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p + ip-wave pairing symmetry at type-II van Hove singularities

Yin-Xiang Li"f, Xiao-Tong Yang!'

L Tin Ka-Ping College of Science, University of Shanghai for Science and Technology, Shanghai 200093, China
Corresponding author. E-mail: Tyinziangl@usst.edu.cn
Received November 20, 2020; accepted March 5, 2021

Based on the random phase approximation calculation in two-orbital honeycomb lattice model, we
investigate the pairing symmetry of Ni-based transition-metal trichalcogenides by electron doping
access to type-II van Hove singularities (vHs). We find that chiral even-parity d + id-wave (E,) state
is suppressed by odd-parity p + ip-wave (F,) state when electron doping approaches the type-II vHs.
The type-II vHs peak in density of states (DOS) enables to strengthen the ferromagnetic fluctuation,
which is responsible for triplet pairing. The competition between antiferromagnetic and ferromagnetic
fluctuation results in pairing phase transition from singlet to triplet pairing. The Ni-based transition-
metal trichalcogenides provide a promising platform to unconventional superconductor emerging from
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electronic DOS.
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1 Introduction

In the past decades, novel topological states of quantum
matters are the active and attractive topics in condensed
matter physics. The discovery of quantum spin Hall in
HgTe has boosted the search of two-dimensional (2D)
topological insulator [1, 2]. After that, three-dimensional
(3D) topological insulators and topological semimetals
have also been verified in both theoretical calculations and
experiments [3-9]. Meanwhile, topological superconduc-
tor [10-17] has also attracted tremendous attentions due
to the development of topological insulator. The topolog-
ical superconductor with particle-hole symmetry can host
Majorana zero mode which may be potentially employed
in realizing topological quantum computation [18, 19]. Es-
pecially, it is interesting that 2D chiral p+ip wave topolog-
ical superconductor in magnetic vortex cores can host Ma-
jorana zero modes [20]. Recently, the outstanding stud-
ies are experimental evidences for Majorana bound states
in an iron-based superconductor FeTeg 555€e.45 by scan-
ning tunneling spectroscopy [13, 21, 22]. Thus, searching
for intrinsic topological superconductor is the active and
prominent field in condensed matter physics.

2D materials include not only quantum spin Hall in-
sulators and Chen insulators, but also unconventional
superconductor as doped twisted bilayer graphene [23-
26]. Among them, ternary transition-metal phosphorus
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trichalcogenide (TMPT) compounds APXj3 (A = 3d tran-
sition metals; X = chalcogens) have attracted enormous
attention due to antiferromagnetic (AF) ordering as a hint
for significant electronic correlations [27-31]. By suppress-
ing AF order with external pressure, superconductivity
emerges in iron-based TMPT compounds such as FePSes,
with the highest T, found at about 5.5 K [32]. The crys-
tal structure of the TMPT family APX3 consists of edge
shared AXg octahedral complexes and P2 dimers. Tran-
sition metal atoms are arranged in a hexagonal lattice. In
the octahedral crystal field, five 3d orbitals of transition-
metal atoms split into high-energy e, orbitals and low-
energy lo, orbitals. For FePX3 with Fe?T ions (d®), it is
an ideal system to study the high-to-low spin-state tran-
sition by pressure. For the case of NiPX3 with Ni?* d®
filling configuration, ty;, bands are fully occupied while
eg bands are half filled and dominate the spectral weight
near the Fermi level. Theoretical calculations suggest that
charge doping can suppress magnetic order, and supercon-
ductivity can eventually be achieved for NiPSs [33].
With increasing electron doping, the system far away
from half filling and approaches type-II van Hove singu-
larities (vHs) [34] along I'-M and I'-K high symmetry
line. For 2D superconductor, a vHs in the density of states
(DOS) was proposed to drive a substantial enhancement
of interaction effects and to promote the unconventional
superconductor [34-45]. In general, superconductors with
type-I vHs (the saddle points locate at time reversal in-
variant momentums (TRIMs)) favor singlet pairing. For
type-1I vHs superconductors (the saddle points at gen-
eral k points), the triplet pair can compete with singlet
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pair [34]. By random phase approximation (RPA) calcu-
lation in honeycomb lattice, we find that the p + ip-wave
(E,) pairing is enhancing and then overcomes an I-wave
(Agg) state and a chiral d-wave (E;) state when electron
doping from half filling to type-II vHs.

In this paper, the pairing symmetry of Ni-based
transition-metal trichalcogenide superconductor is stud-
ied near type-II vHs, away from half filling 0.14 eV. Within
RPA pattern, we use two-sublattice two-orbital Hubbard
model to calculate the pairing symmetry of 2D van der
Waals (vdW) material NiPS;. We find that the chiral
even-parity d + id-wave (E,) state is suppressed by odd-
parity p + ip-wave (E,) state when electron doping ap-
proaches the type-II vHs. In the lower doping level, chiral
even-parity d + id-wave (E,) is the dominant pairing in
the system [46]. There exist pairing phase transition for
this 2D superconductivity material, from singlet pairing
to triplet pairing. The increasement of DOS from type-11
vHs will strengthen the triplet pair. The pairing result
from RPA is consistent with the analysis from spin sus-
ceptibility calculation. The peak of spin susceptibility in
I" implies ferromagnetic fluctuation will be responsible for
triplet pairing. The Fermi surface nesting from intra
pockets promotes the instability of ferromagnetic fluctua-
tion.

The paper is organized as follows. In Section 2, we
present the band structure, DOS and Fermi surface from
two-sublattice two-orbital tight-binding model based on
ey orbitals (d,, and d,. orbitals). We find that type II
vHs are only 0.14 eV above the Fermi level. In Section 3,
we show the formalism of RPA approach for superconduc-
tor pairing based on multi-orbital Coulomb interactions.
In Section 4, we analyse the spin susceptibility and pair-
ing symmetry when electron doping is closing to vHs. The
triplet pairing p+ip (E,,) is the leading superconductivity
state, which is caused by ferromagnetic fluctuation. Fi-
nally, we summarize and discuss these results in Section
5.

2 Electronic structure

The nickel phosphorous trichalcogenides compounds
NiPX; (X=S, Se) are 2D vdW materials, which consist
of layered hexagonal structures [33]. Each layer is con-
structed by M Xg edge-shared octahedral complexes. In
this octahedral environment, the five d orbitals of Ni atom
are split into ¢y, and e, groups. The e, orbitals are
close to half-filling while the ¢z, orbitals are fully filled.
The physics near Fermi surface are mainly from the d,.,
and d,, orbitals. In order to capture the low-energy
physics, we use two-sublattice two-orbital tight-binding
model on honeycomb lattice. The corresponding tight-
binding model [33] is given by

HO = Z Z hfljf(k)clt:a,uackﬁl’a = sz‘:ah(k)wkaa (1)
k

kap pro
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with ¢}, = (ClTeAlzﬁchAQa’CLBIJ’CLBQU)' Here o, f§ are
the sublattice indices (A, B) and p, v are the orbital in-
dexes (dqz,dy:). ¢, creates a spin o electron with mo-
mentum k in p orbital on a sublattice. The matrix ele-
ments of hfj,@ (k) are provided in the Appendix of Reference
[46]. Tt is interesting that the leading hopping parameter
is third nearest neighbor (TNN) hopping term. The TNN
Ni cations formed superexchange antiferromagnetic state
is favored in NiPXj3 (X = S, Se) parent compounds.

In Fig. 1(a), we show the orbital resolved band disper-
sion (d,, and d,,, orbitals) from the tight-binding model.
At pristine filling, there are eight Dirac points protected
by Dsq symmetry near the Fermi level. Due to charge
conversation, hole pocket and electron pocket appears at
K /2 and K respectively. Based on the two-fold rotational
symmetry along I'-M, the mixture of d,, and d,,, orbitals
can be found along I'-K and K-M, but not I'-M. The
strongest orbital mixture occurs near the Fermi level and
also around the Dirac points (K and K/2). In order to
analyse saddle points above the Fermi surface, we calcu-
late the corresponding DOS in Fig. 1(b). We find DOS
peak above the Fermi level near 0.14 eV, which verify the
existence of vHs. We plot related orbital resolved Fermi
surface with § = 0.3 and § = 0.35 per Ni atom with respect
to the half-filling in Figs. 1(c) and (d). For hexagonal sym-
metry in two-dimensional honeycomb lattice, there are six
type-II vHs (saddle points not at TRIM points) along I'—
M or I'-K direction. When changing the doping level
around vHs, there accompany Lifshitz transition of Fermi
surfaces. Two pockets around K /2 make together to be-
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Fig. 1 The orbital characters of bands are represented by
different colors. (a) Band dispersion of tight-binding model
based on d,. and d,. orbitals of Ni atoms. (b) The corre-
sponding density of states (DOS) for NiPS;. The van Hove
singularities (vHs) are above the Fermi level near 0.14 ¢V. Or-
bital resolved Fermi surface with two different electron fillings,
6 =0.3 (c) and 6 = 0.35 (d) per Ni atom with respect to the
half-filling. The type-II vHs appear along I'-M line or I'-K
line which are not at TRIM points.
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come one Fermi surface in Fig. 1(c). The outer pocket
around I is fusing with K pocket as shown in Fig. 1(d).
The DOS peak is closely related with topology of Fermi
surface, and also make great influence on superconduc-
tor pairing. Generally, triplet pairing could compete with
singlet pairing in the system with type-1I vHs [34], which
also be verified by our RPA calculation in the following
section.

3 Random phase approximation

Based on two-sublattice two-orbital tight-binding model,
we consider onsite multi-orbital Hubbard interaction for
superconductor pairing as

Hiy =U Z NiatNial T+ U’ Z NiaM;B

i,00 ,a<f
Tt
+ JH Z Ciaaci/gg/ Ciao' Cifo
i,a<B,o0’
+J/ Z CjaTCIaJ,Ciﬁl/CiﬂT’ (2)
i,a#B
where 1,0 = Niat + Niay U, U, J, and J' repre-

sent the intra- and inter-orbital repulsion, the Hund’s rule
and pair-hopping terms. We adopt Kanamori relations
U=U"+2J and J = J' in the next calculation, which
is required by the lattice symmetry. Considering RPA
approximation [47, 48], the multi-orbital susceptibility is
defined as

1
Xlilalsly (qa T) = N Z<T-,—C;30(k + q, T)Cl4<7(ka T)
kk’

xcl (k' — q.0)c,0 (K',0)). (3)

In momentum-frequency space, the multi-orbital bare sus-
ceptibility is given by

. 1 . )
X?1121314(q,1wn) = N Zalj(k)af (k)al} (k+q)
kuv

np(E,(k))—np(E,(k+q))
iw, + E,(k)-E,(k+q) ’

x a* (k +q)

(4)

where p and v are the band indices, np is the usual Fermi
distribution, {; (i = 1,2,3,4) are the orbital indices, By
diagonalizing the above multi-orbital tight-binding Hamil-
tonian, we obtain the [; orbital component of the eigenvec-
tor for band p (al; (k)) and eigenvalue E, (k). After that,
we take the multi-orbital Hubbard interactions into con-
sideration for calculating RPA susceptibilities. The corre-
sponding RPA spin and charge susceptibilities [41, 49, 50]
are given by

xEq) = X" (@)1 = U°X°(q)] ",

X4 q) = X" (@)1 + UX ()], ©)
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where U® (U¢) is the spin (charge) interaction matrix

US/C: (UZ/C 0 )
0 e

U 11:l2:l3:l47
i U L=l # =14,
A/Blilelals = ]y =1y #£ g =y,

J =1y # 3 =1,

U =1y =13 =,
- U2 =l £ =1,
A/BlLilslsls = \ oU! — J =1y #£ 13 =14,

7 =1y £ s = I,

In this process, we only consider the electron scattering
from Fermi surfaces near the Fermi level. The effective
Cooper scattering interaction is written as

Lij(k, k) = Y a”(k)aly™ (k)

11121314
< e it (b Ko = 0] o ()l (),
(6)

where the momenta k and k’ are confined in different F'Ss
with k € C; and k' € C;. The orbital vertex function
T 15151, in spin singlet and triplet channels [47-49] are

'3 L -
Filzl3l4 (k:’ k/’w) = §U XEPA(k - klvw)U‘

1 _ _ 1_
+2Us—chpr(k—k/,w)Uc+Uc:| ,

Lilalsly

1, .
F£l2l3l4(k5 k/7w) - - §U X?PA(k — k/7w)U

1~ 1 _ 1
+ U = U (b — K w)U° + UC} , (7)

l1l2l3ly

where yfP4 and yFP4 are the RPA spin and charge

susceptibility respectively. For spin singlet and triplet
channels, the pairing vertex functions are symmetric and

antisymmetric parts of the interaction, F;-S;./ T(kz,ks’) =
1[0i;(k, k') £ T';;(k,—k')]. Then, the pairing strength
function for superconductor [42, 49-53] is

Ag(k)]

/
Z}{ dk// j{ dk// g
7 Jo, vr(k) C; vr(k')

dk, 2 ,
%% Jey vtk )

()T (ke Kg(K') (g

where vp(k) = |V E;(k)| is the Fermi velocity on a given
Fermi surface sheet C;.
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4 Susceptibility and pairing symmetry

Based on the multi-orbital RPA method (weak coupling
approach) [47, 48], we investigate the pairing symmetry of
electron doped nickel phosphorous trichalcogenides com-
pounds NiPS3. Due to the existence of type-1I vHs peak
in DOS near Fermi level, we mainly discuss the electron
doping level up to 6 = 0.3 and § = 0.35 per Ni atom
separately. In order to analyse the pairing symmetry re-
sults, we first calculate the bare susceptibility xo and spin
susceptibility x%p 4 along high-symmetry lines at two dif-
ferent doping levels in Figs. 2(a) and (c). For bare suscep-
tibility at 6 = 0.3 per Ni atom doping level [blue dash-dot
line in Fig. 2(a)], there is a prominent peak at I', a smooth
plateau around M and a broaden peak at K /2. The first
one is mainly contributed by the intrapocket nesting be-
tween rather flat bands in NNN pockets 8 [Q; in Fig. 1(c)].
The intrapocket nesting Qo2 between NNN pockets « is re-
sponsible for the second peak around M. The third peak
at K /2 is ascribed to the intrapocket nesting Qs between
NN pockets 5. Then, we consider the RPA spin suscep-
tibility for superconducting instability with U = 0.3 eV
and J/U = 0.2 in Fig. 2(a). All the mentioned above
peaks are enhanced significantly. Especially, the sharp
peak at I" near divergence indicates the ferromagnetic fluc-
tuation between unit cells is dominant. By checking the
eigenvectors of susceptibility matrix corresponding to the
largest eigenvalue, we find all the signs of eigenvectors are
positive which implies ferromagnetic fluctuation in a unit
cell. Compared with lower doping level at 6 = 0.1 per Ni
atom, the emergence of spin susceptibility peak at I" means
that the ferromagnetic fluctuation is competing with anti-

%

, (@
25 4 _Xim-t
20 L2
15
10
0 —
r K M r

Fig. 2 Susceptibilities for different electron doping. The
bare susceptibilities xo and RPA spin susceptibilities Xxkrpa
along high-symmetry lines for 6 = 0.3 (a) and 6 = 0.35 (c)
per Ni atom (near type-II vHs). The corresponding RPA spin
susceptibilities in 2D Brillouin zone are shown in (b) and (d)
with U = 0.3 and J/U = 0.2.
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ferromagnetic fluctuation. Undoubtedly, the type-II vHs
could strengthen the ferromagnetic fluctuation. In order
to make the spin susceptibility clearly, we plot the cor-
responding susceptibility in 2D Brillouin zone. From 2D
pattern in Fig. 2(b), it is clear that Cg symmetry is main-
tained, a sharp peak at I' and another peaks around M.
With further doping to § = 0.35 per Ni atom, the peak at
I" becomes sharper and the peaks around M move toward
I and K in Figs. 2(c) and (d). Due to the underestimation
of interaction parameter in RPA method, we adopt in-
traorbital repulsive interaction parameter U = 0.3 below
the critical point U, = 0.35 (to avoid magnetic instability)
and Hund’s coupling J/U < 0.2.

In this section, we mainly focus on the doping level near
type-1I vHs. Based on the irreducible representation of
D34 point group in this material, we classify the pairing
states into subgroups of this point group. Figure 3(a)
shows the leading pairing strengths in singlet and triplet
channels with different electron dopings at fixed U = 0.3
and J/U = 0.2. From lower doping (6 = 0.1) to type-II
vHs (6 = 0.35), the system exists pairing phase transition
from singlet pair to triplet pair. In the low doping level,
the nearly degenerate singlet pair states Eg(:r2 — 2, 2y)
and Asg overcome the triplet pair states E,(x,y) and
As,. When the doping level near type-II vHs, these sin-
glet parings are suppressed by triplet pair state E,(z,y).
Undoubtedly, the type-II vHs peak in DOS enhances the
strength of triplet pairing. This result has also been antic-
ipated by above RPA susceptibility analysis that the dom-
inating ferromagnetic fluctuation favors triplet pairing. In
Fig. 3(b), we plot the pairing eigenvalues as a function of
U with a fixed J/U = 0.2 with § = 0.35 per Ni atom.
The leading pairing state is still E,(z,y) and the pair-
ing strength is increasing with increased interaction U. In
Fig. 4, we plot the gap functions of leading two-fold degen-
erate pairing state E,(z,y) with U = 0.3 and J/U = 0.2
at d = 0.3 (a, b) and § = 0.35 (¢, d) per Ni atom respec-
tively. For p, (p,) with § = 0.3, the pairing nodes along
y(x) axis with mirror symmetry M, (M,). The gap func-
tion on B pocket is comparable to that of « pocket. The
superconducting orders connected by nesting vector (Qq)

(a) (b)
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06 [+4,, : Az
< < 0.03]
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Fig. 3 Leading pairing strengths in spin singlet [E,(d-wave),
Agg(I-wave)] and triplet [E,(p-wave), Az, (f-wave)] channels
for superconducting states with different electron dopings  at
U =0.3and J/U = 0.2 in (a). The pairing strengths with
0 = 0.35 per Ni atom at J/U = 0.2 are plotted in (b).
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Fig. 4 The gap functions p, and p, of leading triplet pairings
with U = 0.3 and J/U = 0.2 at § = 0.3 (a, b) and 6 = 0.35
per Ni atom (c, d).

between flat bands in NNN pockets 8 have the same sign.
For gap functions with § = 0.35 in Figs. 4(c) and (d), there
have the similar phenomenon in system. From above RPA
calculation, type-II vHs peak in DOS induces odd-parity
Pz + ip,-wave (E,,) pairing state in electron doped nickel
phosphorous trichalcogenides compounds NiPSs.

5 Conclusion

In this paper, we have investigated the pairing symmetry
for Ni-based transition metal trichalcogenide NiPS3 based
on two-sublattice two-orbital Hubbard model. By apply-
ing multi-orbital RPA method, we find that the odd-parity
p+ip (E,) pairing state overcomes chiral even-parity d+id
(E4) state. The enhancement of ferromagnetic fluctuation
induced by type-II vHs peak in DOS is responsible for
triplet pairing F,. The nesting vector Q; between NNN
pockets (8 results in the instability peak of RPA spin sus-
ceptibility at I". This implies triplet pairing is the leading
state which is consistent with our RPA’s pairing calcula-
tion. The competition between ferromagnetic and antifer-
romagnetic fluctuation makes the transition from singlet
to triplet pairing while doping approaches the type-II vHs.
The effect of electronic DOS on unconventional supercon-
ductor’s pairing may be realized in the layered Ni-based
transition-metal trichalcogenides.
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