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Example
° Ap, +ihy, chiral superconductor/superfluidity

Pairing of L, = 1 with phase coherence

* i(Ap, Ap, — h.c.) = chiral metal above Tc

norminl .Zq-lm'nklnu normnll
. chnge—le . Zy=hrenking SC
Pairing with L, = 1 without phase =
coherence

Py

° Aj A,*,y -> quartetting superconductivity

TR Sy mmetl’y presen’ed 1.00 290 150

o190,

M. Zeng, L. Hy, H. Hu, Y. Z. You, CW, SCPMA. 67, 237411 (2024).

Ba,_,K, Fe,As,: time-reversal breaking above Tc

40

Ba, ,K,Fe,As, 100

~
g
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N
=]
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\
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o
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~ et

/aoo"o

V4 Ny
A
o

01 o Vo il Al
04 05 06 07 08 09 1
x (K doping)

o
S

V. Grinenko ot al., Phys. Rev. B 85, 214511 (2017).; V. Grinenko et al., Nat. Phys. 16, 780 - 794 (2020). -
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3-coloring (Baxter 1970) - sextetting

» Bond color (Z5 variable)

6 coloring patterns - two vorticities

Am/: 0
2m/3
-1
2r/3 0
Zy ~ 3 iN +1 |4n/3
& 27

Pauling entropy: S = Nkg InW, W = 1.15

23

Fractional vortices

- offset by fractional \

he pal jodicity fﬂ'—r}ZJ[’”f?}if[Ch

g i Domain
wall
(43 ]
04 03
. Col_or constraint  Fractional vortices
satisfled: 3. Moore and D. H. Lee, PRB, 2004.
» 1
— = EZJ,I = 0,42, (4+,2)) mod 1 > -1/3

24
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Vector potential

e Onsite U(1) phase and Ising variable.
¢@: the phase of the right lobe.

7. direction of L,.

e Inter-site Josephson coupling.

Heff = —]”ZCOS [([71 — @, + A” (Tl,'l'z)]

[ Aj(zy,T2) = 7101 — 120 J

J. Moore and D. H. Lee, PRB, 2004. r,
C. Wu, Mod. Phys. Lett. 23, 1(2009).

25
Vector potential
Hery = =)y Xcos [01 — @2 + A (11, T2)]
—J1 Tcos[p1 — @z + A, (71, 7)]
° J; -- phase coherence along the JuAL
longitudinal direction ‘——1—‘
e J, -- phase coherence along the
transverse direction
. D™ I 7,
JL K]} —> opposite chirality T4y
3. Moore and D. H. Lee, PRB, 2004. C. Wu, Mod. Phys. Lett. 23, 1(2009).
26
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Decay powers of 2e, 4e, and 6e correlations

H=Hy+Hy=-J) cos[0— 05+ Ag] =y cos (0 = 0+ Ay

(8]

[(B)]

f
| A g
: 26 <”"’ & >""’ Disordered
: 6e-1¢e 60-Nge phase
L .
0 T, Tyr T
] =1,J, =001
(@) g sy—— | &
=
03} [~ Ny 06
™= Nea) ~
04}
02 ;
Y
01 Laamn ™ 02}
,w"’:" j T.
0.0 AR u‘%.o 01 02 03

7002 003 004 005 0.0¢

Z. Pan, C. Lu, F. Yang, CW, SCPAM. 67, 287412 (2024).

T

27

4-boson superfluidity — diamond lattice

P-orbital BEC with cubic anisotropy.

4-coloring model
RG,B,Y: 0,451

41=24, L||£219+2
Coulomb phase - dipolar
correlation oLy
r 102 ;\\ A==t = (b)l
-3
107 - \._ =S
10% \\.
P »

G. W. Chern, CW, PRL 112, 020801 (2011).

AN

1wt
1 ; 1 1 A

6 2 4 B8 16 32 64
L
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Condensation at non-zero momenta

Congjun Wu

Department of Physics, School of Science, Westlake University

At st SR IE—0 P&, 05/26/2022 1

U(1) phase coherence — analogy to FM

 Superconductivity > FM XY model
H = —]Z cos(8; — 6;)
ij
¢ "No-node” theorem: Ground state wavefunctions of bosons

superfluid *He, cold alkali atom BEC, etc

Y(ry,1y,...1) =0

Feynman'’s textbook “ Statistical Mechanics’

« frustration > condensations at non-
zero momenta




Cond. at nonzero momenta(l) — Inter-orbital pairing

« Triplet pairing in multi-orbital systems.
intra-orbital pairing unfavorable by Pauli’s exclusion

inter-orbital pairing - Cooper pairing at non-zero
momenta

ez (Px)

Microscopic model — spinless 2-orbital Hubbard

. , opposite sign
Px: Py Hipe = _UZ npx(l)npy(l) PP J
i

o and m-bondings

» Pseudo-spin SU(2) — Yang and
Zhang

N+ =DxPy, M- = DyPx

1
77z=§(n—1)

+ Hopping along x-direction — opposite signs of ¢ and
7 bonding

Hy =t X;p3 Dpx (i + %) — t; 3oy Dpy (i +X) + -




Frustrated Cooper pair hopping

+ Pairing hopping

(GInx(DIG) = Red,,

(GIny|G) = Imy, (GIn,1G) =3 (n-1)

m-Josephson couplin
° at, ¢, Pine _2(8+t)
xy=—g >0 2=y

Hefp = ]xTyZ(m(i)n_(i) +1-(On+()) + 1:Xn:(On,(G) — p¥n. (@)

H.H. Hung, W. C.Lee, CW, PRB 83, 144506 (2011) Zeeman-
field

Umbrella configuration of CDW and gap function

A
¢ BCS results for the Hubbard model
a V3 x V3 supercell 5 C
(a) n=0 (b) n=0.585 (c) n=2/3
t U
s L=02—=6 | \\ [
g b / oo

— N

0.5
(g)n=4/3 (h) n=1.41 (i) n=2
GG 1 1 L
-3.6 -3.2 -2.8 24

“ I




Spatial sign-change gap function

A(#) =sinG, - 7 + sin E)z .7 + sinGs - 7

> 4
G, = (5,0)
é 2w 21
2 — 3a'\/§a)

5 _ 21 21
3_( 3a' \/3_’(1

tl=0.2,t|| =1,U=6

H.H. Hung, W. C.Lee, CW, n=1.07: n,=n_= 154.’
PRB 83, 144506 (2011)

Weak-coupling picture

Pairing between p,, p, patches on Fermi surfaces
-> non-zero momentum pairing

Gy % The reduced BZ and
V3 x /3 supercell




(II) Complex BECs at non-zero momenta in high-orbital bands

Meta-stable excited states

* Unconstrained by “no-node”
+ cond. at non-zero momenta

» Complex-valued WF and time- C. Wu, Mod. Phys. Lett. 23, 1 (2009)

reversal Symmetry breaking gt())l;)lgf review). W. V. Liu and C. Wu, PRA

Experiment: Hemmerich’s group
Nature Physics 7, 147 (2011); PRL
114, 115301 (2015).

Xiao-Qiong Wang et al., Nature
596, 227 (2021)

Wang, Luo, Liu, Huang, Li, CW,
A. Hemmerich, Z.F. Xu, PRL
131, 226001 (2023).

Time-reversal
symm. breaking

Sqguare lattice: spontaneous TR breaking

K
= K, =0 7)
K, K| = (r,0)
@ o—
@
V() = Y (F) + (W2 (7) -K,
Re > 0, Re > 0, degenerate minima
Im<0 Im>0
1 4 complex supposition 2 nodal
N v points > energetically
Re < 0, Re < 0, favorable
Im<0 Im>0
I S A I Y ; :
X K1 Vortex-antivortex config.




Vortex coupling — lattice model

¢ Onsite U(1) phase and Ising variable.
S~ ptip orbital

¢: the phase of the right lobe.

o : direction of the Lz. \

e Inter-site Josephson coupling.

Tlt”
Heff = - TZCOS [¢r1 — ¢py + Arl,rz (0-1' 02)] o rl
A’l,rz (64,0,) =0,16,, —0,,0,,

J. Moore and D. H. Lee, PRB, 2004.

11

P-orbital BEC in a trianqular lattice

1 _1—1 e Minimal vorticity/plaquette +1/6
3
/'/, ‘\\\ 1 1
// 1 ®; = m Z Ay = 6 (0r1 + 0p2 + 0y3)
AN AN ()
/ 4 NS e The stripe pattern minimizes
ML vorticity

¢ Plaquette loop current

CW, W. Vincent Liu, J. Moore, and S.
Das Sarma , PRL 97, 190406 (2006)

Experimental: Wang, Luo, Liu,
Huang, Li, CW, A. Hemmerich,
Z.F. Xu, PRL 131, 226001 (2023).
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Hund’s coupling assisted high Tc
superconductivity in La;Ni, 0,

Congjun Wu

Department of Physics, Westlake University

Collaborators

Chen Lu, Zhiming Pan (Westlake University)

Fan Yang (Beijing Institute of Technology)
Wei Li, Gang Su (ITP, CAS)

Tianxi Ma, Runyu Ma (Beijing Normal University)

. Chen Lu, Zhiming Pan, Fan Yang, Congjun Wu, Phys. Rev. Lett. 132, 146002
(2024).

. Xing-Zhou Qu, Dai-Wei Qu, Jialin Chen, Congjun Wu, Fan Yang, Wei Li, Gang Su,
Phys. Rev. Lett. 132, 036502 (2024).

. Tianxing Ma, Da Wang, Congjun Wu, “Doping-driven Antiferromagnetic Insulator
- Superconductor Transition: a Quantum Monte Carlo Study”, Phys. Rev. B 106,
054510(2022).




Bilayer Ruddlesden—Popper LasNi2Oz

signatures of superconductivity near
80 K under high pressure

b Run 2 (KBr) 03} LagNi,0;
14r 51-1 (DAC)
12} 20.5GPa
= 10l 02
g : g o ' .
g 08F x L. 5
H : - . 7 L d
iy B _rem B S B
— 189 —222 — §
04r 256 — 29.1 I Yo 15 30 a5
02f 325 o 0.0 P TEK’
f— i 0 100 0
%0 s 100 150 200 250 00 T
Temperature (K) e
Zero resistivity
Meng Wang, G. M. Zhang et Huigiu Yuan et al., arxiv:2307.14819
al., Nature 621, 493 (2023) (2023)

Z. Luo, X. Hu, M. Wang, W. Wu and D. X. Yao, PRL 131.126001(2023)

Many theoretical works......... (sorry for no time to mention)

Relevant degrees of freedom

* Bilayer two-orbitals 3d,._ . and 3d,.

3d,2 anti-Bonding

® &
/__f\‘ I Layer
° o B $
&
934, 3d,2_y O-
8 ® ® ® 2p, 3dxz_yz
? I Layer
5 -2

3d,2 interlayer
Ni-3d 2 bonding

Ni-3d,2 interlayer hopping by O-2p;  Three e, electrons for the two Ni
- Interlayer o-bonding ions




Dilemma

* d,2_,2 is heavily overdoped, but its inter-layer tunneling is
small

e d 2~ is nearly half-filled, but its in-plane bandwith is small

d I X r r M
= e —
R . 0.0r ™ 0.0 \
« Neither is good for e L | —
high Te . 24 | €4 \m
T R '*-\ -’l \\
- I = 04 \\
Xinjiang Zhou'’s group, \\‘
2023.01148 T
Rescue from Hund’s coupling
¢ Hund'’s coupling: spin aligned in partially filled orbitals.
—. % - interlayer Jz in 3d,
strong : strong
mterlayer 1, |nterlayer
JEA J interlayer Jy2_. in 3d,2_
V]
Ni e & & e A minimal model:
’ < o bilayer ¢-J, -J; model of 3d,2_,2
i 3d,2_ ®
5 ® ®
NP o b C. Lu, ZM Pan, F. Yang, C. Wu, Phys.

Rev. Lett. 132, 146002 (2024).




Pairing Symmetry

* — s-wave d-wave
181 A;(cl) $ pairing peiring
C ala® [T
1.6 F Af) i S
Q= q
TI 4
12 : — A4
s+id. d —Aq
I T
: 0.26 0.28 030 032 034
X
>
Filling 3d,._ . orbital
+ Decrease ]/, /J,: from s-wave to d-wave
C. Lu, ZM Pan, F. Yang, C. « Spontaneously time-reversal symmetry

Wu, Phys. Rev. Lett. 132,

146002 (2024). breaking s + id phase

Hund's rule: d,._,. interlayer pairing

dyz dye e dye dyo e
el® ‘% _‘@ + H
NANR 24 ﬁ 44

spin-% rung singlet spin-1 rung singlet

d,2 interlayer singlet |-
pairing + et
-0




Confirmation from the two-orbital ~/-/,;, model

d,2_,2 interlayer pairing dominate

i wwg] e U =4dev
- . .‘  Keem1. 08 E 0.6 %Q%g 1.28
s M 3 | oy | 506 ’E i T‘?f dIz*yQ tte = 0.483 eV,
1074 gl = L O Ll
V\;‘j‘j; Qnrdeh-:] o B g, ~ 4t(2/U = (0.233 eV
- | U By Odpa_p
Ksc e T | ge =0.776 eV,
10 10° 10' 0 005 01 015 0.2 025
r T/t
3 d2 : tg=0.110¢V,
= -~ JH dr’—y" ‘ t_J_ =1(.635 EV,
k] :
\'_,/' ; [ Jp o~ 4t /U = 0403 eV.
L.J, %8 ‘
ko :fl L ca = 0409 eV,
- i m '
7 v 2 - dyr_ypresds V= 0.239eV,
¥

X.-Z. Qu, D.-W. Qu, W. Li, and G. Su, arxiv: 2311.12769 (2023)

1072

= [P (r)]

1076
1

Relevancy of Hund’s coupling

» SC appears when Jy reaches 1eV

015 onsite interorbital
s FM correlation

W@ V= 0.239¢V (LNO) |

N

Intra-layer d,2_,:
AFM correlation

Inter-layer d,2_,2
AFM correlation

X.-Z. Qu, D-W. Qu, W. Li, and G. Su, arxiv: 2311.12769 (2023)
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Bilayer extended Hubbard: Dope AFM = SC (QMC)

T. Ma, D. Wang, CW, PRB 106, ok e
054510(2022), arxiv 1806.03652. “5 (@) o APz
04 V=t =0, g
0. 5
g U=3J=17J,=8
t, U c 202
tLD v/ J 0.1 P -
0 02 025 0.3
e Kramers symm. decomp. 025
020 N
CW, S C. Zhang PRB 71, 155115 (2005). y NN
ol S AR v=n=o
e AFM destabilized and SC Fowl {74\ .
developing with doping IO ‘ Ji=J.=3U
TR 4
e Interlayer s-wave. 00 0z os 08 08 18
n)=1-—x
11
Summary d,_,. is the driving force
1) SC arises from dx2-y2 orbital, not directly from dz2-orbital. Hence, it is ok
if the dz2-orbital does not cross the Fermi surface.
2) The most possible pairing symmetry is the inter-layer s-wave one based
on dx2-y2 orbital, not the intra-layer d-wave one.

3) The interlayer pairing between dx2-y2 orbitalis assisted by the onsite

Hund's coupling between dx2-y2 and dz2-orbitals and the inter-layer AFM
exchange via the dz2-orbital.
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