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We study various particle-hole excitations and possible superconducting pairings mediated by these fluctuations in
doped a-RuClj3 by using multi-band Hubbard model with all tp, orbitals. By performing a random-phase-approximation
(RPA) analysis, we find that among all particle-hole excitations, the jegr = 1/2 pseudospin fluctuations are dominant, sug-
gesting the robustness of jegr = 1/2 picture even in the doped systems. We also find that the most favorable superconducting

state has a d-wave pairing symmetry.
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1. Introduction

The doped Mott insulators!!®! have been subject to ex-
tensive investigations because they contain plentiful phases,
such as spin-density wave (SDW), pseudogaps, and supercon-
ductivity. In parent compounds, the charge insulation of most
Mott insulators raises solely from the Coulomb interaction.
However, recently a new family of Mott insulator, in which
the charge insulation is resulted from the cooperative interplay
between spin—orbit coupling (SOC) and electron correlation,

9-111 and -

has been proposed, such as Sr>IrOy4, 81 Na,IrO3, [
RuCl3.1"?>~14 In these Mott insulators, the electron configura-
tion for the active ions is d°, such as 5d° of Ir** in iridates and
4d> of Ru** in ruthenium. Within the octahedral crystal field,
the d orbitals are split into a two-fold e; manifold and a three-
fold tg manifold with an effective logr = 1 orbital moment. The
latter are further divided into a fully filled jes = 3/2 band and
a half-filed jegr = 1/2 narrow band by strong SOC. Then the
Jett = 1/2 band only needs a moderate electronic correlation
to open a Mott gap. Thus these Mott insulators are usually
referred to as spin—orbit assisted Mott insulators.

The novel physics of these jeff = 1/2 Mott materials in
different lattices has been reported both experimentally and
theoretically. For the square lattice, a canted antiferromagnetic

[15-17

structure has been found in SrIrOy, I which is isostruc-

tural to La;CuQy, a parent compound for cuprate supercon-
ductors. Similar to the doped cuprate Mott insulator, pseu-

dogap, Fermi arc,/'®211 and superconductivity!*>-2°! are also
addressed in doped SrpIrO4. For the honeycomb lattice, an

intriguing physics is that the Kitaev interactions underlying

DOI: 10.1088/1674-1056/28/5/057402

the celebrated Kitaev model,[?”1 whose ground state is ex-
actly a Z, spin liquid with Majorana fermion excitations, can
be realized. 8! In this aspect, the honeycomb-lattice material
a-RuCls has recently attracted much attention, 121429301 A
though the ground state of o-RuCl3 has a long-range zigzag
magnetic order, a broad continuous spectrum in inelastic neu-

[12-14

tron scattering has been observed 1 and the magnetic

order can be fully suppressed by either an in-plane mag-

dB1-331 or pressure.34-3¢! There is accumulating ev-

netic fiel
idence that the field-induced disordered state is a promis-
ing candidate as a quantum spin liquid. 333! For doped sys-
tems, the jer = 1/2 Mott materials with honeycomb lattice
also exhibit many exotic physics, such as unconventional
superconductivity*’~*!! and unique charge dynamics.[4>]
In this paper, based on the multi-band Hubbard model in-
cluding all tpg orbitals, we investigate various particle-hole
(PH) excitations and possible superconducting pairings me-
diated by these fluctuations in the doped systems with the
random-phase-approximation (RPA) method. We find that the
Jett = 1/2 pseudospin fluctuations dominate over the fluctua-
tions from other particle-hole excitations, suggesting the ro-
bustness of the jegr = 1/2 picture even in the doped systems,
and the most favorable superconducting state mediated by the
pseudospin fluctuations has a d-wave pairing symmetry.

2. Method

The low-energy physics of a-RuCls is dominated by the
toe orbitals due to the 4d° configuration of Ru®* and the octa-
hedral crystal field, so our calculations are based on the tp,

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11674158 and 11774152) and the National Key Projects for Research and
Development of China (Grant No. 2016YFA0300401). W. Wang was also supported by the Program B for Outstanding PhD Candidate of Nanjing University.
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three-orbital model,*°! which is derived through fitting the
band structure from the density-functional theory (DFT). The

three-orbital Hamiltonian is given as
H:Ht2g+Hsoc +Hinta (1)

where the parameters in the three-orbital tight-binding Hamil-
tonian Hy,, and SOC Hg, are from Ref. [30]. The band struc-
ture of this three-orbital model with SOC is shown in Fig. 1.
The interactions between electrons are included in H;y as fol-
lows:

Hiy = UZ”!#T”!MLJ"U Z anucntvc'

iu<voo’

+Jh Z Zdjuadzvc’dlﬂc/di"‘f

iL,U<voo’
+J' Z ity v @
l“
where U (U’) is the intra-orbital (inter-orbital) Coulomb inter-
action, J, and J' are the Hund’s coupling and pair hopping, re-
spectively. In this paper, we employ U = U’ +2J;, and J, = J'.

(a) (b) 04“
K 0.2F : : 1
> /\:/_I/\
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Fig. 1. (a) Brillouin zone of the honeycomb lattice. (b) Band structure
of the tyy three-orbital model with SOC for a-RuCls. The horizontal
red dashed line indicates the Fermi level for the undoped system.

Based on the scenario that the pairing interaction arises
from the PH fluctuations, we can calculate the effective
electron—electron interactions using the RPA. However, as a
result of the effect of the SOC, the effective particle—particle
interaction cannot be simply divided into bubble and ladder
diagrams as is the case with SU(2) symmetry.!>°! Thus, to in-
clude the SOC in the RPA approach, we use the Hugenholtz
diagrams in our calculations.?°! In this method, the suscepti-

bilities from the PH excitations are given by
= =0 R A -l
20)=2"0) [T+T2°(@)] 3

where I' is the Hugenholtz bare vertex2") and 1 is the identity
matrix. The non-interacting susceptibility is given by

ZG (k+q)GY,;(k), (4)

Xz] uv

with the number of unit cell N and the temperature 7. The
bare Green’s function is written as

G° (k) = [i@, — Huy (k) +u1] . o)

Here, the labels i, j, u, and v involve all of the degrees of
freedom (sublattice, orbital, and spin) in an unit cell. Thus,
for the three-orbital model on the honeycomb lattice, Gisa
12 x 12 matrix, while %, ¥°, and I are 144 x 144 matrices. In
the above, k = [k,iw,] (¢ = [q,i0,]) with @, = 2n+ 1)xT
(0, = 2mnT) for fermions (bosons).

The effective interaction in the particle—particle channel

is given by 2%

e 1~
e = 5T -

I A0) A] : ©)
ioa.Bj

The gap function is derived from the linearized superconduct-

ing gap equation, which is given by

T
N % Fz; aﬁ( )Ga#(k_q)Gﬁv(q_k)Auv(k_Q)
g,oBuv
= Adij(k). )

Considering that the dominant scatterings occur near the Fermi
surface (FS), we can project the effective pairing interaction
(Eq. (6)) and the gap equation (Eq. (7)) on the FS. In this
way, the scattering amplitude of a Cooper pair from the state
(k,—k) on the 71 FS to the state (k’,—k') on the , FS is cal-

culated by!>1-33
V71Y2(k k’/)
= ¥ Vi (k) (RS (R — K 0) ik (K Wi (—K), (®)
ijap

where 1//)",I (k) is the y;-th eigenvector of the ﬁrzg (k) matrix.
We then solve the following linearized gap equation:

—Z]{ Kk KA, (K) = AA, (k). ()

o JFs 47r2v$2(k’) N\ "2 N )

where v , (k') is the Fermi velocity for band 1, and Ay, (k)
represents the normalized gap function along the FS ;. The
integration and summation in Eq. (9) are along various FS
patches. Here, the temperature is set at 7 = 0.001 eV and the
calculation of the susceptibility is done with uniform 64 x 64
meshes in the momentum space. This equation can be solved
as an eigenvalue problem, where the eigenvector correspond-
ing to the largest eigenvalue A determines the favourable pair-
ing symmetry.

3. Results and discussion

Let us first study the main properties of the PH excitations
in the hole doped system. To find the dominant PH excitations,
we classify various PH channels according to the total angu-
lar momentum of a PH pair. Generally, the susceptibility can
be written in terms of faﬁ = d:;dﬁ; Le., Xyv,ap = <I*A“V“F\aﬁ>.
To show the labels of the effective angular momentums ex-
plicitly, we can express the annihilation operator of electrons
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as dg j,, where j and m indicate the quantum numbers of the
total effective angular momentum and its z component, respec-
tively, { contains other quantum numbers except the angular

momentum. Then, the PH excitation operators are written as
Fab _ gt
Jlml ,Jamy d§1j1m|d§212mz’
: i 1/2 3/2 :
the representations of dC ., and dg;, are D /2 D32 in the
2ISIY)
Jimy,jamy
has the following decomposition in the sector of effective an-

which are tensor operators. Since

sector of effective angular momentum, the operator F;

gular momentum:

Fhab 1/2 3/2 1/2 3/2
iy jumy, € (D/7@DT5)@(DVZ @ DF)
=2D"®4D' ®3D* ¢ D, (10)

Thus, the operator F could be divided into irreducible tensor
operators 77,}/ 2(€1&,) as given in Appendix A. Here, j; and j,
are the angular momenta of the particle and hole. Therefore,
including the sublattice indices on the honeycomb lattice, the
susceptibilities y are split into 144 x 144 channels which in-
clude jegr = 1/2 excitations, jefr = 3/2 excitations, and various
spin—orbit excitations between the jesr = 1/2 and jegr = 3/2
states. Among these channels, we find numerically that the
Jjeft = 1/2 pseudospin fluctuations S"'"™(q) are dominant in
the doping regime that we consider in the following discus-
sions. The jegr = 1/2 pseudospin susceptibilities S71"2(q) are
defined as

s (g / rS (q,7 S?;( q,0))dz, (11)
N7

where ¢, and ¢, are the sublattice indices, and the pseudospin
operators S? are given by

N ST 11
Sp = ﬁ[ T2 (00) + T2, (e0)],
i Al 11
S = %[Tﬁz (€0)+T22,(£0)),
11
S; = lzoz(fé). (12)

When the interactions are increased, the magnitudes of pseu-
dospin fluctuations are drastically enhanced in contrast to
other types of fluctuations.

In Figs. 2(a)-2(c), we show the diagonal (S, S, §%) and
off-diagonal ($*) channels of the pseudospin susceptibilities
together with the largest eigenvalue of ¥ along the '-M—-K-I"
path for the number of electrons in primitive cell n =9.8,9.7,
and 9.6 (in the parent compound, ne = 10). It can be seen
that the pseudospin Jegr = 1/2 susceptibilities capture nearly
all features of the maximal eigenvalue of } and also show
comparable intensities. Thus, the jegr = 1/2 picture is robust
in the doping range we consider here. The differences of S,
S, and $% shown in Figs. 2(a)-2(c) are the reflections of the
asymmetry of the Kitaev exchange interaction in the weak-
coupling limit. Moreover, when rotating 120° clockwise along

k.-axis, the transformation of pseudospin fluctuations has a
(y,2,x), namely, S — $V 8 — §%=,
— $*, which is also coincident with the symmetry of

cycle rule: (x,y,z) —
and $%
the Kitaev interactions.!”’! In the undoped o-RuCls, the ma-
terial shows a zigzag magnetic order, which gives a peak of
the susceptibilities at M point in the Brillouin zone.!'* Our
results of the doped systems also show obvious peaks around
the M point, which result from the zigzag magnetic fluctua-
tions, though the static zigzag order for the undoped system
(ne = 10) can not be obtained in our calculations due to the
divergence of the RPA susceptibility. For n. = 9.8 (Fig. 2(a)),
the peaks of the susceptibilities deviate from the M point.
When the electron concentration is decreased, the peaks move
to the M point again, meanwhile the intensities of the peaks
are enhanced. In Figs. 2(d)-2(f), we present the pseudospin
susceptibility S(q) = Y., S""(q), from which we can see more
clearly the distribution of the pseudospin susceptibilities in the
whole Brillouin zone.

We then study the properties of superconducting pairing
by solving Eq. (9). We find that the maximal values of A are
in the pseudospin-singlet pairing channel and are far greater
than those of the pseduospin-triplet pairing states. So, we will
only discuss the superconducting pairing in the singlet chan-
nel. In Figs. 2(g)-2(i), we present the real parts of the leading
pairing gap functions for three different electron concentra-
tions, which show basically a d-wave symmetry. To under-
stand the detail forms of the pairing gap functions, we try to fit
the gap functions by including the electron pairings up to the
third nearest-neighbor sites in real space. The fitting functions
are given by

An(k) = Aidy) (k) +22d ) (k) +Asd) (k). (13)

with

d)Ezl)_yz(k) 08 (ka/V/3) — cos(ka/2v/3) cos(kp/2),
(kp) — cos(V/3/2k,) cos(ky /2),

(2ka/V/3) — cos(kq/V/3) cos(kp),

d) (k) = cos
dg) yz(k:) = cos

X2 —

being the first, second, and third nearest-neighbor pairing
functions, respectively, and A;, A, and A3z being the corre-
sponding pairing intensities. Here, n denotes the electron con-
centration. Using the adjustable parameters A, A,, and A3,
we find the following optimal fitting functions for the three
electron concentrations:

Aos(k) = 0.11d§§[y2(k) +0.554% (k) +0.83d§1y2(k),
Ag7(k) = 09645 (k) +0.07d% ,(k)+0.26d53) ,(k),

Ag (k) = 0.80dy) (k) —0.5645 ,(k)+0.2245) , (k).
(14)
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100 T T T T T

Intensity /arb. units

Fig. 2. Static susceptibilities and superconducting gap functions for different electron concentrations: (a), (d), (g) ne = 9.8, (b), (e), (h) ne =9.7,
and (¢), (f), (i) ne = 9.6. The up panel shows the jegr = 1/2 pseudospin susceptibilities % (blue), $** (green), $* (red), —S$* (magenta), and
the largest eigenvalue of ¥ defined in Eq. (3) (black) along the '—-M—-K-I" path. Middle panel: the distribution of the sum of the pseudospin
susceptibility Y., S7"(q) in the first Brillouin zone. Panels (g), (h), and (i) are the pairing functions for ne = 9.8, ne = 9.7, and ne = 9.6,

respectively.

Thus, the pairing gap functions for n. = 9.7 and n. = 9.6 have
a dominant d-wave superconducting pairing along the nearest-
neighbor sites, which can also been seen from the sign and
nodes of the gap functions shown in Figs. 2(h) and 2(i). How-
ever, the gap function for n, = 9.8 has a dominant d-wave su-
perconducting pairing along the third-nearest-neighbor sites,
so additional gap nodes appear in comparison with those for
ne =9.7 and no = 9.6.

Next, we turn to the electron doped systems. In Fig. 3, we
show the pseudospin susceptibility S(gq) and superconducting
gap function for n. = 10.1. From Fig. 3(a), we can find that
the peaks of the susceptibility are also located near M and its
symmetric points. However, the intensities of the peaks are
much larger than those for the hole-doped systems shown in
Figs. 2(d)-2(f), which might be the origin of the persistence
of the charge gap in the electron-doped systems found in the
experiment,*#! i.e., the strong pseudospin fluctuations hinder
the movements of the doped electrons. The superconducting
gap function in Fig. 3(b) also shows a d-wave symmetry and
the optimal fitting function is given by

Aro.1(k) = 0.64d'} (k)

_y2
+0.21d5) (k).

(k) + 0.64dif)_y2

15)

We find that the electron pairing is dominated by both the
nearest-neighbor and next-nearest-neighbor parings, and they

have nearly the same intensity.

Fig. 3. (a) Static susceptibility and (b) superconducting gap function
for electron doped system with n, = 10.1.

Thus, we find that the d-wave pairing mediated by the
Jett = 1/2 pseudospin fluctuations is the most favorable su-
perconducting pairing symmetry for both hole and electron
dopings. The explicit forms of the d-wave gap functions we
obtained here are expected to be helpful for identifying the
pairing symmetry if superconductivity in a-RuClj is realized
experimentally in the future.
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4. Conclusion

In summary, based on the multi-band Hubbard model
with all tp, orbitals and by use of the random-phase approx-
imation, we have investigated various particle-hole excita-
tions and possible superconducting pairing symmetry in doped
a-RuCls, in which the strong spin—orbit coupling and elec-
tron correlations cause an effective total angular momentum
Jett = 1/2 Mott insulator. We find that the jei = 1/2 pseu-
dospin fluctuation dominates over other fluctuations in a large
doping range, which suggests that the jo = 1/2 picture is
still robust in the doped systems. Through projecting particle—
particle interaction onto Fermi surfaces, we find that the d-
wave pairing is the most favorable superconducting pairing
symmetry in both the hole- and electron-doped systems.

Appendix A: Decomposition of particle-hole op-
erator

618 ot . )
Fiom jomy = 4, jymy 46y jom, under rota

tion have the following properties:

The PH operators

Fat N Z Fab Dl (R)Djz* (R)

Jimy,jamy

, Jumlyjomty = mh my mly my
myny
_ 2181%] Jl 2
=Y F2 D' (RD”, (R
et JUM, 20y T ny,—my
my iy

X (_l)zjzfmzfmlz
_ Fab i oii2i
P Jim,jandy " m) —mm ™ my —mom’
1772

X DI (R)(—1)H2mams, (A1)

HGI'C, CJI]Z] ,
mj—mom

Dﬁ, ml(R) is the representation of the group element R in

are the Clebsch—Gordan coefficients and

SU(2). Thus, an irreducible representation of SU(2) is writ-

ten as

T (8%)

= Z d21j1m1dé2jzmzcrjnlljﬂnzm(_l)jZanN(jm)’ (A2)
mymy

where N(jm) is a normalized factor. The tensor operators sat-
. At o~ C
isfy the relation 7}, (81 &) = T7%), (&81) (—1)727 /1. For

R R
example, the explicit formalism of Tjjzlz(z)rff M (014,) is given
by
A%%(Mz)zi(d d, i +d L d, )
00 V2 hry har Thystham
~11 1
22 _ Il
Tio ((162)—\/§(d€1%%d42%% dil%%déz%;l)’
11
T22 — _gf
T} (5162)— d&;%dez%%’

1. (A3)

Here, the operators d; j, are set by a unitary transformation

|
—_

—1 i
94} 005 EE 0N
d \;f‘ =0 0 0 L i
1 Cr 0 00 0 e
div%% _ V2 V2 L di,xyT (Ad)
d; 31 00 =250 diye |
372 o V6 V6 V6 i d<7
IR E ARSIV
r ,
di,%%% 0 0 O 7 V3 0

Then, it is convenient to introduce the Hermitian operators de-

fined as
.. 1 ~. i
() = ﬁ(r,!,:,-’z (1l2) + ;01 (4142)),
. i i
5%22(6162):%( ,%111/2(5152)—7}#/2(4152))7 (AS)

with m < 0. Especially, for m = 0 and ¢, = /¢;, the opera-
tor Sj.,lnjf) = fj{,‘q” (£14,) is real. Under condition j = 1, £; = {5,
and j; = j,, the Hermitian operators are spin operators such as

Sg‘l (& = x,y,z). With these operators, the susceptibility ¥ (q)
is divided into 144 x 144 channels which include AB sublat-
tice fluctuations and the different angular momentum j fluctu-

ations.
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