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The family of two-dimensional transition metal carbidescalled MXenes, has recently found new members
with ordered double transition metals,M”C,, where M and M’ stand for transition metals. Here, using a
set of first-principles calculations, we demonstrate tlaes of the newly added members, oxidgN'C,
(M’= Mo, W; M”= Ti, Zr, Hf) MXenes, are topological insulators. The nonvtopological states of the
predicted MXenes are revealed by thgindex, which is evaluated from the parities of the occupiadds
below the Fermi energy at time reversal invariant momented, aso by the presence of the edge states. The
predicted MM”C,0, MXenes show nontrivial gaps in the range of 0.041 — 0.285 etiwithe generalized
gradient approximation and 0.119 — 0.401 eV within the lylfuinctional. The band gaps are induced by the
spin-orbit coupling within the degenerate states with,. andd,, characters of Mand M’, while the band
inversion occurs at the point among the degeneratk:_»/dy, orbitals and a non-degeneralg._» orbital,
which is driven by the hybridization of the neighboring ¢até. The phonon dispersion calculations find that
the predicted topological insulators are structurallypkta The predicted W-based MXenes with large band
gaps might be suitable candidates for many topologicaliegmns at room temperature. In addition, we study
the electronic structures of thicker ordered double ttaorsimetals MM3 C30, (M’= Mo, W; M”= Ti, Zr,

Hf) and find that they are nontrivial topological semimetafsnong the predicted topological insulators and
topological semimetals, Md@iC, and MaTi,C; functionalized with mixture of F, O, and OH have already been
synthesized, and therefore some of the topological métqriaposed here can be experimentally accessed.

PACS numbers: 73.20.At, 71.20.-b, 71.70.Ej,73.22.-f

I. INTRODUCTION 2D transition metal carbides and nitrides with chemical for
mula of Mh1X, (M= Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta; X%
L ) C, N) with n = 1,2, 3 that have recently been synthesized
Topological insulators (TIs)IFH4] promise an avenue to re- through hydrofluoric etchingdp, 41] of layered MAX phase
alize fascinating applications such as dissipationlessstrort, compoundsM,1AX », where A= Al, Si, P, S, Ga, Ge, As,
spintronics, optoelectronics, thermoelectronics, falktrant In, and Sn #2, 43. During the etching process, the A element
quantum computing, andffecient power transitiong-14]. s \yashed out from the MAX phase structure and simultane-
This is due to their unique surface states that are topaigic g}y the surfaces of the resulting 2D systems are chemicall
p_rotected and thu; robust against non-magnetic |mpuapds saturated with mixture of F, O, and OMG, 41, 44, 45]. These
disorders. The existence of these remarkable electraiesst ,p gy stems have been named MXenes because they originate
in Tls is attributed to the large spin-orbit coupling (SOC) 0 om the MAX phases by removing A elements and because

their heavy elements. Tls can have two- or three-dimenbionqhey are structurally analogous to the graphet@&41]. The
structures. The two-dimensional (2D) Tls possess two wireon ‘Mxenes such as IC, V,C, Nb,C, TaC, M0,C, TisCy

like _meta!lic edge states in which elect_rons propagate ayth ~ Nb,Cs have already been synthesized[41, 46, 47]. MX-
posite spins]5-3¢. The three-dimensional Tls have metallic gneg are known to have or predicted to have electronic, mag-
surface states that usually form a single or an odd number Qfatic and energy harvesting applicationg{62].

Dirac cones at or around the Fermi lev@! 13, 1. Theoretically, it has been shown that some of the MX-
Recently, 2D systems have received a lot of attentions besnes possess Dirac band dispersions crossing at the Fermi

cause of their high tunability of charge, spin, and orbitales  level, owning to the honeycomb like structu@3]. There-

as well as electron confinement by surface functionalimatio fore, they are highly suspected for being Tls if heavy transi

and thickness control. Owing to the great advance in experition metal elements are involved. Indeed, we have prewousl

mental techniques in recent years, the number of synttiesizeshown that among the members of functionalizegKNMX-

2D systems has significantly increas&®][ Among the re- enes, MgCO, and WoCO;, are Tls p4]. The family of MX-

cent synthesized structures, 2D transition metal cartades enes has lately been expanded to the ordered double toansiti

nitrides, so called MXenes, have attracted considerable atnetals carbides M”C, and M,M7Cs, where M and M’

tentions due to their high mechanical stability, various-el stands for transition metal€%-67]. This breakthrough ex-

mental compositional and surface functional possibgitend  periment is a major success because previously the MXenes

flexible thickness controllability. MXenes are a new claks o with different transition metals such as TiNbC,odVo5)2C,
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(VosCrg5)3C2, TisCN, and (NlagTig2)4C could only be syn-  Theoretically, it has been shown that the ordered douhte tra
thesized in the alloy formglip, 41, 68, 69|, but not the ordered sition metals MXenes is structurally stable, and indeedaine
ones. Here, using first-principles electronic structuilewda-  them, MaTiC,, has already been synthesized experimentally
tions, we demonstrate that in this newly discovered MXeneg65, 66].

oxide M,M”C; (M" = Mo, W; M” =Ti, Zr, Hf) are Tls with
band gaps as large as 0.285 eV within the generalized gradi-
ent approximation 0.401 eV within the hybrid functionalgan
oxide M,M7Cs are nontrivial topological semimetals. Be-
cause MgTiC, and Mo Ti»C3 MXenes with mixture of F,
OH, and O surface chemical groups has already been syn-
thesized 65, 66], some of the proposed oxide M C, and
M’,M7Cs will be experimentally accessed in the near future.

II. METHOD OF CALCULATIONS

The structural optimizations and electronic structurewal
lations are performed in the context of density functiohatt
ory as implemented in VASP codé(]. Exchange-correlation
energies are taken into account by the generalized gradient
approximation (GGA) using Perdew-Burke-Ernzerhof func-
tional [71]. The wave functions are constructed using pro-

jected augmented wave approach with plane waveftate FIG. 1. (Color online) Top (left panels) and side (right paheiews

ergy of 520 eV. The #ect of spin-orbit coupling (SOC) is  of two-dimensional (a) ¥M”C; and (b) MM”C,0, MXenes. The
included self-consistently in the electronic structurieei@-  unit vectors inab plane are denoted by black arrows.

tions. The atomic positions and cell parameters are fully op
timized using conjugate gradient method without imposing
any symmetry. After the optimization process, the maximu
residual force on each atom is less than 0.008eVhe total

Itis very difficult to synthesize MXenes with pure surfaces
Mrom MAX phases by the etching process and usually the sur-
. L faces of MXenes are saturated with the mixture of chemi-
energies are co_nverged Wlthlnfﬁi‘_V/Ce”. A Iarge Vacuum 4| groups that depend on the type of applied chemical so-
space of 50 A is set along theaxis, the direction perpen- ysion " For instance, when hydrofluoric acid is used, the sur
dicular to the surface, to avoid any interaction between th?aces of MXenes are saturated with the mixture of F. O. and
I_ayer_ and its periodic images. The Brillouin zone integra- [40, 41]. This is due to the high chemical reacti{/ity’ of
tion Is sample_d using a set of 122x1 Monkhorst-PacIk transition metals on the exposed surfaces of MXenes. It has
points [72]. Since the GGA often underestimates the band,gop, shown theoretically that the chemical groups such as F,
gap, we also perform the hybrid functional [Heyd-Scuseria:g anq OH form strong bonding with the transition metals and
Ernzerhof (HSE06)] calculationg'$, 74] with 20 k points ;5 the surfaces of MXenes can be fully saturated with them

along each path section to check the band topology. at a proper chemical potentiad§, 80]. Pristine MM”C,
The phonon dispersions are obtained using the densitw,z Mo, W: M”= Ti, Zr, Hf) MXenes are metallic 5.

functional perturbation theory in the same level of approxi yqever, upon proper surface functionalization, some ef th
mation as described above using Quantum Espres;o Zé,d_e [ MXxenes become semiconductirdg] 66]. Here, we shall fo-
7_6]. _The edge :5tates are calculated using a.nonumform. tights ;s on MM”'C, (M’= Mo, W; M”=Ti, Zr, Hf) MXenes func-
\t;\llgﬂlr?igr%ii:(?nﬂl;ggti?gerrge{h?g] ggge?;?éémgl%g’eﬁl\'ﬂz;d tionalized with oxygen to investigate the electronic proies

' in detail. Before studying the electronic structures, tinecs
code [9). tural properties of MM” C,0, are examined.

Two oxygen atoms per unit cell are required to fully func-
tionalize the surfaces of MXenes. Generally, the functiona
groups can be adsorbed on top of the transition metals or on
_ top of hollow sites of the surfaces. However, the previous

A. Atomicstructure calculations find that the configurations with chemical grou
adsorbed on top of the transition metals sites are eneafjgtic

As shown in Fig.1(a), M,M”C, forms a hexagonal lattice unfavorable and these chemical groups eventually movepto to
with P3m1 group symmetry and is made of five atomic layersof the hollow sites after the structural optimizatiat8] 50].
of M’-C-M”-C-M’ where M transition metals form the outer Therefore, the chemical groups are favorably adsorbedmn to
surfaces and Ktransition metals form the central layer. The of the hollow sites formed by the surface transition metals.
carbon atoms are sandwiched between thai M’ transi- The surfaces of MXenes include two types of hollow sites,
tion metal layers, and each carbon atom is located at theicentwhich are named as A and B here. At the B-type (A-type)
of an octahedral cage formed by Bihd M’ transition metals. hollow site, there is (is not) a carbon atom under the hollow.

I11.  RESULTSAND DISCUSSION



Mo2TiC202 W2HfC202
TABLE I. The total energy (in eV) per unit cell of the optim&A, 800
AB, and BB models for MM” C,0, (M’ = Mo, W; M” = Ti, Zr, Hf). &\_/ ~
700} 1L > |
AA AB BB . %7 1t _
Mo, TiC,0, —64.057 —64.628 —65.238 — \ /
Mo,ZrC,0, —64.436 —64.868 —65.388 § ool N 1l ~ |
Mo,HfC,0, —66.278 —66.765 —67.328 = 5
W,TiC,0, 68336 —68911 —69588 2 400 ? < e~ ——
W,ZrC,0, -68769 —69.187 —69.747 5 ’
W,HfC,0, -70.571 -71075 -71694 & 300} ‘ 1L |
E \
Therefore, depending on the relative positions of the htidc L i \ C N
oxygen groups at the hollow sites of the two surfaces, three 0 ;
different model configurations are possible for the chemical r M K r M K r

terminations of MM”C;: AA, AB, and BB models. In AA

(BB) model, the two oxygen atoms are adsorbed on top of the

A-type (B-type) hollow sites, while in AB model, one of the FIG. 2. Phonon dispersions for MBiC,0, and WsHfC,05.
oxygen atoms is adsorbed on top of the A-type hollow site and

the other one is adsorbed on top of the B-type hollow.

In order to find the most stable model structures, we fullythe projected band structures onto each constituent etlemen
optimized the structures of the above three models for eaclyith different orbital symmetries are also shown in BigWe
M,M”C,0; system. The total energies of the optimized mod-can easily find in Fig3 that the bands near the Femi energy
els are summarized in TableSince the total energy is low- originates fromd orbitals of transition metals Mand M’.
est for the BB systems, the BB model is considered to be thgecause of the hexagonal symmetry of the crystal structure,
most appropriate for the ;A" C,0, (M’ = Mo, W; M” =Ti,  thed orbitals are categorized into three groufsy(dy_y2),

Zr, Hf) MXenes. The most stable BB type structure for the(d,,, dy,), anddsz_2, although the former two groups belong
M5M”C,0, MXenes is shown in Figl(b) and the detailed to the same irreducible representationag symmetry. Sim-
crystal parameters are found in Supplemental Mate8i#l [ jlarly, the p orbitals are divided into two groupspy; p) and

In order to ensure that all atoms in the predictedp, Asshown in Fig3, indeed, the topmost valence band and
M;M”C,0; structures are in their equilibrium positions, we the lowest conduction band at tiiepoint around the Fermi
also calculated a set of phonon dispersions. Typical exesnpl energy are dominated I, andd,._. orbitals of transition
of the phonon dispersions for M6iC,0, and WoHfC,O, are . metals M and M.
shown in Fig.2, the results for other_s are include(_j into Sup- Often, 2D materials composed of heavy elements with
plemental Material §1]. As shown in Fig.2, we find that  5,ching the valence and conduction bands at the Fermi en-
all phonon modes are positive, indicating that the predicte ergy are suspected for being Tls. This motivates us to examin
structures are dynamically stgble. The highest phon(_)n frémhe possible nontrivial band topology of;M” C,0; MXenes.
quency in MM”C,0, MXenes is around 780 ct, whichis  As shown in Fig3, upon considering the SOC, the degeneracy
higher than that for MoS475 cni* [82], but lower than that  of the topmost valence band and the lowest conduction band
for graphene 1600 cm [83]. This indicates the YM”C20,  at the Fermi energy is lifted (except for the Kramers degener
MXenes have higher (lower) stability than Mp@raphene).  acy) and the band gap is open. Consequently, thié XC,0,

The electronic structure analyses given in the following ar MmXxenes (M= Mo, W; M” = Ti, Zr, Hf) turn into semicon-
based on the most stable structures obtained here in this seguctor with indirect band gaps, as summarized in Tébléis
tion. clearly observed in Tablk that the induced band gap is larger
as the SOC (i.e, mass) of’Mndor M” is larger. We find that
the band gap can be as large (small) as 0.285 eV (0.041 eV)
B. Electronicstructure for W,HfC,0, (M0, TiC,05).
We further explore the feect of SOC on the band gap

Since the band structures are qualitatively the same amongy turning on the SOC for a particular element, either M
all the M;M”C,0, MXenes studied here, we show in Fi§. or M” in M,M”C,0,. This can be done using Quantum
the results for WHfC,0O, with and without the SOC. The Espressoq5, 76]. As expected, the results of the band gaps
band structures for other MXenes are given in Supplementalalculated using VASP and Quantum Espresso are almost the
Material [81]. As shown in Fig.3, when the SOC is not con- same when the SOC is on for all the elements (see Table
sidered, the system is semimetallic because the topmost vilvhen the SOC is switched on only for’Nr M” element,
lence band and the lowest conduction band touch only at théhe degeneracy of the topmost valence band and the lowest
" point, around which the valence and conduction bands areonduction band at thE point is lifted and the band gap is
both parabolic. In order to better analyze the band strastur open, as summarized in Talle(and also see Supplemental
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FIG. 3. (Color online) Electronic band structures fosM¥C,O, without (top panels) and with the SOC (bottom panels). Ftaitiel analysis,
the band structures projected onto each constituent etemigndifferent orbital symmetries (indicated in the figures) are atsmvn. The
Fermi energy is located at zero energy.

Material [81]), for all the M,M"”C,0, MXenes studied here, calculated from the parity of their valence band wave func-
implying that the strength of the SOC for eithef bt M” is  tions at the time reversal invariant momentum (TRIM) points
enough to open a gap in these systems. The degeneracy at thfethe Brillouin zone 84, 85]. More precisely, theZ, index
I' point should be lifted because there is no four-dimensional is evaluated as-1)" = Hi“zlo‘(k;), whered(k) = H,’:‘zlgg,
irreducible representation f@rsy double group. However, no- /i (= +1) is the parity of thenth valence band at thith
tice that these band gaps are always smaller than those evalDRIM k;, andN is the total number of the occupied valence
ated with the SOC on for both Maind M” elements. Compar-  bands 84, 85). The trivial and nontrivial topological phases
ing the band gaps for theféerent systems in Tablé, we find  are characterized by = 0 and 1, respectively. Because the
that the SOC for each transition metal seems to contribpte se crystal structure of the BM” C,0, MXenes is hexagonal (see
arately to opening the gap as large~#5026,~0.123,~0.01,  Fig. 1), the TRIM points are al" point: k = (0,0), My
~0.04, and~0.14 eV for Mo, W, Ti, Zr, and Hf, respectively. point: k = (0,0.5), M, point: k = (0.5,0), and M5 point:
It is well known that the GGA calculations underestimate thek = (0.5,0.5). Because of the hexagonal symmetry, the par-
band gaps. Hence, in order to better estimate the band gages at theM;, M,, and M3 points become equivalent, and
as well as the band topology, we examine the band structure®mmonly are identified as M. Thus t&g index can be sim-
using the hybrid functionals (HSE06). As shown in the Sup-ply obtained from £1)" = §3(M)&(I'). From the parity anal-
plemental Material§1], the similar band topologies are found ysis of the occupied bands at the TRIM points, we find that
through the hybrid calculations and the band gaps are esti- 1 for all the systems studied here and therefot®MIC20,
mated to be in the range 0f 0.119 — 0.401 eV (see Tapl&o (M’= Mo, W; M”=Ti, Zr, Hf) MXenes are TIs.
ensure that these insulators are topologically nontriviekt
we shall calculate th&; topological invariant. One of the remarkable characteristics of the Tl is the pres-
Since all the MM” C,0, MXenes studied here have the in- ence of an odd number of topologically protected conduct-
version symmetry, their Zopological invariant can be simply ing edge states that cross the Fermi energy. In order to fur-
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posed ofd,, andd,._y» orbitals of W and Hf. However, when

— Ti, Zr, Hf) obtained using VASP and Quantum Espresso (QE)the lattice constant is expanded more tha20%, the ba!nd

with the SOC on for all elements (second column). The resultsdaP OPENS qnd.the band Chgracters around the Fermi energy
with the SOC on only for M(M”) element are also provided in the Change qualitatively at thie point, where the topmost valence
third (fourth) column, obtained using Quantum Espresse fand ~ band is composed afz,2 2 orbital, while the lowest conduc-
gaps in the second, third, and fourth columns are obtainethé@y tion bands are doubly degenerate and considjodndd,._,

GGA. For comparison, band gaps obtained by the hybrid fanati ~ orbitals. More interestingly, we find that the band invensio
(HSEO06) calculations using VASP are also provided in thé fifil- occurs at thé point concomitantly when the band gap opens.
umn. We should note that neither the band inversion nor the gap
closing occurs at other momenta except forkhmoint.

TABLE Il. Band gaps (in eV) for MM”C,0; (M’ = Mo, W; M”

SOCison SOCis SOCis SOCison

for all elements onfor onfor forall elements Mo2TiC202 W2HfC202
(VASP/QE) only M only M”  with HSEO6
Mo,TiC,0O, 0.0470.036 0.027  0.009 0.119
Mo,ZrC,0, 0.0690.065 0.026 0.039 0.125
Mo,HfC,0, 0.1530.151  0.027 0.120 0.238
W,TiC,0, 0.13¢0.135 0.121 0.010 0.290
W,ZrC,0, 0.1700.166  0.123  0.040 0.280
W,HfC,0, 0.2850.285 0.135 0.140 0.409

M M

ther confirm the nontrivial band topology, we also calculate
the electronic band structures for the nanoribbon strestaf
Mo,TiC20, and W,HfC,0, with symmetric edges by using £ 4. (Color online) Edge band structures for MitC,0, and
the dfective tight binding Hamiltonian, which are constructed ,Hfc,0,. The Fermi energy is located at zero energy.

based on the maximally localized Wannier functions. Since
the electronic bands near the Fermi energy are mainly com-
posed ofdy._y2, dyy, andds._,. oOrbitals of transition metals
M’ and M’ (see Fig.3), the minimal tight binding Hamilto-
nian can be constructed using these orbitals. FigusbBows
the results of the electronic band structures, which ofedis-
plays that the edge bands cross the Fermi energy three tim
along thel-M points for both systems.

The evolution of the electronic bands at thpoint is sum-
marized schematically in Figh. When the lattice constant
is very large £ 1.2ag, whereay is the optimized lattice con-
stant in SeclllA) and the SOC is absent, JNfC,0; is a
trivial band insulator in which the two topmost valence band
&Fe made of bonding and non-bonding statedzef . orbitals
with even and odd parities, respectively, while the lowesi-c
duction bands are doubly degenerated and formed by a bond-
ing state ofdyy/d,._y. Orbitals with even parity. As the lattice
constant is reduced, the hybridization between neighgatin
orbitals increases. As a result, the bonding state of dadisly
Let us finally examine the origin of the topological insu- generated,y/d,._,» orbitals shift downward below the Fermi
lating behavior found in the BM” C,0, MXenes. As shown energy, while the non-bonding state @4 > orbital moves
in Fig. 3, the SOC is essential to open a finite band gap butibove the Fermi energy. Since these two states have oppo-
does not induce the band inversion that is necessary to ehangite parities, this is precisely when the band inversiorucec
the band topology, implying that the band inversion has alNote that the Fermi energy remains exactly at the doubly de-
ready occurred in the BM”C,0, MXenes before introduc- generated,/d,._. States once the band inversion occurs, and
ing the SOC. This is thus flerent from most of topological therefore the system remains semi-metallic. However,as so
insulators for which the SOC is required to induce the bandas the SOC is introduced, the doubly degeneracy is lifted and
inversion P-11, 18, 26], although some exceptions have beenthe system becomes a nontrivial insulator. The role of the
reported [L6, 23, 27, 64]. SOC is thus to induce a finite band gap but not a band inver-
To understand the band structures in more details, we invesion, which has similarly been observed in Z5T&€], square-
tigate the evolution of the band structures without the S®C aoctagonal Wg[15], MX (M =Zr, Hf; X= ClI, Br, I) [16], and
the lattice constant is uniformly expanded from the optediz W,CO, systems 4.
one that is obtained in Seldl A . Note that the structureis not It is worth summurizing the dierences and similarities be-
optimized when the lattice constant is expanded because thiween the current study with our previous study in R&#][
is much easier to analyze the evolution of the band strusture Mo,CO, and WoCO; studied in Ref. §4] belong to the fam-
As shown in Fig.5, the band structures around the Fermiily of functionalized MpX MXenes with two transition metal
energy are qualitatively the same until the lattice cortsgn layers, while the systems studied here such agTi@@ and
expanded slightly below 20% (lag), where the topmost va- Mo,ZrC; belong to the family of ordered double transition
lence band and the lowest conduction band remain toucheaetals carbides §M”C, MXenes with three transition metal
(i.e, degenerate) at tHepoint and they are essentially com- layers. For MgCO; and W,CO; as well as MM” C,0, (M'=

C. Discussion
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FIG. 5. (Color online) Band structure evolution o, WfC,O, projected ontal orbitals of W and Hf atoms as the lattice constant is expanded
uniformly from the optimized oneaf) without (w/0) including the SOC. For comparison, the results for thentiped structure with the SOC
is also shown. Fermi energy is at zero.

systems, they have hexagonal structures VAEM1 space
group symmetry and the BB model represents the most stable
atomic configuration. The total energies, crystal struegur
and band structures without and with the SOC are shown in
Supplemental MateriaB[l]. From the band structures and the
Z; index calculations, we find that the M’ C30, MXenes
are nontrivial topological semimetals. The orbital chteex
of the bands near the Fermi energy around Ithgoint are
very similar to those in the M7 C,0, systems. Because
of the localD3y hexagonal symmetry, the touching valence
and conduction bands at tligpoint are mainly dominated by
i 4 dyy andd,._,» orbitals of M and M’. In MozHf>C30, and
W,Hf,C30,, the band inversion is induced by the SOC at the
+ I" point between Wyy/d,_y» and Wds_.> bands, while in
the other MM7 C30, (M’ =Mo, W; M”=Ti, Zr) MXenes, the
1.25a, 1.0a, SOC SOC only induces the band gap at figoint but the band
inversion occurs due to the hybridization of the neighbgrin
orbitals, similar to the NIM” C,0, systems.

FIG. 6. (Color online) A schematically illustration of theaution of

the electronic bands at tfliepoint as the lattice constant is uniformly

decreased to the optimized oagwithout the SOC. The SOC is in- IV. CONCLUSION
corporated only in the left most figure. The bands are mairayvd '

for W d orbitals, which have the highest contribution near Bermi

states. W d-orbitals are split by crystal fields, chemicaidiogs, Here, we have searched for new topological insulators in
and SOCua is the optimized lattice constant aifl is the Fermi  recently synthesized double transition metal carbide Md$gn
energy. and found that MM’ C,0, (M’ = Mo, W; M”=Ti, Zr, Hf) are

topological insulators with the largest band gap of 0.285 eV

(0.401 eV within the hybrid functional) for YHfC,0O,. The
Mo, W; M”=Ti, Zr, Hf), the SOC is essential to open a finite large band gap, resulting from the strong SOC in transition
band gap, but does not induce the band inversion. The mechmetals M and M’, is an attractive feature in these newly pro-
nism of the band inversion in f1”C,0, MXenes described posed topological insulators since the experimentalzatdin
above is similar to that in M@CO, and W,CO,.The result-  of these systems with large band gaps would pave the way for
ing topological band gap in the W1”C, MXenes can be as practical applications of topological insulators at roemt
large as that in WCO; (0.19 eV within the GGA and 0.47 eV perature. In addition, we have found that, M C30O, with
within the hybrid functional). four transition metal layers are topological semimetals- O

We have also studied the electronic structures ofing to various compositional and surface functional pdksib

M/,M7C30, (M= Mo, W; M”= Ti, Zr, Hf), i.e., MXenes ity, as well as thickness control, we expect more topologi-
with four transition metal layers. Similar to the;M” C;0> cal insulators and topological semimetals can be founden th



MXene family. performed on Numerical Materials Simulator at National In-
stitute for Materials Science and RIKEN supercomputer sys-

tem (HOKUSAI GreatWave).
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