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e 2D Dirac semimetals and moiré physics
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M. Gongalves, H. Olyaei, B. Amorim, R. Mondaini, P. Ribeiro, EVC, 2D Mater. 9, 011001 (2022)
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tBLG - A moiré Dirac semimetal
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Graphene Bilayer with a Twist: Electronic Structure
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formation of narrow bands
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Moiré physics and Quasiperiodicity
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Quasiperiodicity matters

Famous example in 1D

H = —tz (chnH + CILch) +V ZCOS(QWTTL)CLCTL

n

1D: Aubry-André model

S. Aubry and G. André,
Ann. Isr. Phys. Soc. 3, 133 (1980)



Quasiperiodicity matters

Localization
Famous example in 1D v extended ~w localized
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To capture quasiperiodicity:
* Real-space tight-binding Hamiltonian for tBLG
* Sequence of approximants: pairs (m;,r;), twist angle 6; = 0.(m;, ;)
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Localization properfies

Real space

D) = Z Yer.o |l R,a)  Inverse Participation Ratio: IPR = Z YRl
LR« R,o

Real-space localized: IPR — const

1 :
Real-space extended: [ IPR — 72 ]h [Always got thls!}

Momentum space

_ 1 . -
Yok = —F—= G_Zk'RW,R,a Momentum-space IPR: IPR; = ‘ o
N 2 P = 2 [k

4
=T

1

Momentum-space extended: IPR; — 72

Momentum-space localized: [IPRk —> Const]-[

Expected for
ballistic metal!




IPR—k in 1BLG narrow band

2D Mater. 9, 011001 (2022)

IPR-k: QuasiP. vs Periodic
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IPR—k in tBLG narrow band and beyond

2D Mater. 9, 011001 (2022)

IPR-k for QuasiP.
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IPR—k in tBLG narrow band and beyond

2D Mater. 9, 011001 (2022)
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IPR—k in tBLG narrow band and beyond

2D Mater. 9, 011001 (2022)

IPR-k for QuasiP.
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tBLG belongs to the class of “magic angle semimetals”
Fu, Konig, Wilson, Chou & Pixley npj Quantum Mater. 5, 71 (2020)
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1D model with narrow band + critical phase
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1D model with narrow band + critical phase

Ho=—> [t+ Vacos(2nr(j +1/2) + o)) clejir + hee. hopping couples k and k & 277mn
7 ~~ ~ n-th order perturbation theory
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1D model with narrow band + critfical phase

Hy = — Z [t +KQ cos(2mT(7+1/2) + @] c;r-ch + h.c.
j ~"
modulation with period 1/7

Moiré U ' -

Extended phase for V> <t
Critical phase forV> >t
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1D model with narrow band + critical phase

_ - .
Ho = Z t+)2 COS(QWTQ: 1/2) + )l cjci + e Extended phase for V2 <t
J .y
Critical phase forV> > ¢
modulation with period 1/7 P ?
Moiré J } 3| u=0 f‘*’fﬁf log IPR
0 . —
pattern: X ﬂ 1 T ’ﬁ’\ M IV 2 —— = ,
_1] ‘\l Yy \A % Y“ kﬁ i l k U k ,. 2 ’ ! -
“‘\ w V\‘ y" V‘ / { ly \\\ Iy‘ Y\v,l Extended Critical -3
4 u ¢ y " 0 —4
(t-1/2)*1
-1 -5
The critical phase hosts: ) 6
* multifractal states concomitant with a
narrow energy band -3

* eigenstates delocalized both in real and
momentum-space
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Adding interactions
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Adding interactions

Nearest-neighbour repulsion:  H = Hy + U Z njn;i1 DMRG calculations
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Charge modulation
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Charge modulation
1

FT of charge modulation: (0ny) = \/7 Z Rm ( N ) — §)

IPR of FT modulation: IPR,, ({n)) =

ZR (on.)*  [Disordered phase: IPR,, ({dn)) ~ N~
(5, (n)?)” [COW phase:  IPR, ((9m) ~ N
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Charge modulation

H 1KM 1
FT of charge modulation: (0ny) = \/7 Z ( N ) — §)
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Charge modulation

H 1KM 1
FT of charge modulation: (0ny) = \/7 Z ( N ) — §)
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IPR of FT modulation: TPR,. ((51)) ZR (6ns) {Dlsordered phase: IPR, ((0n)) ~ N

2
<Z/@ <5nﬁ>2) CDW phase: IPR, ((6n)) ~ N°
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: Charge gap
Charge modulation e it

H 1KM 1
FT of charge modulation: (0ny) = \/7 Z ( N ) — §)

Disordered phase: IPR, ((on)) ~ N1
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Charge gap

Charge modulation it

1
FT of charge modulation: {(d7x) = i

IPR of FT modulation: IPR, ((dn)) = 2

sn.)*  [Disordered phase: IPR, ({(dn)) ~ N~
CDW phase: IPR, ((6n)) ~ N°
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Charge gap

Charge modulation it

1 TKM
FT of charge modulation: (6nx) = TN > e (<nm> -
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Critfical phase: Quasiperiodic VS Periodic
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Critfical phase: Quasiperiodic VS Periodic

[ForV2:3.5>Vc:1 ]
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Critfical phase: Quasiperiodic VS Periodic

[ForV2:3.5>VC:1 ]
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Critical phase: Quasi—tractal CDW

For 1, =35>V, =1
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Critical phase: Quasi—tractal CDW

For 1, =35>V, =1

Periodic: moiré CDW
QuasiP: quasi-fractal CDW N
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Mean Field analysis

Nearest-neighbour repulsion: H = H, + U Z ninjy1 —» Hy +Z e;cle; + Z Aicleipr + he.
(half-filling, spinless electrons) j i i
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Mean Field analysis

Nearest-neighbour repulsion:
(half-filling, spinless electrons)

Quasiperiodic system

7 = 0.5812

[N. Sobrosa (to appear)]

Ocpw = max (n;) — min (n;)

(0nr) b) Vo =01and U =1
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Conclusions

® Quasiperiodicity in interacting 1D moiré systems

* narrow band enhances interactions both for periodic and
guasiperiodic structures

* only in the quasiperiodic case, for the critical phase regime,
the ordered phase extends down to infinitesimal
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interactions

 critical phase unstable to a quasi-factal ordered state with
infinitely many contributing wave vectors
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Conclusions

® Quasiperiodicity in interacting 1D moiré systems

* narrow band enhances interactions both for periodic and
guasiperiodic structures

* only in the quasiperiodic case, for the critical phase regime,
the ordered phase extends down to infinitesimal

: : Nat. Phys. 20, 1933-1940 (2024)
interactions

 critical phase unstable to a quasi-factal ordered state with
infinitely many contributing wave vectors

* What about quasiperiodicity in interacting 2D moiré
systems?

-  We are confident that mean field should work

Thank you all for your attention
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Model

To capture quasiperiodicity:

* Real-space tight-binding Hamiltonian for tBLG
* Sequence of approximants: pairs (m;,r;), twist angle 6; = 0.(m;, ;)

-|0i+1 — 0;| decreases o @ N (b)
- N; increases . . .
1094’ . L ® 1.5)(106,
1.0020 T e .
¢« ¢ 1.0x10°
1.090] .0 % .
.=i=1 ¢ °
3m? + 3mr +r2/2 1.088] o2 e
coS Oy, r = 2+ + é *e,=3 500000
3m? +3mr +r + osel Seveei=t )
[ ]
5 10 15 20 ' 1 2 3 4 5 |



Sub—nballistic behavior: flatband VS the rest

DoS at the flatband IPR-k scalling

~o— N=3x10> -= N=5x10°> = N=8x10° Outside flatband: usual behaviour
P(E) A v ©0=1.09°

3.0 log p(E) o
: ' o.cﬂos 0.010

2.5}
2.0}

1.5}

1.0t

0.5¢

0.0"
0.0048 0.0052 0.0056

] ] Momentum space delocalization
tBLG belongs to the class of “magic angle semimetals” in the flatband!

Fu, Konig, Wilson, Chou & Pixley npj Quantum Mater. 5, 71 (2020)




Sub—nballistic behavior and Landauer transport

Increased interlayer

25 o=4.4°  (C) 109 i (d)
coupling

log L
54 56 58 6.0

log p(E) AA

2.0} 0o
0306

E/t -4
0.12 _6
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15 -2
- 12
1.0} _i -10 Di~L
_5 . .
05! I W In agreement with IPR-k scalling
G(e?/h) (a) 0.0 E/t G(e?/h) (b)
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““““ IT Ill{
.04 R {17 0.04}
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g ) E/t=0.06
0.02 Sub-balisttic transport at the 0.02} ©
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Disorder

1=
=z



&

-

RG theory of localization through periodic

approximants

» At fixed energy, the contours of E(yp,k) flow to

effective single-band models corresponding to:

>

Extended fixed-point: only renormalized hopping

survives yielding a tg cos(k) contribution;

Localized fixed-point: only renormalized potential

survives yielding a Vg cos(¢p) contribution;

Critical fixed-point: both renormalized hoppings

and potential survive at any scale.

PUNE, ¢, k) = det[H™ (¢, k) — F]
— tg)(E) cos(k) + V]:(gn) (E) cos(p)
—|—Cl(%") (E) cos(k) cos(p) + Tén) (E)



RG theory of localization through periodic
approximants

More generic models

Extended

H=-1 Z(C;Cjﬂ +hec)+V Z cos(2mTj + qﬁ)c;fcj
J j
— o Z(C;Cj_FQ + h.c.) + Vs Z cos[2(2nTj + ¢)]c;f.cj
J j

— 13 Z cT»cj+3 +h.c)+ V3 Z cos[3(2nTj + cb)]cT.cj

J J
PN(E, ,f) = t{"(E) cosgm) + VEUE) cos(y)
/?’L n
+téR) (E) cos(2k) QL V2<R}(E) cos(2¢) + -

Irrelevant ——



Critical phase: Quasiperiodic VS Periodic

For 1, =35>V, =1

IPRK(<6n>)I
|
06 !
o QP
o 308
0.5/ i A 504
: --¢-- 1010
04 | --O-- 1478
-] --y-- 2008
03 | --0-- 2500
i P
02 ¥ P |--0-- 240
g i |--a-- 480
0.1 L |--0-- 960

Fidelity susceptibility

XF
I
:rgi-[phase transition
10
0.015
| %
0.010% crossover
0.005¢ &

log <IPR,(<6n>)>4

"
<
et ¢
: 00.“

(u) i)

U
23456

IPR, for QuasiP

b Jog N
5.05.56.06.57.07.58.0

—1e U=2.8
t:e:i;et U=2.4

saturates




Critical phase: Quasi—tractal CDW

For 1, =35>V, =1

PR (<6n>) l X QuasiP: moiré CDW Periodic: moiré CDW
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Relevance of short range interactions from
generalized Chalker scaling

Vagrs = (Vaavcs — Vaans + Vaasy — Va@cw) /4

H = Zeaclca — Z Vamgclcgcvccs
87

a,B,v,6 a,nycS — UZ ‘T + 1 ( |7> <T +1 |5>
Miguel Gongalves et al., Phys. Rev. B 109, 014211 (2024) V=1, Dy =0.875, z=2.45 (incom.)
~ log (Vo,aoo,g)‘*DV logN | _ log Kea)l
- Voa0a dominates at low energies 4 6 8 10 12 +zlogN
- Collapse for different sizes and energies o5l
f A
€a — N¢q | '-'
_ Do - -1.0°
Voaoa = N7V Voaoa
-1.5¢
- Interaction scaling dimension: }
Dy =2z — DV 20
, —25' - N =

-30-



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85

