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Seeing topological charges by naked eyes
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Seeing the topological charge of various materials by naked eyes through an infrared lens:

J Opacity of graphene ma = 2.3% as a topological charge

 Topologically protected fine-structure constant

(1 3D topological insulator thin films of any thickness have the same opacity ma = 2.3%
] Seeing topological surface states by naked eyes

(1 Darkness of 3D Weyl semimetals as a topological charge



Can topological order of materials be observed by human perception?

Landau order parameters can be easily perceived in macroscopic scale

Magnetic force between Magnetic levitation by
bar magnets superconductors

Can topological order of materials also be perceived in macroscopic scale?



Opacity of graphene

Opacity of graphene is known to
be roughly given by ma = 2.3%
independent of the frequency
and polarization of the light

Absorption power

Opacity =
Incident power

Light with frequency w and polarization u

Ow) = 1{( |

Absorption power is given by optical conductivity
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Nair et al, Science 320, 1308 (2008)
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Linking optical conductivity to quantum metric

The N_-particle valence band state of semiconductors
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Given dipole energy E - i = Eid,,, optical conductivity at momentum k is related to g, ,
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Linking guantum metric to topological charge

Band structure and topological charge of graphene H}K’(k) = vp (£kyor — keoy)
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Azimuthal quantum metric turns out to be equal to the topological charge

g;(;-j = |(-'nrr,’?"|-z'.("-)¢,|n7')|2 = |(n"]i0 q.)|n’1">|? — 2 — - Metric-curvature correspondence
| 4 von Gersdorff and Chen, PRB 104, 195133 (2021)

Azimuthal quantum metric converted back to Cartesian coordinate
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Linking opacity of graphene to topological charge

Optical conductivity is real space is given by momentum integration

, dPk me? dPk , K- gk gk
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Gyop = .2 Yy = .2 c
Optical conductivity is proportional to topological charge '
e? o, Fieo Topological charge is hiding
Tun(w) = € [f (_7) -/ (7)] In the optical conductivity

As a result, the opacity is given by ma X topological charge

W (w) fico fico

de Sousa, Cruz, and Chen, arXiv:2303.14549



Seeing topological charge of graphene by naked eyes

Zero temperature limit of the opacity is independent of frequency and polarization of light
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This implies: de Sousa, Cruz, and Chen, arXiv:2303.14549
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(1) One can literally see the topological charge by naked eyes ga_g?;ﬁﬁgn:e ?1:::..1 2 8 4 5

(2) All 2D Dirac semimetals have the same opacity at infrared f'i'ge& T .1

(3) The fine-structure constant is topologically protected B . .
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The only other topologically protected constant is the von Klitzing
constant h/e? in QHE. Our paper thus plays the same role as the
TKNN paper that links the quantized Hall conductance to a
topological invariant.

Hall Resistance, Ry; (/e?)

Magaeto Resistance, R

ma—: I Thouless, Kohmoto, Nightingale, and den Nijs, PRL 49, 405 (1982).



However, the reality is more complicated...

The band structure of graphene is not perfectly linear in the visible light range
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by disorder

E (eV) Nairetal, Small 6, 2877 (2010)

The suppression of opacity at low frequency in fluorinated
graphene can be explained by shift of chemical potential
caused by impurities, which blocks optical absorption.




Extracting fine-structure constant accurately?

Given all these complications, can fine-structure constant be extracted accurately from opacity?

2

Fine-structure constant may be extracted accurately by fitting
the quadratic frequency dependence in any 2D Dirac semimetaIsJZ}
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Seeing optical Hall conductance by rotating graphene
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Light source -

.~ N (b)
Polarizer | . _ S .5l
Rotated - N = 1%
graphene O
fE S | hw = 0.6eV (infrared)
O 05 1.8eV (red light)
3.1eV (blue light)

Ifl m Eln
P
Graphene rotated by angle ¢ wrt polarization will have opacity

Op(w. o) = cos* 0O, (w) + 2sin oy cos OpQOy(w) + sin? 0pO,y (W)

The variation Oxy(a))/na ~ 20% is roughly given by the optical Hall conductance,
which is potentially visible by naked eyes

de Sousa, Cruz, and Chen, arXiv:2303.14549



All 3D topological insulator thin films have the same opacity T«

Surface states of 3D Tis are also described by the same Hamiltonian as graphene
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HS{’K (k) = vp (£kyor — kyoy) Bi,Se,
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But the linearity is only up to infrared region. Thus we predict

That all 3D Tl thin films of any thickness has the same opacity
na ~ 2.3% in the infrared region o
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Zhang et al, Nat Phys 2009

This also implies that one can literally see

Thin Tl film Thick TI film the topological surface states by naked eyes
though an infrared lens!




Optical absorption power of 3D Weyl semimetals as a topological charge

Hamiltonian of 3D Weyl semimetals

Metric-curvature correspondence
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H*f(k) — 1 ({E}I{ng + 'l?ilfyﬂ'y + '1?;1'-3{?'3] —d4d-o Chen et al, PRB 92, 075107 (2015)
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Infrared optical conductivity is linear in
frequency and topological charge The material looks darker under higher
o frequency light is a topological phenomenon,
Z O (W) = Nwe“w|C| can be seen by naked eyes through infrared

P 3mhv lens



Summary

[ Opacity of graphene ma = 2.3% as a topological charge

J Topologically protected fine-structure constant

J 3D topological insulator thin films of any thickness have the same opacity ma = 2.3%
1 Seeing topological surface states by naked eyes

d Darkness of 3D Weyl semimetals as a topological charge
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