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The Berry curvature dipole (BCD) induced nonlinear Hall effect can appear in a material with time-reversal
symmetry but breaking space-inversion symmetry. Meanwhile, a two-dimensional (2D) noncentrosymmetric
superconducting material can host exotic Ising pairing that leads to an upper critical magnetic field far exceeding
the Pauli paramagnetic limit. Based on first-principles electronic structure calculations and theoretical analysis,
we demonstrate that the large BCDs and the Ising superconductivity can coexist in the monolayer MXene
heterostructures of 7-Mo,C/H-Mo,C. The large BCDs are generated by the multiple band anticrossings and
the band inversions near the Fermi level. The breaking of in-plane space-inversion symmetry in these 2D
superconducting heterostructures can induce an Ising-type spin-orbit coupling. Additionally, one of the super-
conducting heterostructures is identified as a Z, topological metal. Our work suggests that the 7-Mo,C/H-Mo,C
heterostructures may serve as a promising platform to explore the nonlinear Hall effect and potential Ising

superconductivity.
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I. INTRODUCTION

The heterostructures of two-dimensional (2D) materials
have attracted increasing interest recently in the fields of elec-
tronic transport, superconductivity, topology, magnetism, etc.
Owing to the interlayer hybridization, these heterostructures
may exhibit novel physical properties such as topologi-
cal superconductivity, the quantum anomalous Hall effect,
the valley Hall effect, and so on [1-6]. Moreover, the
stacking modes, twisted angles, and lateral sliding in the
heterostructures can also affect the electronic structures and
the related properties [7-9]. In addition to the heterostruc-
tures that usually consist of distinct materials, there are some
heterostructures composed of the materials with the same
chemical composition but different polymorphs [10]. Like
transition metal dichalcogenides (TMDCs), the monolayer
MXene material Mo, C also has the octahedral (T') and trig-
onal prismatic (H) phases [11-13]. Given that bulk «-Mo,C
has been recently fabricated in thin flakes [14—16] and pre-
dicted to be a topological superconductor candidate [17], we
are curious about the transport and superconducting properties
of the MXene heterostructures constructed with the 7-Mo,C
and H-Mo,C monolayers.

The Hall conductance is often adopted to characterize
the transport properties of various materials including the
2D heterostructures. In the linear response regime, where
the transverse Hall voltage is linearly proportional to the
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longitudinal driving current, the nonzero Hall conductance
or the anomalous Hall conductance requires the time-reversal
symmetry to be broken by an external magnetic field or the
internal magnetization [18]. However, in the nonlinear re-
sponse regime, the transverse Hall currents that are quadratic
with the driving electric field can appear in the presence of
time-reversal symmetry but with breaking of space-inversion
symmetry [19-22]. This second-order response to the inci-
dent electric field is called the nonlinear Hall effect, which
originates from the dipole moment of Berry curvature in
the momentum space [19]. The nonlinear Hall effect can be
utilized in nonlinear quantum devices for energy harvesting,
wireless communications, and infrared detectors [23]. From
the material point of view, noncentrosymmetric topological
materials or systems are appropriate candidates to host such
nonlinear Hall conductance due to the large Berry curvature
dipoles (BCDs) induced by the nontrivial electronic structures
[24-38]. Meanwhile, topologically trivial systems, such as
the Bi(100) monolayer /NbSe, heterostructure and monolayer
2H-type TMDCs [39-44], can also generate nonzero BCDs,
even though their values are often small due to there being few
band crossings near the Fermi level.

On the other hand, noncentrosymmetric 2D materials or
systems may also have intriguing superconducting proper-
ties. The 2H-type superconducting TMDCs such as gated
MoS; and NbSe, are deemed to be type-I Ising super-
conductors with strongly enhanced in-plane upper critical
magnetic fields [45—48]. This enhancement occurs because
the Ising-type spin-orbit coupling (SOC) gives rise to an ef-
fective Zeeman field, which pins the electron spins to the
out-of-plane direction and thus leads to an in-plane upper
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critical field that is far beyond the Pauli paramagnetic limit
[49-51]. Additionally, the few-layer 17;-MoTe, exhibits a
large in-plane upper critical field with an emergent twofold
symmetry, which is different from the isotropic critical field
in 2H-type TMDC:s [52]. However, most 2D superconductors
have inversion symmetry and cannot generate the Zeeman-
protected superconductivity. Thus noncentrosymmetric het-
erostructures may provide a new strategy to realize such Ising
superconductivity.

Here, we theoretically construct two types of monolayer
MXene heterostructures of 7-Mo,C/H-Mo,C. Based on the
first-principles electronic structure calculations, large BCDs
in these T-Mo,C/H-Mo,C heterostructures can be induced
by the multiple band anticrossings near the Fermi level with
an in-plane tensile strain, which could generate nonlinear
Hall conductance. In addition, these two heterostructures are
predicted to be superconducting with the respective critical
temperatures 7, of 12 and 8 K. Given the inversion asymme-
try of these heterostructures, a large in-plane upper critical
field can be sustained under the protection of the Ising-type
SOC. Besides, one of the heterostructures is found to possess
nontrivial topological properties [53]. Our calculations thus
uncover a promising system with nonlinear Hall effect and
potential Ising superconductivity.

II. METHOD

The electronic structures and the transport properties of the
MXene heterostructures of 7-Mo,C/H-Mo,C were studied
based on the first-principles electronic structure calculations
[54]. The projector augmented wave (PAW) method [55]
as implemented in the Vienna ab initio simulation package
(VASP) [56,57] was used to describe the core electrons as
well as the interaction between the core and the valence elec-
trons. The generalized gradient approximation (GGA) [58] of
Perdew-Burke-Ernzerhof type was adopted for the exchange
correlation functional. The kinetic energy cutoff of the plane-
wave basis was set to be 520 eV. A 19 x 19 x 1 k-point mesh
for Brillouin zone (BZ) sampling and the Gaussian smearing
method with a width of 0.05 eV for Fermi surface broadening
were utilized. A vacuum region larger than 20 A is applied
to avoid the interactions between adjacent slabs. The van der
Waals interactions between the adjacent layers are taken into
account by using the density functional theory with dispersion
correction method DFT-D2 proposed by Grimme [59]. Both
the shape of the slabs and the internal atomic positions were
fully relaxed until the forces on all atoms were smaller than
0.01 eV/A. Once the equilibrium structures were obtained,
the electronic structures were further studied with the inclu-
sion of the SOC effect. In order to explore the nontrivial
topological properties and the Berry curvature dipole [60],
the tight-binding Hamiltonian was constructed with the maxi-
mally localized Wannier functions [61-63] for the outmost s,
p, and d orbitals of Mo atoms and the outmost s and p orbitals
of C atoms generated by the first-principles calculations. A
k-point grid of 2000 x 2000 x 1 was used in the integral
Berry curvature dipole calculation to get a convergent result.
The topological properties and edge states were studied by
using the WANNIERTOOLS package [64].

When applying an ac electric field E () = Re{&.e/"}, the
nonlinear Hall current J, can be generated with the rectified
current part J? and double-frequency component J2¢ as [19]

Jo =Re{J) + 177" }, (1)

where JO = xucEpEF and J2° = X EpEe. In a time-reversal-
symmetric system, the nonlinear Hall conductivity tensor xgp.
can be written as

637,'
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where g44. is the rank-3 Levi-Civita symbol and t is the
relaxation time. In experiment, the frequency w and relaxation
time 7 are approximately 10-1000 Hz and in the range of
picoseconds, respectively, which leads to wt <« 1. Thus the
nonlinear Hall conductance is independent of the frequency
and mainly originates from the Berry curvature dipole Dy,
which can be expressed as
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where fx is the Fermi-Dirac distribution function, n is the
index of the occupied bands, and Q¢ is the Berry curvature.

It is worth noting that only the z component of the Berry
curvature survives in the 2D system, namely, &5, ,
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where €,k is the eigenvalue of the nth eigenstate ¥, and

v = %‘;% is the velocity operator along the i (i =x,y)
direction.

The superconducting properties were studied based on the
anisotropic Migdal-Eliashberg theory as implemented in the
EPW code [65-67]. The d orbitals of Mo atoms and p or-
bitals of C atoms were considered to construct the maximally
localized Wannier functions (MLWFs) [63]. The convergent
electron-phonon coupling (EPC) constant A was obtained with
the fine electron (72 x 72 x 1) and phonon (24 x 24 x 1)
grids. The Dirac § functions for the electron and phonon parts
were smeared out by the Gaussian function with widths of 50
and 0.5 meV, respectively. A fine electron grid of 72 x 72 x 1
points was employed when solving the anisotropic Eliashberg
equations. The sum over the Matsubara frequencies was trun-
cated with w, = 0.9 eV, about ten times the highest phonon
frequency.

II1. RESULTS

A. Crystal structure and topological properties

The monolayer MXene of Mo,C forms a layered struc-
ture in which the C layer is sandwiched between two Mo
layers. The Mo, C layers are stacked in an ABC sequence in
the T phase (space group P3ml, No. 164) and in an ABA
sequence in the H phase (space group P6m2, No. 187). For
these T and H phases, the C atoms are located in the cen-
ters of Mo octahedra and Mo triangular prisms, respectively.
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FIG. 1. (a) and (b) Top and side views of the 7-Mo,C/H-Mo,C
MXene heterostructures I and II. (c) Phonon spectra of the het-
erostructure I. Inset: two-dimensional (2D) Brillouin zone (BZ) with
the red lines indicating the high-symmetry paths.

In order to study the nonlinear Hall effect, the inversion
symmetry should be broken, and the multiple band cross-
ings are expected near the Fermi level. Thus we construct
several heterostructures of 7-Mo,C/H-Mo,C based on the
relative positions of Mo atoms in the H-Mo,C layer above the
T-Mo,C layer (Fig. S1 in the Supplemental Material (SM)
[68]). According to the calculated relative energies (Table
S1 in the SM [68]), heterostructure II was found to be the
ground state [Fig. 1(b)], while heterostructure I [Fig. 1(a)]
was identified as a metastable state, with an energy difference
of 200 meV per unit cell. Since both the 7-Mo,C mono-
layer and the H-Mo,C monolayer have been synthesized and
the interlayer sliding between the layers of bilayer T-Mo,C
has been reported in experiments [13], the heterostructure I
of T-Mo,C/H-Mo,C may also be fabricated by sliding the
H-Mo,C layer in heterostructure II along the Mo armchair
direction of the 7-Mo,C layer. Moreover, because the het-
erostructure I exhibits larger Berry curvature dipoles with
lower doping levels and higher superconducting 7, than those
of heterostructure II, we mainly discuss the properties of het-
erostructure I in the following. The optimized in-plane lattice
constant of heterostructure I is a = 2.906 A with an interlayer
distance d = 2.371 A, and those of heterostructure II are
a=2882 A and d = 2.378 A. The corresponding 2D Bril-
louin zone (BZ) along with the high-symmetry k points is
shown in the inset of Fig. 1(c). The main panel of Fig. 1(c)

exhibits the calculated phonon dispersions of heterostructure
I, indicating its dynamical stabilities.

Figures 2(a) and 2(b) display the electronic band struc-
tures of T-Mo,C/H-Mo,C heterostructure 1 along the
high-symmetry BZ paths calculated without and with SOC,
respectively. From the result without SOC, we can see that
there are several bands crossing the Fermi level, mainly
coming from the d orbitals of Mo atoms [Fig. 2(d)]. These
bands form several band anticrossings due to the interlayer
hybridization, which imply that heterostructure I may have
nontrivial topological properties. Figure 2(c) shows the Dirac
point [indicated by a blue circle in Fig. 2(a)] formed between
the highest valence band and the lowest conduction band
around the Fermi level in the absence of SOC. Once the SOC
effect is turned on, the band anticrossings near the Fermi level
open a continuous band gap through the whole BZ. We can
thus define the topological invariant Z, between two adjacent
gapped bands. By using the Wilson loop method [69], we
obtain the topological invariant Z, = 1 in the region 1 eV
around the Fermi level as shown in Fig. 2(b), which indicates
that heterostructure I is a topological metal [70,71]. The topo-
logical edge states are located in the projected bulk band gap
and are not buried by bulk states at Ex — 0.3 eV (see Fig. S2
in the SM [68]). Additionally, we find that heterostructure II is
topologically trivial (see Fig. S3 in the SM [68]). The distinct
topological properties of these two heterostructures stem from
the different orbital weights of their crossing bands.

B. Berry curvature dipole and nonlinear Hall effect

Due to the breaking of inversion symmetry in the
T-Mo,C/H-Mo,C heterostructures, nonvanishing Berry cur-
vatures are allowed in the momentum space [19]. More
importantly, the gapped multiple band crossings near the
Fermi level may give rise to large Berry curvatures [24].
In Fig. 2(b), the red solid line represents the calculated k-
resolved Berry curvature €2,(k) at Ep — 0.03 eV along the
high-symmetry paths of the BZ. As expected, a giant Berry
curvature peak appears at the gapped Dirac point [the blue
circle in Fig. 2(a)]. We have also calculated the distribution
of the Berry curvature in the whole BZ. From Fig. 3, we
can see that there are other gapped band crossing points near
the Er along the I'-M and I'-K lines that also have large
contributions to the Berry curvature. Interestingly, the Berry
curvatures satisfy Q.(k,, ky) = —Q.(—k,, —k,) enforced by
the time-reversal symmetry.

The positive and negative Berry curvature peaks in the
2D BZ may induce finite BCDs [44]. However, the BCDs
in the strain-free 7-Mo,C/H-Mo,C heterostructures become
vanishing due to the following reason. The symmetry group
of the two heterostructures of Mo,C is Cs,, with generator
operators Cs, and M,. Under the operation of Cs,, their ve-
locities v, and vy satisfy ve(k) + v,(C5K) 4+ v:(C5 k) =0,
vy(k) + vy(C;;k) + v,(C3 k) = 0, while the Berry curvature
Q. satisfies ©2.(k) = SZZ(C;;k) = €2,(C5k). Hence based on
Eq. (3), the Cs, symmetry ensures the vanishment of D,, and
Dy, [42]. According to previous studies, the highest symmetry
that allows a nonzero BCD in a 2D crystal is a single mirror
line [20,41,43]. In order to observe the nonlinear Hall effect
with a nonzero BCD, a uniaxial strain along the armchair (y)
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FIG. 2. Electronic band structures of heterostructure I calculated (a) without and (b) with the spin-orbital coupling (SOC) along the high-
symmetry paths of the BZ. The red lines represent the calculated Berry curvature 2, at —0.03 eV below Ep. The topological invariants Z, are
also labeled in the corresponding band gaps. (c) Three-dimensional (3D) band structure around the Dirac point indicated by the blue circle in

(a). (d) Total and partial density of states (DOS) calculated without SOC.

or zigzag (x) direction should be introduced. This uniaxial in-
plane strain reduces the symmetry from Cs, to Cy;, with only
one mirror line M, preserved. Under the M, symmetry, the
Berry curvature €2, and velocity v, are odd while the velocity
vy is even, namely, Q. (ky, ky) = —Q,(—ky, ky), (fTi Efki,
;’—lfy — 5’75 Thus, with a uniaxial in-plane strain, the BCD
component Dy, vanishes while the D, can be finite.

Figure 4 exhibits the calculated BCD components D, of
both T-Mo,C/H-Mo,C heterostructures (heterostructures I
and II) under the tensile strains along the armchair and zigzag
directions. Due to the gapped band anticrossings and the
topological phase transitions (Fig. 2), the D,, shows dramatic
changes with the varying Fermi energy. As expected, the D,,
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\ J- _102
¥ 1 '-" _104

FIG. 3. The k-resolved Berry curvature €2, of heterostructure I
in the 2D BZ at Eg — 0.03 eV. The red and blue colors indicate the
positive and negative contributions, respectively.

of heterostructure I varies rapidly and has multiple peaks
above the Fermi level as shown in Figs. 4(a) and 4(b). Under
1% tensile strain along the armchair direction, the D,, of
heterostructure I [the blue line in Fig. 4(a)] has a relatively
large value of 15 A near the Fermi level, much higher than
those of 2H-type TMDCs [39]. Remarkably, at Er 4+ 0.58 eV,
the value of D,, reaches over 40 10\, which is comparable to
that of the widely studied bilayer WTe, [25]. As shown in
Figs. 4(c) and 4(d), heterostructure II also exhibits large D,,
by varying the Fermi energy, namely, doping of electrons or
holes. In addition to the charge doping, the BCDs are also
highly sensitive to the applied strain due to the dependence of
the Berry curvature on the band structure.

With the large BCDs, an observable nonlinear Hall effect
can be generated. According to Eq. (2), nonzero D,, corre-
sponds to nonvanishing nonlinear Hall coefficients ., and
Xyxx» Which satisfy )., = —Xyxc. When we apply an incident
current, the driven second-order nonlinear Hall current den-
sity is expressed as j2* = €31 /[21*(1 + iwT)]|E|*Dy,cos6,
where 6 represents the angle between the direction of the
incident current and the BCD [19,21,41]. In the strained
T-Mo,C/H-Mo,C heterostructure, the BCD D, exists along
the zigzag (x) direction perpendicular to the only mirror line
M, (Fig. 1). Thus the nonlinear Hall response reaches the
maximum value when the incident current is parallel to the
zigzag (x) direction.

C. Potential Ising superconductivity

According to previous studies, the bulk «-Mo,C and
monolayer T7-Mo,C and H-Mo,C are electron-phonon-
mediated superconductors [71-73]. We then studied the EPC
superconductivity of the 7-Mo,C/H-Mo,C heterostructures
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FIG. 4. The calculated BCD components D, as a function of energy under tensile strains along the armchair (y) and zigzag (x) directions
for T-Mo,C/H-Mo,C heterostructure (hetero.) I [(a) and (b)] and heterostructure II [(c) and (d)].

based on the the anisotropic Migdal-Eliashberg theory [67].
The strengths of EPC were computed to be 0.98 and 0.74 for
heterostructures I and II, respectively, of T-Mo,C/H-Mo,C.
Figure 5 shows the normalized superconducting gap distribu-
tions at different temperatures for these two heterostructures.
We can see that the superconducting gap for heterostructure
I vanishes around 12 K, while heterostructure II exhibits a
lower T. of 8 K. This originates from a larger electronic
density of states (DOS) at the Fermi level in heterostructure
I than that in heterostructure II, which allows more electronic
states to couple with the phonons.

For some monolayer 2H-type TMDCs that are called Ising
superconductors, such as gated 2H-MoS,, 2H-NbSe,, and
2H-TaS,, the in-plane upper critical field B, can exceed the
Pauli paramagnetic limit by threefold to fivefold [45—48]. Due
to the breaking of in-plane inversion symmetry, an Ising-type
SOC pins the electron spins to the out-of-plane direction,
which reduces the pair-breaking effect of the in-plane mag-
netic field and results in a large in-plane upper critical field.
Thus the H-Mo,C monolayer is also a promising candidate
for an Ising superconductor.

In comparison to the case of the H-Mo,C monolayer, in
addition to the in-plane inversion asymmetry, the out-of-plane
mirror symmetry in both 7-Mo,C/H-Mo,C heterostructures
(heterostructures I and II) is also broken due to the layer
stacking. The absence of out-of-plane mirror symmetry results
in a more complex spin polarization, which is similar to that
in few-layer 17;-MoTe,, a typical in-plane anisotropic Ising
superconductor [44,52]. Figure 6(a) shows the distribution
of the superconducting gap A,k on the Fermi surface for
T-Mo,C/H-Mo,C heterostructure I at 5 K. On the whole
Fermi surface, there are finite superconducting gaps. The
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FIG. 5. Normalized superconducting gap distributions at differ-
ent temperatures for 7-Mo,C/H-Mo,C heterostructure I (a) and
heterostructure II (b). The effective screened Coulomb repulsion
constant ©* is set to 0.1.
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FIG. 6. (a) The distribution of the superconducting gap A, on Fermi surfaces for 7-Mo,C/H-Mo,C heterostructure I at 5 K. The screened
Coulomb potential p* is set to 0.1. (b) The variation in electron-phonon coupling (EPC) on the Fermi surface; the colors stand for the EPC
strength Ag,. (c) The spin polarization calculated with SOC along the S, direction.

Fermi pocket Sr; exhibits the largest superconducting gap
with 2.10 meV, and the Fermi pockets Srp and Sr; have
comparable superconducting gaps. In contrast, the supercon-
ducting gap on the Fermi pockets around the M points shows
the smallest values. On the other hand, from the momentum-
resolved EPC strengths on the Fermi surface [Fig. 6(b)], the
Fermi pocket Sr, exhibits the strongest EPC, which coincides
with the distributions of the largest superconducting gap. In
comparison to the spin polarization calculations [Fig. 6(c)],
the Fermi pockets Sr; and Srs with large superconducting
gaps are precisely fully spin polarized along the out-of-plane
direction. Similarly, the Fermi pockets around the I" point (St)
and the K point (Sk) at Er + 0.15 eV for heterostructure 11
also show out-of-plane spin polarization; meanwhile, sizable
EPC strengths and superconducting gaps are exhibited on
the same pockets (see Fig. S4 in the SM [68]). Thus the
in-plane upper critical field could be enhanced by the Cooper
pairs formed by these electrons. The estimated Ising spin-
orbit field Hsoc is Asoc/2up = 457.8 T for heterostructure
I, which is comparable to that of monolayer NbSe, [47].
Thus we propose that the 7-Mo,C/H-Mo,C heterostructure
could potentially be an Ising superconductor. Our theoretical
proposals regarding 7-Mo,C/H-Mo,C heterostructures need
to be confirmed by future experimental studies.

IV. DISCUSSION AND SUMMARY

The emergence of the nonlinear Hall effect requires a non-
vanishing BCD. So far, studies of the nonlinear Hall effect
mainly include three kinds of materials: noncentrosymmetric
topological materials such as ultrathin WTe;, [26,27,33,38],
some ferroelectric-like metals as LiOsO3 [29,42], and some
topological trivial materials [40,43,44]. However, experimen-
tal observations of the nonlinear Hall effect are mainly con-
fined to 2D materials, while the reported 2D heterostructures
that host sizable BCDs are very rare. In this paper, we theo-
retically construct two dynamically stable 7-Mo,C/H-Mo,C
heterostructures. The calculated BCD can reach over 40 A
at Er + 0.6 eV under 1% uniaxial strain along the armchair
direction in heterostructure I, which is comparable to that
in bilayer WTe, and much higher than that in monolayer
2H-type TMDCs. As the H-Mo,C and 7-Mo,C monolay-
ers have been successfully fabricated and bilayer 7T-Mo,C
with different stacking orders has also been realized [13],
the 7-Mo,C/H-Mo,C heterostructures should be feasible in
experiments. In addition, the piezoelectric substrate and the

ionic-liquid gating voltage that can be used to apply the strain
[43] and tune the Fermi level, respectively; thus the nonlinear
Hall effect of the T-Mo,C/H-Mo,C heterostructures could be
further modulated.

According to the EPC calculations, the superconducting
T.’s for heterostructures I and II of T-Mo,C/H-Mo,C are
estimated to be 12 and 8 K, respectively. Given the absence
of inversion symmetry and the presence of a strong SOC
effect, these heterostructures may host exotic Ising pairing,
which can result in large in-plane upper critical magnetic
fields beyond the Pauli paramagnetic limit [50]. Furthermore,
our theoretical analysis reveals heterostructure I to be a Z,
topological metal, whose edge states near the Fermi level
can form the equivalent topological superconductivity via a
proximity effect. Thus heterostructure I may also provide a
playground for exploring topological superconductivity and
the Majorana zero modes [74].

In summary, we have theoretically constructed two types
of T-Mo,C/H-Mo,C heterostructures and then investigated
their nonlinear Hall effects and superconducting properties.
Based on our calculation results, the coexistence of large
BCD and potential Ising pairing can be realized in the
T-Mo,C/H-Mo,C heterostructures. The large BCD can in-
duce a significant nonlinear Hall effect, while the potential
Ising superconductivity can sustain a large in-plane upper
critical field. As the H-Mo,C and T-Mo,C monolayers have
been successfully fabricated, the predicted exotic properties
could be realized by experiments in the future. Therefore
the 7-Mo,C/H-Mo,C heterostructures provide an interest-
ing playground for future experimental explorations of the
nonlinear Hall effect, Ising superconductivity, and potential
topological superconductivity.
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