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Fig. 1. (a) Schematic diagram illustrating the electron hop-

ping terms of effective two-orbital Hubbard model on the
twisted bilayer graphene. The black (red) dots represent
sublattice A (B), with each lattice point containing two or-
bitals. The hopping integrals ¢; and t] correspond to
nearest-neighbor interactions, while ¢z and t} represent
the fifth-nearest-neighbor interactions. (b) Schematic of the
lattice structure with a twist angle of 1.08° and lattice size
L = 5. Black and red points correspond to the inequival-
ent carbon atoms A and B in the first layer, while green
and blue points represent the inequivalent atoms A; and
B in the second layer. The three black curves denote the

periodic boundary lengths of the structure.
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Fig. 2. Schematic diagrams of various intra-orbital electron

pairing symmetry: (a) NN-s-wave symmetry; (b) NN-d + id -
wave symmetry; (¢) NN-p + ip-wave symmetry; (d) NNN-
d+id-wave symmetry; (e) NNN-p+ ip-wave symmetry;
(f) NNN-f-wave symmetry.
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Fig. 3. Pairing correlation functions P, (R) as a function of pairing distance R for various electron pairing symmetries in a lattice
ofsize L=5:(a) U=2.0, V=00, (n)=0933;(b) U=00, V=-03, (n) =0933;(c) U=2.0, V=0.0, (n)=0.893;

(d) U=0.0, V=-03, (n)=0.893.
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Fig. 4. Pairing correlation functions P, (R) as a function of pairing distance R for various electron pairing symmetries in a non-in-
teracting system with lattice size L =5: (a) (n) =0.933; (b) (n) = 0.893.
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Fig. 5. Average effective pairing correlation functions V4 (R > 3) as a function of nearest-neighbor Coulomb interaction V for vari-

ous electron pairing symmetries in a system with on-site Coulomb interaction strength U = 2.0 and lattice size L =25:

(a) (n) =0.933; (b) (n) =0.893.
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Fig. 6. Effective pairing correlation functions Vjiiq as a function of long-range pairing distance R for the chiral NN-d + id -wave

pairing symmetry in a system with on-site Coulomb interaction strength U = 2.0 and lattice size L =16: (a) (n) =0.954;

(b) (n) = 0.926.
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Fig. 7. Spin structure factor S(g) along the high-symmetry lines I' -+ M — K — ' in the first Brillouin zone for a system with
on-site Coulomb interaction strength U = 2.0 and lattice size L=5: (a) (n) =0.933; (b) (n) =0.893. The inset shows the
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high-symmetry lines in the first Brillouin zone, with the coordinates of I', M, and K given by (0,0), <§7 0) , and (37\/37 0) , re-

spectively. The purple lines in the inset represent the high-symmetry lines.
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Fig. 8. Band structure and density of states (DOS) for the non-interacting Hubbard model. Panels (a), (c), and (e) display the band
dispersion along the high-symmetry lines in the first Brillouin zone for | =t =0.15, ¢} =t, =0.10, and ¢} =t} = 0.05, re-
spectively. Panels (b), (d), and (f) show the density of states as a function of energy for the same values of ¢] =t} . The red and
blue dashed lines represent the Fermi level positions corresponding to electron fillings of (n) =0.933 and (n) = 0.893, respect-

ively.
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Fig. 9. Average effective pairing correlation functions Va(R > 3) as a function of electron hopping anisotropy terms 15’1’2 for vari-

ous electron pairing symmetries in a system with on-site Coulomb interaction strength U = 2.0, nearest-neighbor Coulomb interac-
tion strength V' = 0.0, and lattice size L =5: (a) (n) =0.933; (b) (n) =0.893.

(a)

or - th =t5=0.05
—a 1) =1t»=0.10
At =t,=0.15

—0.02 \ \ \
3.0 3.5 4.0 4.5 5.0 5.5 6.0

R

K10 F

(b) ot} =t,=0.05
-t =1t,=0.10
0.13 | At =th=0.15

70.02 1 1 1 1
3.0 3.5 4.0 4.5 5.0 5.5 6.0

SRR T, TR S A AR SRR U = 2.0 RO 4R CAHEAE IR V = 0.0 B, fA% K/ L = 6 9 F 1 NN-
d + id P BE 6 X FR AT SR DX IR BRI Vi i BE R FEBC X B ES R A9 AL 1k

(a) (n) =0.954; (b) (n) = 0.926

Fig. 10. Effective pairing correlation function Vg4 as a function of the long-range pairing distance R for the chiral NN-d 4 id-
wave pairing symmetry with lattice size L = 6 under flat band structure modulation with an on-site Coulomb interaction strength
of U =2.0 and nearest-neighbor Coulomb interaction strength of V' =10.0: (a) (n) =0.954; (b) (n) = 0.926.

120201-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 12 (2025) 120201
1.4 1.4
(a) -t} =15 =0.05 (b) oty =1, =0.05
& t1 =1t5=0.10 -t =t5=0.10
—At1=1t5=0.15 —A—t) =t,=0.15
‘:]q 1.1 T'q 1.1
™ (o]
i i
< <
= =
n 0.8r n 0.8
0'5 1 1 1 0.5 1 1 1 1 1
r M K r r M K r

B 11

S SRR T, TEA A AR R E U = 2.0 GEAPECHEEMRE V = 0.0 . S K/ R L =58, ARl H
F S(q) EL—MEMXEHRLE I — M — K — I B A bk

(a) (n) =0.933; (b) (n) =0.893

Fig. 11. Spin structure factor S(g) along the high-symmetry lines I' =+ M — K — I" in the first Brillouin zone for a system with

on-site Coulomb interaction strength U = 2.0, nearest-neighbor Coulomb interaction strength V = 0.0, and lattice size L =5,
under flat band structure modulation: (a) (n) = 0.933; (b) (n) = 0.893.
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Quantum Monte Carlo study of magnetism and chiral d + id-
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Abstract

We employ a large-scale, unbiased constrained-path quantum Monte Carlo method to systematically
simulate the effective two-orbital Hubbard model for twisted bilayer graphene in order to gain deeper insight
into the relationship between correlated states and the superconducting pairing mechanism in twisted bilayer
graphene, as well as the influence of the twist angle on superconductivity. Initially, we investigate the
modulation of superconductivity by nearest-neighbor attractive Coulomb interactions, demonstrating that
electron-phonon coupling plays a significant role in the system. Our numerical results reveal that the
superconducting state is dominated by chiral NN-d + id superconducting electron pairing symmetry, and that
such nearest-neighbor attractive Coulomb interactions significantly enhance the effective long-range pairing
correlation function of chiral NN-d+id wave. From this perspective, it is evident that the electron-phonon
coupling positively contributes to the superconductivity of the system.

Then, we explore how the twist angle affects the superconducting state. The flat-band structure caused by
hopping anisotropy reflects the different twist angles of the system. Our results show that as the twist angle
deviates downward from 1.08°, the effective pairing correlation function of the chiral NN-d +id wave increases
substantially. Conversely, as the twist angle exceeds 1.08°, the effective correlation function of the chiral NN-
d+id wave exhibits a tendency of decline. These results suggest that further reduction of the twist angle may
lead to higher superconducting transition temperature in twisted bilayer graphene system.

Finally, we analyze how nearest-neighbor attractive Coulomb interactions and flat-band structures
influence superconductivity from the standpoint of magnetic properties. The observed enhancement of the spin
structure factor near the I point in the Brillouin zone indicates that enhanced antiferromagnetic correlations are
essential for enhancing the superconducting transition temperature and for stabilizing chiral NN-d +id wave.
Through these investigations, our numerical findings not only contribute to a more comprehensive
understanding of strongly correlated systems such as twisted bilayer graphene, but also provide guidance for

identifying twist-angle systems with potentially higher superconducting transition temperatures.

Keywords: chiral d +id superconducting state, constrained path quantum Monte Carlo method, twisted

bilayer graphene, magnetism
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