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Double Quantum Dots (DQD)

» Electron confined by a potential - “Artificial Atom”.

» Quantum dots (QD) as qubits :
» Electronic spin||) =|0) |1) = |1)

» Double quantum dot (DQD) : coupling 2 QD - “Artificial Molecule”
» 2 electrons
» Possible entanglement

» Crucial for universal quantum computers
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Our Model - DQD in a Ge Nanowire (Ge NW)

» Confining potential :

—Qa

Vbon(z) = T (461,,2 (2% - a2)2)
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Our Model - DQD in a Ge Nanowire (Ge NW)

» Confining potential :




Basis States

State | Configuration S
tot
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Model Hamiltonian

Hy
——
H = Horb + HZ + evbias + HSO
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Model Hamiltonian

Hy
——
H = Horb + HZ + evbias

H,., = Z hi +C

i=1,2
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Model Hamiltonian

Hy
f_M
H = Horb + HZ + evbias
p?
Ho = Z hi+C  hy = 2?;’1 - Vpbob (24)

i=1,2
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Model Hamiltonian

Hy
——
H = Horb + HZ + eVbias
p?
Horp = i hi = — -V )
b ?;2122 h; + C ) o DQD (Zz)
62

C’_

- K|z1 — 29
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Model Hamiltonian

Hy
e e
H = Horb + HZ + eVbias
p?
HOI‘ — i h — - | V )
b zg;zh + C 7 o DQD (Zz)
c-_ ¢
K|z1 — 29




Energy Levels

» WhenB = 0, depends on detuning €
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Energy Levels

» WhenB = 0, depends on detuning €
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>
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Energy Levels

» WhenB = 0, depends on detuning €
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Ea

Energy Levels

» WhenB = 0, depends on detuning €
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Ea

Energy Levels

» WhenB = 0, depends on detuning €
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Energy Levels

> ‘ € ‘ big (comparing to other energies)

|S7) = sint|(1,1)S) — cos ¥|(0,
[S7) = cos9[(1,1)5) + sin¢|(0,
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Energy Levels

> ‘E‘ big (comparing to other energies)
[57)

|ST) =sint|(1,1)5) — cos|(0,2)5)

|57) = cos9|(1,1)5) + sine|(0,2)5)
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Energy Levels

> ‘E‘ big (comparing to other energies)
[57)

|ST) =sint|(1,1)5) — cos|(0,2)5)

|57) = cos9|(1,1)5) + sine|(0,2)5)
[57)
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Splitting width minimalization

» At the anticrossing :

E
|S+> /
\@/\
7o)
Enipne s .
/7,
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Splitting width minimalization

» At the anticrossing :

E
|S+> /
\@/\
7o)
Enipne s .
/7,
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Spin-0Orbit Coupling

Hso = k.Qg0 - @

wefl




Stepanenko & Al. (2011). Singlet-triplet splitting in double
quantum dots due to spin orbit and hyperfine interactions.

Physical Review B. 85. 10.1103/PhysRevB.85.075416.

Spin-0Orbit Coupling Flectron Lathanks mietation s

Nanowire Double Quantum Dot.
—
—’
Hso = k{250 - 0

wefl
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Spin-0Orbit Coupling

Hso = k.Qg0 - @
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Stepanenko & Al. (2011). Singlet-triplet splitting in double
quantum dots due to spin orbit and hyperfine interactions.

Physical Review B. 85. 10.1103/PhysRevB.85.075416.

Liu & Al. (2018). Control of the Two-
Electron Exchange Interaction in a
Nanowire Double Quantum Dot.




Stepanenko & Al. (2011). Singlet-triplet splitting in double
quantum dots due to spin orbit and hyperfine interactions.

Physical Review B. 85. 10.1103/PhysRevB.85.075416.

Spin-0Orbit Coupling Flectron Lathanks mietation s

Nanowire Double Quantum Dot.
—
—’
Hso = k{250 - 0
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Stepanenko & Al. (2011). Singlet-triplet splitting in double
quantum dots due to spin orbit and hyperfine interactions.

Physical Review B. 85. 10.1103/PhysRevB.85.075416.

Spin-0Orbit Coupling Flectron Lathanks mietation s

Nanowire Double Quantum Dot.

Hso = k.Qgo - & = axk.ox + ayk.oy + Brk.oy

— (aXaaYa/BZ)B'

— (aa:v Xy BZ)NW
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Effective Hamiltonian near the anticrossing

» Basis : {]Si> NVESY Hél:o = <Si‘ Hqso ‘T:F>

Es+  Hgg )
Hcross — + \*
( (Hso) b
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Anti-crossing width

» Basis : {]Si> NVESY Hél:o = <Si‘ Hqso ‘T:F>
AFE +
|2 o Lo 2 SO
Cross ( T ) En 4 AFE
SO 01T 73
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Anti-crossing width

» Basis: {|ST), |Tx)}

H—_ T ( EO T

Cross
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Anti-crossing width

» Basis : {]Si>,|T:F>} Hél:o = <Si‘ Hqso ‘T:F>
AFE +
H = — ( EO L 2* HSOAE )
o (Héb) Lo + =5

((0,2)S| Hso |T%) = {(¢r| k. |¢Rr) (ax +iay)
((1,1)S|Hso |T+0) =0




Anti-crossing width

» Basis : {]Si> T+)} Hél:o = <Si‘ Hqso ‘T:F>
AFE +
|2 o Lo 2 SO
Cross ( T ) En 4 AFE
SO 01T 73

0,2)S| Hgo |1T4%) = k. ax + o
<( ) ‘ S0 ‘ :I:> <¢L‘ ‘¢R> ( X Y) |1ST) =sinv|(1,1)S) — cos|(0,2)S)
<(1, 1)S| HSO |T:|:,0> =0 S7) = cos|(1,1)S) + siny(0,2)S)
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Anti-crossing width

» Basis : {]Si> T+)} Hél:o = <Si‘ Hqso ‘T:F>
AFE +
H = — ( EO n 2* SOAE
( éb) Lo + =5
((0,2)S] Hso [T) = (¢r| k= [ér) (ax +iay)
<(1, 1)S| HSO |T:|:,0> =0 1S7) =

Hd, = —cosv (édr| k. |pr) [(cos O cos ¢ F isin ¢)ay + (cosfsin ¢ & i cos p)a, —
Hoy =siny (¢r| ks |or) [(cos b cos ¢ Fisinp)ay, + (cosfsing + i cos o),
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Results

> splitting width : AL ( B)
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Results B =5T m*=0.28m,

> splitting width : AL ( B)
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Results B =5T m*=0.28m,

» Splitting width : Agf;:( B) Ao = 1.3x107m, A, = 1.8 x 107 7m, A\, = 1
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Results (Fs0) = mni B=5T m*=0.28m,

» Splitting width : Agf;:( B) Ao = 1.3x107m, A, = 1.8 x 107 7m, A\, = 1
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Results (Qso)i _ " p_sr m* = 0.28m,

» Splitting width : A T* ( B) Ap =1.3% 107 m, A, = 1.8 x 107 m, A, = 1

Pauli Spin Blockade in Ge DQD




Further Results & Possible uses

» Probability of the S-T spin flip (Rabi oscillations)
» Intensity of the current through NW

| I

» Spin-flip used in a CNOT double qubit gate

» S-O coupling is a source of decoherence
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Thank you !
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Further Results & Possible uses

» Probability of the S-T spin flip (Rabi oscillations)
» Intensity of the current through NW

| I

» Spin-flip used in a CNOT double qubit gate

» S-O coupling is a source of decoherence
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Quantum Computing

» Digital bits : 0 or 1
» Quantum bits (Qubits) : Superposition of |0) and |1)

Number of bits  Classical bits Qubits

1 Oor1 Co|0>+01|1)

2 00, 01, 10 or 11 coo [00) + co1 |01) + ¢10 |10) + 17 |11)
N 1 of 2N N-uplets All of the 2N ¢)'s

Pauli Spin Blockade in Ge DQD




Molecular Orbit Approximation

Chan & AL.(2018). On the validity of microscopic calculations of

double-quantum-dot spin qubits based on Fock-Darwin states.

. . . . Science China Physics, Mechanics & Astronomy. 61. 10.1007/s1143
» Harmonic approximation : Vbon(z) 017-9145-6.

—a z
o) = (L) e
pr(z) = (2 +a) pr(r) =¢(z —a)
» Hund-Mulliken approach : T
|‘I’L,R = \/1 ~ 950 1 &2 (or,R — QSOR,L1
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Total Wave Functions

State | Configuration Orbital Part
209 1| Wi (21, 25) = By (1)1, (22)
025 it T (21, 22) = Br(21)@r(22)
WLDS) & | a \1}1<zl,z2>=%@L(m@ﬂ(zz)+<1>L<z2)<1>R(z1>)

Ty) | ¥
T_> U? (21, 22) =

Ty)

Pauli Spin Blockade in Ge DQD

(Pr.(21)Pr(22) — Pr(22)PRr(21))

> <
> <
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Hamiltonian Matrix

» Basis: {|(2,0)5),[(0,2)S5),[(1,1)S),|[T+),|Tv),|T-)}

Hqq 0
0 Hrpr

H = Horb ‘l_HZ

Hy =

23

-



Hot, = )  hi+C

Hamiltonian Matrix i—1.2

» Basis: {|(2,0)5),[(0,2)S5),[(1,1)S),|[T+),|Tv),|T-)}

Ute X =v2\ = qulopr\ey/”
Hqg = X U — ¢ —\/§t V. — <\IJS ‘C‘ 8>
V2t =2tV + = (VL|C]VL) \er=e/

V_+gu.B 0 0 X =({R|C|UE L) W
Hrr = 0 V_ 0

0 0 V_—gu.bB t_<(I)LR‘h12|(I)RL> \/—<\IJ \C|\IJ

SV,
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Mixing angle Udte>U—eV.>t>X

U+e X —/2t

—V2t —V2t Vi .
Hgs=1 0
U—-V o
cos 29 = —
VU Vi) a2 (
Hgs =1 0
24/2
sin 2 = vt ’
VU = Vi) 4822
ST = sin|(1,1)S) — cos|(0, 2
Pauli Spin Blockade in Ge DQD |S ) = COS ¢|(1, 1) ) —+ sin 1/)|(0, 2




Rabi Oscillation

» Basis : {]Si> NVESY Hél:o = <Si‘ Hqso ‘T:F>
e _ ( EO AQ*E +
CrosSS ( é_()) EO

AE = +g(B)peB + Vr — Vg
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g-factor

» Depends on orientation of 3
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Rabi Oscillation

» Basis : {]Si> T+)} Hél:o = <Si‘ Hqso ‘T:F>
AFE +
|2 o Lo 2 SO
Cross ( T ) En 4 AFE
SO 01T 73

AE = +9(B)juB+Vr—Vs  ATF = 2|Hg
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Rabi Oscillation

» Basis : {]Si> T+)} Hél:o = <Si‘ Hqso ‘T:F>
AFE
H:: _ EO )
cross ( + )*
SO

AE =+9(B)ju.B+Vr—Vs  AZ]

Aﬁabi — |P3i—>T:F‘ma:c —
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Results

> Intensity: Ae =5 X 1078m A, =25 x 107 17m, A, = 1.3

' 2210712

510712 |

PBAST(O{X, ay, /Ba 97 ¢)2
3Asr(ax, ay, 8,0,6)2 + AE(gx, gy, 8,0, 6)2 + (L)’
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Wilfred & Al (2002). Electron transport through double
quantum dots. Reviews of Modern Physics. 75.
10.1103/RevModPhys.75.1.




Two-level system

» Basis: {|ST), |Tx)}




