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What do we do? (@ tifl"
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Outline (@ tifl"

Berry physics and topology in condensed matter
Twisted layers — a new way to designer materials
Valley transport in flat bands

Berry curvature dipole senses a topological transition

Magneto-electric coupling in flat bands
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Electronic bands and self rotation of wave packets & tifr

Self rotation in some bands
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Motion of wave packets in bands (@ t.f
118
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—k x 02,(k) anomalous velocity !

Magnus like effect . ) . ]
Berry curvature non-zero if inversion, or time reversal, symmetry is broken
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Chern number -- a topological invariant (@ t.f
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Chern number non-zero if time reversal symmetry is broken
For time reversal symmetric system C,.=-C,.

7  Related work: Berry phase physics, Datta et al. Science Advances 5, eaax6550 (2019). Nanoelectronics group, Tl FR, I\/Iumbai, India
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Boundary modes for non-zero Chern number system & tifr
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Connection with topology (@ tifl"

magnetic field, the Berry curvature, and the Gaussian curvature
all of them are described by the same mathematical structure: fiber bundles
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Quantum geometry (@ tifl"

ds* = |(u,(K)|u,(k + dk))|*.
ds* = gijdkidk;

Qijn = &ijn +182:jn/2
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Outline

Berry physics and topology in condensed matter
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Twisted layers — a new way to designer materials
Valley transport in flat bands
Berry curvature dipole senses a topological transition

Magneto-electric coupling in flat bands
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®
Superlattice — a way to tune band structure & tifr

Reduced energy
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g Tsuetal, Appl. Phys. Lett. 22, 562 (1973)

Esakietal., IBM J. Res. Develop. 14, 61 (1970)  ww.ee.t.u-tokyo.ac.jp/~sugiyama/research/index-e.htmi
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®
2D superlattice -- tuning periodicity of superlattice with twist & tifr
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it
Rise of twistronics: Twisted bilayer graphene (TBG) & tifr

o1 . . 1 « Correlated insulator
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Nature 556, 80 (2018)

=1.12° H

=1.16° H Y

|
-ng -nJ2 0 nJ2) ng
L s
=y
0,

0.05

Conductance, G (mS)

“ Superconductivity

Y Cao et al.
Nature 556, 43 (2018)

R. Bistritzer and A. H. MacDonald,
Proc. Natl. Acad. Sci. USA 108, 12233 (2011).

X Lu, et al.
Nature 574, 653 (2019)

Very flat band for twist angle ~ 1.1° T potems i :

“ Ferromagnetism

A L Sharpe et al.
Science 365, 605 (2019)

Electron correlations effect

M Serlin, et al.
Science 367, 900 (2020)

R, (h/e?)

Mott insulator, superconductivity,
Ferromagnetism,...
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Origin of flat bands in TBG: a simple picture
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(@ tif
Lattice 1 Conduction band
Lattice 2 ; : e :

t=0 2t<<hV|:k9 2t~hV|:k9

Flat bands in other twisted 2D systems as well
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Stacking van der Waals heterostructure for twisted devices

Xtoliating
BLG & hBNs

Slicing BLG

Pick-up of
Top hBN

- Pick-up of

BLG-1

Rotating
BLG-1

Pick-up of
BLG-2

Drop on
bottom hBN

L D Varma Sangani, et al. Nanotechnology 31, 32LT02 (2020)
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Examples of “stacks” (& tifl"
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Outline

Berry physics and topology in condensed matter

Twisted layers — a new way to designer materials
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Valley transport in flat bands
Berry curvature dipole senses a topological transition

Magneto-electric coupling in flat bands

( tifr

Nanoelectronics group, TIFR, Mumbai, India



Twisted double bilayer: material with in situ tunable bandstructure
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e
Correlated insulating states in twisted double bi-layer & tifr

= 2 SC 5
n (10'2ecm?) win,

Cao et al. Nature 583, 215 (2020). Liu et al. Nature 583, 221 (2020).
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Electrical response at low temperature (@ tifr
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Resistance at low temperature and band structure
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Theory collaboration with Unmesh Ghorai, Rajdeep Sensarma KT r@q;%-o Dis 2

(TI FR) k  (nm™2 e\?"_l)
23 Adak, Sinha, Ghorai, Sensarma, et al.Phys. Rev. B 101, 125428 (2020)

Electric field

(£ tifr

One flat band
Splits into two

And then merges
with higher bands
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o
Key properties of twisted double bilayer graphene & tifr

. 15 B s 16}
* TDBG has an electric field-tunable S 3
band structure € L 1_5, 2
o T 8}t
* Estimation of bandwidth from g 5| 3
electron transport measurement @ s 4t
0 0L ' L
-04 -02 00 -0.3 -0.29 ~0.24
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P C Adak, S Sinha, et al. Phys. Rev. B 101, 125428 (2020).
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Berry curvature hotspots in twisted double bilayer graphene
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collaboration with Bheema Lingam Chittari and Jeil Jung (University of Seoul)
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®
Berry curvature and Valley Hall Effect (VHE) & tifl"
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@
Large nonlocal signal -- signature of bulk valley transport & tifr

- 08"
tgarPe ’ '.
199 4 ‘ lek) current f
R VHE Lh arge mutrdl)

c hargc current
YX/' (local)
X

Sinha and Adak et al. Nature Communications, 11, 5548 (2020). related work: Wang et al. Nature Physics 18, 48-53 (2022).
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Signature of bulk transport: Scaling between R; and Ry;

Diffusive valley transport via bulk:

w33 () ()
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The nonlocal resistance we observe is
due to bulk valley current
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Outline

Berry physics and topology in condensed matter
Twisted layers — a new way to designer materials

Valley transport in flat bands
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Berry curvature dipole senses a topological transition

Magneto-electric coupling in flat bands
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Topological bands in twisted double bilayer graphene
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Other related works:
Zhang, Dai, Liu arXiv:2101.04711

Lin, Zhu, and Ni Phys. Rev. B 101,
155405 (2020)

Wang, Li, and Zhang, Phys. Rev.
B 103, 115201 (2021)
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L
Studying topological states and transitions & tifr

- Tuning with Fermi energy in time reversal broken system - Very hard to detect when time reversal symmetry intact

a 0=1.12° £0.01° 1072 10°

T=4K P (WE) e

B(T)

> -We demonstrate a way to detect topological transitions
using first moment of Berry curvature

S os8 <8 24 0 4 2 8 @ 6 9 12

v B(T)
Saito et al Nature Physics (2021)
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Breaking of discrete rotational symmetry (C;) o .,
leads to distortion of Berry curvature & tlfl"
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Emergence of Berry curvature dipole — the first moment of Berry ® .,
curvature & tlfl"
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Sodemann and Fu, Phys. Rev. Lett. 115, 216806 (2015) Ay (nm)
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o
Consequence of Berry curvature dipole with time reversal symmetry intact & tifr,

Theory: Sodemann and Fu, Phys. Rev. Lett. 115, 216806 (2015)

Experiment First observation in WTe2 Ma, et al. Nature 565, 337—-342 (2019).
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®
Berry curvature dipole near hot spots of Berry curvature & tifr
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®
Measuring BCD with non-linear Hall signal & tifr

2w w\2 _ 2
V:I:y (Va:zc) T AO:I::C + B

Du et al. Nature Communications 10, 3047 (2019).

Berry curvature dipole changes sign!
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Variation of BCD with doping (@ tof
nr
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What is happening? (@ tifl"
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A topological transition with valley Chern number change!
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Berry curvature dipole senses a topological transition

39

Ay (nm)

Berry curvature dipole will change sign even in a time reversal symmetric system
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