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Prelude : “Beyond Moore” Nanoelectronics

http://cnqgt-group.org

MORE MOORE

Device Modeling
1. Quantum Materials and Devices
2. Topological Quantum Devices
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Current flow at the nanoscale
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Anatomy of a Nano-Device
Material Science

Interface physics
nflow-outtflow dynamics

P "\

Source Drain \
I Substrate contact
| =
)

Gale junction
Insulator J

Gate

) _
D(E) i qV B Gute
£45 1, 5 1, -

Datta, Lessons from Nanoelectronics, (2012)
Feynman, Lectures on Computation, (1998)




Anatomy of a Nano-Device: Non-equilibrium Green’s function formalism

Material Science

Interface physics

Dissipative aspects

Inflow-outflow dynamics
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Material aspects

Interface aspects
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Datta, Quantum Transport, Cambridge Univ Press (2005)




“Beyond Moore” Device Research Highlights

Dissipative aspects

Spintronics: MRAM t 2D Quantum Materials and Devices

Scatterers
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 1-D Majorana devices
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Phys. Rev. Research 2, 043430, (2020).
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Why Topological Quantum Materials?

Beyond Moore: Quantum Computation Beyond Moore: Binary and non-
ISSUE: Qubit stability (Decoherence) binary Logic

ISSUE: Power Dissipation
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Prelude : Topological Quantum Computing
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fermionic mode states o'rl two Majoranas
(0 or 1 fermion)
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(different fusion channels)
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Classical Bit Qubit Table 4.1 Anyonic quantum computation
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Quantum computation Anyonic manipulation
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Current flow at the nanoscale




Hybrid Quantum Systems

Superconductor

Supercoh
Nanowire

Fig: Fabricated mechanical resonator and quantum dot hybrid device. The resonator motion
can be detected through the change in the conductance of quantum dot.
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What is this tutorial all about?<

Topological
Insulator

Trivial Insulator
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Moving on...

Gale junction

Insulator

o
o ko |

:Suh.slrale contact [JinAs [ Dielectric [lll A [ Au (Contacts) [l Au (Gates)

&

The un-avoidable crossing

Part IT : Transport Spectroscopy
 Andreev bound states
* Detecting Majoranas via quantization
« Issues with conductance spectroscopy

Part I: Materials to devices FAQ
* Materials and structures — quantum effects
* Quantum transport basics

’ Grounded Superconductor
W= qVy-peeeees 5
A C * Left 1 $ s N Right
Contact '@ o) (o) fafa] fal (o] [a] Contact
J— NS IR T . 1= qVx
= 5 BB BB BB B g
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Part III : Beyond transport spectroscopy
 Topological states and von Neumann entropy
« How Majorana bound states can be identified

e Outlook and device modeling




Part I : Materials to devices FAQ
« Materials and structures — quantum effects
« What is a topological quantum material?
 Detection of such states — conductance quantum
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Materials to Devices:: FAQs

Dispersion Relation
Bandstructure Fill in the blanks here

e ) 4 )

Apply

Newtons laws
F=m*dv/dt

Calculate::
1) Mobility
2) Conductivity
3) Currents

\_ /

-
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Energy Bands —f\‘ i
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1 0°E | ne’t
~ h2 0k>2 m*

m*

"quantum” ends here !
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Materials to Devices:: Regimes

How do the quantum aspects just disappear??
Size/Dimension does Matter!

MORE MOORE
130nm

- .!E;"E'L”'lu

Diffusive Limit Ballistic Limit Quantum Limit
< > < > >
L>»22, L<<A L<<A, A

Conductance quantization Quantum effects seem over

device length scales

Standard device physics

Ohm's law NOT VALID |

Conductance fluctuations!
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What makes a device?

5 Diffusive Limik
L>» A,

In the mode-space picture- Energy freeways

qVsp = Us — Up

c=2y
~h

[= j dET(E)[f(E — ps) — f(E — )]

Quantized conductance at the interface! iy




Conductance quantization.. Standard confinement effect...and more?

Standard confinement effect QH edge states are protected
Dies out due to impurities/defects etc., despite impurities/defects etc.,
——
1 2
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Topology- a way to classify - Quantum robustness

(@) Insulating State (b)
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(d) Quantum Hall State (e)
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Continuous deformation (with a hole)

Continucus deformation (no hele)

The Nobel Prize in Physics 2016

lll: N. Elmehed © Nobel Il N Elmehed ©Nobel 1l: N. ElImehed. © Nobel
Media Media 2016 Media 2016

Dawd J Thouless F. Duncan M. J. Michael Kosterlitz
Prize share: 1/2 Haldane Prize share: 1/4

Prize share: 1/4



Quantum Topology Connection

VoruMe 61, NUMRER 18 PHYSICAL REVIEW LETTERS 31 OCTOBER 1988

del for a Quantum Hall Effect without Landau Levels:
1densed-Matter Realization of the “Parity Anomaly”

F. D. M. Haldane
t of Physics, University of California, San Diego, La Jolla, California 92093
(Received 16 September 1987)

(a)

al condensed-matter lattice model is presented which exhibits a nonzero quantization
tance o™ in the absence of an external magnetic field. Massless fermions without
oceur at critical values of the model parameters, and exhibit the so-called “parity
~dimensional field theories.

< metal, inversion symmetry + time-reversal symmetry
i :ate a degeneracy at isolated points in the Brillouin
n top of valence band and bottom of conduction band
S opens a gap, resulting in a ‘Chern insulator’ with oy
- ro magnetic field.

Negative ‘charge’ of Berry flux C=-1 2D Brilloui Conductance

k,
K k,
n—= : £
- . channel with

Quantum o *® down-spin
well = charge carriers

Schematic of the spin-polarized edge channels in a quantum spin Hall

insulator.

e? dk e?

Berry Curvature Oxy = 5 oy (27)2 koky = 120,

19




Phasse transition and bulk boundary correspondence
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https://topocondmat.org Sci.Rep, 6, 84347 (2016)




Quantum Effects “visible” at Macroscale!

Family of Quantum Hall Effects :: Starting point of topological stability

b Anomolous Hall effect C Spin Hall effect

© &
i — —+
— — N

Spin-orbit coupling

a Hall effect

Magnetic field Magnetization

€ Quantum Anamolous Hall effect f Quantum spin Hall effect

d Quantum Hall effect

O0° 00 O
A O A O O
- == L

Spin-orbit coupling

Magnetic field Magnetization

Conduction band

Recurring theme in topological quantum materials

Surface states
Fermi level
e? dk

= gz (2m)?

Energy

Qi ky, =1

-
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Valence band

Momentum

Canductance
cha~nel ik
up-spin chage

carviers

a4
T @
4 Y Conduczance
T chanrel with
Quartem domn-sgin
el charge carriers
Schematic of the spin-polarioed edge channels in & quantum spin Hall
insulator. 21




Formalizing Quantum Lanes

QQO“OO
? s & ®

-~ . ™
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/ \
qVsp = Us — Up Channel-> Atomistic Hamiltonian
«© ., 0 HYy =F E =[H+ X + {S
1= 2| aEr@IfE - - rE-py | (g —H)w=o | =R RV E TR

Ballistic quantum transport

GE)=(E-H-%,-%,)", T, =1
Dijggipative quantum transport (E)=( 1= 22) 1, =1miE,,)
1 , R
G(E —S-Z-3,)" rl,z,si Dlm(zm) D(E) =S trace(i(G(E) =G (E)))
D(E e(i(dE) =G ( [L(E)=i(Z,-X"2)

G"(E)=trace(G(I . f,+T,1,)G")
I(E) = trace(T,GT,G")(f,(E)— f,(E))

- J

T(E) :

G"(E) = trace(G(T, f + & X, +3")G")
I(E) =trace[X" A] - trace[lT' G"]




Anatomy of a Nano-Device: Non-equilibrium Green’s function formalism

Material Science

Interface physics

Dissipative aspects

Inflow-outflow dynamics
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Material aspects

Interface aspects

Control aspects

Datta, Quantum Transport, Cambridge Univ Press (2005)
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Device Modeling Basics

1= [dEE(E)(fs(E)= f,(E))

——

\

J

[=GV

Linear Response

|
Eranstport Driving GV ol
unction DS) — —<,
oV
V=Vps
qVps = Hg — Up
ol /i
A — 0O — —
1 Yoo GV=0=75) =7y
V=0
VG2
2
Ve G = 2%
>
e? dk e?
Ve ow= Sy o ek =1

—
o

_,f

@

Conductance [2e?/h)

~
A

o
o
e

a § 8 10
Gate Voltage

When we have a topologicajﬂstate




0-

Keldysh Non-Equilibrium Green’s Function
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Majorana modes and their detection
The “retro” reflection

- spin-polarized - mesoscopic superconductor
conductlng channel with spin-orbit coupling

- =1 - -

> = = -

Y1 Majorana zero modes Y2

Part IT : Transport Spectroscopy
 Andreev bound states
* Detecting Majoranas via quantization
* Issues with conductance spectroscopy

Supercurrent operator

I7(E) = 5 [£Tr (= [[67)155) - 27167 + [€<)5%) — (=5)06<]))]
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Crash course on superconductor systems

Generic Hamiltonian with e-e interactions

p
- Hrcs = X el io+ 3, V@l 1 feni
- ‘\ Cooper pair ko kk' g.,00'

1\, Gty

J " . t We then get the BCS Hamiltonian after considering the Cooper pairs

\\ b"z pin
- Hpcs = Z €koC, Cro + Z Vi< kT c’, aes)
ko k.k'

The basic idea of any mean field theory:: C—gCkt = <C—kick1) + 5k

MF
Hpes = Z €kC,j¢,Cka+ Z ka'[ et _kl(C KiCer) + € lekT< Kt —ki) — (¢ Cet -u)(c kak'OI
ko kK’

f

There are other terms: (CJTCkO are typically the Coulomb terms like Hartree-Fock etc., which will get absorbed into on-site terms



Crash course on superconductor systems

Electrons and holes in superconductors

HMF

//t \/ \/ BCS = Gka Cko T Z Viw [ Cer€ kl(C kiCrp) T € lekT<CkTCTkl> —{¢/ Cer€ k¢><c lekT>]
%
MF ~
Z ka (C leT> HBCS Z ekc]jacko - Z (Ak kT —kl +AF C—kTCkl)
ko k

MF 5 AT ~ T
Hg o = Z (ekcchkT — ekc—le_kl) — Z (Ak Cer —kl + A* c_chkl)
k k

//l Hpeg = Z kaHBdGV/k N )

Vi =
&

_ (& H Ay Nambu Spinor
Hpac = ( A —(ek—u)) P
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Superconducting hybrid systems

Electrons and holes in superconductors

SVAY,

Hole like Electron like Electron like | [Hole like
Ek
Incident electron H B (ek — U Ak )
. N\ BdG — *
Coz;lnrer A i _(gk — #)
E F p s
M Gap Crt
‘ ®q 1 Wi = t
Reflected hole
Metal Superconductor Nambu Spinor

- lre
ORI

“Tr (v [[C7)[55] - (S£)(6°) + (6<)(58) - [ZE)0G<]))]

29

Supercurrent operator



The Majorana Fermion

LPK group Science 2012

In the middle of the gap we do have lul=Ivl
Such a particle may satisfy: ¥ T = 14

Electron like | |Hole like

Yy = uc’ +ve
L5=2000nm ¢
J\ 1 '
/g
2 L Sin’(kex)
L—'“ e \\ L % Or %
B \\\\\\ :!
i«l

3 -1 h
0 1 2 _
B/B. §
o

2 . .
G, = 2e Can be detected via conductance at zero bias!
=

These end states are non-locally correlated!




The Andreev “retro” Reflection
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Aquilibrium Green’s Function

G;].“_(t, t) = G;].“_(t — ')

_ F _
G; (t—t’)—)G;]T’ (E)

Keldysh Non-.
o . ;
o .
t
Y AO‘WB / . - 7 7
N ORI AT 3))
FMlead -~ Device region - FM lead
---------- * 0000 000600
I Channel ]
& _ (Car ;
Y; —(A ) > | Spinor
Cil
~ [t :
Y; = <6T) =% | Nambu Spinor
il
[B]

G'(E) = (El4in—H —%1 — %) "

[op

1€

h

(HG" — G"H)

5 [27r (. [l67)m5) - (35116 + [€<)(=3) - 206 <)

]




The Andreev “retro” Reflection

oo = ((H +U—pu) A )
BdG — A —(H+U—pw NS
—> NN\ —_— ‘o 2e
@ < — e
— U(X) l=
e_
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Direct Process
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(L e
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Device Modeling Basics
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Conductance “Spectroscopy”

L5=2000nm Lgs=6000nm
y R 7T T X KT — ‘ /
1 1 S é‘!{"d”lfézl/ - I — G
SINNL e e

A 027

B SO

How to “probe” the spectra?

Linear Response

ol Il .
G(V - O) — a_V V : .1 g - Z oo oo
=0 — L qVps = Hs — Hp

VP
Role of “Energy Axis”
G(Vpg) = —
% L]
V= VDS - VL'B VAI VRB -
InAs  InP [l Dielectric [l Al Au (Contacts) [l Au (Gates)
¥ Gy G LA

_ 1L GLR Vil o OVel,
I = [dEE(E)f3(E)~ [o(E)) 0= o I
s Grr, Grr Wely o Maly g

qQVsp = Us — Up
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Tunneling Conductance Spectroscopy

EA

Incident electron

pair

Gap

y=ucT+vc

y =y

For Majoranas -> exact mid gap Andreev
reflection -> quantized conductance

Metal Superconductor

(a) N Majoranas
r\o O

quasi-Majoranas

-« >

Vuik et.al., Sci. Post, 7, 061 (2019)

False positive? Due to disorder and
localized Andreev modes :(

[1] Mourik et.al., Science, 336, 1003, (2012).
[R] Zhang et. al., Nature, 74, 556, (2018)

- ArXiv: 2101.11456 (2021)

[3] Prada et.al., Nat. Phys. Rev, &, 575,
(2020)

Vi, (mV)

di/dV {arb. units)

-2




Understanding non-local correlations:

The Gap Protocol!

These end states are non-locally correlated!

Gr, Grr
Grr Grr

oIy, 0l
i |y, o OV

Olp 0lp
ovy, V=0 OVp

V=0

V=0

Vow=0V

Vo=—-45mV

4
Ey/6

|

3 ]
Ez /s

Rosdahl et.al., PRB, 97, 045421 (2018)

Au (Contacts) [l Au (Gates)

InAs  InP [l Dielectric [l Al

G le'h]
02 04 06 08

i

Microsoft Quantum, ArXiv:2207.02472 (2022)

Andreev

NH§S

€=6V1

$is-----—- St i T

[ o

N; S N,

Crossed Andreev
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Understanding non-local correlations:

o, o,
Guu Gur _ [ Melvg=0 VRly,=0
G Grp bl ol

Melyp=o VR ly,=0

-

4 9 4
Ey/é Ey/s

Rosdahl et.al., PRB, 97, 045421 (2018)

The non-local conductance

These end states are non-locally correlated!

InAs ~ InP [l Dielectric [l Al = Au (Contacts) [l Au (Gates)

04 00 04 T-04 00 04
Vi (mV) Vr (mV)

gri (e%/h)
& o o
S 8 S

1 1 I
-0.4 0.0 0.4 -0.4 0.0 0.4
VL (mV) VR (mV)

Andreev

N H§S

€=6V1

ot E il e 10

Puglia et.al., PRB, 103, 35201 (2021)
Microsoft Quantum, ArXiv:2207.02472 (2022)

[ o

N; S N,

Crossed Andreev
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Understanding non-local correlations:
The non-local conductance

These end states are non-locally correlated!

|

Andreev
oI, oIy,
Grr Grr WVily o OVely, g NS
- | o oI
Grr Grp ﬁ ﬁ = e
Vo S I f— —
InAs ~ InP [l Dielectric [l Al = Au (Contacts) [l Au (Gates) 1],
Vo=0V Vo= —-45mV (@ g.%a&fééh) (b)1 .. g“&éleg.)oe :
Andreev reflection
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e wag I
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= e 3 S ' N S N,
@ @, " e I
L , I \\ - Crossed Andreev

— T - —0.2

0.0

4 80 2 4 "~ 02 00 02 02 00 02
Ez/o Ez /s Vi (mV) Ve (MV)

Puglia et.al., PRB, 103, 235201 (2021)
Rosdahl et.al., PRB, 97, 045431 (2018) Microsoft Quantum, ArXiv:2207.02472 (2022) 39




ylA - (Ci + C:)

yf = i(c;r - C;)

1
oo...

i 1+1

0b8

v

JPCM, 32, 445302, (2020) VA oAB AAL B
(a) - - —_—w_=A-t —_— wy=A+t
Generic Chain R S e~
’Yiq "hB 7 "/}4+1 Yi+1 1/\1/ ’Yﬁ
.. . (b) A=t=0
Trivial Chain
)
(c) =0
Topological Chain CHD — D )
M TN

The Kitaev Model

N
eoee O

- N—1
— Z—Z}’l Vi +é Z [(A + t) 7/;11 +(A - t)}/l 7/l+1]
i=1

N—
:_'MZ(CC__) Z[ t(cJr l+1+cJr c>+Accl+1+A*c+1 T]

cl =

(y, + l}/l )

(A - iy®)

Phase dlagram of the Kitaev model

f /2

‘ 1
T
wik)=—
\ . —\
I

u(k)r'\ R
/4
t/é:
v=-1
I*-
0
—n/d T ﬂ'/: 40




Theory-Local conductance spectroscopy
(@) |lu| = |v] (©) aI/aV [e? /h]

N s dt N 10-6 10-4 10-2 1
d |
‘\- P N R " -/_.

t Oxe.cﬁcexexﬁ

I7(B) = 3 [£Tr (. [[€7)(55) - [£(C") + [€<II58) - (5)06<]))]

€ e ee ee c e e
(a) 122 N IZ = /dEE (TD(E) [fL (E - eVL) - fR (E - eVR)]) ()10-‘ 104 1 @ 0 02 04 06 08 1
— |
5 0117
. + /dE% (T5(E) [fe*(E — eVy) — fI*(E +€V1))) o
i . ( o , . ¢ : =:4l
5 + [ B (Tea(B) [f5*(B — Vi) — H(E + Vi) o
-5 t/A =41
R T
—10 e e2 t/A =41
G = FT’Z( = BVL) + T'I’:(E — —eVL) -2 -1 “O/A i 3

Phys Rev B, 103, 165432, (2021) i




Theory-Local conductance spectroscopy

(© dI1/aV [e*/h]
10~ 104 102 1

(d) |u| — |v]

s dt N
d

I7(B) = 3 [£Tr (. [[€7)(55) - [£(C") + [€<II58) - (5)06<]))]

Transmission

I; = [ G @H(B) (B — Vi) — [ (- Vi)
+ /dE% (TS(E) [fi<(E —eVL) — fIM(E +€V1)])

b [ ABE (T (E) U (8 - Vi)~ F4E + Vi)

62 82
Gri = ZT5(E = eVi) + 5-T5(E = —eVi)

JPCM, 33, 365301, (2021)
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Phys Rev B, 103, 165432, (2021)
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Theory - Local conductance
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Understanding non-local correlations:
The non-local conductance

Andreev
oI, oIy
_ G Grr | Wilven WVily,g N §S
0l Olp
Gri Grr Wyl OVl e 2e
e A 28
h
[CJinAs |l Dielectric [l A [ Au (Contacts) [l Au (Gates)
Vo=0V Vo= —45mV These end states are non-locally correlated! :
! - Andreev reflection
3
s
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(2) GF 9>
§ — [ Y S — .M”_ﬁl ; N1 S N2
@ - Kaay Chain : - . L | . Kitaev Chain : l----'-‘ ......
. A 02 v IS Crossed Andreev
EYs /s (b) (c)
JPCM, 33, 365301, (2021) "

Rosdahl et.al., PRB, 97, 045421 (2018)

PRB Letter, 105,161403, (2022)




Understanding non-local correlations:

The non-local conductance

GrL(V) + Grr(V) = GrL(=V) + Gr(=V)

Gap(V) £ Gop(=V)
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Theory: Non-local conductance
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Theory: Non-local conductance

Grr(e’/h)

Gri(e®/h) N N-1
—— B -
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1 /S \ -1
V(%) =V, (exp(-m?/c?)+exp((-(N-m)?/c%)))
= 53 . 2 46 8101214
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—
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62 82
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Recap ...

Andreev

N s M G o, ol
- t A 4 -, [G] _ LL LR _ GVL VR= 8VR VL=0
L | alaie e aa | R G olx olp
2 I ey rL GRR v T Ve
\ “h : tr Q Vi Vp= Vi V=0
n+eV/2 ‘
[ an
2 o2
GLL = _Ti(E = C‘VL) + _T‘i(E = _CVL) e € e ce ee
: 2 I = [ dES (T5(B) fi*(E — Vi) - fi (E = Vi)

2

h

+ = T50(E = —eVi) +

9
Gip = %Tf)(E = eVp)

e-‘

h

h

ETe(E =eVy),

TeA(E = —€Vi)

+de% (TS(E) [f=(E — eVy) — fI*(E +eVy)))

+ [ B (Tea(B) [fi(E - Vi) — Fi(E + Vi)

Many issues regarding false positives
Local conductance prone to such issues
Non-local conductance may lead to
conclusive sighting

No conclusive experiment yet.

Possible clues from entropic arguments

Andreev reflection

Crossed Andreev

e=A
e=elh
T 1)
¢=: ;:::: ______ '“‘E:e‘/z
©)
G e
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The von-Neumann entropy

A B N N-1
H= —Z(u-l—lf(i))c}‘c,-«}-z (ACICL_I - tc;'“c,- + h.c.)
A C * i=1 i=1
a System = A ¢ B 4
B| =x * State = Y W, © Up . o v (a;A ‘
1 : ; — G m___
‘ o) = 55 57| ¥i)l) e
T .
<<.,~<_1«> — (P)A-.i L D | <l .1, v
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ik .
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nm 4 D ©
(cc) {ect) - PAB = |\IJAB><\IJAB| Pure State y :
D=1 S :
pa=Trppap
M 1 D v _; 12
Sent = — ) [éxlog &k + (1 — &) log (1 — &) _ A :
t kX_:_l =D Z |\IJA><\I/A| Mixed State S |
L ; ) 0 1 :;:.."'A:
)

Ryu and Hatsugai., PRB, 73, 245115 (006)

Hegde et.al., ArXiv: 2108.1460, (2021) 43
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The von-Neumann entropy
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Ryu and Hatsugai., PRB, 73, 245115 (006)
Hegde et.al., ArXiv: 2108.1460, (2021)

50




The Topological entanglement entropy

<(|](1> = <P)l .

vJ

M
Sent = — Y _ [ log &k + (1 — &) log (1 — &)]

k=1

b); .
$SSeseeeosws |
i€, €2 €3 € (€1)

4 $

SP =Sy + S — Saup — Sanz

A Kejriwal and B. Muralidharan, Phys Rev B (Letter), 105, 161403 (2022).
[Editors’ suggestion]
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Recap ...

Andreev
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ETe(E =eVy),

TeA(E = —€Vi)

+de% (TS(E) [f=(E — eVy) — fI*(E +eVy)))

+ [ B (Tea(B) [fi(E - Vi) — Fi(E + Vi)

Many issues regarding false positives
Local conductance prone to such issues
Non-local conductance may lead to
conclusive sighting

No conclusive experiment yet.

Possible clues from entropic arguments
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Rashba Nanowire in the BdG form

Majorana bound states

2 H, -iAc
_ Px QR SHp H — 0 y
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Anatomy of a Nano-Device: Non-equilibrium Green’s function formalism

Material Science

Interface physics

Dissipative aspects

Inflow-outflow dynamics

M

1

¥

[scatterers ]
JIE
H

'+ U

7 !‘! |"

| Contacts/Leads ‘

H2

Material aspects

Interface aspects

Control aspects

Datta, Quantum Transport, Cambridge Univ Press (2005)
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ocattering self-energy

(b)

p = /dE G"(E)/2n

+00

I, = (q/h) / dEI; (E)/2n

—00

For any inelastic interaction in general:

A=i[G - G*] F=i[Z — 2+

—=[El —Hy—U — %]

Zln:E;n+Z|2n+2;n
2=+ 2+ X

G"=G 2" G* I; = Trace[ " A] — Trace[I;G"]

i r D" (hw)- G"(E + h
Z;r.(,s):/d(hw)< (hw) - G™(E + hav) )

2w

ood(ha))
I's(E) = / o (
0

+ D®(hw) - G™(E — hw)

D" (hw) - [GP(E — hew) + G"(E + hw)]
+ D®(hw) - [G™(E — hw) + GP(E + hw)]

)

TNE) = DyG"(E)
For dephasing interactions I(E) = DyA(E)
2(E) = DoG(E)

Single-frequency inelastic processes

2(E) = D§"G"(E + hawo) + D§’G"(E — hax)
['s(E) = DG"[GP(E — han) + G™(E + hawy)]
+ D§°[G"(E — hay) + GP(E + ha)]
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Dephasing Self-Energies

(b)
Phase+tmomentum

Dijiki = Dmdijdikdiji.

Pure phase
[=¢]i; = DijulG u, D(, j) = (Us()U; (), Dijxt = Db
[Z:]ij = DijulG~ 1, D(i, j) = Dpd;;.
Spin dephasing

[Ei]u = Dg (a'IG;:ja'l- +0,G; oy + a'sz.J-a';)
=7

_ < < <
ij Ds (UJ’Gi.jai' +o,G oy, + azGi.jUz) .

A. Yanik et.al., Phys Rev B, 76,045203, (2007)




Dephasing

D(i.j) = (U(i)U,(j))

D(i,j) = d,6; (“Momentum relaxing”)
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Width (nm)

Dephasing Interactions
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Magnetic insulator Hybrid NW

MI-SC bilayer
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What was this tutorial all about??

Topological Trivial Insulator
Insulator (or Vacuum)
Negative gap Positive gap

Gap must close at interface

OS-@D-9

Toyo[ogy cmcf ga}o
C [OSMT’Q
Connection to Conductance

Advanced Device ‘Mocfefing

Rashba nanowire systems
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World of Quantum transport-> Many more explorations!
| Contacts/Leads ‘

2”N many electron levels

11

i
ﬂ.(%LO//
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“Beyond Moore” Device Research Highlights

Dissipative aspects

Spintronics: MRAM t 2D Quantum Materials and Devices

Scatterers
2 Twoterminal b Three-terminal ¢ Two-terminal

STT-MRAM SOT-MRAM SOT-MRAM
Bit line: read/write Read line Bit line: read/write z

Pinned layer L IR a
ATy
ST LN VIV G P

Free layer

Word_{ p Write path )
) zl Z 2 Recent Publications
“o | . Phys. Rev. Applied, 10, 014022, (2018).

Recent Publications e 1 | i Phys. Rev. B, 99, 075415, (2019).
IEEE Trans.Elec Dev., 63, 4527-4563, (2016). A b Phys. Rev. B (Rapid Comm), 100, 081403, (2019).
Phys. Rev. Applied, 8, 064014, (2017). Material Phys. Rev. Materials, 3, 124005, (2019).
Appl. Phys. Lett., 112, 192404, (2018). aiere aspec Interface aspects Control aspects ths. Rev. Research, 2, 043041, ((2020))
Phys. Rev. Applied, 12, 024038, (2019). npj 2D materials., 6, 19, (2022)
IEEE Trans. Nano., 19, 469, (2020). fu”?ﬁed/ %antum Device

— ) : Simulation Tfagform
* Spin filtering devices « Quantum Hall hybrid
+ STT-MRAM _ Topological hybrid quantum systems systems
« Toward Neuromorphic — — e Straintronics
. : ) N = —— « Topotronic

2D topological spintronics = ‘\\ £ P S
 Materials -> Devices -> Functionalities N

 1-D Majorana devices
__ Recent Publications . Topologlca:I vs trivial
e RV 108, L5431 DOrg)  Entropic signatures
Phys. Rev. Research 2, 043430, (2020).

Phys. Rev B,103,165432 (2021,  Magnetic insulator hybrids
Phys Rev B, 105, L161403, (2022)




Many more frontiers!

Spintronics 2D Electrontes
2D Spintronics Expertise: Valleytronics
Neuromorphic spintronics ég gg g;;ii‘é?ifslatem‘ls and Devices Topotronics
Modular spintronics-> Device to Circuits %) Frontier areas like hybrid quantum devices Strg,intropics

for quantum technologies Twistronics

Research

Frontier areas ->Devices Structures -> Functionalities

Topotrowics anol Hy brid Ruantum Devices

Majorana Braiding Architectures
Topological Quantum Computing

Control | logic &||Control | logic & Control logic &
[ ‘At Fune. her Fune oo ChAte REL #| Enhanced

T T T SAR-ADCs

<]
A
o

OPy P Spin-neuron outputs
Figure 2: Array of spin-neurons
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2D material
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Novel Possibilities- Weak value amplification

»

The Larmor clock

Nature (2020) Harness g

‘Using Quantum ‘Materials

Quantum Time Keeping- “the tick”

T t Si 1
Phys Rev A, 96, 032339,(2017) (c) 60— pOr 1N
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