic. From the
atom and orbital projected DOS (Fig. S4 and S5 of the ESIt), the
bands crossed by the Fermi level have large contributions from
Ti atoms, the surface Ti atoms being those with larger con-
tribution which, for Ti,C and Ti;C,, is simply due to their larger
content in the unit cell. This picture, complemented with the
spin density analysis (see Section 4.5) is consistent with an inter-
pretation far away from that corresponding to the formal oxidation
state, and involving C>~ anions with a closed shell electronic
configuration, Ti** cations in the inner layers also in a formal
closed-shell s’d° atomic configuration, and surface paramagnetic
Ti" cations with one unpaired electron per magnetic center in a
formal s°d" atomic configuration. Similar values are found for all
explored magnetic solutions. Note, in addition, that these MXenes
can be regarded as two-dimensional versions of Transition Metal
Carbides (TMCs),"” known for displaying a complex bond, admixing
features from ionic, covalent, and metallic bonds,*® and the oxida-
tion state treatment model has to be taken as a way to understand
magnetism in such compounds. This is clear when analyzing the
coordination of the atoms involved. The surface Ti atoms have
incomplete coordination leading to Ti" ions in Ti,C and in the outer
Ti layers of Ti;C, and Ti,C;. However, Ti atoms in the inner layers of
Ti;C, and Ti,Cs, which are absent in Ti,C, have complete octahedral
coordination (see Fig. S6, ESIT).

4.3. Magnetic coupling parameters

Once the suitability of the Heisenberg Hamiltonian for the
description of the magnetic interactions has been established,
the Jinter, jinta and JT isotropic magnetic coupling para-
meters of the spin Heisenberg Hamiltonian in eqn (1) are
calculated from the total energy difference of FM and AFM
solutions per formula unit using the appropriate mapping for
each MXene as in eqn (2)-(9). The spin exchange parameters
obtained with the PBEO and HSE06 functionals are summarized
in Table 4 whereas the PBE values are reported in Table S4 of
the ESI.{ Results in Table 4 consistently show that, for the three
MXenes, the Ji3¥? term is the largest, and thus, the dominant
one. Moreover, the positive sign of Jug® implies that the
intralayer magnetic interaction is FM. However, the other two
spin exchange parameters are not negligible and, interestingly,
exhibit negative values meaning that, in their ground state, the
magnetic layers are antiferromagnetically coupled. Also, the
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Table 4 Magnetic coupling constants of the Heisenberg Hamiltonian in
egn (1) in meV, for Ti,C, TizC,, and TisCs, as obtained from calculations
with the PBEO and HSEO6 functionals using the mapping procedure as in
eqn (2)-(9)

MXene Functional Jinter intra Jinter
Ti,C* PBEO —41.0 104.6 —21.5
HSE06 —35.3 92.8 —14.3
TizC, PBEO —65.5 113.4 —28.5
HSE06 —45.8 103.2 —22.9
Ti,Cs PBEO —42.2 158.8 —21.4
HSE06 —33.9 138.9 —15.3

“ values obtained from ref. 19.

inter

magnitude of Jyny indicates that the description of the mag-
netic coupling of these materials cannot be reduced to a NN
Hamiltonian only. This is noticeable, especially in the case of
Ti,Cs, since non-negligible interactions involve magnetic center
atoms that are above 7 A apart from each other. To summarize,
the ground state of the three MXenes studied in the present
work have ferromagnetic layers antiferromagnetically coupled.

As the thickness of the MXene increases, the absolute value
of Ji2 and Jin¢" increases, i.e., moving from Ti,C to Ti;C,, and
to Tiy,C; the HSE06 jg‘ga monotonically increases from 92.9
through 103.2 to 138.9 meV while the Jii" and Jiner follow a
different trend as their absolute values increase and decrease
along the series (see Table 4). It is worth mentioning here that the
choice of the functional has a marked influence on the calculated
values although the qualitative description is maintained. In all
cases, the HSE06 functional provides smaller, in absolute value,
magnetic coupling constants than the PBEO ones. In the absence
of experimental values, the predictions from PBEO and HSE06
values must be taken as a reasonable range.

As a final comment on the overall behavior of il yinter
];‘ﬁ&e}r}, we remark the fact that all the structures exhibit para-
magnetic ions in surface layers but these are in direct contact in
Ti,C, whereas in Ti;C, and Ti,C; a diamagnetic layer is present.
This structural difference establishes a clear difference between
Ti,C and the rest of the thicker layers that will affect their
magnetic properties since the overlap between localized orbi-
tals leads to magnetic interactions, usually antiferromagnetic
in nature due to superexchange, which always decay with
distance. Hence, interlayer magnetic interactions in the sys-
tems are expected to decay whereas the intralayer are expected
to maintain their sign and magnitude as far as the structure of
the external layers are maintained. The strong interlayer anti-
ferromagnetic interactions observed can be justified by the
metallic nature of the systems and the strong covalent and
ionic contributions to the binding in the system as described
below. This interlayer interaction can be justified by analyzing
the DOS plots from Fig. S7 (ESIf) in which Ti" d' occupied
orbitals of the outer layers show a large dispersion around the
Fermi energy thus suggesting that covalent interactions
between paramagnetic and diamagnetic in the structure. At
this point it is important to stress the fact that Ti,C shows
important differences in their structures compared to Ti;C, and
Ti,Cs. In fact, Ti,C shows only two paramagnetic outer layers

and

17122 | Phys. Chem. Chem. Phys., 2023, 25,17116-17127

View Article Online

Paper

whereas Ti;C, and Ti,C; show one or two intercalated diamag-
netic inner layers leading to different paths for magnetic
interactions. In Ti,C, the observed strong ferromagnetic intra-
layer and strong antiferromagnetic interlayer interactions seem
to be mostly due to covalent interactions between C>~ and Ti"
ions in close contact. In contrast, in Tiz;C, and Ti,C; the
interlayer magnetic interactions are mediated by diamagnetic
Ti** and C*>~ layers and clearly decrease with distance whereas
the intralayer interactions are of the same magnitude as in Ti,C
as long as the structure of these layers is maintained.

4.4. The effect of the on-site Hubbard potential

To assess the performance of the PBE+U approach, for each
MXene, the energy of each magnetic solution relative to the FM
one, AEapm, rv, has been obtained with values for the U
parameter varying from 1 to 8 eV. Fig. 4 reports a plot of the
AEapm,rm values as a function of U while the raw values are
gathered in Table S5 of the ESL{ For the three studied MXenes,
the AEapv, pv vary with respect to the U parameter in a quite smooth
way for U values below 5 eV and then abruptly from 5 to 8 €V.

a) Ti,C 600

450
300
150
0
—-150

=300
b) Ti,C,

vV
W
S
S

150

0

—-150

AE(AFM-FM) / me

-300
) TiaCs (00

450
300
150
0
—-150
-300

4 5 6 7 8
U/eV

Fig. 4 Calculated PBE+U energies of AFM1, AFM2, and AFM3 solutions
relative to the FM one (AE in meV) for p(2 x 1) for (a) Ti,C, (b) TizC,, and (c)
Ti4Cs as a function of U. All values are obtained with the PBE optimized FM
structures. The PBEO and HSEOQ6 values are also represented as dashed
and dotted lines, respectively. The solid/dashed/dotted lines correspond
to PBE+U/PBEO/HSEO06 functionals respectively. The blue/orange/brown
lines correspond to AE of AFM1-FM/AFM2-FM/AFM3-FM respectively.
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Interestingly, U = 5 eV provides AExpvi-pvm Values close to the ones
provided by the hybrid functionals, especially for Ti,C and Ti;C,
HSEO06 values and for Ti,C; PBEO. In addition, the PBE+U with
U = 5 eV also matches the HSE06 AEpyio-rv aNd AEzpniz—rv AFM
solutions for Ti,C. Nevertheless, upon increasing the MXene thick-
ness, the PBE+U results become less reliable. In fact, regarding the
relative energy stability of the AFM2 and AFM3 magnetic states
deviating up to 200 meV from the values calculated with the hybrid
functional. However, it is worth pointing out that in general, the
PBE+U method consistently situates the AFM1 solution energy level
below the FM one, except for Ti,C with U = 8 eV, and the AFM2 and
AFM3 energy levels above the FM one, except for Ti,C with
U > 7 eV, matching the essential description obtained with the
hybrid functionals. The effect of the U parameter on the PBE+U
calculated spin densities is discussed in the next section.

The PBE+U magnetic coupling interactions of Ti,C, TizC,,
and Ti,C; are calculated from the AFM1, AFM2, and AFM3
energies relatives to the FM one for each U parameter and using
eqn (2)-(9). Fig. 5 presents a plot of the different magnetic

a) Ti,C

75 /

inter

Fig. 5 Magnetic coupling constants (JK", Jik?, and JiN, all in meV) for

(@) Ti>C, (b) TizC,, and (c) Ti4Cs as obtained from calculations with the
PBE+U functional as a function of U (in eV) and using the equations
derived from the mapping approach as in eqn (2-9). For completeness, the
PBEO and HSEOQ6 values are also represented. The solid/dashed/dotted
lines correspond to PBE+U/PBEO/HSEQ6 functionals, respectively. The
blue/orange/brown lines correspond to AFM1-FM, AFM2-FM, and AFM3-
FM energy differences, respectively.
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coupling parameters as a function of U with the corresponding
values gathered in Table S6 of the ESI.f Not surprisingly, the
calculated J values largely depend on the U value with those
corresponding to U = 5 eV providing J values close to those
obtained with the hybrid functionals for the Ti,C, and some-
what poorer for the Ti;C, and Ti,C; MXene. This is because the
thicker MXenes contain two different types of Ti atoms with
different occupation of the d shells, a feature that is difficult to
describe with a single U value. Furthermore, the PBE+U calcu-
lated j values also vary with the MXene thickness. As the MXene
width increases, the difference between the PBE+U and hybrid
values of the dominant term, Ji%¥?, increases, up to ~65 meV
for Ti,C;. On the other hand, the PBE+U method essentially
provides the same take-home message as the hybrid func-
tionals, the J }\‘ﬁf{a is the positive dominant term and the other
two parameters are negative and not negligible, leading to the
same definite conclusion that the ground state of the three
MXenes is the antiferromagnetic coupling of two ferromagnetic
layers. However, one must advert that the strong dependence of
the J values with U makes this approach unreliable unless
obtaining a U value able to mimic results from hybrid
functionals.

4.5. Spin density analysis

The magnitude of the calculated spin densities deserves some
attention even if this is not an experimental measurable
quantity and the calculated values largely depend on computa-
tional details such as the choice of the atomic volumes. With
the necessary caution, we now discuss the relevant results in
the literature for Tiz;C, and Ti,C; as those for Ti,C have been
discussed at length in a recent work. Some studies report Ti;C,
to have a magnetic ground state with a total net spin density per
unit cell of ~1.7, 1.87, 1.93,**°° 2.20, and 3.04*! a.u., which
provides a measure of unpaired electrons per unit cell or,
equivalently, one unpaired electron per Ti atom, thus justifying
the Heisenberg Hamiltonian model chosen in this work. It is
worth noting that a value of 1.7 was obtained using the HSE06
functional while the three intermediate values correspond to
calculations with PBE and the last one to PBE+Uwith U=2 eV, a
value that, according to the results in the previous section, is
likely to be far from being accurate, since a U = 5 eV value is
required to reproduce the hybrid results for Ti,C. However,
even if this value improves the description of spin density and
magnetic coupling constants for Ti;C, and Ti,Cs, it is clear that
using a single U value may not be appropriate to account for the
two different kinds of Ti atoms, namely Ti* and Ti*", present in
these materials, each with different occupations of the d shell.

The present values for Ti;C, FM solution for the p(1 x 1) unit
cell are of 1.7, 2.14, and 2.13 unpaired electrons for PBE, PBEO,
and HSEO06, respectively. The PBE value of total spin density
agrees with the HSE06 value reported by Xie et al.,*> however,
the present hybrid values are 0.4 unpaired electrons higher. It is
possible that these differences are rooted in the use of a
different basis set, with Xie et al."® using a kinetic energy cutoff
of 580 eV, 120 eV lower than our value. Regarding the atomic
spin densities, for the FM solution, values of 0.51 and 0.28 for
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the Ti surface atoms have been reported with PBE,>"*%*° while
PBE+U with U = 2 eV predicts values of 0.41. In all cases, the
inner Ti atoms are predicted to exhibit a residual spin density
only with PBE values of 0.03*' and 0.02,*°° and PBE+U with
U =2 eV of 0.05>" per Ti atom. It is worth noting that surface Ti
spin densities of 0.28 and 0.41 unpaired electrons from ref. 21
using PBE and PBE+U largely differ, as expected, from the ones
reported in Table 5 from calculations with PBEO and HSEO06.
From Table 5 it also appears that all functionals systematically
predict that the C atomic spin density is also residual, in
consequence, the significative spin density is located mainly
in the Ti surface atoms, a statement that applies to all explored
magnetic solutions and to all functionals, including PBE. From
previous studies, exploring diverse spin polarized solutions and
reporting TizC, to exhibit an AFM ground state, only Shein
et al.”® provide PBE estimates of the Ti spin density of 0.74 per
Ti surface atoms with residual spin densities of 0.05 only for
the Ti inner atoms only close to those reported in Table S7 of
the ESIL; with those predicted by HSE06 in close agreement to
values in Table 5.

Regarding Ti,Cs, a few studies have predicted it to have a
magnetic ground state with spin densities of 2.00"> and 1.92%%°
unpaired electrons per unit cell using HSE06 and PBE func-
tionals, respectively, with reported atomic spin densities of
0.51 per Ti surface atoms and of 0.03 unpaired electrons per Ti
inner atoms."®”° These values are in agreement with the present
total net spin densities for the p(1 x 1) unit-cell of FM solution of
Ti,C; of 1.91, 2.51, and 2.51 per unit cell as obtained from PBE,
PBEO, and HSEO06 respectively. Again, the PBE total spin density
closely matches the HSE06 reported by Xie et al.™® placing our
PBEO and HSEO06 values 0.5 unpaired electrons above which is
rooted in the aforementioned different use of cutoff energy. One
can see that using both hybrid functionals, the total spin density
increases up to 2.51, significantly larger than the one obtained

Table 5 Total net spin densities, in unpaired electrons per supercell, of
the p(2 x 1) supercells of Ti,C, TisCo, and Ti4Cs (ST, atomic spin densities
from atomic spheres projections of surface Ti, inner Ti and C atoms of FM
magnetic solution, and the atomic spin densities of atoms, in unpaired
electrons, in the different solution (Sg%ﬁﬁi"”) in absolute value for the AFM
ones, as predicted by PBE, PBEO, and HSEO6 functionals. Note that in the
AFM solutions, the inner Ti atom spin densities are also coupled antiferro-
magnetically between them, and the values present in the table are
absolute values of spin density

Ti,C* Ti;C, Ti,C,
PBEO HSE06  PBEO HSE06  PBEO HSE06
st 3.85 3.85 417 4.58 5.01 5.00
S ceri  0.55 0.55 0.62 0.67 0.78 0.78
Sinneri — — 0.04 0.07 0.04 0.04
SEM —0.07  —0.07 —0.07 —0.07 —0.08 —0.08
SaM e 0.72 0.72 0.81 0.80 0.86 0.85
et Ti — — 0.00 0.00 0.15 0.14
Sa2 o 0.33 0.32 0.25 0.25 0.21 0.22
fnerTi — — 0.00 0.00 0.01 0.01
S eti 0.35 0.34 0.24 0.23 0.25 0.24
fmerTi — — 0.00 0.00 0.02 0.02

“Values from ref. 19 are included for completeness.
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with a GGA functional due to the excessive delocalization of the
electron density. Lastly, following the trend reported for Ti,C and
Ti;C,, the C and Ti inner atomic spin densities of Ti,C, are
residual implying that the spin density is mainly located on the Ti
surface atoms. The spin densities obtained with the largely used
PBE+U method deserve further analysis. To this end, Fig. S8 in
the ESIf reports the total and Ti surface atomic spin densities
as a function of the U. Overall, all spin densities increase in
absolute value as U increases. Interestingly, for U= 5 eV both spin
densities and energy differences are close to the results from
hybrid functionals.

Finally, one must highlight, that for the AFM2 and AFM3
solutions of Ti;C, and Ti,Cj, the Ti surface atomic spin densities are
smaller than the ones for the more stable AFM1 and FM solutions.
This fact is rooted in the metallic nature of these solutions and the
large energy penalty necessary to invert spins in the Ti surface atom
layers to build the AFM2 and AFM3 solutions which appear higher
in energy; this evidences a clear competition between chemical
bonding and magnetic interactions.

5. Conclusions

A systematic study has been presented aimed at describing the
influence of MXene thickness on the magnetic properties and
chemical bonding along the Ti,C, Ti;C,, and Ti,Cs series. To
account for the well-known influence of the exchange correla-
tion on the calculated magnetic couplings,>*® the PBE func-
tional, two different hybrids (HSE06 and PBEO) derived from
PBE, and the broadly used PBE+U functionals are employed; in
the latter by using a broad range of U values so as to determine
the one that mimics the results of the more accurate hybrid
functionals. In all cases, a tight setup is used to provide
numerically converged results up to 1 meV.

The PBE calculated lattice parameters are in good agreement
with the available literature and the effect of spin polarization
on the structural parameters is negligible. All functionals,
regardless of the tested U parameter in the case of PBE+U,
consistently provide the same conclusion regarding the mag-
netic properties of these systems, and the three MXenes have a
magnetic ground state. In addition, the magnetic moments
estimated from spin densities show that, for the three MXenes,
these are mainly located at the Ti surface atoms leaving a
residual spin density for the inner Ti and C atoms.

The analysis of the low-lying spin polarized solutions shows
that all functionals consistently predict an AFM ground state
with the atoms on the two outer metallic layers being ferromag-
netically coupled and these two layers antiferromagnetically
coupled. Nevertheless, the energy differences between the dif-
ferent solutions show a clear dependence on the functional with
PBEO providing the largest ones. Due to the lack of available
experimental values, the results obtained with hybrid func-
tionals are expected to provide an accurate prediction as well
as a benchmark for future magnetic studies of these systems.

The analysis of the spin densities and Bader charges pre-
dicted with the two hybrid functionals, is consistent with a
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situation involving one unpaired electron per magnetic center.
This picture, complemented with the spin density analysis, would
agree with a model involving closed shell C*>~ ions in an octahe-
dral environment, diamagnetic Ti>" ions in inner layers in a s>d°
configuration and surface paramagnetic Ti' ions with one
unpaired electron per center in a s*d' configuration with similar
values for all magnetic orderings. This picture, far from the total
ionic limit corresponding to the formal charges, is consistent with
the mixed covalent-ionic-metallic character of the bulk TMCs.
This picture also explains the high reactivity of the outer metallic
layers, involving only partially oxidized undercoordinated atoms.

The information extracted from the analysis of the chemical
bond is used to build an appropriate spin Heisenberg Hamiltonian
where the energy differences between the low-lying solutions is
mapped to the difference in expected values of the spin Hamilto-
nian for the same solutions, which allows a direct extraction of the
isotropic magnetic coupling constants. As expected, these para-
meters are also sensitive to the employed functional, and those
arising from the hybrid ones are expected to provide a reasonable
and realistic range. Despite the numerical dependence of the
magnetic coupling constants with the functional, both hybrid
functionals predict that Ji25? is the positive dominant interaction
although the other two couplings are noticeable and of opposite
sign. In fact, the magnitude of Jier indicates that the magnetic
description cannot be reduced to a NN model only. In Ti,C, the
observed strong ferromagnetic intralayer and strong antiferromag-
netic interlayer interactions seem to be mostly due to covalent
interactions between C>~ and Ti" ions in close contact. In contrast,
in Ti;C, and Ti,C; the interlayer magnetic interactions are
mediated by diamagnetic Ti** and C*>~ layers and clearly decrease
with distance whereas the intralayer interactions are of the same
magnitude as in Ti,C as far as the structure of these layers are
maintained. For the PBE+U functional a value of U =5 eV is found
to closely mimic the results from hybrid functionals for Ti,C
although some important deviations are found for Ti;C, and
TisC; due to the fact that two different Ti ions, namely surface
Ti" and inner Ti*" ions, are present in these structures. Finally, we
note that the described structural, electronic, and magnetic prop-
erties can be affected by applying an external pressure as shown
for a series of M,C MXenes.>"
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