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MXenes are an emerging class of two-dimensional materials, which in their thinnest limit consist

of a monolayer of carbon or nitrogen (X) sandwiched between two transition metal (M) layers.
We have systematically searched for superconductivity among MXenes for a range of transition
metal elements, based on a full first-principles characterization in combination with the Eliashberg
formalism. Thus, we identified six superconducting MXenes: three carbides (Mo,C, W,C and
Sc,C) and three nitrides (Mo;N, W,N and Ta;N). The highest critical temperature of ~ 16 K is
found in Mo, N, for which a successful synthesis method has been established [Urbankowski et
al., Nanoscale, 2017, 9, 17722—17730]. Moreover, W,N presents a novel case of competing
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superconducting and charge density wave phases.

1 Introduction

Being one of the most recent additions to the family of two-
dimensional (2D) materials, MXenes — M being a transition
metal element and X either carbon or nitrogen — exhibit very
versatile electronic properties, stemming from the interplay of
charge, orbital and spin degrees of freedom®'Z. Interestingly, MX-
enes of stoichiometry M,X are isostructural with the 1T-phase of
the transition metal dichalcogenide (TMD) family, as shown in
Fig. |1} This structure is characterized by octahedral coordination
of the atoms forming the central plane of the sandwich structure.
Since this structure has full spatial inversion symmetry, spin-orbit
coupling (SOC) does not result in spin-splitting of the bands, in
contrast with, e.g., 1H-TMD monolayers which lack spatial inver-
sion symmetry, leading to Ising-type spin-valley locking, with un-
conventional superconducting properties8L. Nevertheless, SOC
can lead to significant changes in the band structures of MXenes,
especially if the transition metal element has a high atomic num-
ber, as shown in this article.

The 1T-phase of TMDs is known to host a plethora of collective
quantum states, such as charge density waves (CDW) and super-
conductivity, both resulting from prominent electron-phonon in-
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teraction in this material class’2. Several types of CDW phases
subsequently occur in 1T-TMDs as a function of temperature, fi-
nally leading to a commensurate CDW (with v/13a x v/13a peri-
odicity) in the lower temperature range, accompanied by a Mott
transition to an insulating state’3117, Hence, the CDW and su-
perconducting phases are highly correlated, and most commonly
superconductivity emerges only when the charge density wave
and the corresponding periodic lattice distortion are suppressed,
e.g. by pressure, gating™® or doping in the van der Waals
gap9. Moreover, dimensionality plays a key role in the behavior
of these collective quantum states in 1T-TMDs. When approach-
ing the 2D limit some compounds show weakening of the CDW
state (e.g. Ta(S/Se)z)M, and lowering of the associated criti-
cal temperature, while others surprisingly show an enhancement
(e.g. TiSez) or even non-monotonic behavior as a function of
the number of layers (e.g. VSez)[Z].

Major differences between 1T-TMDs and MXenes arise because
of the swapped positions of the transition metal atoms, form-
ing the outer layers of the sandwich in the case of the MXenes
(see Fig.[I). This also leads to very different surface properties
and chemical functionalization routes@5ZI25H27, Moreover, the
MXene family spans a very large range of compounds, compris-
ing transition metals of groups 3-6 of the periodic table (each of
which can host different physical behavior, as e.g. discussed for
CDWs in TMDs in the preceding paragraph), as well as either C
or N, which have different valence®5!7,

While superconductivity is readily obtained in bulk-like transi-
tion metal carbides — not comprising van der Waals gaps — such
as o-Mo,C (with 7, of 3 K)M, superconductivity in MXenes re-
mains a largely unexplored terrain. Since the entire family of pris-
tine MXenes is metallic®, all possible compounds could a priori
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Fig. 1 Comparison of the crystal structures of monolayer TaS; (1T-TMD)
and monolayer Ta;N (MXene).

host collective electron states like superconductivity and CDWs.
Previous theoretical studies have already established monolayer
Mo,C as an electron-phonon-mediated superconductor with a
critical temperature of about 6 K22, but other compounds, es-
pecially nitrides, have remained unexplored to date.

2 Methodology

To explore new collective quantum states among MXenes we have
elaborated a computational strategy to accurately scan the prop-
erties of a large variety of MXene compounds. We have consid-
ered early transition metal elements most commonly found in
MXenes"3 namely those of groups 3—6 (M = Sc, Ti, Zr, Hf,
V, Nb, Ta, Cr, Mo, W), in combination with X = C, N, giving rise
to a total of 20 compounds. These are modelled through density
functional theory (DFT), as implemented within ABINIT=3, ys-
ing the Perdew-Burke-Ernzerhof (PBE) functional. Using the rela-
tivistic Hartwigsen-Goedecker-Hutter (HGH) pseudopotentials#
we could include spin-orbit coupling (SOC) where necessary.
Namely, we calculated electronic structures both without and
with SOC for all compounds, and if significant differences were
found in the states responsible for collective electron behavior,
i.e. those near the Fermi level (Er), we proceeded with inclu-
sion of SOC in further calculations. Within the HGH pseudopo-
tentials 8 + N valence electrons for transition metal elements of
group N and 4 (5) valence electrons for C (N) were taken into
account. To achieve high accuracies an energy cutoff of 70 Ha
for the plane-wave basis, a dense 32 x 32 x 1 k-point grid, and at
least 16 A of vacuum in the unit cell were used, and the crys-
tal structures were relaxed so forces on each atom were below 1
meV/A. To further characterize the MXene Fermi surfaces we have
calculated Fermi velocities from the electronic band structures by
VF = hilvkek‘szEF'

Subsequently, to calculate phonons and electron-phonon cou-
pling we have employed density functional perturbation theory
(DFPT)"2 also within ABINIT, using 32 x 32 x 1 electronic k-point
grids and 16 x 16 x 1 phononic g-point grids. Here, we have in-
vestigated the dynamical stabilities of the crystal structures with
respect to the electronic occupation numbers used within our
DFPT calculations. Namely, it is well known from ab initio re-
search on CDW behavior in TMDs that one can resolve such
structural phase transitions at reduced temperatures using suf-
ficiently small thermal broadening=®. In this case, phonon soft-
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ening and emerging unstable phonon modes are found, whose
phonon wave vectors indicate the preferred crystal reconstruc-
tion. Hence, we have compared results obtained with relatively
high (0.01 Ha) and low (0.0025 Ha) broadening factors of the
Fermi-Dirac smearing function for electronic occupations to iden-
tify new CDW-type instabilities in MXenes. For the superconduct-
ing state we have used Eliashberg theory, a quantitatively accu-
rate extension to the Bardeen-Cooper-Schrieffer (BCS) theory for
phonon-mediated superconductivityZ2, Using the density of
states at the Fermi level (NVg), the matrix elements of the electron-
phonon coupling (gl‘;k N q), and the phonon (a)(‘l’ ) and electron (&)
band structures (with Er at 0) obtained from our ab initio calcu-
lations, we have evaluated Eliashberg functions,

1

2
azF(w):N—F Z gl‘;kﬂ‘ S(w—wg)S(Ek)S(ekﬂ) RG]
v.k,q

of the different MXenes, and the corresponding electron-phonon
coupling (EPC) constants by A = 2 [;°o’F(w)ow~'dw. Based
on these results we have subsequently evaluated the supercon-
ducting 7, using the Allen-Dynes formula4®%#2 and a screened
Coulomb repulsion of u* =0.13 — a standard value for transition
metal-based compounds3. If the EPC is too weak for Cooper-pair
formation, this formula yields 7, ~ 0, indicating the compound is
non-superconducting.

3 Results

A complete overview of the obtained results is provided in Table
Superconductivity is thus found in Mo and W carbides and
nitrides (where the nitrides exhibit the higher 7. in both cases),
as well as in TayN and Sc,C. The complete set of data — elec-
tronic band structures and density of states, Fermi surfaces to-
gether with Fermi velocities, phonon band structures and phonon
density of states, Eliashberg functions and electron-phonon cou-
pling constants — is presented in the Supplemental Information®.
In what follows we set out to explain these results.

Considering first MXenes composed of transition metal ele-
ments of group 6 of the periodic system (Cr, Mo, W), we found
them to be the most promising ones for superconductivity, at least
in the case of Mo and W. The band structures of these carbides
and nitrides, shown in Fig. [2h-d, show changes due to SOC to
be negligible in the case of Mo (in combination with both C or
N), but fairly strong for W, the heaviest element to be found in
MXenes (Z = 74). The resulting Fermi surface of Mo,C, shown in
Fig. [2k, consists of three distinctly different sheets: (i) six small
electron-like pockets around T, (ii) a larger circular electron-like
sheet also centered around I', and (iii) an oval sheet centered
around M, the latter two nearly touching along I'— M. In com-
parison, in the case of Mo, N (Fig.[2]) a fourth sheet appears at Er,
shaped as a six-bladed propeller around I', however, the pocket
around M is markedly reduced in size. The band structure of W,C
(Fig. ) features a rather flat section along I' — K, leading to the
ship’s wheel-like shape of the Fermi sheet centered around I, as
shown in Fig. [2g. The Fermi surface of W,N, shown in Fig. [2h,
consists of two nested six-bladed propellers around T, thus, it
is lacking the hole-like pocket around M, found in all the other
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MXene SOC included (yes/no) a(A) Np (eV') vp (10°m/s) T, (K) &(0) (nm)
Mo, C y 3.001 3.08 0.258 5.8 45
Mo, C n 3.001 3.19 0.260 7.1 37
Mo, N y 2.811 2.32 0.341 15.5 22
Mo,N n 2.807 2.58 0.343 16.0 20
W,C y 2.869 1.84 0.257 5.8 45
W,C n 2.865 3.06 0.317 4.2 77
W)N y 2.779 1.72 0.359 9.7 38
W)N n 2.773 1.96 0.349 9.8 36
TapN y 3.078 1.36 0.451 2.4 191
TapN n 3.089 1.40 0.454 2.1 220
Sc,C y 3.320 4.10 0.140 4.0 36
Sc,C n 3.320 4.10 0.140 4.1 35
Cr,C* y 2.806 4.82 0.165 - -
CrpN y 2.662 2.45 0.205 - -
V,C n 2.899 3.27 0.142 - -
V)N n 2.897 1.61 0.297 - -
Nb,C y 3.121 2.94 0.281 - -
Nb,N y 3.138 1.35 0.406 - -
Ta,C y 3.073 2.00 0.281 - -
Ti,C n 3.037 451 0.219 - -
TipN n 2.980 5.50 0.175 - -
Zr,C n 3.267 3.37 0.319 - -
Zr)N n 3.240 3.41 0.256 - -
Hf,C n 3.205 3.21 0.317 - -
HfHN n 3.167 3.14 0.284 - -
ScoN n 3.188 3.47 0.227 - -

Table 1 Calculated lattice constant (a), electronic DOS at the Fermi level (Nr), average Fermi velocity (v¢), superconducting transition temperature (7;)
and coherence length at T =0 (£(0)) for all considered MXenes. *Dynamically unstable.

compounds. Overall, MXene Fermi surfaces display a wealth of
different shapes and configurations, in contrast to those of 1T-
TMD monolayers (in the non-CDW state), which typically consist
of a single sheet centered around M##42. Qur complete set of cal-
culated Fermi surfaces, including Fermi velocities, can be found
in the Supplementary Information®.

Phonon dispersions of these four compounds and the corre-
sponding phonon DOS, calculated using DFPT, are shown in
Fig. Whereas the carbides have a clear gap between Mo/W-
based modes and C modes, in the nitrides the N-based modes
display a remarkably strong dispersion (this also holds true for
Cr,N, see Supplementary Information’), which strongly reduces
the phonon energy gap, even closing it in the case of Mo,N. As
a result, the Eliashberg function of Mo,C features separate Mo
and C domes (Fig. [4p), whereas a continuous spectrum is found
in the case of Mo,N (Fig. [4p). In spite of its slightly lower DOS
(see Table , the overall stronger EPC in Mo,N (A = 1.2) com-
pared to Mo,C (A = 0.75) yields a three times higher 7. for the
former, 15.5 K vs. 5.8 K. This stronger EPC in Mo, N stems from
two sources. Firstly, the Eliashberg function of Mo,N features
three strong peaks within the Mo-based modes - indicated by
I-11I in Fig. [@(b) - in contrast to only two peaks in the case of
Mo, C (Fig.[d(a)). Namely, coupling to the flexural mode (mode I,
shown in Fig. e)) is strong in Mo, N, while no clear peak related
to this mode is present in Mo, C. The other two main peaks in their
Eliashberg functions stem from in-plane (II) and out-of-plane (III)
optical Mo-based modes (depicted in Fig. [ff(e)). Secondly, the N-

based modes in Mo, N are softer, and show much stronger disper-
sion, than the corresponding C-based modes in Mo,C (cf. Fig.
(a) and (b)), thus the N-modes contribute more to a’*F(®)w ",
yielding a higher A. Therefore, Mo, N possesses the highest 7, of
all investigated MXenes. Moreover, Mo;N is one of the few ni-
tride MXenes that has already been synthesized, by means of an
ammoniation process#®, facilitating experimental confirmation of
its predicted superconducting properties.

The Eliashberg function of W,C (Fig. ) is similar to the one
of Mo,C, resulting in a similar 7, of 5.8 K. On the other hand, the
phonon band structure of W,N (Fig. ) stands out, as it devel-
ops a partially unstable W-based acoustic mode at reduced smear-
ing (imaginary phonon frequencies, here mapped to negative real
numbers), centered around M. Such evanescent phonon mode in
a limited portion of the Brillouin zone corresponds to a CDW in-
stability, here described by wavenumber gcpw =M = %, where a*
is the magnitude of the reciprocal lattice vectors. The commensu-
rability relation between the CDW and the reciprocal lattice vec-
tors, n-qcpw = m-a* (with n and m relative prime numbers), is
therefore fulfilled by (n,m) = (2,1). The wave length of the CDW
is thus Acpw = 2a. Taking into account in-plane rotation sym-
metry, the CDW-driven periodic lattice distortion (PLD) adopts a
commensurate 2 x 2 x 1 supercell of the original lattice. When
discarding the contribution of the unstable modes, as shown in
Fig. [4d, significant EPC of A = 1.1 is obtained (with inclusion
of SOC), resulting in 7. = 9.7 K. However, the PLD would alter
the electronic structure (usually partial gapping of the Fermi sur-
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face) and the electron-phonon interaction, so intricate interplay
between the CDW and superconductivity phases is expected4Z.
Such interplay has to date only been found in TMDs (T and H
polytypes), where the CDW originates from the inner transition
metal layer of the structure. In W;N, on the other hand, the
CDW is driven by phonon modes stemming from W, hence the
PLD mainly occurs in the outer layers of the structure, where W
is located. This likely makes the CDW state in W;N more prone
to tuning by controlled surface functionalization.

Among MXenes containing group 6 transition metal elements,
Cr-based compounds are a special case. While Cr,N simply ex-
hibits very low coupling of electrons to any phonon mode, Cr,C
hosts various instabilities. These originate from its flat elec-
tronic dispersion around I' right at Er, and the corresponding
peak in the density of states (DOS), as shown in the Supple-
mentary Information®. This introduces a ferromagnetic insta-
bility in Cr,C, according to the Stoner criterion. As a result of
the inclusion of SOC in our calculations we even found the para-
magnetic state of Cr,C to feature an evanescent phonon mode
throughout the entire Brillouin zone, indicating dynamical insta-
bility. Nevertheless, we found that the peak in the DOS can be
removed by applying compressive strain (—4% was sufficient) to
suppress the ferromagnetic state. Since our calculations indicate
Cr,C to host sizeable electron-phonon coupling (see Supplemen-
tary Information®), it is a good candidate for strain-tunable in-

terplay between phonon-mediated superconductivity and concur-
rent spin fluctuations, stemming from the competing magnetic
state. Such a system is promising for unconventional, e.g. triplet
pairing-based, superconductivity, which can be explored using re-
cent advances in ab initio methods“8.

Only one new superconducting compound was found among
MXenes based on group 5 transition metal elements (V, Nb, Ta),
namely Ta;N, whose band structure is depicted in Fig. [Sh. Al-
though the inclusion of SOC leads to significant changes below
Ep, the Fermi surface itself is hardly affected. It is moreover
very similar for all Mp,N compounds (where M is a group 5 el-
ement), consisting of a circular sheet inside a six-bladed pro-
peller (see Fig. [5k). However, the higher mass of Ta leads to a
phonon redshift compared to the other compounds (see Fig. [6p,c
and the Supplementary Information®), boosting the EPC in Ta,N
to A = 0.6 (also much higher than its carbide counterpart, Ta,C,
with A = 0.1, see Supplementary Information’), yielding 7, = 2.4
K. However, by applying in-plane tensile strain the phonons of
compounds with analogous Eliashberg functions, like Nb,C and
Nb;N, can be redshifted to enhance the EPC and thus induce su-
perconductivi. Similarly, the T, of Ta,N can likely be en-
hanced by tensile strain. Our result on the absence of intrinsic su-
perconductivity in Nb,C has been confirmed by recent transport
measurements®L. Nevertheless, it was found that superconduc-
tivity can be induced in Nb,C by surface functionalization®152/
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Fig. 5 Band structure and Fermi surface (including Fermi velocities)
for Ta;N [(a),(c)], and Sc,C [(b),(d)]. Solid blue lines and red dashed
lines show the results calculated with and without spin-orbit coupling,
respectively.

leading to T,’s up to 6 K in case of Cl and S surface terminations
and reaching up to 7 K in case of the NH functional group®L. The
emergence of superconductivity was shown to be correlated with
in-plane lattice expansions due to functionalization!
ment with our prediction of enhanced electron-phonon coupling
due to tensile strain.

Group 4 of the periodic system (Ti, Zr, Hf) is the only one not
hosting new superconducting MXenes. All compounds based on
these elements were found to have low EPC within the range
0.2 —0.3, in spite of their high DOS at Er (see Table [1| and the
Supplementary Information®). Finally, group 3 with the lightest
transition metal, Sc (Z = 21), contributes a sixth new supercon-
ducting compound, namely Sc,C. Its band structure, shown in
Fig. [Bb, features a crossing point along I'— K at ~30 meV above
Er. We note that other investigated — yet non-superconducting
— MXenes host similar crossing points in the vicinity of Er, e.g.
(V,Nb,Ta),C and (Ti,Z,Hf),N (see Supplementary Information®).
The rather unconventional band dispersion of Sc,C results in a
mini-pocket attached to the larger Fermi sheet centered around
K, as shown in Fig. . Sc,C hosts moderate EPC, with A = 0.6
(see Fig. [61), yielding 7. = 4 K. Since the crossing point lies well
within the energy window around Er where superconductivity
develops — as dictated by the phonon frequencies of Sc,C, reach-

, in agree-

6| Journal Name, [year], [vol.],1

ing values up to 70 meV (see Fig. [Bp) - it may introduce uncon-
ventional properties in the superconducting state, in view of the
linear dispersion of some of the band segments.

Based on our calculations we can also predict the coherence
length of the different superconducting MXenes, i.e. the char-
acteristic healing length of the superconducting order param-
eter around perturbations like defects or penetrating magnetic
field and vortices, via the microscopic Ginzburg-Landau relation

E(0)=14/ @ fn‘—’i 23| where vr is the average Fermi velocity. The
results, listed in Table [1} highlight the diverse superconducting
properties of MXenes, with values of coherence lengths ranging

from 22 nm (in Mo,N) to 191 nm (in Ta;N).

4 Conclusions

We have performed a first-principles exploration of new super-
conductors among monolayer MXenes, considering all combina-
tions of ten transition metal elements from groups 3-6 of the
periodic system with C and N. To assess potential superconduc-
tivity we have used the Eliashberg formalism combined with ab
initio calculated electronic and vibrational properties, as well
as the electron-phonon interaction. Our search has yielded six
new monolayer superconductors: Group 6 has proven partic-
ularly fruitful, as all Mo- and W-based MXenes are supercon-
ducting. Their 7.’s range from 6 K in Mo,C to 16 K in Mo;N,
a compound for which a successful synthesis method is avail-
able . Furthermore, one additional superconducting compound
was found among group 5-based MXenes, namely Ta,N with 7, of
2 K, and one among group 3-based MXenes, Sc,C with 7, of 4 K.

Moreover, in our search we identified other interesting quan-
tum states that coexist or compete with superconductivity — such
as magnetism in Cr,C - resulting from the rich interplay between
charge, orbital, spin and structural degrees of freedom in MX-
enes. We identified W,N as a novel charge density wave (CDW)
material, based on a commensurate phonon instability for Acpw
equal to twice the lattice parameter (see Fig. [B). The corre-
sponding 2 x 2 in-plane periodically distorted W, N lattice, in com-
bination with strong electron-phonon interaction, provides a very
rare non-TMD system where the interplay between CDW and su-
perconducting states can be explored. We therefore conclude that
MXenes represent an exciting new class of ultrathin superconduc-
tors, with multi-functional properties and interplay of quantum
phenomena worthy of further exploration.
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New superconducting MXenes are presented, discovered through extensive first-principles
exploration, furthermore hosting interplay with other quantum phases, such as charge density
waves.



Nanoscale

) M=Sc,Ti,V,Cr,Zr,Nb,Mo,Hf, Ta,W

© X=C,N
T T Mdzc wI N T T
Ta;N i Mo,N
az SCzC ch (+CIDW) °2

L | L L | 1

0 2 4 6 8 10 12 14 16
Critical temperature (K)

2139x829mm (94 x 94 DPI)

Page 10 of 10



