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Theory and Computational Method Development Applications

Poster: Shimin Zhang, “advanced simulations on spin qubits”
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* Introduction of spin-based information science

« Theoretical framework for ab-initio density-matrix dynamics in solids

* Spin relaxation and transport in 2D materials

« Spin relaxation and dephasing in halide perovskites

» Conclusion and outlook




* Introduction of spin-based information science




Materials for Quantum Information Science

Critical processes for spin-based quantum information technologies
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Optical Readout Spin Relaxation and Coherence Quantum Information
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None of the current spin qubit candidates is considered “ideal” for scalable quantum applications

Design new materials for spin qubits in quantum sensing and quantum computing
- Long quantum coherence, efficient readout, quantum transduction




Developed Methodologies for 2D Quantum Defects

Poster: Shimin Zhang, “advanced simulations on spin qubits”
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Quantum Coherence of Spin Qubit

Major Challenges of Quantum Computation:

* Decoherence of encoded information — loss of information
* Building large scale fault-tolerant quantum computer
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How long the quantum state can survive?
(Localized) spin relaxation T, and decoherence T,




Spin-Based Information Processing

Low-power electronics based on spin manipulation?
(Delocalized spin)

Spin transistors Spin hall effect Valleytronics CiSS effect
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Here we use spin lifetime (7,) including both spin Spin diffusion length? =17, . D
relaxation (T,) and decoherence (T,)




Spin Imbalance Generation and Detection in Solids

The generation of spin imbalance:

» Optical excitation with circularly
polarized light

» Injection of spin polarization from
ferromagnets

The detection of spin relaxation:

e
» Time-resolved Kerr rotation

» Spin transport, Ls>=1,.D
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Photon spin (helicity +/-) selectively excites
electrons with certain m; that gives spin polarization

Tunable probe

Zutic et al, Rev. Mod. Phys. 76, 2, (2004)

Sample
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Spin Decoherence and Relaxation Mechanism

* Atverylowtemperature and large B field,
decoherence mainly from fluctuated magnetic
field by nuclear spin flip-flop transition

* Atfinite temperature, other effects can be
dominant such as phonons, impurities, electron-

electron interactions through spin-orbit couplings.
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At 20K, NV in diamond spin decoherence time T, is ~ms,

H. Seo et al Nat. Commun. (2016)
SiC divacancy T, 360 pg at 20K and 5o g at 300K
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Spin Relaxation and Decoherence Mediated by SOC

Spin-orbit interaction couples spin with phonons,
impurities and electrons

e
i n
ld \

Eilliot Yafet Dyakonov-Perel
/kf—%‘ ﬁ Break spin up/down - Kramers degeneracy in
GaAs: EIT( * e,ﬁ , still has e,Tc = efk
With inversion symmetry Without inversion symmetry
An internal k dependent magnetic field (k)
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Spin Relaxation and Decoherence Mediated by SOC

Spin-orbit interaction couples spin with phonons,
impurities and electrons

T, X Ty

Spln lifetime (7)

e

Eilliot Yafet Dyakonov-Perel
Carrier lifetime (,y,)
With inversion symmetry Without inversion symmetry

Tg & 1/(Tm. (02) - ))) Qi ; = 2AEy. sy ;/h?
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Theoretical framework for ab-initio spin dynamics in solids
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Open Quantum Dynamics

Closed Quantum Systems Open Quantum Systems

Electron / Spin

Photon bath Phonon bath

Electron / Spin

Photon, phonon, electron The bath may or may not have memory
treated at the equal footing, self-consistently effects depending on the chosen theory

15




First-Principles Open Quantum Dynamics in Solids

Why we need this theory?

Developed first-principles open quantum dynamics with all decoherence pathways for coupled

spin and carrier dynamics for solids

Fixed environmental
density matrix

Secular approximation
Pap(t). Paalﬁﬁl

Markov approximation
P#n/ ®),P apf

APProximations

Quantum Fermi’s
Golden Rule

fnk (t)' Iﬂnk (f)
fnk (t): Tnk

Collision integral
Boltzmann theory

Relaxation-Time

Jacob’s Ladder for quantum dynamics

PaB(t), Paa’BB’ ((D, t)

Complex,'ty

(i) long simulation time (ns-us)
(il) adequate for spin dynamics (VS. Boltzmann)

(iii) non-equilibrium (VS. FGR)

“A universal spin relaxation

model in solids”
Physics Magazine, 2021

\/ u

J. Xu et al, Nat. Commun. 11,

L@S ph d

2780 (2020).
J. Xu...Y. Ping, PRB, 104,

S
t
-
184418, (2021)
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Density Matrix Dynamics with Coupled Electron, Phonon and Photon

Liouville-von Neumann equation
in the interaction picture

s —— = [H'(®),p®)] | |
H = HO + Hext + HSCCltt ’p’(t) — elHOt/flpe—lHOt/fl

ﬁo = Hg Hb (DFT/MBPT) af(;it) = 6p(t) lcon + =5, Gp(t) |scatts
ﬁéxt =AY () + U(t) o)
U(t): pump or applied field ot lcon = ~HA2xc(8) + U(D), A(D)]
= _ .
Each scattering term needs

Hg et SCatterings
ap(t) scattering matrix elements

9p(t) 1) ap(t)
o le—e +—0 le- imp (Paa,ﬁﬁ,)from first-principles

ot |SC(1tt - ot

« Compute observable O in real time dynamics: dp1s Z [ (I - p), ] e
C _2 . )

O=Tr(6p) Spin:o =S, Carrier:0 =1 315 | — (I — P)45 15.13P32

|e ph

Similar to NEGF with Kadanoff-Baym equation (KBE) approximation at t=t’ .




Scattering Terms in Lindblad Dynamics

dpio 1 [ (I — p)ya PSy 45pas —‘ The sub-index “1”, is a
Zt ¢ 75 Z N é.*5 +H.C.  combined index of k-
345 { — (L= p)ys Pusa3ps2 J points and bands.
e-phonon e-impurity e-e
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1. DFT defect potentials V' 91334 = (1 2|V (r,7) [3) [4)
with supercell for neutral defect
2. lonized impurity potential Screened V (+50C corr.)

\With self-consistent SOC / \\ pion — ZV5eT(+S0C corry \With RPA dielectric function /

Lindbladian dynamics: R. Rosati et al, Physical Review B,

J. Xu, A. Habib, R. Sundararaman andY. Ping, PRB, Editor’s Suggestions, (2021). 92, 235423 (2015)
J.Xu, A. Habib, S. Kumar, F. Wu, R. Sundararaman and Y. Ping, Nat. Commun. 11, 2780 (2020). 18

g% - e-ph matrix
fully from first-principles




Verification of the Implementation of the Electron-Electron Scattering

O “FT-GW": the finite-temperature GW* method;
compared to ImZ,, based on our used density-
matrix dynamics

(n,K|Im3(r,r';E)|n’ k)
=3 2 MS, kM), (k)]*v(g+G')

"1 q,G,G’

XIm 6;’1Gl(an_En1 ,k—q)

GW at
finite T:

X[1+np(E—E, k—q ~nr(En x-g)]-

Density matrix dynamics at the semiclassical limit:

1 —

— Z [Pf1,22f2 + (1= f2) PQCQ,H]

Pl o

mY§ = fi/ (2754)

*Lorin X. Benedict et al, PRB, 66, 085116 (2002)

0.012 ; : : : l
m 300K, FT-GW
0-010? e 300 K, Density-Matrix
A 600K, FT-GW
0.008 - v 600 K, Density-Matrix
—_ A
> A !
2 0,006 1 . e ‘Aﬂ j
o
g 3!‘.*_ ‘u AIINT
A
| [ [
! " N
0.002 4 i BN Pl .,,
| W |
0.000

-0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00
E - VBM (eV)

O Two implementations agree well around the Fermi level

J. Xu...Y. Ping, Phys. Rev. B, (2021) Editor’s Suggestions
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Computational Scheme for Open Quantum Dynamics

/ DFT simulations \

with spin-orbit coupling

Eigenstates, phonons,
e-phonon matrix with SOC

on coarse k and g meshes,

e.g., 24*24*24

JDFTx /

QuantumEspresso(EPW) = JDFTx

\\

Wannier fitting

|Yi) = |wg)

e-phonon matrix

e.g., 800*800*800

Wannier interpolation
R space — k space

Eigenvalues, phonons,

on fine k and q meshes,

,/

JDFTx

J. Xu, A. Habib, R. Sundararaman andY. Ping, PRB, Editor’s Suggestions, (2021).
J. Xu, A. Habib, S. Kumar, F. Wy, R. Sundararaman andY. Ping, Nat. Commun. 11, 2780 (2020).

/Density-matrix dynamib

dp_dp  dp
dt dt 'PYMP gt '©

e-ph, e-e, e-i scattering matrix
Time evolution of observables
Spin, Carrier, Kerr rotation

AS(t) = AS(0)exp (—Ti)

& /

DMD code interfaced with JDFTx

X cos(wt)

dp12 1 Z [ (1 _P)13 P55 45045 -‘

_‘C 5 C %
345 [ — (I = p)ys Pi5 13032 J

HC.
dr =3 +HC
20




Time resolved Kerr rotation
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J. Xu...Y. Ping, PRB, 104, 184418, (2021),
Editors’ suggestions.

Physical Observables

€ —&ypm (€V)

€ —&ygm (eV)

Coupled electron and spin relaxation
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Mechanistic study
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Study dependence on finite E and B fields, T, and carrier density
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Spin Dynamics for General Solids

With Inversion Symmetry /*/‘%\\ (Eilliot Yafet)

10° 5 3
.| Electron ~® Todls
107 5 . O Exp. 1, Lepine
100 of Si A Exp.tgHuang etal. ]
2 A -®- Total 1,
o 1024
£
S04
9 10
j b “
102 6~ - ]
~.
107 5 - E
- .e_ -
10 . . . . ?
50 100 150 200 250 300
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No Inversion Symmetry
107
1 -Q—Total Tg 4 Exp. 14 h
i MOSZ -#— Intra g Yang et al.
1075 —A—Interr, ~©- Totalz,
m - A~ Inter 1,
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[}
£
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J. Xu...

Lifetime (fs)
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10°

—@— Total ¢
4 Exp. 7,
Carpene et al.

Iron

- ®- Total 1,
10%@
e ‘
e
10" 5 ‘Q‘--~__?
100 200 300 400 500
T (K)

i(._% (Dyakonov-Perel)

500

400 -

n-GaN at 300K

] Exp Bup et al.

T T T
0.004 0.008 0.012
Extrinsic scattering rate (1/fs)

0.016

Ensemble spin dephasing T,* in CsPbBr, at 4K, B=0.5T

Ts, Lps]

Hy = Hoy + upB - (Lg + goSk)
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»' 0.5-
©
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2 051
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Graphene spin relaxation

1.0
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n [x102 cm~?]

Y. Ping, Phys. Rev. B, (2021) Editor’s Suggestions; Nat. Commun. (2020); Nano Letters (2021); A. Habib et al, Phys. Rev. B (2022)

g, @B // [110]
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J. Xu et al (2022), arXiv:2210.17074
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Spin relaxation and transport in 2D materials
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Design Materials for Optimal Spin Transport

Graphene Transition metal dichalcogenides
v" High carrier mobility v" Spin-valley locking effect
v" Longest RT spin diffusion length v" Ultralong spin lifetime at low T
X No spin-valley locking (too small SOC) X Low carrier mobility

B « K

f bt '
! '
VNN TN

Goryca et al., Sci. Adv., 5, eaau4899 (2019)

b4

Can we have a material with spin-valley locking,
high carrier mobility, long spin lifetime and spin diffusion length?
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Spin-orbit Coupling in Silicene and Germanene under E field

(b) Planar Si Buckled Si

s S

* Spinis strongly polarized along z in bulked germanene under E, field

J. Xu, A. Habib, R. Sundararaman, Y. Ping, Nano Letters, 21, 9594, (2021)

EZ = ECI' . EZ’= ‘2ECI' , (C) <Bin>
I/ V 7 “\'/" ——
‘I’ = A4 —a—7 Sj
AN AR N
- s 2 N —o—Z, e
4 N P \J /:\ P \ —-0--x Ge
K'/ g K /K\ SN N ’

B, = 2A4S5P/ (gepti)
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103 . | — L
1 T T I .
Ge . T=RT
—_ ‘\
(2] N
Q_ L)
~— - N
N iy =
(I; * ® g * * o o o ® e aaa :\
() *T -w-~-
102 Seo ~

E, (V/nm) E, (Vinm)

. Planar Si Buckled Si Buckled Ge
4% B (S

J. Xu et al, Nano Letters (2021), arXiv: 2110.01128

Spin-orbit Coupling in Silicene and Germanene under E field

) = 10
()~ ()T

Qz’ - _ge,uJBB%n

Silicene under E is closer to DP

Germanene under E is closer to EY

26




Spin-Valley Locking and Spin Transport of Germanene under E

Spin-valley locking intervalley contribution ratio Ab-initio spin and carrier transport calculations under E field

1.0 T : . . ,
K K | Ge " e E0 | T 5 K . G
‘l\ ’ ‘\j' 084 G¢ b 2 (K) m(em™)  (ps) (em?/(Vs))  (em®/s)  (ns)  (um)
- ) . Pl -0- ]
« o Sosl E0 ] 300 0 04  32x10* 830 0.1 29
\/l’ 2 | i 0 1 300 1x10" 03 2.5 x 10* 620 0.1 2.5
Germanene [(KU | ' SO0 0 7.2 3.8 x 10° 16700 97 400
AN 50 1x10" 1.6 4.5 X 10° 2000 76 120
& i R SO 1x10% 02 58 %10 250 26 25
B\ AR o —
o A Y 2 | )

T l‘ T 1 T 1 T I M 1 T 1
0 50 100 150 200 250 300
T (K)

* Spin valley locking: spin and valley polarization changes together; intervalley spin flip transition dominates

* Longspin lifetime 100 ns at low impurity density due to spin-valley locking

* Longspin diffusion length s, = \/D.7s 7 ~ 120 wm at moderate impurity density 101 ¢m™=2 vs. graphene 1-40 um

J. Xu, A. Habib, R. Sundararaman, Y. Ping, Nano Letters, 21, 9594, (2021) 27




Substrate Effect on Spin Relaxation of Strong SOC Systems

¢
D¢
D¢
Ve

K K K
InSe g 10* . ; ;
z ky , —=— Ge@-7V/nm
10° 4 -0 G E.=0 .
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0 1024 e- _eH ]
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1 - . . .
£ 100 S ——GonSe spin relaxation
e — “—z 1074 S E d|ﬁ:erent|y7
-0.5 0 0.5 Q10
S n
Z 10-2
tilted spin texture  vertical spin texture L P —
0 50 100 150 200 250 300

T(K)

J. Xu, Y. Ping, npj Comput. Mater. in press (2023), arXiv:2206.00784 28
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Substrate Effect on Spin Relaxation of Strong SOC Systems

= 0.6

Intervalley Ratio
o
o

Spin-valley locking below 20K

—a— ML-Ge-SiH
—a—ML-Ge-GaTe -
—o— ML-Ge-InSe

o
o

(2]

T T T
150 200 250 300

50 100
T (K)
10 :
InSe , &
’
_2 //
10 GaTe m7 i oq 3
7
SiH‘
_ /7
102+ P
/
,/ @-7V/inm
GeH
10 T :
10® 10° 10 1073

sin?(0™V/2)DS (states/Hartree)

Spin mixing only explains high

y AP _ Dominate phonon at K s
temperature spin lifetime difference

nearly unchanged } ii "o
P09

10! { = Ge@-7V/nm —
Ge-GeH Substrate wr (meV) Contribution
- Ge-SiH Ge®@-7V/nm 7.7 78%
A 107 Ge-GaTe Ge-GeH 6.9 70
NAN Ge-InSe e : i’
.\(/2 Ge-SiH 7.1 64%
104 Ge-GaTe 6.4 90%
Ge-InSe 7.2 99%

0 50 100 150 200 250 30C
T (K)
CORRRIITS

0,2’,(2: angle between pair of spin states (kq, k,) spin expectation value
direction

Spin flip angle 912,1(2 has best correlation with spin lifetime as a function
of substrates

29
J. Xu, Y. Ping, npj Comput. Mater. in press (2023), arXiv:2206.00784
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Spin relaxation and dephasing in halide perovskites

30




T(ps)

- N W 2 O O

Opto-Spintronics in Hybrid Organic-Inorganic Materials

Rashba splitting tuning

Inversion
symmetry
breaking

Ap=p-p

Manoj Jana et al, Nat. Commun. 2021

Spin relaxation in
2D perovskite

Persistent spin helix

Maximum spin diffusion

in 2D hybrid perovskite length in || direction >> spin
Il . precession length along L
2 Yot 8
= Gkl N
ko : : o
3 e
i 3
-0.04 l? 0.04 g
Y Lifu Zhang et al, Nat. Photonics, 2022

T T T Y
Ot * é\
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SRy
- \ |
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@ \
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p— 7 —e
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1 1 |
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Exp. T4 with thickness

.Chen et al, ACS Energy Lett. 2018.

CsPbBr3atioK

B, (T)
V. Belykh et al, Nat. Commu. 2019.

Chiral induced spin selectivity

! O i
% % %k
t N = %

&% ey oty

Kim et al., Science 371, 1129-1133, (2021)
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Spin Relaxation and Decoherence of CsPbBr3

107
—1(16~m-3
108 —=—n,=10"cm
—e—n,=10"%cm™
9 10° Exp. A (this work)
© ara Exp. B
_g 10 Exp. C
Q 103 Exp. D
e
S 402
10°
100 T T T T
0 50 100 150 200 250 300
T (K)

Exp.A: experiment in this work
Exp B: Zhou et al., J. Phys. Chem. Lett. 11, 1502, (2020)

10° 5

104'§

s (Ps)
3,

— P'ristine
-0 Vg
--4-- Pbg,
--v-- Pbg,
--4 - Pb,

* Good agreement between theory and experiments > 20 K

« We found spin lifetime has strong dependence on carrier density (exp: n ~10*® cm3) <20 K
* Below 20K, defects/impurities have important contributions
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J. Xu, K. Li, U. Huynh, J. Huang, R. Sundararaman, V. Vardeny, Y. Ping, Nat. Commun. under review (2022)
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Different Phonon Dependence for Spin and Carrier lifetime
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* Acoustic phonon
(A1-A3) dominates
at low temperature

* Optical modes (O57-
0O58; mixed LO-TO)
dominant in carrier
relaxation, but not in
spin relaxation

J. Xu, K. Li, U. Huynh, J. Huang, R. Sundararaman, V. Vardeny, Y. Ping, Nat. Commun. under review (2022) 33




Frohlich Electron-Phonon Coupling for Spin and Carrier lifetime

Related to spin relaxation Related to carrier relaxation
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J. Xu, K. Li, U. Huynh, J. Huang, R. Sundararaman, V. Vardeny, Y. Ping, Nat. Commun. under review (2022) 34




Ensemble Spin Dephasing T2* under B Field of CsPbBr3

40 : . . . : .
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* Atrelatively high B field, spin

relaxation rate linearly proportional to 0:3-
Blield i @a@ @) ® gy,
< .
()7~ (1) ~ 2980 = CA%upBAG,
0.1
* The strength of B field dependence
varies with carrier density due to Ag 0.0

1014 ;

Efficient tuning spin T,*
by changing carrier density

J. Xu, K. Li, U. Huynh, J. Huang, R. Sundararaman, V. Vardeny, Y. Ping, Nat. Commun. under review (2022)
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Relation of Spin Texture and Spin Lifetime

Q, = aR(oxp).2
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Including broken-inversion
symmetry SOC to CsPbBr;
perturbatively for extrinsic effects

PSH spin texture can increase spin
lifetime when SOC strength is large,
not Rashba

PSH spin texture can be realized by
controlling crystal symmetry*

*Lifu Zhang et al, Nat. Photonics, 2022

J. Xu, K. Li, U. Huynh, J. Huang, R. Sundararaman, V.
Vardeny, Y. Ping, Nat. Commun. under review (2022)
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Work in Progress

Spatial-resolved spin transport: Spin injection
p p p e
9pinm (R, t) 4 1 (0Hy 0pk(R,t)
ot 2ok’ oR |
1 (- dpr(R,t 9 prnm (R, t 3 p1nm (R, t ,
= 5{ .%k)} +pk’T()Iught +pk’T() lsav  (understanding CISS effect)

Predict spin coherence and diffusion length, and time-dependent spin texture and polarization

Steady-state photocurrent (photogalvanic effect):

6 x1020
Jx = Tr(pvy)
4_
21 Density matrix dynamics with
A x with LC Pol light absorption, scattering, stimulated
S [ —— jx with RC Pol light _ and spontaneous emission for
2] photocurrents (shift current and CPGE)
in noncentral-symmetric materials
_4.
—61 . . . . . .
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Conclusion

* Developed density matrix formalism for open systems including electron-phonon, e-e, e-i
interactions and spin-orbit for coupled spin and carrier dynamics in general solids
J. Xu, A. Habib, S. Kumar, R. Sundararaman, Y. Ping, Nat. Commun. 11, 2780, (2020).
J. Xu, A. Habib, R. Sundararaman, Y. Ping, PRB, 104, 184418, (2021), Editor’s suggestions
» Realized spin-valley locking and long spin lifetime in 2D Dirac materials under E field and
investigated substrate effects, and investigated g factor fluctuation effect on spin dephasing

J. Xu, H. Takenaka, A. Habib, R. Sundararaman, Y. Ping, Nano Letters, 21, 9594, (2021)

J. Xu, Y. Ping, npj Comput. Mater. in press, 2023, arXiv:2206.00784

J. Xu, K. Li, U. Huynh, J. Huang, V. Vardeny, R. Sundararaman, Y. Ping, Nat. Commun. under review
(2022) https://arxiv.org/abs/2210.17074

« Work in progress on developing methods for computing steady-state photocurrents for
photogalvanic effect, and developing spatial resolved spin transport to understand the effect
of CISS

Postdoc and PhD positions are available!

NSF DMR-1956015 8



https://arxiv.org/abs/2206.00784

Computational codes

e DFT calculations

e BSE code built on a private
version of Quantum Espresso

* GW implementation for 2D built
on the West code; benchmarked
with the Yambo code

* Density matrix and spin
dynamics in DMD code
interfaced with JDFTx code and

EPW

[/
( QHUHNTUMESPRESSU
<HSTI>
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