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Quantum matter: asking “why?”

 Fundamental particle properties
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Discovery->commercial: superconductivity

Zero resistance < T (1911) Meissner effect (1933)

0.024

MERCURY

SIEMENS

""""""""

0.01

IF“!“”EQ

W.E: ln

~~~~~~

Electrical resistance (ohms)

A "t ) ¢ 7‘ ¢
= /

Magnetic Resonéncé Imaging (1980)» SCMaglev Trains (2027) ‘




Topology

EJ
—
- =g

—
B
ap—




Topological matter
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Electron interactions

Interaction strength: U/D

Non-interacting: Weak: Strong:
Bloch waves Fermi liquid Depends!

Magnetism
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Outline

1. Topological Weyl semimetal
2. Strongly correlated Kondo physics
3. The Weyl-Kondo semimetal

4. Future projects



Hermann Weyl's equation

Dirac (1928), massive relativistic spin-1/2:

Weyl (1929), massless relativistic spin-1/2:

Herring (1937), crystal eigenenergy touching:
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How do we know it's topological?
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The Weyl semimetal is observed

Weyl Fermions Fermi arcs
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Strongly correlated matter

Increasing localization >
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Magnetic moments
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Many-body physics: from Kondo to Hubbard, eds. E. Pavarini, E. Koch, P. Coleman (2015)



The Kondo effect
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Resistance of gold vs T
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Heavy fermion systems
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Topology across the correlation spectrum
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The Anderson lattice model

Hea =V Z (d;facw + H.c.) hybridization

Ha = Z(Ed — ,u)d;-radia localized level
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Conduction electrons
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http://cmt-roy.physics.ucla.edu/content/nonsymmorphic-crystals

The Weyl-Kondo semimetal
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http://cmt-roy.physics.ucla.edu/content/nonsymmorphic-crystals

Bulk-surface correspondence
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Topology and Berry curvature
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Kondo-pinning effect
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Probing topology across correlation scales
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Probing topology across correlation scales
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Correlations enable fine tuning

H=He+Heat Ha+ M, 2-(dl,5di)
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Ongoing and future projects

Nonequilibrium response
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Giant topological Hall response

31 - — .
“—e— meas. Fe< T* A fully nonequilibrium
= T<T*
g 2| C Q {1
ERIE K S -
= [ v ~ Xy
T 2 _
'Te 9 ¢ N ] ; . . o120
S 0 field | 0.0lmsmsa®® ; i
o 3 1 N (2w) I (MA) B
0 : : . 9 6 3 0 3 6 09 =
0 1 2 3 B(T) IX= O lelmte IX
T (K) .
* Py seenin TRSB WSMs 37

*  PxSve" consistent with B=0 2w Ozy = 72 D, &,

1w: ?7?7?

S. Dzsaber et al., PNAS, 118 8, (2021)



Fully nonequilibrium Ce;Bi,Pd;

I weak field
A fully nonequilibrium

fully nonequilibrium
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High-harmonic generation
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Strongly correlated topological semimetals
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Symmetry-constrained emergent excitations
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In conclusion...
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Auxiliary boson treatment

Haa=V'y_ (df,cio + Hec) Hea =1V ) (£} cio + He.)

Ha =D (Ea— p)d},dio Hi= > (Eq—m)fLfio

1,0 1,0
d, d 2
+ Uznnnu + EZ(ff(,fw +7r?—1)
) 1,0
U — oo

« [U—o Coulomb repulsion i " Crystal symmetry + topology:
_ ic = bifi, Gaplessness guaranteed at n-
- enforces 1 f/ site b; — (b)) =r odd-quarter fillings: n/(spin per

« Treat hole fluctuations Z z unit cell
ZfiTgfia + 7”2 =1
away from 1 as boson i,o

Ntot = Nd + Nec



Energy (t)

Weyl-Kondo semimetal properties
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Weyl-Kondo semimetal with spin-orbit
coupling hybridization

e SOC between fand ¢
species

* Quarter filling
* n.+n4=1 per site

SEG, H. H. Lai, S. Paschen &
Q. Si, in preparation.
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Zeeman field: uncorrelated model

Conduction electron-only model
« Diamond crystal structure
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« Hopping (t) & chemical potential
« Inversion symmetry breaking, m / t
« Zeeman exchange field, M,/ t

« Spin-orbit coupling

BI ................
4- -----------------
WSM
r-X
y +
r-L
S
F_X — X-QBT
xS S .
...... '-QBT
1t WSM /| W—A?T
g Metallic
X-W !
DSM | BI
0] 7258 . .
0 1 ! 4
m/t

SEG, Hsin-Hua Lai, Silke Paschen, Qimiao Si, JPS Conf. Proc. 30, 2020




Pelerls treatment and current

 Light pulse — vector potential field
A(t) = (Az(t), Ay(t), A-(1))

» Generalized current expression that contains all

* Pulse envelope harmonic orders:
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« Only kinetic (hopping) terms affected
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IFT[dJ/dt] | (w)

« Contrasting high harmonic

H H G WKS M VS . KI . ga;ﬁ?gsrfaller r - stronger

renormalization - signal

{0.131149, 0.25, 0.000220246} _ {0.131149, 0., 0.000220246} weaker
— xly — Xy | .
ol L el — .1« WKSM: low w, linear
WKSM, r large | | dispersion
1071 ] 107 1 .
| 3 |« KI: interband, nw
10717+ — Nif 107" 7 >
% 0.12} .
10_20_ - 10—20_
) 0.10}
02| ol Kl, r large: we<A i
0.08}
0 2 4 6 8 0 2 4 6 8
w w 006f -
{0.0414364, 0.25, 0.000220246}) _ {0.0414364, 0., 0.000220246} l;
5

_ — v ] 0.044 : : : -
xly | xly \ 0.96 0.97 0.98 0.99
101} — 7 A 107"+ —z V

Kl, r small: wy>A

IFT[dJ/dt] | * (w)

el WKSM, r small [ |« Future work:

2 ]  More realistic model
07| g o systems
o 15 pal « Compare with totally

uncorrelated models
_ _ « Energy-momentum
6 8 0 2 4 6 8 resolved spectra

10-23 L 10-23 L




