
1KITP October 2019 - Jairo Sinova

23trd of October 2019 
KITP, Santa Barbara

Jairo Sinova 
Johannes Gutenberg Universität Mainz

Topological antiferromagnetic spintronics 
and the crystal Hall effect



2KITP October 2019 - Jairo Sinova

I. From Spin-Orbit Torque in FM to Néel Spin-Orbit Torques in 
Antiferromagnets:   

II. Topological Dirac Fermion + Antiferromagnets + Neel SOTs 

III. AHE in collinear AFMs: Crystal Hall Effect 

Zelezny, Gao, JS, Jungwirth PRL (2014) 
Zelazny, Gao, et al. PRB (2016) 
Bodnar, Smejkal, Jourdan, Kläui, Jungwirth, JS, et al, Nat. Com. (2018)

Smejkal, Zelezny, Sinova, Jungwirth PRL (2017) 
Smejkal, Jungwirth, Sinova PSS (2017)

Surprises of the Spin Hall Effect, Physics Today 70, 7, 38 (2017)
Jungwirth, JS, et al, Nature Physics (AFM spintronics Reviews) (2018)

Smejkal, Gonzales, Jungwirth, JS, arXiv 1901.00445 (2019) 

kz
kx

En
er
gy

+

-

U

Jungwirth, JS, et al, Nature Physics (AFM spintronics Reviews) (2018)

Topological antiferromagnetic spintronics 
and the crystal Hall effect



3

Hilbert et al. Science (2011)

Analog to Digital

Gutenberg  
(1400-1468)

1015

1014

1013

1012

1986 1993 2000 2007

 Digital: Hard-disks, DVDs,…Analog: books, video/film, …

MB

Analog to digital = Ink to Spin

GMR first observed in 1988

KITP October 2019 - Jairo Sinova



3

Hilbert et al. Science (2011)

Analog to Digital

Gutenberg  
(1400-1468)

1015

1014

1013

1012

1986 1993 2000 2007

 Digital: Hard-disks, DVDs,…Analog: books, video/film, …

MB

Analog to digital = Ink to Spin

GMR first observed in 1988

KITP October 2019 - Jairo Sinova

Spin-Transfer 
MRAM 
(2015) 

What is next in memory 
storage?



Spin-Transfer-Torque MRAM
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Spin-Transfer-Torque MRAM


MTJ

STT mechanism:


~ 30 μA
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Inverse Spin Galvanic Effect or Edelstein Effect
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Spin-current and spin-polarization generation by currents

   (Reverse process of circular photo-galvanic effect,   Ganichev et al., 2001)

Wunderlich et at. arXiv ‘04, PRL ‘05

Spin Hall Effect in p-GaAs



Experiments of in-plane current magnetic switching

Miron et al., Nature ‘11

Buhrman,et al., Science ‘12 
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spin-orbit torque at PM/FM interface

intrinsic SHE + STT

SHE as spin-current generator + STT

 
d ~M

dt

!

SHE�STT

= PM̂ ⇥ (n̂⇥ M̂) 
d ~M

dt

!

SOT

=
Jex
~

~M ⇥ �~s

hSOT || z × J
Jairo Sinova and Tomas Jungwirth, Physics Today (2017) 
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Spin Hall Rashba

Spin-orbit Torques in Bilayer Systems
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Spin Hall Rashba

Spin-orbit Torques in Bilayer Systems

Make a ferromagnet behave like a cat: 
SOC (broken bulk inversion)+ferromagnetism

?
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Intrinsic (Berry phase) spin-orbit torque in GaMnAs
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Rashba

 
dM̂

dt

!

SOT

= M̂ ⇥ �sz(✓M�E)ẑ

��current direction

angle between M and 
current direction

Kurebayashi, JS, et al.,  
Nat. Nanot. (2014)
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MRAMs without melting 
2011-2014

Kurebayashi, JS, et al., 
Nat. Nanot. (2014)
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MRAMs without melting 
2011-2014

Kurebayashi, JS, et al., 
Nat. Nanot. (2014)



Antiferromagnetic Spintronics

11KITP October 2019 - Jairo Sinova

Spin not charge based
Radiation-hard

Ordered spins
Non-volatile

No net moment
Insensitive to magnetic fields,

no fringing stray fields

THz dynamics
Ultra-fast switching

Multiple-stable domain configurations 
Memory-logic bit cells

Materials range 
Insulators, semiconductors, semimetals, 

metals, superconductors
Last issue of the 
International Technological 
Roadmap for 
Semiconductors in 2016
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Writing by spin-orbit torque in a single-layer ferromagnet

Magnet reversing itself : SOT  

Antiferromagnetic Spin-orbitronics

AFM
Néel SOT

J. Zelezny, H. Gao,  K. Vyborny,  J. Masek,  J. Zemen, A. Manchon,  J. Sinova,  and T. Jungwirth, PRL (2014) 
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Antiferromagnet with broken sublattice space-inversion symmetry:  (Mn2Au)

Writing by Néel spin-orbit torque in a single-layer antiferromagnet
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Zelezny, Gao, Jungwirth, 
JS PRL 2004 
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Antiferromagnet with broken sublattice space-inversion symmetry:  (Mn2Au)

Writing by Néel spin-orbit torque in a single-layer antiferromagnet
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J || x

HSOT || z × J

HSOT || -z × J

Zelezny, Gao, Jungwirth, 
JS PRL 2004 



Antiferromagnetic Spin-orbitronics: Néel spin-orbit torque
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Sy≠0 Sy≠0

HSOT || z × J HSOT || -z × J

J.Zelezny, J.Sinova, T.Jungwirth et al., 
Phys.Rev.Lett.(2014)

P..Wadley. TJ, et al., Science (2016) 
Bodnar, Smajkal, TJ, JS, et al. Nat. Comm. (2018),

J || x

Functionalities based on electrical manipulation of antiferromagnetic order

Inverse spin galvanic effect 
(ISGE) “Edelstein effect” 
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Experimental Observation of Néel SOT in Mn2Au
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Experiment

0.6+-0.3% Au rich,  
Mn-Au <5% 

Experiment: 
S.Bodnar et al.*,  
(2.5-6 %),
M.Meinert et al, 
arXiv.1706.06983 
(5 %D: App.Phys)
M.Jourdan et al., 
JoP . (2015): 8 
μΩcm
H.Wu et al., AFM 
(2016)   (1-2.5 %)

Relativistic DFT: 

Bodnar, Smejkal, Jourdan, Kläui, Jungwirth, JS, et al, Nature Communications  (2018) 



Anisotropic spectral function and stability of Dirac points
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• CPA preserves the symmetry prevented hybridisations 
• Disorder propagates Dirac point to Fermi level and shifts the Fermi level 

E(k) ! A(E,k) = � 1

⇡
ImG
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S. Y. Bodnar, L. Smajkal, T.Jungwirth, J.Sinova, M.Kläui, M.Jourdan, et al, Nat. Comm. (2018) 



From prediction, to observation, to device in 1 one year!!
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Works like this but
not done like this

Electrical read/write antiferromagnetic memory
Wadley, Jungwirth et al. Science ’16, Jungwirth, Marti, Wadley, Wunderlich, Nature Nanotech. ’16
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I. Néel Spin-Orbit Torques in Antiferromagnets:   

II. Topological Dirac Fermion + Antiferromagnets + Neel SOTs 

III. AHE in collinear AFMs: Crystal Hall Effect 

Zelezny, Gao, JS, Jungwirth PRL (2014) 
Zelazny, Gao, et al. PRB (2016) 
Bodnar, Smejkal, Jourdan, Kläui, Jungwirth, JS, et al, Nat. Com. (2018)

Smejkal, Zelezny, Sinova, Jungwirth PRL (2017) 
Smejkal, Jungwirth, Sinova PSS (2017)

Surprises of the Spin Hall Effect, Physics Today 70, 7, 38 (2017)
Jungwirth, JS, et al, Nature Physics (AFM spintronics Reviews) (2018)

Smejkal, Gonzales, Jungwirth, JS, arXiv 1901.00445 (2019) 
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Topological antiferromagnetic spintronics 
and the crystal Hall effect



Coexistence of Topological Dirac fermions and Néel SOT?
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Can we control the relativistic fermions electrically?

? 
+

Libor Smejkal, Zelezny, Sinova, Jungwirth PRL (2017)

“Just knowing the correct laws of 
quantum mechanics does not mean that 

we understand all the strange 
phenomena that it allows”

Haldane, Nobel Lecture 2016
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Can we control the relativistic fermions electrically?

? 
+

Libor Smejkal, Zelezny, Sinova, Jungwirth PRL (2017)

“Just knowing the correct laws of” relativistic 
“quantum mechanics does not mean that we 

understand all the strange” and useful 
“phenomena that it allows”
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Model of AFM topological semimetal
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Model of AFM topological semimetal
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YES! 

Overlap of symmetry conditions

Dirac fermions       AF spintronics 
? 
+

1. Two sites in unit cell 

band crossing      inversion-partner sites  
                      → staggered field

PT2.         symmetry 

Double band degeneracy  
→ Dirac point     

AF spin-sublattices  
at inversion partner sites



Minimal lattice model
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Kane-Mele spin-orbit coupling

A

B

A

B

Young, Kane, Phys.Rev.Lett.(2015) 

L.Smejkal, J.Zelezny, J.Sinova, and 
T.Jungwirt, Phys.Rev.Lett. (2017) 



Minimal lattice model: band structure
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Renormalization: 2D Dirac points —> 3D nodal lines

 sigma tzTopological charges

D2D1

Antiferromagnetic Dirac semimetal

L.Smejkal, J.Zelezny, JS, and T.Jungwirt, Phys.Rev.Lett. (2017) 



Symmetry protection of Dirac points
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[100]

[010]

Mirror Translate

nonsymmorphic symmetry = point group + nontrivial translation
glide mirror plane   Gx={Mx/(1/2,0,0)}    Mx 

at Gx invariant 
subspace 
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Electrical control of Dirac fermions

Nonsymmorphic  symmetry: 
Screw axis+Glide plane 

ortho.
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Topological anisotropic magnetoresistance
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Anisotropic magnetoresistance is even in 
magnetisation and scattering related

RR

Marti, Jungwirth et al. Nat.Mat.(2014)



Topological anisotropic magnetoresistance

25KITP October 2019 - Jairo Sinova

Anisotropic magnetoresistance is even in 
magnetisation and scattering related

RR

Marti, Jungwirth et al. Nat.Mat.(2014)
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Genealogy of Hall effects
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Spontaneous Hall effect  
without complicated 

antiferromagnetic order?

1879 Hall effect 
from field 
1881 Hall effect 
from magnetisation

2002 Berry curvature - topological 
properties of wave functions 

1980 Quantum 
Hall effect 

1996 “Topological” Hall effect  
without spin-orbit coupling 

2015 Anomalous Hall 
effect in non collinear 
antiferromagnets 
without magnetisation1988 Haldane: quantum 

Hall effect without 
Landau levels

2013 Quantum 
anomalous Hall in 
topological insulators 

1955+ Role of spin-orbit 
coupled impurities 
1953/58+ Kohn-Luttinger



Symmetry considerations of AFM spintronics
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magnetic symmetries: 122/1651
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Remaining (e.g. dynamical axion)

Dirac

Spontanous Hall

Collinear crystal Hall

Dirac antiferromagnets

Šmejkal, Zelezny, JS, TJ, 
Phys.Rev.Lett. (2017) 

collinear 
antiferromagnets

Spontaneous Hall antiferromagnets

22

31
1469



Spontaneous Hall effect from collinear AFM
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spin degenerate bands  
(IrMn,CuMnAs,Mn2Au, …)

TAF ⇠ T t 1
2
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LŠ, J.Železny, JS, TJ, 
Phys.Rev.Lett. (2017) 



Spontaneous Hall effect from collinear AFM
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spin degenerate bands  
(IrMn,CuMnAs,Mn2Au, …)
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Tinkham, Group theory and quantum 
mechanics (1964)  

Notorious 
antiferromagnets

Magnetisation density  spontaneously breaks 
symmetries and allows Hall vector! (RuO2, …)

Analysing magnetisation projection 
vectors (black arrows) is incomplete!

Landau, Lifshitz, Electrodynamics of Continuous Media (1972) 

LŠ, R.H.Gonzales, JS, TJ, 
arXiv 1901.00445 (2019) 



Large spontaneous Hall effect in collinear antiferromagnetism?

30KITP October 2019 - Jairo Sinova

LŠ, R.H.Gonzales, JS, TJ, arXiv 1901.00445 (2019) 

Spontaneous symmetry breaking is strong already without SOC!
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Spontaneous symmetry breaking is strong already without SOC!
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Magnitude can be as large as record values in ferromagnets
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Correlations stabilise 
antiferromagnetism
Berlijn et al., Phys. Rev. 
Lett. (2017) 
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Correlations stabilise 
antiferromagnetism
Berlijn et al., Phys. Rev. 
Lett. (2017) 
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Anisotropic Crystal Hall effect
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Hall vector is not 
proportional to 

Sublattice magnetisation
Net magnetisation
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Antiferromagnetic nodal chain metals
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Bzdusek et al., Nature (2016) 
Yan et al.,  Nat. Phys. (2018) multiple mirror symmetries

If Néel vector points in high symmetry lines, nodal chains are allowed by 
symmetry,  giving rise to high Berry’s phase contribution to the crystal Hall effect

g g
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�
<latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit>

Co
<latexit sha1_base64="Uhnj7h9bD66zU4c61NUKvVUMcFo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeiz24rGC/YA0lM120i7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bRmWaQ4srqXQ3ZAakSKCFAiV0Uw0sDiV0wnFj5nceQRuhkgecpBDEbJiISHCGVvJ7CE8YRnlDTfuVqltz56CrxCtIlRRo9itfvYHiWQwJcsmM8T03xSBnGgWXMC33MgMp42M2BN/ShMVggnx+8pSeW2VAI6VtJUjn6u+JnMXGTOLQdsYMR2bZm4n/eX6G0U2QiyTNEBK+WBRlkqKis//pQGjgKCeWMK6FvZXyEdOMo02pbEPwll9eJe3LmufWvPurav22iKNETskZuSAeuSZ1ckeapEU4UeSZvJI3B50X5935WLSuOcXMCfkD5/MHp5uRew==</latexit><latexit sha1_base64="Uhnj7h9bD66zU4c61NUKvVUMcFo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeiz24rGC/YA0lM120i7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bRmWaQ4srqXQ3ZAakSKCFAiV0Uw0sDiV0wnFj5nceQRuhkgecpBDEbJiISHCGVvJ7CE8YRnlDTfuVqltz56CrxCtIlRRo9itfvYHiWQwJcsmM8T03xSBnGgWXMC33MgMp42M2BN/ShMVggnx+8pSeW2VAI6VtJUjn6u+JnMXGTOLQdsYMR2bZm4n/eX6G0U2QiyTNEBK+WBRlkqKis//pQGjgKCeWMK6FvZXyEdOMo02pbEPwll9eJe3LmufWvPurav22iKNETskZuSAeuSZ1ckeapEU4UeSZvJI3B50X5935WLSuOcXMCfkD5/MHp5uRew==</latexit><latexit sha1_base64="Uhnj7h9bD66zU4c61NUKvVUMcFo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeiz24rGC/YA0lM120i7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bRmWaQ4srqXQ3ZAakSKCFAiV0Uw0sDiV0wnFj5nceQRuhkgecpBDEbJiISHCGVvJ7CE8YRnlDTfuVqltz56CrxCtIlRRo9itfvYHiWQwJcsmM8T03xSBnGgWXMC33MgMp42M2BN/ShMVggnx+8pSeW2VAI6VtJUjn6u+JnMXGTOLQdsYMR2bZm4n/eX6G0U2QiyTNEBK+WBRlkqKis//pQGjgKCeWMK6FvZXyEdOMo02pbEPwll9eJe3LmufWvPurav22iKNETskZuSAeuSZ1ckeapEU4UeSZvJI3B50X5935WLSuOcXMCfkD5/MHp5uRew==</latexit><latexit sha1_base64="Uhnj7h9bD66zU4c61NUKvVUMcFo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeiz24rGC/YA0lM120i7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bRmWaQ4srqXQ3ZAakSKCFAiV0Uw0sDiV0wnFj5nceQRuhkgecpBDEbJiISHCGVvJ7CE8YRnlDTfuVqltz56CrxCtIlRRo9itfvYHiWQwJcsmM8T03xSBnGgWXMC33MgMp42M2BN/ShMVggnx+8pSeW2VAI6VtJUjn6u+JnMXGTOLQdsYMR2bZm4n/eX6G0U2QiyTNEBK+WBRlkqKis//pQGjgKCeWMK6FvZXyEdOMo02pbEPwll9eJe3LmufWvPurav22iKNETskZuSAeuSZ1ckeapEU4UeSZvJI3B50X5935WLSuOcXMCfkD5/MHp5uRew==</latexit>

Nb
<latexit sha1_base64="kVZ8s2+ySqZxwDCpNZrazmTI9Os=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsLWQhrLZbtqlm92wOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737ZRWVtfWN8qbla3tnd296v5B26hMU9aiSijdiYhhgkvWQo6CdVLNSBIJ9hCNrqf+wyPThit5j+OUhQkZSB5zStBKQRfZE0ZxfhtNetWaV/dmcJeJX5AaFGj2ql/dvqJZwiRSQYwJfC/FMCcaORVsUulmhqWEjsiABZZKkjAT5rOTJ+6JVfpurLQtie5M/T2Rk8SYcRLZzoTg0Cx6U/E/L8gwvgxzLtMMmaTzRXEmXFTu9H+3zzWjKMaWEKq5vdWlQ6IJRZtSxYbgL768TNpndd+r+3fntcZVEUcZjuAYTsGHC2jADTShBRQUPMMrvDnovDjvzse8teQUM4fwB87nD6SckXk=</latexit><latexit sha1_base64="kVZ8s2+ySqZxwDCpNZrazmTI9Os=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsLWQhrLZbtqlm92wOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737ZRWVtfWN8qbla3tnd296v5B26hMU9aiSijdiYhhgkvWQo6CdVLNSBIJ9hCNrqf+wyPThit5j+OUhQkZSB5zStBKQRfZE0ZxfhtNetWaV/dmcJeJX5AaFGj2ql/dvqJZwiRSQYwJfC/FMCcaORVsUulmhqWEjsiABZZKkjAT5rOTJ+6JVfpurLQtie5M/T2Rk8SYcRLZzoTg0Cx6U/E/L8gwvgxzLtMMmaTzRXEmXFTu9H+3zzWjKMaWEKq5vdWlQ6IJRZtSxYbgL768TNpndd+r+3fntcZVEUcZjuAYTsGHC2jADTShBRQUPMMrvDnovDjvzse8teQUM4fwB87nD6SckXk=</latexit><latexit sha1_base64="kVZ8s2+ySqZxwDCpNZrazmTI9Os=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsLWQhrLZbtqlm92wOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737ZRWVtfWN8qbla3tnd296v5B26hMU9aiSijdiYhhgkvWQo6CdVLNSBIJ9hCNrqf+wyPThit5j+OUhQkZSB5zStBKQRfZE0ZxfhtNetWaV/dmcJeJX5AaFGj2ql/dvqJZwiRSQYwJfC/FMCcaORVsUulmhqWEjsiABZZKkjAT5rOTJ+6JVfpurLQtie5M/T2Rk8SYcRLZzoTg0Cx6U/E/L8gwvgxzLtMMmaTzRXEmXFTu9H+3zzWjKMaWEKq5vdWlQ6IJRZtSxYbgL768TNpndd+r+3fntcZVEUcZjuAYTsGHC2jADTShBRQUPMMrvDnovDjvzse8teQUM4fwB87nD6SckXk=</latexit><latexit sha1_base64="kVZ8s2+ySqZxwDCpNZrazmTI9Os=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsLWQhrLZbtqlm92wOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737ZRWVtfWN8qbla3tnd296v5B26hMU9aiSijdiYhhgkvWQo6CdVLNSBIJ9hCNrqf+wyPThit5j+OUhQkZSB5zStBKQRfZE0ZxfhtNetWaV/dmcJeJX5AaFGj2ql/dvqJZwiRSQYwJfC/FMCcaORVsUulmhqWEjsiABZZKkjAT5rOTJ+6JVfpurLQtie5M/T2Rk8SYcRLZzoTg0Cx6U/E/L8gwvgxzLtMMmaTzRXEmXFTu9H+3zzWjKMaWEKq5vdWlQ6IJRZtSxYbgL768TNpndd+r+3fntcZVEUcZjuAYTsGHC2jADTShBRQUPMMrvDnovDjvzse8teQUM4fwB87nD6SckXk=</latexit> S

<latexit sha1_base64="U7P6IdYuth9VkpfvXW5PM+joL+8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuTaiFjd4zjhfkQHSoSCUbTSQxf5EwZhdjfplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt4Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhpZ8JlaTIFZsvClNJMCbT90lfaM5Qji2hTAt7K2FDqilDG1LJhuAtvrxMmmdVz616t+eV2lUeRxGO4BhOwYMLqMEN1KEBDBQ8wyu8OcZ5cd6dj3lrwclnDuEPnM8f7pSREg==</latexit><latexit sha1_base64="U7P6IdYuth9VkpfvXW5PM+joL+8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuTaiFjd4zjhfkQHSoSCUbTSQxf5EwZhdjfplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt4Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhpZ8JlaTIFZsvClNJMCbT90lfaM5Qji2hTAt7K2FDqilDG1LJhuAtvrxMmmdVz616t+eV2lUeRxGO4BhOwYMLqMEN1KEBDBQ8wyu8OcZ5cd6dj3lrwclnDuEPnM8f7pSREg==</latexit><latexit sha1_base64="U7P6IdYuth9VkpfvXW5PM+joL+8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuTaiFjd4zjhfkQHSoSCUbTSQxf5EwZhdjfplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt4Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhpZ8JlaTIFZsvClNJMCbT90lfaM5Qji2hTAt7K2FDqilDG1LJhuAtvrxMmmdVz616t+eV2lUeRxGO4BhOwYMLqMEN1KEBDBQ8wyu8OcZ5cd6dj3lrwclnDuEPnM8f7pSREg==</latexit><latexit sha1_base64="U7P6IdYuth9VkpfvXW5PM+joL+8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuTaiFjd4zjhfkQHSoSCUbTSQxf5EwZhdjfplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt4Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhpZ8JlaTIFZsvClNJMCbT90lfaM5Qji2hTAt7K2FDqilDG1LJhuAtvrxMmmdVz616t+eV2lUeRxGO4BhOwYMLqMEN1KEBDBQ8wyu8OcZ5cd6dj3lrwclnDuEPnM8f7pSREg==</latexit>

� k [010]
<latexit sha1_base64="0hXTSm2PFT0P23rMSe/TBogKRrw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVTIi6LKgC5cV7ANmhpLJZNrQJDMkGaGUrt34K25cKOLWL3Dn35hpZ6GtB0IO59zLvfdEGWfaIPTtVFZW19Y3qpu1re2d3T13/6Cj01wR2iYpT1UvwppyJmnbMMNpL1MUi4jTbjS6LvzuA1WapfLejDMaCjyQLGEEGyv13eMgSnmsx8J+gWYDgWGQYYU5pxz6yENh362jBpoBLhOvJHVQotV3v4I4Jbmg0hCOtfY9lJlwgpVhhNNpLcg1zTAZ4QH1LZVYUB1OZqdM4alVYpikyj5p4Ez93THBQhfb2kqBzVAveoX4n+fnJrkKJ0xmuaGSzAclOYcmhUUuMGaKEsPHlmCimN0VkqENghibXs2G4C2evEw65w0PNby7i3rzpoyjCo7ACTgDHrgETXALWqANCHgEz+AVvDlPzovz7nzMSytO2XMI/sD5/AGZypop</latexit><latexit sha1_base64="0hXTSm2PFT0P23rMSe/TBogKRrw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVTIi6LKgC5cV7ANmhpLJZNrQJDMkGaGUrt34K25cKOLWL3Dn35hpZ6GtB0IO59zLvfdEGWfaIPTtVFZW19Y3qpu1re2d3T13/6Cj01wR2iYpT1UvwppyJmnbMMNpL1MUi4jTbjS6LvzuA1WapfLejDMaCjyQLGEEGyv13eMgSnmsx8J+gWYDgWGQYYU5pxz6yENh362jBpoBLhOvJHVQotV3v4I4Jbmg0hCOtfY9lJlwgpVhhNNpLcg1zTAZ4QH1LZVYUB1OZqdM4alVYpikyj5p4Ez93THBQhfb2kqBzVAveoX4n+fnJrkKJ0xmuaGSzAclOYcmhUUuMGaKEsPHlmCimN0VkqENghibXs2G4C2evEw65w0PNby7i3rzpoyjCo7ACTgDHrgETXALWqANCHgEz+AVvDlPzovz7nzMSytO2XMI/sD5/AGZypop</latexit><latexit sha1_base64="0hXTSm2PFT0P23rMSe/TBogKRrw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVTIi6LKgC5cV7ANmhpLJZNrQJDMkGaGUrt34K25cKOLWL3Dn35hpZ6GtB0IO59zLvfdEGWfaIPTtVFZW19Y3qpu1re2d3T13/6Cj01wR2iYpT1UvwppyJmnbMMNpL1MUi4jTbjS6LvzuA1WapfLejDMaCjyQLGEEGyv13eMgSnmsx8J+gWYDgWGQYYU5pxz6yENh362jBpoBLhOvJHVQotV3v4I4Jbmg0hCOtfY9lJlwgpVhhNNpLcg1zTAZ4QH1LZVYUB1OZqdM4alVYpikyj5p4Ez93THBQhfb2kqBzVAveoX4n+fnJrkKJ0xmuaGSzAclOYcmhUUuMGaKEsPHlmCimN0VkqENghibXs2G4C2evEw65w0PNby7i3rzpoyjCo7ACTgDHrgETXALWqANCHgEz+AVvDlPzovz7nzMSytO2XMI/sD5/AGZypop</latexit><latexit sha1_base64="0hXTSm2PFT0P23rMSe/TBogKRrw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVTIi6LKgC5cV7ANmhpLJZNrQJDMkGaGUrt34K25cKOLWL3Dn35hpZ6GtB0IO59zLvfdEGWfaIPTtVFZW19Y3qpu1re2d3T13/6Cj01wR2iYpT1UvwppyJmnbMMNpL1MUi4jTbjS6LvzuA1WapfLejDMaCjyQLGEEGyv13eMgSnmsx8J+gWYDgWGQYYU5pxz6yENh362jBpoBLhOvJHVQotV3v4I4Jbmg0hCOtfY9lJlwgpVhhNNpLcg1zTAZ4QH1LZVYUB1OZqdM4alVYpikyj5p4Ez93THBQhfb2kqBzVAveoX4n+fnJrkKJ0xmuaGSzAclOYcmhUUuMGaKEsPHlmCimN0VkqENghibXs2G4C2evEw65w0PNby7i3rzpoyjCo7ACTgDHrgETXALWqANCHgEz+AVvDlPzovz7nzMSytO2XMI/sD5/AGZypop</latexit>

[100]
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<latexit sha1_base64="U7P6IdYuth9VkpfvXW5PM+joL+8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuTaiFjd4zjhfkQHSoSCUbTSQxf5EwZhdjfplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt4Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhpZ8JlaTIFZsvClNJMCbT90lfaM5Qji2hTAt7K2FDqilDG1LJhuAtvrxMmmdVz616t+eV2lUeRxGO4BhOwYMLqMEN1KEBDBQ8wyu8OcZ5cd6dj3lrwclnDuEPnM8f7pSREg==</latexit><latexit sha1_base64="U7P6IdYuth9VkpfvXW5PM+joL+8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuTaiFjd4zjhfkQHSoSCUbTSQxf5EwZhdjfplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt4Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhpZ8JlaTIFZsvClNJMCbT90lfaM5Qji2hTAt7K2FDqilDG1LJhuAtvrxMmmdVz616t+eV2lUeRxGO4BhOwYMLqMEN1KEBDBQ8wyu8OcZ5cd6dj3lrwclnDuEPnM8f7pSREg==</latexit><latexit sha1_base64="U7P6IdYuth9VkpfvXW5PM+joL+8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuTaiFjd4zjhfkQHSoSCUbTSQxf5EwZhdjfplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt4Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhpZ8JlaTIFZsvClNJMCbT90lfaM5Qji2hTAt7K2FDqilDG1LJhuAtvrxMmmdVz616t+eV2lUeRxGO4BhOwYMLqMEN1KEBDBQ8wyu8OcZ5cd6dj3lrwclnDuEPnM8f7pSREg==</latexit><latexit sha1_base64="U7P6IdYuth9VkpfvXW5PM+joL+8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuTaiFjd4zjhfkQHSoSCUbTSQxf5EwZhdjfplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt4Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhpZ8JlaTIFZsvClNJMCbT90lfaM5Qji2hTAt7K2FDqilDG1LJhuAtvrxMmmdVz616t+eV2lUeRxGO4BhOwYMLqMEN1KEBDBQ8wyu8OcZ5cd6dj3lrwclnDuEPnM8f7pSREg==</latexit>

� k [010]
<latexit sha1_base64="0hXTSm2PFT0P23rMSe/TBogKRrw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVTIi6LKgC5cV7ANmhpLJZNrQJDMkGaGUrt34K25cKOLWL3Dn35hpZ6GtB0IO59zLvfdEGWfaIPTtVFZW19Y3qpu1re2d3T13/6Cj01wR2iYpT1UvwppyJmnbMMNpL1MUi4jTbjS6LvzuA1WapfLejDMaCjyQLGEEGyv13eMgSnmsx8J+gWYDgWGQYYU5pxz6yENh362jBpoBLhOvJHVQotV3v4I4Jbmg0hCOtfY9lJlwgpVhhNNpLcg1zTAZ4QH1LZVYUB1OZqdM4alVYpikyj5p4Ez93THBQhfb2kqBzVAveoX4n+fnJrkKJ0xmuaGSzAclOYcmhUUuMGaKEsPHlmCimN0VkqENghibXs2G4C2evEw65w0PNby7i3rzpoyjCo7ACTgDHrgETXALWqANCHgEz+AVvDlPzovz7nzMSytO2XMI/sD5/AGZypop</latexit><latexit sha1_base64="0hXTSm2PFT0P23rMSe/TBogKRrw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVTIi6LKgC5cV7ANmhpLJZNrQJDMkGaGUrt34K25cKOLWL3Dn35hpZ6GtB0IO59zLvfdEGWfaIPTtVFZW19Y3qpu1re2d3T13/6Cj01wR2iYpT1UvwppyJmnbMMNpL1MUi4jTbjS6LvzuA1WapfLejDMaCjyQLGEEGyv13eMgSnmsx8J+gWYDgWGQYYU5pxz6yENh362jBpoBLhOvJHVQotV3v4I4Jbmg0hCOtfY9lJlwgpVhhNNpLcg1zTAZ4QH1LZVYUB1OZqdM4alVYpikyj5p4Ez93THBQhfb2kqBzVAveoX4n+fnJrkKJ0xmuaGSzAclOYcmhUUuMGaKEsPHlmCimN0VkqENghibXs2G4C2evEw65w0PNby7i3rzpoyjCo7ACTgDHrgETXALWqANCHgEz+AVvDlPzovz7nzMSytO2XMI/sD5/AGZypop</latexit><latexit sha1_base64="0hXTSm2PFT0P23rMSe/TBogKRrw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVTIi6LKgC5cV7ANmhpLJZNrQJDMkGaGUrt34K25cKOLWL3Dn35hpZ6GtB0IO59zLvfdEGWfaIPTtVFZW19Y3qpu1re2d3T13/6Cj01wR2iYpT1UvwppyJmnbMMNpL1MUi4jTbjS6LvzuA1WapfLejDMaCjyQLGEEGyv13eMgSnmsx8J+gWYDgWGQYYU5pxz6yENh362jBpoBLhOvJHVQotV3v4I4Jbmg0hCOtfY9lJlwgpVhhNNpLcg1zTAZ4QH1LZVYUB1OZqdM4alVYpikyj5p4Ez93THBQhfb2kqBzVAveoX4n+fnJrkKJ0xmuaGSzAclOYcmhUUuMGaKEsPHlmCimN0VkqENghibXs2G4C2evEw65w0PNby7i3rzpoyjCo7ACTgDHrgETXALWqANCHgEz+AVvDlPzovz7nzMSytO2XMI/sD5/AGZypop</latexit><latexit sha1_base64="0hXTSm2PFT0P23rMSe/TBogKRrw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVTIi6LKgC5cV7ANmhpLJZNrQJDMkGaGUrt34K25cKOLWL3Dn35hpZ6GtB0IO59zLvfdEGWfaIPTtVFZW19Y3qpu1re2d3T13/6Cj01wR2iYpT1UvwppyJmnbMMNpL1MUi4jTbjS6LvzuA1WapfLejDMaCjyQLGEEGyv13eMgSnmsx8J+gWYDgWGQYYU5pxz6yENh362jBpoBLhOvJHVQotV3v4I4Jbmg0hCOtfY9lJlwgpVhhNNpLcg1zTAZ4QH1LZVYUB1OZqdM4alVYpikyj5p4Ez93THBQhfb2kqBzVAveoX4n+fnJrkKJ0xmuaGSzAclOYcmhUUuMGaKEsPHlmCimN0VkqENghibXs2G4C2evEw65w0PNby7i3rzpoyjCo7ACTgDHrgETXALWqANCHgEz+AVvDlPzovz7nzMSytO2XMI/sD5/AGZypop</latexit>

[100]
<latexit sha1_base64="iPAtkpR2L0TMutXv6TOc2qUriMA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjxWMG2hDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4fHezOzMC1PBtXHdb6e0sbm1vVPereztHxweVY9P2jrJFEOfJSJR3ZBqFFyib7gR2E0V0jgU2Aknt3O/84RK80Q+mmmKQUxHkkecUWMlv+e5bjCo1ty6uwBZJ15BalCgNah+9YcJy2KUhgmqtZ2SmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/li2Rm5sMqQRImyTxqyUH935DTWehqHtjKmZqxXvbn4n9fLTHQT5FymmUHJlh9FmSAmIfPLyZArZEZMLaFMcbsrYWOqKDM2n4oNwVs9eZ20r+qeW/cermvNuyKOMpzBOVyCBw1owj20wAcGHJ7hFd4c6bw4787HsrTkFD2n8AfO5w+54I33</latexit><latexit sha1_base64="iPAtkpR2L0TMutXv6TOc2qUriMA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjxWMG2hDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4fHezOzMC1PBtXHdb6e0sbm1vVPereztHxweVY9P2jrJFEOfJSJR3ZBqFFyib7gR2E0V0jgU2Aknt3O/84RK80Q+mmmKQUxHkkecUWMlv+e5bjCo1ty6uwBZJ15BalCgNah+9YcJy2KUhgmqtZ2SmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/li2Rm5sMqQRImyTxqyUH935DTWehqHtjKmZqxXvbn4n9fLTHQT5FymmUHJlh9FmSAmIfPLyZArZEZMLaFMcbsrYWOqKDM2n4oNwVs9eZ20r+qeW/cermvNuyKOMpzBOVyCBw1owj20wAcGHJ7hFd4c6bw4787HsrTkFD2n8AfO5w+54I33</latexit><latexit sha1_base64="iPAtkpR2L0TMutXv6TOc2qUriMA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjxWMG2hDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4fHezOzMC1PBtXHdb6e0sbm1vVPereztHxweVY9P2jrJFEOfJSJR3ZBqFFyib7gR2E0V0jgU2Aknt3O/84RK80Q+mmmKQUxHkkecUWMlv+e5bjCo1ty6uwBZJ15BalCgNah+9YcJy2KUhgmqtZ2SmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/li2Rm5sMqQRImyTxqyUH935DTWehqHtjKmZqxXvbn4n9fLTHQT5FymmUHJlh9FmSAmIfPLyZArZEZMLaFMcbsrYWOqKDM2n4oNwVs9eZ20r+qeW/cermvNuyKOMpzBOVyCBw1owj20wAcGHJ7hFd4c6bw4787HsrTkFD2n8AfO5w+54I33</latexit><latexit sha1_base64="iPAtkpR2L0TMutXv6TOc2qUriMA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjxWMG2hDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4fHezOzMC1PBtXHdb6e0sbm1vVPereztHxweVY9P2jrJFEOfJSJR3ZBqFFyib7gR2E0V0jgU2Aknt3O/84RK80Q+mmmKQUxHkkecUWMlv+e5bjCo1ty6uwBZJ15BalCgNah+9YcJy2KUhgmqtZ2SmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/li2Rm5sMqQRImyTxqyUH935DTWehqHtjKmZqxXvbn4n9fLTHQT5FymmUHJlh9FmSAmIfPLyZArZEZMLaFMcbsrYWOqKDM2n4oNwVs9eZ20r+qeW/cermvNuyKOMpzBOVyCBw1owj20wAcGHJ7hFd4c6bw4787HsrTkFD2n8AfO5w+54I33</latexit>

[001]
<latexit sha1_base64="CkEjTLRt0d9grMfxgvs8LuvuMrU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqWRF0GNBDx4ruLWwXUo2zbah2eySZIWy9Dd48aCIV3+QN/+NabsHbX0w8Hhvhpl5USaFsYR8o8ra+sbmVnW7trO7t39QPzzqmDTXjPsslanuRtRwKRT3rbCSdzPNaRJJ/hiNb2b+4xPXRqTqwU4yHiZ0qEQsGLVO8gNCvLBfb5AmmQOvEq8kDSjR7te/eoOU5QlXlklqTOCRzIYF1VYwyae1Xm54RtmYDnngqKIJN2ExP3aKz5wywHGqXSmL5+rviYImxkySyHUm1I7MsjcT//OC3MbXYSFUlluu2GJRnEtsUzz7HA+E5szKiSOUaeFuxWxENWXW5VNzIXjLL6+SzkXTI03v/rLRui3jqMIJnMI5eHAFLbiDNvjAQMAzvMIbUugFvaOPRWsFlTPH8Afo8we53o33</latexit><latexit sha1_base64="CkEjTLRt0d9grMfxgvs8LuvuMrU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqWRF0GNBDx4ruLWwXUo2zbah2eySZIWy9Dd48aCIV3+QN/+NabsHbX0w8Hhvhpl5USaFsYR8o8ra+sbmVnW7trO7t39QPzzqmDTXjPsslanuRtRwKRT3rbCSdzPNaRJJ/hiNb2b+4xPXRqTqwU4yHiZ0qEQsGLVO8gNCvLBfb5AmmQOvEq8kDSjR7te/eoOU5QlXlklqTOCRzIYF1VYwyae1Xm54RtmYDnngqKIJN2ExP3aKz5wywHGqXSmL5+rviYImxkySyHUm1I7MsjcT//OC3MbXYSFUlluu2GJRnEtsUzz7HA+E5szKiSOUaeFuxWxENWXW5VNzIXjLL6+SzkXTI03v/rLRui3jqMIJnMI5eHAFLbiDNvjAQMAzvMIbUugFvaOPRWsFlTPH8Afo8we53o33</latexit><latexit sha1_base64="CkEjTLRt0d9grMfxgvs8LuvuMrU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqWRF0GNBDx4ruLWwXUo2zbah2eySZIWy9Dd48aCIV3+QN/+NabsHbX0w8Hhvhpl5USaFsYR8o8ra+sbmVnW7trO7t39QPzzqmDTXjPsslanuRtRwKRT3rbCSdzPNaRJJ/hiNb2b+4xPXRqTqwU4yHiZ0qEQsGLVO8gNCvLBfb5AmmQOvEq8kDSjR7te/eoOU5QlXlklqTOCRzIYF1VYwyae1Xm54RtmYDnngqKIJN2ExP3aKz5wywHGqXSmL5+rviYImxkySyHUm1I7MsjcT//OC3MbXYSFUlluu2GJRnEtsUzz7HA+E5szKiSOUaeFuxWxENWXW5VNzIXjLL6+SzkXTI03v/rLRui3jqMIJnMI5eHAFLbiDNvjAQMAzvMIbUugFvaOPRWsFlTPH8Afo8we53o33</latexit><latexit sha1_base64="CkEjTLRt0d9grMfxgvs8LuvuMrU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqWRF0GNBDx4ruLWwXUo2zbah2eySZIWy9Dd48aCIV3+QN/+NabsHbX0w8Hhvhpl5USaFsYR8o8ra+sbmVnW7trO7t39QPzzqmDTXjPsslanuRtRwKRT3rbCSdzPNaRJJ/hiNb2b+4xPXRqTqwU4yHiZ0qEQsGLVO8gNCvLBfb5AmmQOvEq8kDSjR7te/eoOU5QlXlklqTOCRzIYF1VYwyae1Xm54RtmYDnngqKIJN2ExP3aKz5wywHGqXSmL5+rviYImxkySyHUm1I7MsjcT//OC3MbXYSFUlluu2GJRnEtsUzz7HA+E5szKiSOUaeFuxWxENWXW5VNzIXjLL6+SzkXTI03v/rLRui3jqMIJnMI5eHAFLbiDNvjAQMAzvMIbUugFvaOPRWsFlTPH8Afo8we53o33</latexit>
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�
<latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit>

�
<latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit>

Co
<latexit sha1_base64="Uhnj7h9bD66zU4c61NUKvVUMcFo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeiz24rGC/YA0lM120i7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bRmWaQ4srqXQ3ZAakSKCFAiV0Uw0sDiV0wnFj5nceQRuhkgecpBDEbJiISHCGVvJ7CE8YRnlDTfuVqltz56CrxCtIlRRo9itfvYHiWQwJcsmM8T03xSBnGgWXMC33MgMp42M2BN/ShMVggnx+8pSeW2VAI6VtJUjn6u+JnMXGTOLQdsYMR2bZm4n/eX6G0U2QiyTNEBK+WBRlkqKis//pQGjgKCeWMK6FvZXyEdOMo02pbEPwll9eJe3LmufWvPurav22iKNETskZuSAeuSZ1ckeapEU4UeSZvJI3B50X5935WLSuOcXMCfkD5/MHp5uRew==</latexit><latexit sha1_base64="Uhnj7h9bD66zU4c61NUKvVUMcFo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeiz24rGC/YA0lM120i7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bRmWaQ4srqXQ3ZAakSKCFAiV0Uw0sDiV0wnFj5nceQRuhkgecpBDEbJiISHCGVvJ7CE8YRnlDTfuVqltz56CrxCtIlRRo9itfvYHiWQwJcsmM8T03xSBnGgWXMC33MgMp42M2BN/ShMVggnx+8pSeW2VAI6VtJUjn6u+JnMXGTOLQdsYMR2bZm4n/eX6G0U2QiyTNEBK+WBRlkqKis//pQGjgKCeWMK6FvZXyEdOMo02pbEPwll9eJe3LmufWvPurav22iKNETskZuSAeuSZ1ckeapEU4UeSZvJI3B50X5935WLSuOcXMCfkD5/MHp5uRew==</latexit><latexit sha1_base64="Uhnj7h9bD66zU4c61NUKvVUMcFo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeiz24rGC/YA0lM120i7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bRmWaQ4srqXQ3ZAakSKCFAiV0Uw0sDiV0wnFj5nceQRuhkgecpBDEbJiISHCGVvJ7CE8YRnlDTfuVqltz56CrxCtIlRRo9itfvYHiWQwJcsmM8T03xSBnGgWXMC33MgMp42M2BN/ShMVggnx+8pSeW2VAI6VtJUjn6u+JnMXGTOLQdsYMR2bZm4n/eX6G0U2QiyTNEBK+WBRlkqKis//pQGjgKCeWMK6FvZXyEdOMo02pbEPwll9eJe3LmufWvPurav22iKNETskZuSAeuSZ1ckeapEU4UeSZvJI3B50X5935WLSuOcXMCfkD5/MHp5uRew==</latexit><latexit sha1_base64="Uhnj7h9bD66zU4c61NUKvVUMcFo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeiz24rGC/YA0lM120i7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bRmWaQ4srqXQ3ZAakSKCFAiV0Uw0sDiV0wnFj5nceQRuhkgecpBDEbJiISHCGVvJ7CE8YRnlDTfuVqltz56CrxCtIlRRo9itfvYHiWQwJcsmM8T03xSBnGgWXMC33MgMp42M2BN/ShMVggnx+8pSeW2VAI6VtJUjn6u+JnMXGTOLQdsYMR2bZm4n/eX6G0U2QiyTNEBK+WBRlkqKis//pQGjgKCeWMK6FvZXyEdOMo02pbEPwll9eJe3LmufWvPurav22iKNETskZuSAeuSZ1ckeapEU4UeSZvJI3B50X5935WLSuOcXMCfkD5/MHp5uRew==</latexit>

Nb
<latexit sha1_base64="kVZ8s2+ySqZxwDCpNZrazmTI9Os=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsLWQhrLZbtqlm92wOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737ZRWVtfWN8qbla3tnd296v5B26hMU9aiSijdiYhhgkvWQo6CdVLNSBIJ9hCNrqf+wyPThit5j+OUhQkZSB5zStBKQRfZE0ZxfhtNetWaV/dmcJeJX5AaFGj2ql/dvqJZwiRSQYwJfC/FMCcaORVsUulmhqWEjsiABZZKkjAT5rOTJ+6JVfpurLQtie5M/T2Rk8SYcRLZzoTg0Cx6U/E/L8gwvgxzLtMMmaTzRXEmXFTu9H+3zzWjKMaWEKq5vdWlQ6IJRZtSxYbgL768TNpndd+r+3fntcZVEUcZjuAYTsGHC2jADTShBRQUPMMrvDnovDjvzse8teQUM4fwB87nD6SckXk=</latexit><latexit sha1_base64="kVZ8s2+ySqZxwDCpNZrazmTI9Os=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsLWQhrLZbtqlm92wOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737ZRWVtfWN8qbla3tnd296v5B26hMU9aiSijdiYhhgkvWQo6CdVLNSBIJ9hCNrqf+wyPThit5j+OUhQkZSB5zStBKQRfZE0ZxfhtNetWaV/dmcJeJX5AaFGj2ql/dvqJZwiRSQYwJfC/FMCcaORVsUulmhqWEjsiABZZKkjAT5rOTJ+6JVfpurLQtie5M/T2Rk8SYcRLZzoTg0Cx6U/E/L8gwvgxzLtMMmaTzRXEmXFTu9H+3zzWjKMaWEKq5vdWlQ6IJRZtSxYbgL768TNpndd+r+3fntcZVEUcZjuAYTsGHC2jADTShBRQUPMMrvDnovDjvzse8teQUM4fwB87nD6SckXk=</latexit><latexit sha1_base64="kVZ8s2+ySqZxwDCpNZrazmTI9Os=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsLWQhrLZbtqlm92wOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737ZRWVtfWN8qbla3tnd296v5B26hMU9aiSijdiYhhgkvWQo6CdVLNSBIJ9hCNrqf+wyPThit5j+OUhQkZSB5zStBKQRfZE0ZxfhtNetWaV/dmcJeJX5AaFGj2ql/dvqJZwiRSQYwJfC/FMCcaORVsUulmhqWEjsiABZZKkjAT5rOTJ+6JVfpurLQtie5M/T2Rk8SYcRLZzoTg0Cx6U/E/L8gwvgxzLtMMmaTzRXEmXFTu9H+3zzWjKMaWEKq5vdWlQ6IJRZtSxYbgL768TNpndd+r+3fntcZVEUcZjuAYTsGHC2jADTShBRQUPMMrvDnovDjvzse8teQUM4fwB87nD6SckXk=</latexit><latexit sha1_base64="kVZ8s2+ySqZxwDCpNZrazmTI9Os=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsLWQhrLZbtqlm92wOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737ZRWVtfWN8qbla3tnd296v5B26hMU9aiSijdiYhhgkvWQo6CdVLNSBIJ9hCNrqf+wyPThit5j+OUhQkZSB5zStBKQRfZE0ZxfhtNetWaV/dmcJeJX5AaFGj2ql/dvqJZwiRSQYwJfC/FMCcaORVsUulmhqWEjsiABZZKkjAT5rOTJ+6JVfpurLQtie5M/T2Rk8SYcRLZzoTg0Cx6U/E/L8gwvgxzLtMMmaTzRXEmXFTu9H+3zzWjKMaWEKq5vdWlQ6IJRZtSxYbgL768TNpndd+r+3fntcZVEUcZjuAYTsGHC2jADTShBRQUPMMrvDnovDjvzse8teQUM4fwB87nD6SckXk=</latexit> S

<latexit sha1_base64="U7P6IdYuth9VkpfvXW5PM+joL+8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuTaiFjd4zjhfkQHSoSCUbTSQxf5EwZhdjfplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt4Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhpZ8JlaTIFZsvClNJMCbT90lfaM5Qji2hTAt7K2FDqilDG1LJhuAtvrxMmmdVz616t+eV2lUeRxGO4BhOwYMLqMEN1KEBDBQ8wyu8OcZ5cd6dj3lrwclnDuEPnM8f7pSREg==</latexit><latexit sha1_base64="U7P6IdYuth9VkpfvXW5PM+joL+8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuTaiFjd4zjhfkQHSoSCUbTSQxf5EwZhdjfplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt4Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhpZ8JlaTIFZsvClNJMCbT90lfaM5Qji2hTAt7K2FDqilDG1LJhuAtvrxMmmdVz616t+eV2lUeRxGO4BhOwYMLqMEN1KEBDBQ8wyu8OcZ5cd6dj3lrwclnDuEPnM8f7pSREg==</latexit><latexit sha1_base64="U7P6IdYuth9VkpfvXW5PM+joL+8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuTaiFjd4zjhfkQHSoSCUbTSQxf5EwZhdjfplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt4Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhpZ8JlaTIFZsvClNJMCbT90lfaM5Qji2hTAt7K2FDqilDG1LJhuAtvrxMmmdVz616t+eV2lUeRxGO4BhOwYMLqMEN1KEBDBQ8wyu8OcZ5cd6dj3lrwclnDuEPnM8f7pSREg==</latexit><latexit sha1_base64="U7P6IdYuth9VkpfvXW5PM+joL+8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8eK9gPbUDbbTbt0swm7E7GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj66nfeuTaiFjd4zjhfkQHSoSCUbTSQxf5EwZhdjfplStu1Z2BLBMvJxXIUe+Vv7r9mKURV8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y6miETd+Nrt4Qk6s0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhpZ8JlaTIFZsvClNJMCbT90lfaM5Qji2hTAt7K2FDqilDG1LJhuAtvrxMmmdVz616t+eV2lUeRxGO4BhOwYMLqMEN1KEBDBQ8wyu8OcZ5cd6dj3lrwclnDuEPnM8f7pSREg==</latexit>

� k [010]
<latexit sha1_base64="0hXTSm2PFT0P23rMSe/TBogKRrw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVTIi6LKgC5cV7ANmhpLJZNrQJDMkGaGUrt34K25cKOLWL3Dn35hpZ6GtB0IO59zLvfdEGWfaIPTtVFZW19Y3qpu1re2d3T13/6Cj01wR2iYpT1UvwppyJmnbMMNpL1MUi4jTbjS6LvzuA1WapfLejDMaCjyQLGEEGyv13eMgSnmsx8J+gWYDgWGQYYU5pxz6yENh362jBpoBLhOvJHVQotV3v4I4Jbmg0hCOtfY9lJlwgpVhhNNpLcg1zTAZ4QH1LZVYUB1OZqdM4alVYpikyj5p4Ez93THBQhfb2kqBzVAveoX4n+fnJrkKJ0xmuaGSzAclOYcmhUUuMGaKEsPHlmCimN0VkqENghibXs2G4C2evEw65w0PNby7i3rzpoyjCo7ACTgDHrgETXALWqANCHgEz+AVvDlPzovz7nzMSytO2XMI/sD5/AGZypop</latexit><latexit sha1_base64="0hXTSm2PFT0P23rMSe/TBogKRrw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVTIi6LKgC5cV7ANmhpLJZNrQJDMkGaGUrt34K25cKOLWL3Dn35hpZ6GtB0IO59zLvfdEGWfaIPTtVFZW19Y3qpu1re2d3T13/6Cj01wR2iYpT1UvwppyJmnbMMNpL1MUi4jTbjS6LvzuA1WapfLejDMaCjyQLGEEGyv13eMgSnmsx8J+gWYDgWGQYYU5pxz6yENh362jBpoBLhOvJHVQotV3v4I4Jbmg0hCOtfY9lJlwgpVhhNNpLcg1zTAZ4QH1LZVYUB1OZqdM4alVYpikyj5p4Ez93THBQhfb2kqBzVAveoX4n+fnJrkKJ0xmuaGSzAclOYcmhUUuMGaKEsPHlmCimN0VkqENghibXs2G4C2evEw65w0PNby7i3rzpoyjCo7ACTgDHrgETXALWqANCHgEz+AVvDlPzovz7nzMSytO2XMI/sD5/AGZypop</latexit><latexit sha1_base64="0hXTSm2PFT0P23rMSe/TBogKRrw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVTIi6LKgC5cV7ANmhpLJZNrQJDMkGaGUrt34K25cKOLWL3Dn35hpZ6GtB0IO59zLvfdEGWfaIPTtVFZW19Y3qpu1re2d3T13/6Cj01wR2iYpT1UvwppyJmnbMMNpL1MUi4jTbjS6LvzuA1WapfLejDMaCjyQLGEEGyv13eMgSnmsx8J+gWYDgWGQYYU5pxz6yENh362jBpoBLhOvJHVQotV3v4I4Jbmg0hCOtfY9lJlwgpVhhNNpLcg1zTAZ4QH1LZVYUB1OZqdM4alVYpikyj5p4Ez93THBQhfb2kqBzVAveoX4n+fnJrkKJ0xmuaGSzAclOYcmhUUuMGaKEsPHlmCimN0VkqENghibXs2G4C2evEw65w0PNby7i3rzpoyjCo7ACTgDHrgETXALWqANCHgEz+AVvDlPzovz7nzMSytO2XMI/sD5/AGZypop</latexit><latexit sha1_base64="0hXTSm2PFT0P23rMSe/TBogKRrw=">AAACCnicbVDLSgMxFM3UV62vUZduokVwVTIi6LKgC5cV7ANmhpLJZNrQJDMkGaGUrt34K25cKOLWL3Dn35hpZ6GtB0IO59zLvfdEGWfaIPTtVFZW19Y3qpu1re2d3T13/6Cj01wR2iYpT1UvwppyJmnbMMNpL1MUi4jTbjS6LvzuA1WapfLejDMaCjyQLGEEGyv13eMgSnmsx8J+gWYDgWGQYYU5pxz6yENh362jBpoBLhOvJHVQotV3v4I4Jbmg0hCOtfY9lJlwgpVhhNNpLcg1zTAZ4QH1LZVYUB1OZqdM4alVYpikyj5p4Ez93THBQhfb2kqBzVAveoX4n+fnJrkKJ0xmuaGSzAclOYcmhUUuMGaKEsPHlmCimN0VkqENghibXs2G4C2evEw65w0PNby7i3rzpoyjCo7ACTgDHrgETXALWqANCHgEz+AVvDlPzovz7nzMSytO2XMI/sD5/AGZypop</latexit>

[100]
<latexit sha1_base64="iPAtkpR2L0TMutXv6TOc2qUriMA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjxWMG2hDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4fHezOzMC1PBtXHdb6e0sbm1vVPereztHxweVY9P2jrJFEOfJSJR3ZBqFFyib7gR2E0V0jgU2Aknt3O/84RK80Q+mmmKQUxHkkecUWMlv+e5bjCo1ty6uwBZJ15BalCgNah+9YcJy2KUhgmqtZ2SmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/li2Rm5sMqQRImyTxqyUH935DTWehqHtjKmZqxXvbn4n9fLTHQT5FymmUHJlh9FmSAmIfPLyZArZEZMLaFMcbsrYWOqKDM2n4oNwVs9eZ20r+qeW/cermvNuyKOMpzBOVyCBw1owj20wAcGHJ7hFd4c6bw4787HsrTkFD2n8AfO5w+54I33</latexit><latexit sha1_base64="iPAtkpR2L0TMutXv6TOc2qUriMA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjxWMG2hDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4fHezOzMC1PBtXHdb6e0sbm1vVPereztHxweVY9P2jrJFEOfJSJR3ZBqFFyib7gR2E0V0jgU2Aknt3O/84RK80Q+mmmKQUxHkkecUWMlv+e5bjCo1ty6uwBZJ15BalCgNah+9YcJy2KUhgmqtZ2SmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/li2Rm5sMqQRImyTxqyUH935DTWehqHtjKmZqxXvbn4n9fLTHQT5FymmUHJlh9FmSAmIfPLyZArZEZMLaFMcbsrYWOqKDM2n4oNwVs9eZ20r+qeW/cermvNuyKOMpzBOVyCBw1owj20wAcGHJ7hFd4c6bw4787HsrTkFD2n8AfO5w+54I33</latexit><latexit sha1_base64="iPAtkpR2L0TMutXv6TOc2qUriMA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjxWMG2hDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4fHezOzMC1PBtXHdb6e0sbm1vVPereztHxweVY9P2jrJFEOfJSJR3ZBqFFyib7gR2E0V0jgU2Aknt3O/84RK80Q+mmmKQUxHkkecUWMlv+e5bjCo1ty6uwBZJ15BalCgNah+9YcJy2KUhgmqtZ2SmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/li2Rm5sMqQRImyTxqyUH935DTWehqHtjKmZqxXvbn4n9fLTHQT5FymmUHJlh9FmSAmIfPLyZArZEZMLaFMcbsrYWOqKDM2n4oNwVs9eZ20r+qeW/cermvNuyKOMpzBOVyCBw1owj20wAcGHJ7hFd4c6bw4787HsrTkFD2n8AfO5w+54I33</latexit><latexit sha1_base64="iPAtkpR2L0TMutXv6TOc2qUriMA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCHjxWMG2hDWWznbRLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4fHezOzMC1PBtXHdb6e0sbm1vVPereztHxweVY9P2jrJFEOfJSJR3ZBqFFyib7gR2E0V0jgU2Aknt3O/84RK80Q+mmmKQUxHkkecUWMlv+e5bjCo1ty6uwBZJ15BalCgNah+9YcJy2KUhgmqtZ2SmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/li2Rm5sMqQRImyTxqyUH935DTWehqHtjKmZqxXvbn4n9fLTHQT5FymmUHJlh9FmSAmIfPLyZArZEZMLaFMcbsrYWOqKDM2n4oNwVs9eZ20r+qeW/cermvNuyKOMpzBOVyCBw1owj20wAcGHJ7hFd4c6bw4787HsrTkFD2n8AfO5w+54I33</latexit>

[001]
<latexit sha1_base64="CkEjTLRt0d9grMfxgvs8LuvuMrU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqWRF0GNBDx4ruLWwXUo2zbah2eySZIWy9Dd48aCIV3+QN/+NabsHbX0w8Hhvhpl5USaFsYR8o8ra+sbmVnW7trO7t39QPzzqmDTXjPsslanuRtRwKRT3rbCSdzPNaRJJ/hiNb2b+4xPXRqTqwU4yHiZ0qEQsGLVO8gNCvLBfb5AmmQOvEq8kDSjR7te/eoOU5QlXlklqTOCRzIYF1VYwyae1Xm54RtmYDnngqKIJN2ExP3aKz5wywHGqXSmL5+rviYImxkySyHUm1I7MsjcT//OC3MbXYSFUlluu2GJRnEtsUzz7HA+E5szKiSOUaeFuxWxENWXW5VNzIXjLL6+SzkXTI03v/rLRui3jqMIJnMI5eHAFLbiDNvjAQMAzvMIbUugFvaOPRWsFlTPH8Afo8we53o33</latexit><latexit sha1_base64="CkEjTLRt0d9grMfxgvs8LuvuMrU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqWRF0GNBDx4ruLWwXUo2zbah2eySZIWy9Dd48aCIV3+QN/+NabsHbX0w8Hhvhpl5USaFsYR8o8ra+sbmVnW7trO7t39QPzzqmDTXjPsslanuRtRwKRT3rbCSdzPNaRJJ/hiNb2b+4xPXRqTqwU4yHiZ0qEQsGLVO8gNCvLBfb5AmmQOvEq8kDSjR7te/eoOU5QlXlklqTOCRzIYF1VYwyae1Xm54RtmYDnngqKIJN2ExP3aKz5wywHGqXSmL5+rviYImxkySyHUm1I7MsjcT//OC3MbXYSFUlluu2GJRnEtsUzz7HA+E5szKiSOUaeFuxWxENWXW5VNzIXjLL6+SzkXTI03v/rLRui3jqMIJnMI5eHAFLbiDNvjAQMAzvMIbUugFvaOPRWsFlTPH8Afo8we53o33</latexit><latexit sha1_base64="CkEjTLRt0d9grMfxgvs8LuvuMrU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqWRF0GNBDx4ruLWwXUo2zbah2eySZIWy9Dd48aCIV3+QN/+NabsHbX0w8Hhvhpl5USaFsYR8o8ra+sbmVnW7trO7t39QPzzqmDTXjPsslanuRtRwKRT3rbCSdzPNaRJJ/hiNb2b+4xPXRqTqwU4yHiZ0qEQsGLVO8gNCvLBfb5AmmQOvEq8kDSjR7te/eoOU5QlXlklqTOCRzIYF1VYwyae1Xm54RtmYDnngqKIJN2ExP3aKz5wywHGqXSmL5+rviYImxkySyHUm1I7MsjcT//OC3MbXYSFUlluu2GJRnEtsUzz7HA+E5szKiSOUaeFuxWxENWXW5VNzIXjLL6+SzkXTI03v/rLRui3jqMIJnMI5eHAFLbiDNvjAQMAzvMIbUugFvaOPRWsFlTPH8Afo8we53o33</latexit><latexit sha1_base64="CkEjTLRt0d9grMfxgvs8LuvuMrU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqWRF0GNBDx4ruLWwXUo2zbah2eySZIWy9Dd48aCIV3+QN/+NabsHbX0w8Hhvhpl5USaFsYR8o8ra+sbmVnW7trO7t39QPzzqmDTXjPsslanuRtRwKRT3rbCSdzPNaRJJ/hiNb2b+4xPXRqTqwU4yHiZ0qEQsGLVO8gNCvLBfb5AmmQOvEq8kDSjR7te/eoOU5QlXlklqTOCRzIYF1VYwyae1Xm54RtmYDnngqKIJN2ExP3aKz5wywHGqXSmL5+rviYImxkySyHUm1I7MsjcT//OC3MbXYSFUlluu2GJRnEtsUzz7HA+E5szKiSOUaeFuxWxENWXW5VNzIXjLL6+SzkXTI03v/rLRui3jqMIJnMI5eHAFLbiDNvjAQMAzvMIbUugFvaOPRWsFlTPH8Afo8we53o33</latexit>

Experiment: ~27 S/cm
Ghimire et al. Nat. 

Comm. (2018)
Our theory: ~80 S/cm
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�
<latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit>

�
<latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit><latexit sha1_base64="9IpMzEB4KgdAmFfXs3RUoe772rE=">AAAB+nicbVBLSwMxGMzWV62vrR69BIvgqeyKoMeCHjxWsA/oLiWbzbaheSxJVilrf4oXD4p49Zd489+YbfegrQMhw8z3kclEKaPaeN63U1lb39jcqm7Xdnb39g/c+mFXy0xh0sGSSdWPkCaMCtIx1DDSTxVBPGKkF02uC7/3QJSmUtybaUpCjkaCJhQjY6WhWw8iyWI95fYKNB1xNHQbXtObA64SvyQNUKI9dL+CWOKME2EwQ1oPfC81YY6UoZiRWS3INEkRnqARGVgqECc6zOfRZ/DUKjFMpLJHGDhXf2/kiOsinZ3kyIz1sleI/3mDzCRXYU5Fmhki8OKhJGPQSFj0AGOqCDZsagnCitqsEI+RQtjYtmq2BH/5y6uke970vaZ/d9Fo3ZR1VMExOAFnwAeXoAVuQRt0AAaP4Bm8gjfnyXlx3p2PxWjFKXeOwB84nz/MxJRX</latexit>

Co
<latexit sha1_base64="Uhnj7h9bD66zU4c61NUKvVUMcFo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeiz24rGC/YA0lM120i7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bRmWaQ4srqXQ3ZAakSKCFAiV0Uw0sDiV0wnFj5nceQRuhkgecpBDEbJiISHCGVvJ7CE8YRnlDTfuVqltz56CrxCtIlRRo9itfvYHiWQwJcsmM8T03xSBnGgWXMC33MgMp42M2BN/ShMVggnx+8pSeW2VAI6VtJUjn6u+JnMXGTOLQdsYMR2bZm4n/eX6G0U2QiyTNEBK+WBRlkqKis//pQGjgKCeWMK6FvZXyEdOMo02pbEPwll9eJe3LmufWvPurav22iKNETskZuSAeuSZ1ckeapEU4UeSZvJI3B50X5935WLSuOcXMCfkD5/MHp5uRew==</latexit><latexit sha1_base64="Uhnj7h9bD66zU4c61NUKvVUMcFo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeiz24rGC/YA0lM120i7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bRmWaQ4srqXQ3ZAakSKCFAiV0Uw0sDiV0wnFj5nceQRuhkgecpBDEbJiISHCGVvJ7CE8YRnlDTfuVqltz56CrxCtIlRRo9itfvYHiWQwJcsmM8T03xSBnGgWXMC33MgMp42M2BN/ShMVggnx+8pSeW2VAI6VtJUjn6u+JnMXGTOLQdsYMR2bZm4n/eX6G0U2QiyTNEBK+WBRlkqKis//pQGjgKCeWMK6FvZXyEdOMo02pbEPwll9eJe3LmufWvPurav22iKNETskZuSAeuSZ1ckeapEU4UeSZvJI3B50X5935WLSuOcXMCfkD5/MHp5uRew==</latexit><latexit sha1_base64="Uhnj7h9bD66zU4c61NUKvVUMcFo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeiz24rGC/YA0lM120i7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bRmWaQ4srqXQ3ZAakSKCFAiV0Uw0sDiV0wnFj5nceQRuhkgecpBDEbJiISHCGVvJ7CE8YRnlDTfuVqltz56CrxCtIlRRo9itfvYHiWQwJcsmM8T03xSBnGgWXMC33MgMp42M2BN/ShMVggnx+8pSeW2VAI6VtJUjn6u+JnMXGTOLQdsYMR2bZm4n/eX6G0U2QiyTNEBK+WBRlkqKis//pQGjgKCeWMK6FvZXyEdOMo02pbEPwll9eJe3LmufWvPurav22iKNETskZuSAeuSZ1ckeapEU4UeSZvJI3B50X5935WLSuOcXMCfkD5/MHp5uRew==</latexit><latexit sha1_base64="Uhnj7h9bD66zU4c61NUKvVUMcFo=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokIeiz24rGC/YA0lM120i7dZMPuRCyhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bRmWaQ4srqXQ3ZAakSKCFAiV0Uw0sDiV0wnFj5nceQRuhkgecpBDEbJiISHCGVvJ7CE8YRnlDTfuVqltz56CrxCtIlRRo9itfvYHiWQwJcsmM8T03xSBnGgWXMC33MgMp42M2BN/ShMVggnx+8pSeW2VAI6VtJUjn6u+JnMXGTOLQdsYMR2bZm4n/eX6G0U2QiyTNEBK+WBRlkqKis//pQGjgKCeWMK6FvZXyEdOMo02pbEPwll9eJe3LmufWvPurav22iKNETskZuSAeuSZ1ckeapEU4UeSZvJI3B50X5935WLSuOcXMCfkD5/MHp5uRew==</latexit>

Nb
<latexit sha1_base64="kVZ8s2+ySqZxwDCpNZrazmTI9Os=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsLWQhrLZbtqlm92wOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737ZRWVtfWN8qbla3tnd296v5B26hMU9aiSijdiYhhgkvWQo6CdVLNSBIJ9hCNrqf+wyPThit5j+OUhQkZSB5zStBKQRfZE0ZxfhtNetWaV/dmcJeJX5AaFGj2ql/dvqJZwiRSQYwJfC/FMCcaORVsUulmhqWEjsiABZZKkjAT5rOTJ+6JVfpurLQtie5M/T2Rk8SYcRLZzoTg0Cx6U/E/L8gwvgxzLtMMmaTzRXEmXFTu9H+3zzWjKMaWEKq5vdWlQ6IJRZtSxYbgL768TNpndd+r+3fntcZVEUcZjuAYTsGHC2jADTShBRQUPMMrvDnovDjvzse8teQUM4fwB87nD6SckXk=</latexit><latexit sha1_base64="kVZ8s2+ySqZxwDCpNZrazmTI9Os=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsLWQhrLZbtqlm92wOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737ZRWVtfWN8qbla3tnd296v5B26hMU9aiSijdiYhhgkvWQo6CdVLNSBIJ9hCNrqf+wyPThit5j+OUhQkZSB5zStBKQRfZE0ZxfhtNetWaV/dmcJeJX5AaFGj2ql/dvqJZwiRSQYwJfC/FMCcaORVsUulmhqWEjsiABZZKkjAT5rOTJ+6JVfpurLQtie5M/T2Rk8SYcRLZzoTg0Cx6U/E/L8gwvgxzLtMMmaTzRXEmXFTu9H+3zzWjKMaWEKq5vdWlQ6IJRZtSxYbgL768TNpndd+r+3fntcZVEUcZjuAYTsGHC2jADTShBRQUPMMrvDnovDjvzse8teQUM4fwB87nD6SckXk=</latexit><latexit sha1_base64="kVZ8s2+ySqZxwDCpNZrazmTI9Os=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsLWQhrLZbtqlm92wOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737ZRWVtfWN8qbla3tnd296v5B26hMU9aiSijdiYhhgkvWQo6CdVLNSBIJ9hCNrqf+wyPThit5j+OUhQkZSB5zStBKQRfZE0ZxfhtNetWaV/dmcJeJX5AaFGj2ql/dvqJZwiRSQYwJfC/FMCcaORVsUulmhqWEjsiABZZKkjAT5rOTJ+6JVfpurLQtie5M/T2Rk8SYcRLZzoTg0Cx6U/E/L8gwvgxzLtMMmaTzRXEmXFTu9H+3zzWjKMaWEKq5vdWlQ6IJRZtSxYbgL768TNpndd+r+3fntcZVEUcZjuAYTsGHC2jADTShBRQUPMMrvDnovDjvzse8teQUM4fwB87nD6SckXk=</latexit><latexit sha1_base64="kVZ8s2+ySqZxwDCpNZrazmTI9Os=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxZNUsLWQhrLZbtqlm92wOxFL6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwg5737ZRWVtfWN8qbla3tnd296v5B26hMU9aiSijdiYhhgkvWQo6CdVLNSBIJ9hCNrqf+wyPThit5j+OUhQkZSB5zStBKQRfZE0ZxfhtNetWaV/dmcJeJX5AaFGj2ql/dvqJZwiRSQYwJfC/FMCcaORVsUulmhqWEjsiABZZKkjAT5rOTJ+6JVfpurLQtie5M/T2Rk8SYcRLZzoTg0Cx6U/E/L8gwvgxzLtMMmaTzRXEmXFTu9H+3zzWjKMaWEKq5vdWlQ6IJRZtSxYbgL768TNpndd+r+3fntcZVEUcZjuAYTsGHC2jADTShBRQUPMMrvDnovDjvzse8teQUM4fwB87nD6SckXk=</latexit> S
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Experiment: ~27 S/cm
Ghimire et al. Nat. 

Comm. (2018)
Our theory: ~80 S/cm

Global crystal chirality controls Hall sign!
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“topological” Hall effect

spin-orbit coupling complexity

magnetic order complexity

NCAF candidates quite rare but CHE  in 1/10 of magnetic database materials!

noncoplanar+spin-chirality

Onode et al. PRL (2001) 
J.P. Hanke et al. Sci.Rep. (2017)

P

anomalous Hall effect

noncollinear+symmetric SOC
Hua Chen et al. PRL(2014)

P

crystal Hall effect

collinear+asymmetric SOC

P

P

Smejkal, Hernandez-Gonzales, 
TJ, JS, arXiv 1901.00445 (2019)

strained
FexMn1-x IrMn3 RuO2

Key signature of CHE: 
The sign will change if the broken inversion symmetry (arising from the non-
magnetic SOC atoms) is reversed - while retaining the same magnetic order 
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     Néel SOT in a single-
layer antiferromagnet

SUMMARY

     SOT in a single-layer 
ferromagnet

M MB −~eq
eff

�Beff ⇠ �pŷ

~E
Kurebayashi, et al.,  
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JS,Valenzuela, Wunderlich, Back, 
Jungwirth RMP (2015)

     SHE and ISGE

Wadley, et al Science (2016) 

Neel SOT physics (ii)Topological Dirac 
Semi Metal+ AFM (i)

     Topological Antiferromagnetic 
Spin-orbitronics

Kurebayashi, et al.,  
Nature Physics (2016)

Libor Smejkal, et al PRL (2017) and PSS (2017)
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AHE in RuO2 (col-AFM)(iii)
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