arXiv:2207.01471v3 [cond-mat.str-€l] 18 Jan 2023

Mottness in two-dimensional van der Waals Nb;Xg monolayers (X=Cl, Br, and I)
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We investigate strong electron-electron correlation effects on 2-dimensional van der Waals materials Nb; Xg
(X=Cl, Br, I). We find that the monolayers Nb;Xs are ideal systems close to the strong correlation limit. They
can be described by a half-filled single band Hubbard model in which the ratio between the Hubbard, U, and the
bandwidth, W, U/W = 5 ~ 10. Both Mott and magnetic transitions of the material are calculated by the slave
boson mean field theory. Doping the Mott state, a d,2_» + id,, superconducting pairing instability is found. We
also construct a tunable bilayer Hubbard system for two sliding Nb; X5 layers. The bilayer system displays a

crossover between the band insulator and Mott insulator.

INTRODUCTION

Strongly correlated materials display very rich intriguing
physical properties [1]. For instance, the cuprates display an-
tiferromagnetic Mott insulator, pseudogap, non-fermi liquid
and many other unexpected phenomena besides their high-
temperature superconductivity [2, 3]. To uncover the micro-
scopic nature of these phenomena, different theoretical meth-
ods and numerical techniques, including resonating valence
bond (RVB) [3], slave-boson mean-field [2], Gutzwiller ap-
proximation [3], dynamical mean-field theory (DMFT) [4],
density matrix renormalization group (DMRG) [5] etc., have
been developed. However, despite the tremendous efforts
over the last forty years, strongly correlated models are barely
solved. One of the major difficulties is that the correlated ma-
terials are often complicated by a strong interplay between
spin, orbit, charge and lattice degree of freedoms [6—8]. For
example, all five d-orbitals are intertwined in iron-based su-
perconductors [9, 10]. Plain-vanilla systems with minimum
parameters are highly desirable in strongly correlated mate-
rials. Twisted bilayer graphenes (TBG) with nearly vanish-
ing bandwidth have been considered as ideal systems to in-
vestigate strong correlation in 2-dimensional (2D) van der
Waals (vdW) materials [11-20]. But in reality, the low energy
physics of TBG is not simple enough because of the interplay
between layer, spin and valley [21-23].

Recently, Na3Clg has been shown to be a simple Mott insu-
lator [24]. Using angle-resolved photoemission spectroscopy
(ARPES), photoluminescence spectroscopy (PL) and DMFT
calculations, a half-filled flat band with U around 0.8 eV~1.2
eV was observed in NasClg [24]. Additionally, a Joseph-
son junction using Na3Brg thin flake as a barrier also leads
to a long-term chasing superconducting diode effect without
the magnetic field, which is related to the strongly correlated
nature of this material [25-33]. All these findings show the
Nb3;Xg (X=Cl, Br, I) may be an ideal platform to study cor-
relation physics. In this work, we carry out a comprehensive
investigation of the few layers Nbs;Xg. Using the monolayer
Nb; X3, Mott insulator and magnetism at half-filling are found
and the doping instability towards unconventional supercon-

FIG. 1. a, The Nb Kagome lattice dominates the physics of Nb;Xs.
The lattice is unstable towards two possible trimerization structures
Trimer-1 and Trimer-2. b, The monolayer band structure (in unit of
eV) of Nb;Brg with DFT calculation (red line) and Wannierization
fitting TB (blue line). ¢, The bilayer band structure of Nb;Brg. d, The
monolayer band structure of Nb;Clg. e, The bilayer band structure
of Nb3 Clg .

ductivity is discussed. Furthermore, a controllable bilayer
Hubbard model is constructed by sliding two-layer Nb3;Xs,
where the crossover between the band insulator and Mott in-
sulator takes place.

TIGHT-BINDING MODEL

We start from the non-interacting electronic structure of
Nb3;Xg using density functional theory (DFT) calculation and



Wannierization. The crystal structure of bulk Nb;Xg materi-
als is a standard vdW structure by stacking NbsXg along the
¢ direction [34—40]. Owing to the modern development in
cleavage technique, reducing vdW materials down to a few
layers and monolayer has now become a routine procedure
[41, 42]. Hence, we will focus on the few-layer properties of
Nb;Xs. Both the bulk and monolayer Nb;Xg electronic struc-
ture are dominated by the Nb 4d orbitals, where Nb atoms
form a Kagome lattice as shown in Fig. la. However, the
Nb Kagome lattice is not a stable structure with instability to-
wards trimerization. Since the Kagome lattice is formed by
two corner-sharing triangles, there are two ways of trimer-
ization, Trimer-1 and Trimer-2, as illustrated in Fig. 1a. Be-
cause of this trimerization, the low energy theory of Nb3 Xy is
changed to a triangle lattice formed by Nbj clusters. For in-
stance, the band structure of monolayer Nb;Brg around Fermi
level is simply one-band, as shown in Fig. 1b. And this band
is formed by the 2a; molecular orbital of Nb 4d. trimers
[24, 36, 38]. Therefore, the Kagome lattice is reduced to a tri-
angle lattice with a doubled effective lattice constant. Taking
into account the in-plane weak hopping of d., the bandwidth
W is largely reduced down to 0.096 eV. Similarly, the band
structure of monolayer NbsClg is also showing a one-band
character with W around 0.2 eV, as plotted in Fig. 1d. The
band structure of Nbslg is shown in the Supplemental Mate-
rials (SM) [43] (see also reference 1-3) with a bandwidth
around 0.196 eV. Because of the similarity of these systems,
we will take Nb;3Brg as an example in the following discus-
sion.

Although the monolayer Nb;Clg and Nb3Brg look similar,
their ways of stacking are quite different. In Nb;Brg, each Nb
layer is trimerized into Trimer-1 while the Nb3;Clg layers are
trimerized into Trimer-1 and Trimer-2 alternatively. Hence,
the NbsBrg bilayer is an insulator owing to the strong inter-
layer hybridization of d,» orbitals, as plotted in Fig. 1c. On
the other hand, the Nb;Clg bilayer is weakly coupled owing
to the misalignment between two trimers, as shown in Fig. le.

Taking all above facts into account, we can construct the
tight-binding (TB) model of Nb3;Xg by Wannierization. The
TB model of Nb3Xg monolayer can be written as

Hy = Z tijCZU—Cj,LT +hc —pu Z C';tD_C,',O— (1)
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Here, we have included the hopping parameters up to the
third-nearest-neighbours, with #; = 5.4 meV, r, = 5.7 meV,
t3 = —6.3 meV. As compared in Fig. 1b, this TB model can
faithfully describe the Nb3Brg. Then, the interaction term is
added as the Hubbard model

H1 = UZniTnil (2)

To treat Hubbard interaction non-perturbatively and study
possible noncollinear magnetism in triangular lattice, we
apply the SU(2) spin-rotation invariant Kotliar-Ruckenstein
slave boson theory [47] and represent the local Hilbert space
by a spin-1/2 fermion f; and six bosons e, d, and p, (u =

0,1,2,3) for empty, doubly-occupied, and singly occupied
sites respectively [47-50]: |0) = ef|vac), |T]) = deffTTlvac),

1,23 and 70 are Pauli and

and o) = %f;p;f;,vlvac) where T
identity matrices [48—50]. Then, the hopping terms are renor-
malized to c,lrfg:fg W j, where t//j =( flTT, flj) and g; is the renor-
malization factor defined in SM. The Hubbard interaction is
written as U ); djdi with other local constraints discussed in
SM. Then a mean-field solutions are obtained by boson con-
densation, which are equivalent to the Gutzwiller approxima-

tion [49].

The paramagnetic solution of the above model can be ob-
tained by setting p,/,/, expectation values to zero. The metal-
insulator transition [51] is hallmarked by chasing the doublon
density ny = (d]d;), which is plotted in Fig. 2a. The ny lin-
early decreases as U increases before reaching the Brinkman-
Rice (BR) transition [52] at Ugg = 158 meV, where the
renormalization factor g; vanishes signaling a Mott transition.
Since the Nb Hubbard U is expected to be 0.8~1.2 eV far
beyond Upgg, the monolayer Nb;Xg lies deep inside the Mott
phase. Hence, we need to consider the magnetic solution.

It is widely known that triangle lattice is a highly frustrated
spin system with non-trivial magnetic solutions. The ground
state of nearest-neighbor triangle Hubbard model at large U
limit and Heisenberg model is V3 x /3 antiferromagnetism
(AFM) with 120° ordering. The large U limit of Nb;Brg can
also be mapped to a highly frustrated J; — J, — J3 Heisenberg
model. Using slave boson mean-field, a 120° AFM order is
found beyond the critical value U. = 93 meV, as shown in
Fig.2b. Due to the limitation of mean-field theory, other ex-
otic phases like the quantum spin liquids will be left to future
work [53, 54].

RANDOM PHASE APPROXIMATION

Besides the Mott transition at half-filling, many interest-
ing phenomena can show up by doping a Mott insulator, es-
pecially the unconventional superconductivity (SC) . For ex-
ample, a very rich phase diagram emerges for a broad dop-
ing range in the strongly correlated triangle lattice material
Na,CoO, with unconventional superconductivity [55, 56].
This superconductivity is widely believed to emerge from
doping a Mott insulator with possible time reversal symmetry
breaking [57, 58]. The high carrier tunability of 2D materials,
through gating and ionic liquids etc., provides a direct way of
doping this Mott insulator [21, 42]. To study the supercon-
ductivity instability, we apply a random-phase approximation
(RPA) study by hole doping the system [59, 60]. Within the
RPA approach, the spin susceptibility y*(q) and charge sus-
ceptibility y“(q) are given as:
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FIG. 2. a, Using slave boson mean field, the paramagnetic solution
of monolayer Hubbard model is determined by the double occupancy
ny. The BR transition towards Mott occurs at Ugg = 152 meV. b, The
magnetic expectation value S of monolayer Hubbard model with a
phase transition towards V3x V3 AFM at U = 93 meV. ¢, The Fermi
surface of monolayer Nb;Brg at hole doping x = 0.1. d, The various
SC pairing instabilities determined by RPA approach. The leading
instability is the E; channel (black line) or d,2_» +id,, channel. The
subleading one is the A, s-wave channel (red line).

where the x°(q) is the noninteracting susceptibility. The ef-
fective pairing interaction V(q) is constructed as

Vig) = —UU (@) - —U @+ 5 U “4)
with n = % for spin-singlet state and n = —% for spin-
triplet state. It governs the superconducting pairing instabili-
ties through the linearized gap A(Kk) equation
2 LA TE Wy i) )

e — (&)

Yk’

AAKk) =

where N is the number of sites, g is the eigenband of Eq. 1,
f(e) is the Fermi distribution function, and A is the eigenvalue
for the gap equation.

We solve the gap equation for the hole dope case with
x=0.1, whose Fermi surface is shown in Fig. 3¢ and tem-
perature T=1 meV for various values of U within a mesh of
60x60 k points. The dominant pairing symmetry is deter-
mined by the gap function A(k) whose eigenvalue A become
unity firstly. By an approximate Dg;, point group symmetry,
the gap functions can be classified as its irreducible represen-
tations. In Fig. 2d, we plot several dominated gap function
eigenvalues A as a function of U. The leading SC instability is
found to be E>, channel, which corresponds to the d,>_y» +id,,
pairing symmetry. And this d,>_y> + id,, pair breaks the tlme—
reversal symmetry with the possible non-trivial topological
property [58]. In the current case considered with hole-doping
x=0.1, the system with a next nearest neighbor d,>_,» + id,y,
pairing has Chern number +6 with more details of the calcu-
lation shown in SM [43]. The sub-leading instability is the
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FIG. 3. a, The bilayer Nb;Br; is used to construct a bilayer Hubbard
model. By parallel sliding the top layer with distance r, the inter-
layer coupling ¢, can be accurately adjusted. This sliding approach
can be used to study the phase diagram of bilayer Hubbard model.
b, The phase diagram of bilayer Hubbard model as function of U
and 7,. The red line is the metal-insulator phase transition line de-
termined by DMFT. There is a crossover between the band insulator
limit and Mott insulator limit. We also use the slave boson mean field
to find approximate boundary of BR transition (dashed lines), where
the metal-insulator transition line is beyond this approach. The rough
positions of bilayer Nb;Brg and Nb;Clg are also labeled by pink star
and green star respectively.

Aj, s-wave and other triplet channels are far away from spin
singlet ones.

BILAYER HUBBARD MODEL

Besides the charge tunability, the flexibility of 2D materi-
als and modern electronic techniques make the precise control
and engineering of materials and devices possible. Successful
engineering in small-angle twisted bilayer graphene provides
a standard paradigm for this approach, where the bandwidth,
interaction screening etc. can be adjusted [11, 12, 21]. Mo-
tivated by twisted bilayer graphene, we can also design the
bilayer Nbs;Xs. By introducing the layer index /, the bilayer
system can be written as

H= ZZI,JCI c]15+Ztlcl Cing + h.c. +UZ”lenzll

=12 ijo
(6)
where the ¢, describes the interlayer coupling. Notice that
the structure difference in Nb3;Clg and Nb;Brg materials leads
to a huge difference in ¢, as discussed above. Therefore, the



bilayer system can be tuned by sliding the top layer with dis-
tance r, as illustrated in Fig.3a. Then, the ¢, can be approxi-
mately written as

1.(r) = to exp(=r/ro) (7

where r is defined as the in-plane distance reference to Nbs;Brg
case in Fig.3a, #p = 152 meV is the interlayer coupling
strength of Nb3Brg and ry is a decay length by fitting the value
at Nb;Clg, which is around 0.9 ~ 1.2A.

Hence, the sliding bilayer system is one tunable system by
controlling #,, which can be used to study the bilayer Mott
transition. In the U = 0 limit, the system undergoes a phase
transition from metal to band insulator at large ¢, . On the con-
trary, if ¢, is zero, there is a Mott transition as discussed in the
monolayer system. One interesting question arises: whether a
Mott insulator and a band insulator are fundamentally differ-
ent? This question has been widely discussed using both nu-
merical and analytical approaches [8, 61-64]. Both crossover
and phase transition between them have been identified [65—
70]. The sliding design here may provide a way to settle down
this debate.

Theoretically, we carry out a DMFT study of this model,
where the spatial fluctuations of the self-energy are ignored
with X(k, iw,) ~ X(iw,) [4]. The Hubbard model is further
mapped to an Anderson impurity model embedded in an in-
teracting bath with the same self-energy [4]. Here, we use
the hybridization expansion continuous-time quantum Monte
Carlo package iQIST as the impurity solver [71, 72].

For the bilayer Hubbard model, the self-energy becomes a
2x2 matrix £(iw,). To simplify the impurity calculation, it is
more convenient to use the band basis. The band basis ay 4
(a = %) is easily obtained as

1
e = —=(Ci 10 £ Cr20) (®)

V2

with eigen-energy E.(k) = e(k) + ¢, and e(k) is monolayer
band eigenfunction. The intereaction terms are transformed
into the multi-orbital Hubbard model as

H; =Uj Z Njatfie) + U, Z Mot fiar)

i,a Laza’
TooT TooT ©)
-J Z (ai,aTai,a/lai»ﬂ"Taiﬂl + ai,aTai,glai’(Y'Tai,(Y'l)
La#a’
where Uy = U, = J = % Then, the self-energy matrix be-
comes diagonal as
o [Zw) 0
2(iw,) = ( 0 S_(iw,) (10)

Using DMFT method, the phase diagram of bilayer Hub-
bard model is obtained, shown in Fig.3b. Besides the U = 0
transition and ¢, transition discussed above, a metal-insulator
transition line U,(¢,) (red line in Fig.3(b)) is found by DMFT.
As shown in Fig.3b, U.(0) = 158 meV as the monolayer
value. However, U, (f,) keeps decreasing as ¢, increases be-
fore reaching the transition point at #;, ~ 48meV and U = 0.

Besides the metal-insulator transition, no other phase tran-
sitions are found from the DMFT calculation. The transi-
tion between band insulator and Mott insulator is a crossover
[66, 67]. This result shows there is no fundamental difference
between band insulator and Mott insulator. To understand this
crossover, we can study the single-site local interaction A,
problem with two electrons defined in SM. The eigenenergy
and eigenfunctions for this problem are listed in TABLE 1.

’nH Eigenstate |[',) ‘ Er, ‘
L[ 111,000 = 210, T0)a | U/2 = y1682 + U?/2
2 1T a=14Th 0
3 [T, Da 0
4 [, 1) 0
S5 I Da+14 T U
61 T1.0), + 10, Ty |U/2 + \/16& + U?/2

TABLE I. Eigenvectors [I',,) and their eigenenergy Er, for the single-
site local interaction problem with two electrons. The eigenvectors
here are defined in the band basis with subscript a. The first and
second components of the state |1st,2nd), stand for the a_ and a,
electrons respectively. We also drop out the normalization factor for

: — U ’ U
convenience. Here, { = —— .0 = .
V162 +U2+41, V162 +U2-41,

In TABLE I, we can find the lowest energy state of two
electrons is Er, with mixing between | T],0), and |0, T|),.
Clearly, in the U = 0 limit, the ground state of the lattice
model is the double occupied the E_(k) bands formed by the
local eigenstate | T],0),. This state is exactly the lowest en-
ergy state [[';) at U = 0 limit. On the other hand, in the large U
limit, [I';) will be close to a local bound state | T, 0),—10, T!)4.
Switching back to the original c-basis with the two compo-
nents of |, ). corresponding to the electrons on the two layers
respectively, this state becomes | T,|). = | |, T)c + i(| Tl
,0)c +10,T0)c) with € = Er,. This approach is similar to the
Heitler-London H, molecule theory, which leads to valence
bond theory in chemistry [6, 7]. And this bound state forms
the Mott insulator in the large U limit. Therefore, a band in-
sulator will smoothly evolve into the Mott insulator without
any phase transition [66, 67]. More than that, both the band
insulator state and Mott insulator bound states are spin sin-
glet states, which is consistent with experimental results in
the bulk Nbs X5 [36, 38]. Moreover, we calculate the exact re-
tarded Green’s function in the atomic limit with more details
shown in SM [43]. From the pole structure of the Green’s
function, we see that the interlayer hopping ¢, splits the two
Hubbard bands into four which is confirmed by the ARPES
results [24].

In summary, we carry out a comprehensive study of the
correlation physics in monolayer and bilayer Nb3;Xg. The
monolayer Nb3Xs is found to be a highly correlated narrow
band system with U/W around 5~10. The Mott transitions
are investigated by the slave-boson mean field. Because of
the carrier tunability of 2D materials, the superconductivity
instability is found to have d»_» + id,, pairing. Addition-
ally, by sliding two NbsXg layers, a tunable bilayer Hubbard



system is achieved. The bilayer model is further investigated
by DMFT, where a crossover between the band insulator and
Mott insulator is found. All these findings show that the 2-
dimensional van der Waals Nb3;Xg is a new platform for cor-
relation physics. We hope our work gives a comprehensive
understanding of this material and provides a new route to-
ward correlation effects in 2D.
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Supplemental Material: Mottness in two-dimensional van der Waals Nb;Xg monolayers (X=CI, Br,
and I)

COMPUTATIONAL DETAILS OF THE FIRST-PRINCIPLE CALCULATION

Our density functional theory (DFT) calculation is performed by Vienna ab initio simulation package (VASP) code [S1] with
the projector augmented wave (PAW) method [S2]. The Perdew-Burke-Ernzerhof (PBE) [S3] exchange-correlation functional
is used in our calculation. The kinetic energy cutoff is set to be 600 eV for the expanding the wave functions into a plane-
wave basis. The energy convergence criterion is 10~7 eV and the I'-centered k-mesh is 12 x 12 x 2. The monolayer Nb3Xg
(X=Cl1,Br,]) is fully relaxed with built-in 40 A thick vacuum layer while forces are minimized to less than 0.001 eV//o\. The
hopping parameters of tight-binding models are fitted from DFT-calculated band structures of monolayer Nb3Xg. The band
structure of Nb;Clg and NbsBrg are already shown in Fig.1 of the main text and the band structure of NbsIg is shown in Fig. S1.

0.2
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-0.2 ' '
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FIG. S1. The monolayer band structure of NbsIg with DFT calculation (red line) and Wannierization fitting TB (blue line) with the bandwidth
around 0.196 eV.

LOCAL INTERACTION PROBLEM FOR THE BILAYER HUBBARD MODEL

The crossover between band insulator and Mott insulator can be understood from the local site problem of two electrons. The
local Hamiltonian for the single site model can be written as

0 1T, T
U, -J IT, Lo
ﬁl()c — _J UV H«s T)a (Sl)
0 14s {)a
=21, + Uy J IT4,0)a
J 2t +Uo ) 10,Tl)a
in the 2-electron band basis | T, T)a, | T, L)as | 4, Das | L Ly | T4, 0), and |0, T]),, which is defined as
ooy, = aLT,aLT [0)
14,00, = a’ a’,10) (S2)

10,71), = @} a, [0)



Here, U, = J = Uy = % The local interaction model in the original basis is

0 IT, De
0 LA T, {)e
.- T 55
0 1 e
1~y U 0 [ITL,0)
t, —t, 0 U )I0,7L)

in the 2-electron orbital basis | T, T)e, | T, Ler | L, es | Ly Les | TL, 0)¢, and |0, T1). defined as

o, 07)e = czf, clf, 0)
|T~L7 O>c - cll lT |0> (S4)
10, 10)e = 5,5 IO)

Diagonalizing H),. leads to the eigenvalues and eigenstates in TABLE 1.

To see the difference between band and Mott insulator, we study the properties of the retarded Green’s function in the two
limiting cases. Deep in the Mott insulator case, we consider the atomic limit. In the zero temperature limit, the Lehmann
representation of the Green’s function leads to the local Green’s function as

(Olaqeny (nlal, 10} (Olal,,.In) (nlaer|0)
W‘“T(w) Z W — Wyo + 1 * W+ wyo + I

n

(85)

where, |n) runs over all the eigenstates of the local Hamiltonian Ao — yIV , |0) is the ground state corresponding to |I'}) listed in
TABLE I of the main text for the case with half filling and w,o corresponds to the energy difference between states |n) and |0)
and 7 is an infinitesimal positive number. Here since |0) contains two electrons, |n) has to be the states with either one or three
electrons. The local Hamiltonian in the 1-electron and 3-electron sectors are

_tL |T’ 0>a
I:Iloc = R H/’ 0>a (S6)
fy 10, T
t1 ) 10,1),
and
UO + Uv i |T~Ls T)a
A Up+ U, -t s
A, - 0 L ML 7
U() + Uv + tL |T7 T~L>a
Uo+U,+1t1) 1, T
The calculated Green’s function is diagonal in both spin and band basis and can be written as
1 2
+ S8
Gar @) = 1+2 |w—(at, +Ey—p)+in w—(at, +E;—p)+in (58)

- U 1 2 2 s .
where, { N and £, = 5(U £ [16t7 + U?). Clearly, the Green’s functions have four poles located at +¢, + E, for

energy measured from the chemical potential u, so that sufficient larger interlayer hopping ¢, can split the two Hubbard bands
into four which is confirmed by the ARPES experiment [S4]. On the other hand, in the band insulator limit with vanishing U,
the Green’s function is easy to get which can be written as

1

Mw(w) T w- (ex +at, —p)+in (59)

which only have two poles located at g; + ¢, for energy measured from y. The difference in the number of poles of the Green’s
function can serve as an experimental feature to differentiate the two insulating states.



SLAVE BOSON APPROACH

In the Kotliar and Ruckenstein slave boson method, the local Hilbert space is represented by a spin-1/2 fermion f, and four
slave bosons: e (holon), d (doublon), and p,,, so that the empty state |0) = e |vac), the singly occupied state |o7) = pZ_ f(i [vac)
and the doubly occupied state [T]) = d' ff fTT [vac). The completeness of the local Hilbert space requires that the slave bosons
satisfy the local constraints as,

Qi =elei+ Y pl pio+d,dis—1=0 (S10)

and the equivalence between the fermion and boson representation of the particle density requires the further constraint as,
Oio = plopic +didi— £ fir =0, (S11)

Then the Hubbard model can be faithfully written as

H = 18l 8ol fio +he.+ U Y didi - Z £l fir - Z @iQ; — Z Ao Oicr (S12)

ijo i

where the @; and 4, are Lagrange multipliers to enforce the constraints and g, are the renormalization factors introduced for
the hopping terms as

1 . —_
8io = Ll’(,z- (e,' Dic t+ pzﬁ-dz) Ri,

| ol—

(S13)

S

withL;, =1 —d;di - pz(r pDicand R s = 1— ejei - pz(r Dio- The mean-field solution corresponds to condensing all the boson fields
uniformly which are determined self consistently by minimizing the ground state energy < H > with respect to the condensed
boson fields as well as the Lagrange multipliers (e;, d;, pi o, @i, dio)=(e, d, ps, @, A,). For the uniformly condensed boson fields,
the Hamiltonian Eq. S12 can be written in momentum space as

H= g hi o Joo + o= @+ 20 D fi fio + NUE = Nodg(pl + &) = Nyl + ) po +d2 = 1) (S14)
ko k o
where
ek = 2t1 (cos(ky) + cos(ky) + cos(ksz)) + 21, (cos(ky + kp) + cos(ky + k3) + cos(k; — kp)) S15)
+ 213 (cos(2ky) + cos(2k») + cos(2k3))
with ki = ky, ko = Lk, + Ly, ks = — 1k, + Lk, and
_1 _1

gr=(1-d"=p2) " (epr+psd) (1 - = p}) * . (S16)

We solve for the boson field numerically in a mesh of 600x600 k points via minimizing the ground state energy (H) with respect
to (e, d, ps, @, A,) together with the chemical potential u determined from the average particle density n = (1/Ny) 33 » < flT - fw> =
1 — x. The determined phase diagrams for nonmagnetic and magnetic solutions are shown in Fig.2a,b of the main text.

TOPOLOGICAL PROPERTY OF THE d+id SUPERCONDUCTOR

As mentioned in the main text that the d,>_,» + id,, pair breaks the time-reversal symmetry which can lead to possible non-
trivial topological property. Here we take the dy»_,» + id,, pairing symmetry with the next nearest neighbor pairing for the
monolayer system as an example to show the non-trivial topological property. The total Hamiltonian of the superconductor can
be written as

H= kZ(ak — el o+ zk](AkaTcikl +he) = zk: I (S17)

For the next nearest neighbor d,»_» + id,, pairing, the pairing potential has the form Ay = A = Ag [y (k) + iy2(k)] with

y1(k) = 2 cos(ky + k3) — cos(ky + ky) — cos(ky — k3) (S18)



72(k) = = V3 [cos(ki — ks) — cos(kz + k3)] (S19)
with ki = kv, ky = kot Ly, ks = — 1k, + 2k, which satisfies the relation A%, , = ¢*/¥ A* under the C3 rotation. To determine

the topological property of the superconductor, we calculate the Berry curvature of the system as
Q,,(k) = i (Vi (kO X |Vieun (k) (520)
where, u, (k) is the nth eigenstate of 4y, so that the Chern number can de determined as

e = [ %a,w (s21)
2

(D - D

FIG. S2. Location of the poles (red and green dots) of the pairing potential A} together with the Fermi surface (blue lines) of the mono layer
system with hole doping x=0.1. Here, the black hexagon corresponds to the Brillouin zone.

For the monolayer system with hole doping x=0.1, we find the Chern number C = +6 for A}’ pairing. This can be understood
from the poles of the pairing potential A} that are enclosed by the Fermi surface of the normal state system [S5]. Here for the
case we consider, the Fermi surface encloses six poles as shown in Fig S2, each of which contributes +27 of the Berry curvature,
so that the total Chern number C = +6 for A} pairing superconductor.
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