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Single spins as controllable open quantum systems

» spin of subatomic particle (electron, atomic nucleus)

T =11

> spin 1/2: “ideal” quantum bits (qubit)  |0) =
» “smallest” quantum system

» |ocalized electron spins in semiconductor quantum dots

» spin is an open gquantum system )
phonons

fluctuating

electric fields
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classical spin
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Wolfgang Pauli [Z. Phys. 31,373 (1924)]:

"...According to this standpoint, the
doublet structure of the alkali [atom]
spectra as well as the violation of
Larmor's theorem originates frormr

@
peculiar, non-classical qult

two-valuedness of the quantum
theoretical spin
properties of the outer electron.”

e C e e———



* two-valued degree of freedom of the
electron: angular momentum (spin) /2

* proposed by Ralph Kronig in Jan 1925
(then at Columbia U.)

® strong reservations
from Heisenberg and Pauli

Ralph Kronig
(1904—-1995)

e Sept 1925: Uhlenbeck and Goudsmit
discovered the spin of the electron



Paull exclusion principle

Two Fermions (e.g. electrons) cannot occupy the
same quantum state.

N\_/ Aé
;%$< 3\/:; T
impossible OK OK

* explanation of atomic spectra, periodic table of elements

* electron spin as quantum bit:
read out (via charge detection)
interaction (“‘exchange”)
preparation (initialization)
measurement of entanglement
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Quantum Computing
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two-qubit gates one-qubit gates

qubits

Arbitrary quantum computations can in principle be built
from these elementary operations.



Quantum Bits (Qubits)

e atoms inion traps
e superconducting circuits
e electron spins in solids
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Spin Qubits

» typically spin 1/2 of subatomic particle 1)
(electron, atomic nucleus)

» quantum bit (qubit) Loss & DiVincenzo, PRA 1998
0)=11) [1) =)

» electron spins in semiconductor quantum dots

» |long coherence, robust against charge noise
Hanson et al., RMP 2007

Tarucha group
Ito et al., arXiv:1604.04426 5 QD charge control
Noiri et al., APL 2016 3 QD 3 single spin control

Dzurak group
Veldhorst ef al., Nature 2015 2 QD 2 spin qubit gate

Eriksson group / Guo group
Kim et al., Nature 2014 2 QD 3 spin hybrid qubit A7 RO ] B
Cao et al., PRL 2016 2QD 5 Spin hybrld CIUbIt D. M. Zajac et al., APL 2015 SiGe six quantum »dot device

(Petta group, Princeton)



https://arxiv.org/abs/1604.04426

Quantum Computing
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» guantum time evolution
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Quantum Gates
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Quantum Gates

Us € SU(4)

.ﬂ 4 )
1)
0)
4 )
G J
1)
quantum gate
0) Ui € SU(2)
1) time S g
U e SU@")

U, € SU(2)

4 )
U2 B
- J

measure



Quantum Gates

0) 0)
1) 1)
0
v 0) p . 0)
=
|
Qg S g 1)
quantum gate Us e SU(4)
0) Ui e SUQ) 0)
4 )
U2 B
1) time ) g 1)
i U, € SU(2)

A universal set of quantum gates: {CNOT} u SU(2)

DiVincenzo, Phys. Rev. A (1995),

Barenco et al.,, Phys Rev.A (1995)

measure



Controlled NOT gate (CNOT gate)
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Controlled NOT gate (CNOT gate)
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Controlled NOT gate (CNOT gate)
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Spin Qubits

gate electrodes

0) =&
1)=90

quantum dot

2D electron gas

exchange coupling from virtual

electron hopping Loss & DiVincenzo, 1998
H = E sz<t)sz y Sj —+ E g@-(t),uBBi(t) . S@
(1,7) exchange coupling 1 local Zeeman effect
two-qubit gates one-qubit gates, SU(2)
(sqrt-SWAP, CNOT) Koppens et al. 2006

Petta et al. 2005

universal quantum
computation




—Xchange coupling

Pauli exclusion principle

K&_T_ Etriplet — EO

spin triplet
s=1
2
spin singlet —T;/\—l— Esinglet = Lo — 4t /U
s =10
2
J = Etriplet — Esinglet = —4¢ /U
H = _JPsinglet EO
S? = s(s+1)
1 , 1
Pingier = |S)(S] = 5(2 - §%) =1 - —(s1 S2_28,.8,) =~ —S; - S,
= Py

e — JSl Sg—l-C(;f |




Spin-spin interactions

J=Jon"ﬂ SWAP
J =0 + | | £ = 1 — 2P,
t =20 t:T('h/Jon

¢ — 7 Loss & DiVincenzo, Phys. Rev. A (1998).
Petta et al,, Science (2005).




Spin-spin interactions

T b \é><;'> +i|$d)  VSWAP

J: Jon__ ........... | ]__2|_Z]l 1_ZSWAP
J =0 | | > 1
t — Wh/QJon Loss & DiVincenzo, Phys. Rev. A (1998).

gb — /2 Petta et al, Science (2005).



Spin-spin interactions
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. W, - Oe0 20
AR s U Ul—=_
U/
T @ o ) v
A C? ‘ Cib + 1] SWAP
J: Jon__ ........... : 1_2|_Z]l 1_ZSWAP
J — O | | N t
t — Wh/QJon Loss & DiVincenzo, Phys. Rev. A (1998).

gb — /2 Petta et al, Science (2005).



Parallel pulsing
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> t GB, Loss, DiVincenzo & Smolin, Phys. Rev. B (1999).




—arly experimental breakthroughs in GaAs

- single-spin ESR
Koppens et al., Nature (2006).
0 Nowack et aI , Science (2007).
= 10 / x o /\
1 | ?_} 1um
I SR “owe  E
. . B (T) c Spin Spin
single spin read-out, T, | voskade  manipustion  Projection
Elzerman et al., PRB (2003): long T, at low fields LA e HLL |
--- Nature (2004) Amasha et al. PRL (2008) ©.7) (1.1] (1.1 ©.2) 0.1)
sqrt-swap, spin echo, T," 10§ 16 m-pulses
Petta et al., Science (2005).
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spin coherence time exceeding

200 ps using CPMG pulses

Bluhm et al., Nature Phys. (2010).

gs (102 e?/h)

-404 Vg (MY) -400



What could possibly go wrong..”
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quantum dot

2D electron gas

exchange coupling from virtual

electron hopping Loss & DiVincenzo, 1998
H = E Jij(t)S; - Sj + E 9i(t)ppBi(t) - S;
(1,7) exchange coupling 1 local Zeeman effect

N
+ Z S; Z ALy *
g k

multi-spin qubits
nuclear spins ===l materials

Burkard, Loss, DiVincenzo 1999 *
Coish & Loss 2004, 2005 T2
Petta et al. 2005



Spin qubits are open quantum systems

spin in a magnetic field B (zero temperature T=0, g-factor g>0)

relaxation T, 0) =1T)
prepare excited state |O>

<SZ> ~J e—'t/Tl

T
\\\ "
e

decoherence T,

prepare transverse state,

g |0) + 1)
\(Sz) ~ 3 cos(gupBt/h)e™"/T> Iz
\ £ 1%
. ; t
\ .f'f \ // \/ /\ P R ph — I
YA DIIER




Spin qubits are open guantum systems
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spin in a magnetic field B (zero temperature T=0, g-factor g>0)

relaxation T, 0) =1T)
prepare excited state |O>

(Sz) ~ o4/ T

qubits: require

decoherence T,
prepare transverse state,

eg |0) +[1)

~ % cos(gupBt/h)e /T2
i

\/ \/\M/\/\

DT TD



Single spin in the Markovian limit: Bloch equations
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Bloch vector

p = Tr(ops)

Bloch equation

P=wXp-— Rp+ Po

1
Relaxation matrix in secular approximation | > W = (O, O, (J.J)
(up to frequency renormalization)
T2_1 0 0. Exponential decay of

D _ —1 transverse (x,y) components

R=\| 0 T," 0 1 )
0 0 Tl Y, Exponential decay of
1 1 1 longitudinal z component

Ta oTy, ' Ty

review article:
L. Chirolli and G. Burkard, Adv. Phys. 57, 225 (2008)



Nuclear spin induced dephasing
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wnwm operator

bl =) Apl;
k

0)

btot

mealsate [1(0)) = Z5(11) + [ 1) @ [¢°)
time evolution ‘w(t» — @_ZtH|¢(O)>

A

case 0) no nuclear spins b? — 0

<SX> 1 \ /\ |
case |) eigenstate D|¢") = b2 |y | \/ ‘ _




Nuclear spin induced dephasing
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case 2) unpolarized state (equilibrium state for kgT >

H=2S5, (b+l§f;)

00000000000000000000000000000000000000000000000

gnUnB) pn X ]l

p(b2) = T [8(52 — b2)p"| ~ (2m0%) /2 exp(—(b2)*/20%)
\0 ~ A/\/N o
b™
ok 1 exp (—ith/h — 5022 s >
2\ exp (itb/h — 550%t?) 1
GaAs quantum dot: A ~ 90 pueV
_ _ @2z | N =~ 10°
(Sz) = Tr [Szp(t)] = cos(bt)e Fodl T ~ 10 ns

~

T =h/o~ h/N/A

for more, see




Nuclear spin induced electron spin dephasing

* nuclear spins unavoidable in GaAs & other IlI-V materials

electron

e coherence time of mobile quantum /N wavefunction

electrons in GaAs ~100 ns d

J. Kikkawa and D. Awschalom, - =
Phys. Rev. Lett. 80, 4313 (1998)

~10°-10% nuclear spins

* nuclear spins will affect spin qubits in quantum dots (QDs)
G. Burkard, D. Loss, and D. P. DiVincenzo, Phys. Rev. B 59, 2070 (1999) 1)

* limit coherence time of e spin in GaAs QD to ~10 ns
J. Petta et al., Science 309, 2180 (2005)

strategies:
« control or harness nuclear spins (magnetic field gradients) |V
 get rid of nuclear spins: new materials



Preparation of the nuclear field

Spin blockade

spin singlet

spin triplet Pauli exclusion
principle

spin triplet

+ nuclear spin

QM measurement
of nuclear spin

= preparation
of nuclear spin




Nuclear physics in 2 minutes

4He atom

o
a( +’/ Z=2 protons p* (spin 1/2)
B 722 electrons e (spin 1/2)

N=2 neutrons n (spin 1/2)

atomic mass: M=Z+N=4
‘He



Nuclear physics in 2 minutes

Lithium (Z=3)
4He nucleus

n‘E Z=2 protons p* (spin 1/2)
&' N=2 neutrons n (spin 1/2) ¥
“He

atomic mass: M=Z+N=4 71
i

e even proton (neutron) numbers Z (N) more stable than odd Z (N)
e / odd: odd-odd stable isotopes very rare, typically odd-even

e even (odd) Z implies (even) odd M for most abundant stable isotopes
e lower spin nuclei typically more stable

® even Z: zero nuclear spin most likely
¢ odd Z: nonzero huclear spin (odd number of spin-1/2 nucleons)



Dilute nuclear-spin materials

I 1l \Y Vv Vi
boron carbon nitrogen oxygen
5 6 7 8
0% 99% 0% 99.9%
aluminium silicon |phosphorus| sulfur
13 14 15 16
fraction of naturally -
occurring nuclear AI SI P S
spin-free isotopes
(1=0) » 0% 95% 0% 99.2%
molybdenum zinc gallium |germanium| arsenic selenium
492 30 31 32 33 34
73% 96% 0% 92% 0% 92%
tungsten cadmium iIndium tin antimony | tellurium
74 48 49 50 51 52
86% 75% 0% 85% 0% 92%




Dilute nuclear-spin materials

1 \Y Vv VI
boron  carbon nitrogen oxygen
J 9 6 7 8
“B C N N 99% '2C (1=0)
IND e -~ 1% 3C (I=1/2)
0% 99% 0% 99.9% LT T
aluminium‘ 3 silicon 'ohosphorus|  sulfur
13 ¢ 15 16
fraction of naturally
occurring nuclear AI P S
spin-free isotopes
(1=0) » 0% 95% 0% 99.2%
molybdenum zinc gallium “jger i arsenic selenium
42 30 31 32 33 34
73% 96% 0% 92% 0% 92%
tungsten cadmium indium tin antimony | tellurium
74 48 49 50 51 52
86% 75% 0% 85% 0% 92%




Dilute nuclear-spin materials

N® A | Faketal,

oxygen PRL (2015)
N 99% 12C (1=0)
- 1% 13C (1=1/2)

fraction of naturally
occurring nuclear
spin-free isotopes

» 0% . 0%
zinc gallium BN ENe arsenic
30 31 32 33 s
Zn | Ga| Ge | As
96% 0% 92% 0% 1 ':.
cadmium indium tin antimony 4 ','
48 49 50 51 &
Cd| In| Sn| Sb?
75% 0% 85% 0% #¥




—xperimental breakthrough: Silicon Spin Qubits

GaAs Si
\ \
’:"x *:f ‘r ¥
« £ W - y
wu v.\x *\
T, ~10ns T, ~1ups

T2DD ~02ms T2DD ~0.5ms

Kawakami,
Scarlino, et al,
Nature Nano 2014

Petta et al,
Science 2005

adapted from L. Vandersypen (TU Delft)

28; 31P:28g;
d £

T, ~100-250 pus
T,PP ~28-500 ms

T,)P~35s

Veldhorst, et al,
Nature Nano 2014

Muhonen et al,
Nature Nano 2014



Valley degeneracy (more in lecture 2)

/> [001]
A [010]
O O Y LU [100]
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Spin Qubits: summary of lecture 1

Spin, Qubits, Spin Qubits
Exchange coupling
Decoherence

Nuclear spins (magnetic noise):
very long coherence in dilute nuclear spin materials

Materials issues



Spin Qubits
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Introduction into Spin Qubits
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Multi-spin qubits
Coupling Spins to Electric Fields
Spin and Valley 1: Exchange

lecture 3

Spin and Valley 2: Spin Relaxation
Defect Spins



—lectric Dipole of an Electron

> coupling of EM fields to electron spin H =—u-B —d - E

» permanent magnetic dipole moment = —gupS ;
» permanent electric dipole moment d = h/GZS
gup ~ 107%eV/T d.| < 107°%em  ACME collab. Science 2014

> here: orbital electric dipole d = er
» coupling between position and spin?
> 1 electron: spin-orbit coupling ~ Hsoc ~ (e/2m?*c*)S - (E x p)
or inhomogeneous B-field Hyg ~ —er - E —gupr-V(B-S)

>1 electrons: Fermi statistics Hiteisenberg ~ J(E)S1 - So



Spin 1/2 Qubits

» exchange coupling: fast 2-qubit gates Petta et al., Science 2005
» 1-qubit gates: slower and harder Koppens et al., Nature 2006
H=) Ji;(t)Si-S;+ ) gi(t)usBi(t) - S,
(%,9) ¢
o exchange coupling electron spin resonance

E_ee

» increase single-qubit gate efficiency: EDSR Nowack et al., Science 2007
using spin-orbit coupling, nuclear spins, magnetic field gradient

» electric dipole leads to increased sensitivity to charge noise



Two-spin (singlet-triplet) qubits

qubit realization |spin 0) 1)

S-To |2 QDs,?2 electrons | _

S-T+ |2 QDs,?2 electrons [s_1 - T —UT) 1)




All-electric control: “Exchange only” qubits

> use three spins 1/2 to represent one qubit

Hyijp®Hyp®@Hyijo=Hyi/o® Hy/2® H3)o & é %
0) b

\0>=i2<|¢u>—|¢ﬁ>>

V2 S=8,=1/2
Crdin=11t1thH =141

1) = —
VG

1)

» exchange alone can navigate this subspace (many qubits)

H—ZJZJ t)S; - S;

%é'ﬁ X X X X

Bacon, Kempe, Lidar, and Whaley, Phys. Rev. Lett. 85, 1758 (2000)
DiVincenzo, Bacon, Kempe, Burkard, and Whaley, Nature 408 339 (2000)




One-qubit gates

1) 1
» exchange couplings rotate qubit ° i i
about two non-collinear axes J; and Jr 3

» generate arbitrary qubit rotations with exchange pulse sequences
DiVincenzo, Bacon, Kempe, Burkard, Whaley, Nature 408, 339 (2000)

» experimental realization

Laird et al., PRB 82, 075403 (2010)
Gaudreau et al., Nature Phys. 8, 54 (2012)
Medford et al., Nature Nano. 8, 654 (2013)
Eng et al., Sciences Adv. e1500214 (2015)




Two-qubit gates: Controlled NOT

T

» numerical solution for CNOT 1
19 pulses in series in 13 time steps , ﬂ . i
DiVincenzo et al., Nature 408, 339 (2000) itz ¢t2 ¢t5 its ¢t7 ¢t7
3
» exact analytical solution L {“‘ - 13”‘ - J:*ﬁ‘ - ‘3*1‘
(roots of 96" degree polynomial) 5 i i i i
Kawano et al., Q. Inf. Proc. (2005) ifs i;s
6
» 8-parallel-pulse subsystem solution £,-0.410899(2) 14-0.414720(10)
DiVincenzo et al., Nature 408, 339 (2000) e arraeie) e sreiatin

t,=0.640505(8) tan(rt) tan(zt) = -2

» subsystem: 22 serial pulses (13 steps)
Fong & Wandzura, QI & QC (2011); Zeuch & Bonesteel, PRA (2016)

qubit 2



Exchange-only, RX, hybrid, and AEON qubits

> exchange-only: J=0, Jr=0 In idle state
(low-bandwidth) pulse J; or Jr for gates
robust against charge noise (off state)

» hybrid qubit: 3 electrons in 2 quantum dots Jl J J
Shi et al., PRL (2012); Kim et al., Nature (2014) A r

> resonant exchange (RX): J;, Jr always “on”

radio-frequency pulse for gates: Jx or J;

Medford et al., PRL (2013); Taylor et al., PRL (2013)
Doherty and Wardrop, PRL (2013)

» asymmetric RX (ARX) qubit 1)
M. Russ and G. Burkard, PRB (2015)

1

0= —= (T4 =1411)

» always-on exchange-only (AEON) qubit

Y.-P. Shim and C. Tahan, PRB (2016) )=—=CTin-[1Th-[111)

5l-

6



Exchange-only, RX, hybrid, and AEON qubits

qubit realization |spin
. g1
spin |/2 | QD, | electron 2 1) 1)
o Petta et al. 2005 S. = :tl
Loss & DiVincenzo 1998 z 2
singlet-triplet 5 =
Levy2§2 TayloreEI.ZOOS 2 QDfe’ttazetC?!OeOSCtrons S, =0 H\\L> - H/T> H\\l’> _|_ H/T>
Hanson & Burkard 2007
exchange-only
DiVincenzo, Kempe, Bacon, Burkard,VWhaley 2000 3 QDS, 3 eleCtI"OnS
RF-exchange (RFX)
Medford et al.;Taylor et al.; Doherty et al., PRL 2013
g1
| QD, 3 electrons 21 - |2t - -
. Kyriakidis & Burkard 2007 S, = —
spin-charge :
(hybrid)

2 QD, 3 electrons

Shi et al. 2007




Exchange-only and resonant exchange (RX) qubits

» exchange-only: J=0, J=0 in idle state
(low-bandwidth) pulse J; or J; for gates
robust against charge noise (off state)

0)
1)

» resonant exchange (RX): J;, Jr always “on”
radio-frequency pulse for gates: Jx or J;

Medford et al., PRL (2013) 1 >
Taylor et al., PRL (2013) 0 _ 1
Doherty and Wardrop, PRL (2013) x T 0= 2 Tt =1 1)
1
1) AR AR R AR )




Charge noise in the RX qubit

» J;, Jr always “on” adds “charge”
character to spin qubit

» (low-frequency) charge noise
affects RX qubit

» model: independent noise affecting

each quantum dot potential V; and tunneling couplings {;

M. Russ and G. Burkard, PRB 91, 235411 (2015)
M. Russ, F. Ginzel, and G. Burkard, PRB 94, 165411 (2016)



Dephasing
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» |ongitudinal noise

Ow Ow 0w
bw, = —6V1 6V V724 ...
RS A A - A

» Ramsey free decay

+) =

1 time evolution _ 1 1 (t
75 (10)+ 1) 19 = 75 (10 + 40 )

t
o(t) = [ ow.(t')dt’ accumulated phase due to noise
0

F= <ei¢(t>> Gavsstan, | —3(6(1)?) |= o= (t/Ty)

0)

e 2

i
> “sweet spots” (ai=V1, Vo, V3, t, t) i

ﬁw_o . Ow  Ow 4 1)
(905@' — mutliple aOéz'l = ... = 8&% —

single
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» Hubbard Hamiltonian potential in dot /

U
Hyyp = Z [Enz(nz —1) sz}

)
+ Z Ucnmj + Z (tijc;r,acj,a + hC)
(4,5) o=T{

electron number operator n; = Z c;-r,acz-,g
o=1,1

hopping between dot/ and /

» two detuning parameters, affected by random fluctuations

1 1
€:§(V1—V3) A:§(V1—|—V3—2V2)—|—U—2Uc
A A
V=) V=)
et V,, +3A

M. Russ and G. Burkard, PRB 91, 235411 (2015)



A (meV)

Charge noise in the RX qubit

0000000000000000000000000000000000000000000000000000000000000000

A\ =

Robustness against € and A noise:

§(V1—|—V3—2V2)—|—U—2UC

“double sweet spot” (DSS) in (g,A) space?
Ow

0.02}
0.00}
~0.02}

~0.04}

%ZaA—O

0.04fh

. 0.030
o H 0.025

~0.04 -0.02 000 002 0.04
€ (meV)

‘ ' 0.005
0

0.020

0.015

0.010

w (meV)

\>57(\m> b1t))  Qubrt

1) = 7(2 1) = A1) = [411))

s1,1/2) = 813 1) = 14, 1)
VL,:E” .

s3,1/2) = 1)1 Is)55 = [1,14)

L\/\/\/

M. Russ and G. Burkard, PRB 91, 235411 (2015)



T—»(I?.
» diagonalize the Hamiltonian 0 0 /2 1 /2
= 0 0 V34/2  —/3t/2
g2 V342 A+e 0
» gubit Hamiltonian t./2  —/3t./2 0 A g
H hw
= —O
RX ) Z -
0.04-'
» exact double sweet spot 0.02
. § | 0.020
wrt € and A noise :
Z 0.015
; 0.010
| | |
S A o N S | / ....... ' 0.005
ol ~0.04 -0.02 0.00 0.02 0.04
| iy £ (meV) 0

0000 00050010 e 2 M. Russ and G. Burkard, PRB 91, 235411 (2015)



Dephasing at the double sweet spot

» accumulated phase
b(1) = / 4t S, (1

to

> dephasing time (W) ~ e

-oL

10 _\\(a) .

\I\\ o sweet spot

10-4 3 (). o RXregime
@10'6
&3

1078

10710 1

10 10° 104 108 102
O¢,n (meV)

“sweet spot”

= [ dt () + S 0V
to

1
+§wA,A5A( ) — wg,A58(t/)5A(t/)]

—(B(1)%)/2 p, o~ (t/T,)?

0.04 FRARNNNOOOE
\ R RRR ¢ \
N\

0.030
Io.ozs

0.02}
% | 0.020 =
S 0.00] O
5 - 0015 &
~0.02| 3
- 0.010

~0.04}

T, ~1/0

0.005

I0

M. Russ and G. Burkard, PRB 91, 235411 (2015)

Z004 Z002 0.00 002 004
€ (meV)

T, ~1/0"



Exploring the charge landscape

» in addition to (111),
(201), and (102) states,
include the
(120) and (021) states
(total of 6 states)

» exchange-only (EO)

qubit @ e=en=0: AEON 2 &8
Y.-P. Shim & C. Tahan, S _
PRB 93, 121410 (2016)

> include hybrid qubit: -3}
3 electrons in | o A

2 quantum dots _1.0} QRIS Hiybrid Qubit right).
Shi et al., PRL (2012) AN /////1
1.0

Kim et al., Nature (2014) 10 05 0.0 0.5

» double sweet spot (DSS)

_ _ em=Vo—(V1+V3)/2 4+ Uc
comes in 4 copies

M. Russ, F. Ginzel, G. Burkard, PRB 94, 165411 (2016)



Charge-noise induced dephasing

» e.g., only € charge noise

» |eft: strong noise A.=(1 peV)?, weak tunneling (t = 22 peV, t, = 15 peV)

> right: weak noise A:.=(102 peV)?, strong tunneling (¢ = 220 peV, t, = 150 peV)
Taylor et al., PRL (2013)

-1.0 -0.5 0.0 0.5 1.0

To(us) To(us)
, 1000.

£100.

0.1 10.

I0.00I T
1072 | Y
1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

e/.U /U
M. Russ, F. Ginzel, and G. Burkard, PRB 94, 165411 (2016)

0.1

0.01




Dephasing due to individual noise sources

€ noise

A/ em noise

1.0 -0.5 0.0 0.5
/U

tr=22 peV, tr =15 peV

1.0

T p(us)
I 10.

0.1

-0.001

I 1078

Ty(us)
1.

0.1

'—0.001
16

E = (V1 — V3)/2
ey = Vo — (V1+V3)/2—|—U
= A+ 2U,

. Russ, F. Ginzel, G. Burkard, PRB 94, 165411 (2016)



Cavity-mediated coupling between spin qubits

superconducting resonators semiconductor spin qubits

coupling remote qubits long coherence
B

s i

£ 0
) [ > %

-432 - :C‘_,
R —— r
g o 404 y_ (my) -400

Wallraff et al., Nature 431, 162 (2004) Petta et al., Science 309, 2180 (2005).

cavity-mediated long-distance interaction between spin qubits
Burkard & Imamoglu, Phys. Rev. B 74, 041307R (2006)



Cavity-mediated coupling between spin qubits

» double quantum dot with 2 electrons

» electric dipole

» singlet-triplet qubit
BLT

» need to break conservation to make electric
dipole transition from singlet to triplet

S

oh = By, — BR

» need to break spatial inversion symmetry

(e20) to make transition
J goh

hw 4U? — €2 — )h?
Burkard & Imamoglu, Phys. Rev. B 74, 041307R (2006)

» cavity coupling g = eaFEy




Cavity-mediated coupling between spin qubits

» |arge electric dipoles of multi-QD spin qubits
interacts with cavity electric field

GB and Imamoglu, PRB 2006

----- - qQubit 1

photon
mediated
coupling

» basis for two-qubit coupling
Imamoglu et al., PRL 1999

» cavity QED with RX qubits
Russ and GB, PRB 2015

52

511 . ]
| ore—

» experiments showing strong coupling

X. Mi et al., Science 2016 (Princeton: Petta group)
L. E. Bruhat et al., arXiv:1612.05214 (ENS: Kontos group)
A. Stockklauser et al., arXiv:1701.03433 (ETH: Wallraff/Ensslin

238 MHz

ml
\

»
©

»
o

" Frequency, Vp (GHz)

47 | | T |




Cavity-mediated coupling of RX qubits

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

i=1,2
: : AWRX i
» guantum dot Hamiltonian H; = , 0,
[ ] [ ] [ ] _'_ 1
» cavity Hamiltonian  Hcay = hwpp | a'a + 5
mediated

coupling
» qubit-cavity interaction
fﬁnt¢:=:9§0ﬁ;(@'+'aT)

j=(Ji—Jr)/2
> simple model gy =V3(J8j — j8J)/wrx  8J = d.dk + dad &
0] = 0p] K +0pj k'
\/§€EO tit,c
B 2hwph A?Z — 82

> microscopic = gr = arel (a7 — ar) S1.S;

M. Russ and G. Burkard, PRB 92, 205412 (2015)



Qubit-cavity coupling g0 = —e&(a; + a,)

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

asymmetric coupling (g) symmetric coupling (ewm)
F Veav
ap i al.
ot Y > 5y
L Yy
I T f’k_» l }”’_»
10 -05 00 05 1.0 "
e gl g
1.0'-(b) iy 110 F
L (2,0,1) T (1,02) - |
0.5 4 ‘ Jos ZHA
o.o:-  —. . -:o.o é0.001
0.5 T 1-05 ||,
- (1,2,0) (0,2,1) - i
10F M " Ho 140
: I

-l 1} l 2 'l 2 'l l 'l 2 'l 1 1} 1l 2
-1.0 -0.5 0.0 0.5 1.0
/U

M. Russ, F. Ginzel, and G. Burkard, PRB 94, 165411 (2016)




Hyb
in Q

DS to microwave cavities

Princeton

- Petta group
- Si double quantum dot
-f~8GHz,g=6.7 MHz, y=2.6 MHz, K =1.0 MHz, T = 10 mK

X. Mi et al., Science 10.1126/science.aal2469 (2016)

ETH Zlrich

- Wallraff group
- GaAs double quantum dot
-f~5GHz, g=119 MHz, y =80 MHz, k = 12 MHz

A. Stockklauser et al., arXiv:1701.03433 (2017)

ENS Paris

- Kontos group
- Carbon Nanotube double quantum dot
-f~7GHz,g=5MHz,y=2.6 MHz, Kk = 0.6 MHz, T = 18 mK

L. E. Bruhat et al., arXiv:1612.05214 (2016)

7.80-
7.157
7.701

Qubit u
1Cavity ™~

Frequency, v, (GHz)

rid quantum systems: Strong couplir

Qubit 2t/h =

7.72 GHz
Cavity

2t/h =
7.67 GHz

‘-,_
U
\
\l
b/
T

1 Qubit
i Cav|ty . 7.58 GHz

2t/h =

2

1.0

0.51

0.0+
1.0

0.51

0.0
1.0

0.5-

g of spins

238 MHz

towards /
resonator

nanotube . f |

g
3 \e o ® °e

& ® °
a n ~100

6..64 6.65
Frequency F (GHz)
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Probing QD valley physics in a microwave cavity

» unknown valley splitting In

Silicon quantum dots (QDs)

> use double QD with 1 electron ;

» extract valley splitting

» extract intra/intervalley tunneling

» probe mw field at frequency wr

» Input-output theory T
G. Burkard and J. R. Petta, L T
PRB 94, 195305 (2016) s S

T

» experiment
X. Mi, C. G. Peterfalvi, G. Burkard, J. R. Petta,
arXiv:1704.06312 (2017)



1 3 M. J. Collett and C. W. Gardiner, PRA (1984)
InpUt_OUtpUt theOry G. Burkard and J. R. Petta, PRB (2016)
/probe freq.
> photons He = (wo — wR)aTa
> electron o, = |m){n 3y Te. ]
m)nl , B

> rotating frame Hy = Z (Ey — NWR) Onn IS .

2 n=0
Hyp ~ 290 (CL Z dn—l—l,ngn—l—l,n + hC)
n=0
T T

> equatlons of motlon cavity coupling " el. dipole matrix elements

a = _ZAOa' T 50, =+ vV R1Qin,1 =+ \V K2Qin,2 2Z90 Z dn n+10n,n+1

n=0
detuning T .
Ay = wg —wpr cavity loss

On,n+1 = _Z(En+1 — by — WR)Un,"rH—l — §Un,n+1 — QZgOdn—l—l,n(pn — pn—l—l)a
o _ Toccupaﬁon
» transmission function probabilities
A — Qout 7:\/ R1k2

Qin Ao — m/ 2+ 290 Zn 0 Ay m+1Xn+1,n + electric susceptibility



Probing QD valley physics in a microwave cavity

> 100; -
o _ ; § 1,0
C : :
. L o —-100;} | |
» theory: microwave transmission

. e 200 -100
Uin AO — 2/6/2 + 290 272’1,:0 dn,n—l—lxn—l-l,n

T
g , T _ 'tT electric susceptibility
etuning cavity cavity —200dri1n (P — Prsi)

A~

loss coupling : &
> experlment En: energy levels of DQD
1,00 | 1.00 {emem =  dnn+1: el. dipole matrix el.
- i 0
o 0.95. pn: (thermal) occupation 3
< o
< .96 0.90+
t=21.6 peV
0.044 Ve =327 mv_ t =.15'3 u?v 0.85-,VP2 = 6?2 mV ' . ' ~ _
100 -50 0 _ 50 100 -100  -30 0 50 100 7 »
& (ueV) e (ueV) — o

G. Burkard & J. R. Petta, PRB (2016)
X. Mi, C. G. Peterfalvi, G. Burkard, J. R. Petta, arXiv:1704.06312



Dilute nuclear-spin materials

1 \Y Vv VI
boron  carbon nitrogen oxygen
J 9 6 7 8
“B C N N 99% '2C (1=0)
IND e -~ 1% 3C (I=1/2)
0% 99% 0% 99.9% LT T
aluminium‘ 3 silicon 'ohosphorus|  sulfur
13 ¢ 15 16
fraction of naturally
occurring nuclear AI P S
spin-free isotopes
(1=0) » 0% 95% 0% 99.2%
molybdenum zinc gallium “jger i arsenic selenium
42 30 31 32 33 34
73% 96% 0% 92% 0% 92%
tungsten cadmium indium tin antimony | tellurium
74 48 49 50 51 52
86% 75% 0% 85% 0% 92%




Valley degeneracy

o0 el
oK i~ f4qs !
graphene Ge Si GaAs
1K), [l K),[TK'),|] K 1), 11)
X

el

3 ((51 - So)(11 - T2) +S1-So+ 7 'TQ)

{HJSl'SQI




Problem 1: Klein tunneling (graphene)

semiconductor graphene

barrier

VAN

particle can escape through barrier!

bound state



Quantum dots in graphene
f

A 0.10
\

o o
g O

experiment: nanostructured graphene

Current | (pA)
o O o
N W B

o
—

0.00

0 50 100
JVg (mV)

theory: graphene nanoribbon
boundary conditions: gap
electrodes: QD

Trauzettel, Bulaev, Loss, GB, Nature Phys. 2007

o

-0.12 -0.1 -0.08 -0.06 -0.04 -0.02

>

experiment: graphene nanoribbon
gate-defined double quantum dot —

X. L. Liu, D. Hug, L. M. K.Vandersypen, Nano Lett.2010

26 530 535 54
G3 (mV)

theory: gapped graphene (single or bilayer)
Milton Pereira et al.,, Nano Letters 2007 (x-dependent doping)

Recher, Nilsson, GB, Trauzettel, PRB 2009 (lateral confinement)

ontact S
- %
. - r/Au contact A
theory: gapped graphene (bilayer) 3 &

jate 4

Allen et al., Nature Communications 2012



Problem 2: Valley degeneracy

direct-gap semiconductor graphene

Pauli principle, exchange coupling valley degeneracy

J=1t/U R




—Xchange coupling

<
spin triplet —T— —1— Etriplet = Eo

s =1
spin singlet _T;/t\A_l_ Esinglet = Lo — 4t2/U
s =10
J = Etriplet — Esinglet — _4t2/U
H = _JPsinglet - EO
S? = s(s+1)
1 , 1, 1
Psinglet — ’S><S’ — 5(2—3 ): 1—5(51 —I—SQ —|—281 SQ) — Z —Sl 'SQ

:Pas

g — JSl ° SQ - ‘?'




—Xchange coupling with valley

Pauli
/& Estri let — EO
p
m Essinglet — EO — 4t2/U

supertriplet
(symmetric
spin-valley states)

supersinglet
(anti-symmetric
spin-valley states)

J = Estriplet _ Essinglet — _4t2/U

spin _ 1 —S:-S, -  —
Psinglet 4 S S ; H T JPSSinglet —|_ EO _— JPantisym —|_ EO
Pspin — 1 —

spin __ © )
triplet — Psinglet T4 + 515 \

. __ pSpin valley spin valley 1 . . . .
Pantlsym — PsingletPtriplet + PtripletPSinglet ] ((Sl SQ)(Tl 7-2) +S1-Se 47 -T2 — 3)

J
o i— g((Sl °SQ)(7’1 °7'2)—|—Sl °SQ—|—7'1 °7'2>

K. . Kugel, D. I. Khomskii, JETP 1973



—xchange coupling with valley degeneracy

J
H: g((Sl °SQ)(7'1 °7'2)—|—Sl °SQ—|—7'1 °7'2)

= —J Py

ot 1 T . SWAP, —
U(g) = e o @I =T 4 (¢ — 1) Pas = { VSWAP i: iy
\ Y

b= Jt/h

SWAP = SWAP i, ® SWAP 116y
VSWAP = \/SWAP, i, ® SWAP vaitey 7 +/SWAPpin @ /SWAP, a1y

Loss-DiVincenzo sequence not directly applicable

solution: \/SWAPSpin — \/SWAPSpin X Hvalley = 63i7r/4 [U(T&'/4)7'133U(7T/4)7'1Z]2

+ Loss-DiVincenzo sequence => CNOT

N. Rohling & GB, New J. Phys. 2012 crazy idea: use valley as qubits as well!



—xchange coupling with valley degeneracy

32
e — g((Sl 'SQ)(Tl °7'2)—|—Sl - So + 1 '7'2)

universal QC using both spin and valley possible
spin singlet-triplet To qubit encoding
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Spin Qubits

lecture 1

Introduction into Spin Qubits

lecture 2

Multi-spin qubits
Coupling Spins to Electric Fields
Spin and Valley 1: Exchange

lecture 3

Spin and Valley 2: Spin Relaxation & Spin Blockade
Defect Spins



Spin relaxation in graphene QDs

)

n
n

quantum dot
<

gupB

~

.,_37

K K’

in some graphene QDs, Si/Ge QDs: valley degeneracy (K, K’):

() time reversal invariance at B=0 intact,
but Kramers pair resides in different valleys

(2) either: Kramers qubit spin qubit
or: pure spin qubit in one valley there is no van Vleck cancellation



T in circular graphene QDs

P.R. Struck & GB, PRB 2010

Fermi’s Golden Rule

d? 2
1/T = 27?Afﬁ

(Hgpc) !t

107! 3
TA, g5; B> \\
\
2L
10 Electron-phonon coupling matrix elements
(Hepc)ly, =
% 10—3 L
& ----..-.... H TJ/ H H H T\l/
quadratic Z ( So)nn’ ( EPC)nfn +( EPC)nn/ ( SO)n/n
! n’'#n By — By — %g:uBB En — En + %g'LLBB
10—4 L
10.75 g; (LA, TA)
1075 b | . 0.5 | | | | | A 174 iq |,
0.1 0.2 0.5 1 2 5 10 20 HAI1/Apwg (g (T 52| 1) + qy (T [sy] 1)) (n]o.e'dT|n)

B [T] (ZA)



Spin relaxation time 1

T, x (B*BPBY) 2B~% x B~ 2(a+f+7)=9

0= 0 piezo a=0,=1,v=1,0=1 T, & B~5
1 other
—7
[ 0 zeroth order a=1,0=1,v=1,0=1 Th x B
b= 1 first order

{ —2 2D phonons (quadratic) a=1LA=1L7v=0,0=0 T o B~
0 =< 0 2D phonons (linear)
1 3D phonons (linear)
-1 1D phonons (linear) a=1,8=0,7v=0,35=0 T, & B2
B { 0 not Kramers qubit
7= 1 Kramers qubit (van Vleck) a=1,8=1,v=-2,6=0 T, x B°

M. Droth & GB, Phys. Status Solidi RRL 10, 75 (2016) a=1,0=1v=0,0=0 Ty x B™°



Spin relaxation

* spin relaxation as spontaneous decay
Tl * surrounding cavity modifies relaxation rate

* cavity = nanomechanical resonator

electron

nanotube

N

.

g ~ 0.49 MHz

sensing QD

support

A. Palyi et al., Phys. Rev. Lett. 108, 206811 (2012)



Spin blockade

VG,2

K. Ono, D. G. Austing, Y. Tokura & S. Tarucha, Science 2002
K. Ono and S. Tarucha, PRL 2004
Koppens et al., Science 2005

Hanson et al.,
Rev. Mod. Phys. 2007 Vg 1

source quantum dot quantum dot

transport cycle’
(0,1)--(1,1)--(0,2)--(0,1)



Spin blockade

oL
>L')

K. Ono, D. G. Austing, Y. Tokura & S. Tarucha, Science 2002
K. Ono and S. Tarucha, PRL 2004
Koppens et al., Science 2005

(0,0)

Hanson et al.,
Rev. Mod. Phys. 2007 Vg 1

left right
source quantum dot quantum dot

drain

transport cycle’
(011 )"

- in steady-state:
(0’1 ) current = 0



Spin blockade

i
Y
60 - ,-\!‘." i . -
Jd |l‘1
N\
‘leakage current’ : .
'l '\
/_\ .l.l :
40 - I <« -
2 | peak B ‘1, |,|
Y— induced by 1(}
_ hyperfine interaction  /; \b '
A \.
A ‘-n'.l "'
20 - y ./ i v ) ~
; I W) L
- " A 1 kY
/ I .ll.!\.\ : 1 "”'H”
) AL W
WHE. Al ‘v' Bae th (so far) |
It gl B : eory (So 1ar
O “ l.. ' , | T |y T
-20 0 20

Koppens et al., Science 2005
average over many measurements B (mT) Jouravlev & Nazarov, PRL 2006



Spin blockade - magnhetotransport

Byt = By > Fyr

" ST Ty T- ST

Koppens et al., Science 2005 & Theory
I Jouravlev & Nazarov, PRL 2006 | — Experiment

T T T r
-20 0 20




Graphene & CNTs: Valley degeneracy

direct-gap semiconductor graphene / CNT
tE

K K
)51 TK),|l K),|TK'),|] K')
\ / /t\ K
b o
A% 64~ b— K

not possible OK OK



Pauli blockade in double QDs

spin blockade (GaAs) spin-valley blockade (C)

Buitelaar et al., PRB 2008

Ono et al., Science 2002 Churchill et al., Nature Phys. 2009

Koppens et al., Science 2005 Churchill et al., PRL 2009
Pei et al., Nature Nano 2012
5,m5) ‘ 10,0551, 24
y J/s y by /val
- 1 an 6 supersinglets ’
1 singlet |0,0) = 7 (ITH =10 O 11, m5)sp|0, 0)var
®
1, 1> — ‘TT> % ‘070>SP’O7O>V8L1
: RN A R SO 10 supertriplets
3 triplets  [1,0) = 7 (1L +111)) ° © 11, M )sp| 1, M )val
®
Mg, My € {1,0,—1}
hyperfine interaction: spin or valley mixing
leakage current < from hyperfine

or non-magnetic atomic defect:
leakage current

Jouravlev & Nazarov,
Nt il — : — Palyi & GB, PRB 2009, PRB 2010

PRL 2006




CNT case:

Graph : .
Palyi &rgﬁrg@ ?F?g 2009 Tra ns p O I"t Mo d e I Palyi & Burkard, PRB 2010
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dot L dot R
barrier barrier barrier
Born-Markov 1
master equation + ) = —— [H, p] +(Dp
secular approximation h
I, >Tr>T, I'y >1I'gr

averaging for
Overhauser fields!

Hmagn — ,UBB Z (%gssd+%gv7d,zé>a Y
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Spin blockade in CNT dots

I'y t I'p
7 2 \a 7

S D i
Z
—_— —
dot L dot R

barrier barrier barrier

A K'L KT —— supersinalet «effect of disorder on leakage current in CNTs?
A ——— supertriblet *spin-orbit splitting taken into account
sor  =aad blocked supertrinlet ecoherent interdot tunneling
v KT, K] <“<—— tunnelina
<«—> disorder
up- and down-spin states (S;=+1,-1) mixed-spin states (S=0)
) 1 0.2 b) (1.1) 0,2)
Aso """ x2 | mmmaa= <€ >
/ \ N / \
/| \ N\
0 X2 X2 «—> X2
v v \
Ngog ~  ====-= X 2

Palyi & GB PRB 2010  ~°7°° < >



Spin blockade in CNT dots

I'y t I'p
7 2 \a 7

S D i
Z
—_— —
dot L dot R

barrier barrier barrier

K LKT  —— supersinalet -effect of disorder on leakage current in CNTs?

A ———— supertriplet *spin-orbit splitting taken into account
so  =aad blocked supertrinlet ecoherent interdot tunneling

KT, K] <“<—— tunnelina
<«—> disorder

up- and down-spin states (Sz=+1,-1) mixed-spin states (S=0)

a) (1,1) (0,2) D) S L2 2 L

C'®

X2 < > X2 4

Schrieffer-Wolff ‘

X 2

Palyi& GBPRB2010  § "1 <> —— |



Spin blockade in CNT dots

I'y t I'p
7 2 \a 7

S D i
Z
—_— —
dot L dot R

barrier barrier barrier

A K'L KT —— supersinalet «effect of disorder on leakage current in CNTs?
A ——— supertriblet *spin-orbit splitting taken into account
sor  =aad blocked supertrinlet ecoherent interdot tunneling
v KT, K] <“<—— tunnelina
<«—> disorder
up- and down-spin states (S;=+1,-1) mixed-spin states (S=0)
) 1 0.2 b) (1.1) 0,2)
Aso """ x2 | mmmaa= <€ >
/ \ N / \
/| \ N\
0 X2 X2 «—> X2
v v \
Ngog ~  ====-= X 2

Palyi & GB PRB 2010  ~°7°° < >



supersinglet
supertriplet

blocked supertriplet

+ B field

K|,K't)£|K't,K|)
Schrieffer-Wolff:

0.0010 -

0.0008 -

0.0006 - t=10peV,1.5x |

1 I ]
eI'rR 00004 o ] t=bueV,dx -
I ;

0.0002 -

«<—> tunneling no effective coupling | I,
<> disorder at zero field S E o
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e\
0 X 2 X2 «——> X 2 ‘/j: :t 6
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Spin blockade in CNT double dots

0.0008

0.0006

0.0004

0.0002

0.0000

Palyi & GB, PRB 2010

« effect of disorder on leakage current in CNTs
 spin-orbit splitting taken into account
 coherent interdot tunneling

t = 15ueV

i t = 10ueV, 1.5x

- t =5ueV,4x i
* 1 :

Imax ~ 15

experiments:
Churchill et al.,
Nature Phys. 2009
PRL 2009



Spin blockade in CNT double dots

0.0008

0.0006

0.0002

0.0000

Palyi & GB, PRB 2010

« effect of disorder on leakage current in CNTs
 spin-orbit splitting taken into account
 coherent interdot tunneling

’ ”14
Q
~—" A\

t = 15ueV

; t =10ueV,1.5x |

0.0004

 Churchill et al, PRL2009 |
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Transition-metal dichalcogenides MX;

M

X

molybdenum sulfur
16
e 73% 99.2%
graphite MoS, tungsten selenium
Al se% ]| %
tellurium
fraction of naturally 52
occurring nuclear
Electric Field Effect in Atomically @m0 FENSIOAL REVIEW LEETEES spin-free isotopes e
: : =0
Thln Ca rb0n FllmS Atomically Thin MoS;: A New Direct-Gap Semiconductor ( ) \Np 029,
K. S. Novoselov,” A. K. Geim,'* S. V. Morozov,” D. Jiang,’ N , 5 . i .
Kin Fai Mak, Changgu Lee,” James Hone,” Jie Shan,” and Tony F. Heinz

Y. Zhang,' S. V. Dubonos,” I. V. Grigorieva,' A. A. Firsov®

22 OCTOBER 2004 VOL 306 SCIENCE

PRL 105, 136805 (2010) Q f /‘
\
4 Mo

®

. N
¢ e »
ha W |

/

monolayer MoS, WSey, ...:
“graphene with band gap and spin-orbit coupling”



K.p theory

2
Schrodinger equation p | 1k-r _ 1ker
for Bloch functions ( Y | V(T>> € Upk (I‘) = Epke Upk

1
Schrodinger equation (% (p + k)2 4 V(T)> ubk(r) — Ebkubk

for periodic part of

the Bloch functions A
2 2
p +2kp+k Kpoint: k=K +q
small
perturbation
Four-band k.p model bands

/ (even under horizontal mirror reflection)

|\IJU/> |‘~ch,> |\I,v 3 \ch+2
1

» representation of Csy
Ev Vigd—  Vagi  Yaq (crystal symmetry at K point)

H V3{+ Ec Vsqd—  Yeq-—
= — g, £
V24— Vsq+ €v—3 O A+ = Gz &= 1qy

Yaq—  Veq+ 0 Ecad band edge energies



Quantum dots in TMDCs (MX>)

e use k.p model

T 1
75:0ch S9ulBB: S lig,s:B:
S T,S8 intr T
Hdot — +4el Hso vl Hsp,tot

e circular dot — angular momemtum quantum number |
* Bychkov-Rashba SOI splits crossings of | and |+ levels
with opposite spin and same valley

* spin and valley pairs at high B fields S
* Kramers (spin-valley) pairs around B=0 | | B[ﬁ | |

A. Kormanyos,V. Zolyomi, N. D. Drummond, & GB, Phys. Rev. X 4, 011034 (2014)


http://arxiv.org/find/cond-mat/1/au:+Kormanyos_A/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Zolyomi_V/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Drummond_N/0/1/0/all/0/1
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Spin qubits in diamond

F. Jelezko et al., Phys. Rev. Lett. 93, 130501 (2004).
T. Gaebel et al., Nature Phys. 2, 408 (20006).

M. W. Doherty et al., Physics Reports 528, 1 (2013).

nitrogen-vacancy (NV°) center
ground state spin triplet (5=1)
coherence ~ ms @low-T, and ~ us @RT

optical preparation & readout

microwave manipulation (ODMR)

goal: fast, robust & quantum-coherent control of defect spin and charge



Nitrogen-vacancy center (NV°) in diamond

J. Maze et al., New J. Phys., 2011
A. Doherty et al., New J. Phys. 2011



Nitrogen-vacancy center (NV°) in diamond

(As)
_+1 (dark)
------ Dygs dark

Sz=0 (bright)

J. Maze et al., New J. Phys., 2011
A. Doherty et al., New J. Phys. 2011



Zeeman and hyperfine structure

nuclear
spin 1

T2n ~ ms

H=DS*+~B-S+8-A-1+Q* B I o

-1-1,0)
1-1,+1)
1-1,-1)
‘>
_10,0) | 10,0
10,-1) f 10,-1)
10,+1) 3 10,+1)
1-1,0)

hyperfine  quadrupolar nuclear

A4, 0 0 Zeeman
A=1 0 AL 0

0 0 A



A nuclear quantum memory

* real NV with *N: two spins 1
e simpler example: two spins 1/2
 adiabatic B field sweep

electron spin

(A

2%

v

lk

energy (A)
=
I

| | | | |

T l 4 -2 0
B (A/gug)

* spin 1: unused states, quadrupolar splitting
e field misalignment, anisotropic hyperfine splitting
e non-adiabatic corrections?

nuclear spin

1
N



Landau-Zener theory

Pz
1 at A
H = 2 ( A —aot
A
27| A2
PLZ p— h o

L. D. Landau, Phys. Z. 2, 46 (1932)

C. Zener, Proc. R. Soc. London A 137 696 (1932)

E. C. G. Stuckelberg, Helv. Phys. Acta 5, 370 (1932)
E.

generalizations- Majorana, Nuovo Cimento 9, 43 (1932)

e finite-time sweep (Stlickelberg oscillations)
* degenerate levels



Landau-Zener theory
® degenerate hyperfine level approximation :-1,3?\
H=DS?+~+B-S+S-A-1+QI’—~,B-1 =~ o
A 10,4+1) ‘ 10,+1)
~ DS? 4+ e B.(t)S: + e BxSs + —(S+I_ +S_I,)

1-1,0)
I-1,+1)
1-1,-1)

0 vV YeB./V2 0 0
¢ de — V= Ay /VeBm/ﬂ 0
generate LZ problem H =
VT @t]l 0 AJ_ ’YeBw/\/i
* Morris-Shore transform -> three independent LZ systems YVeBa/V2 < Al
i ( Hl 0 0 0 )\k Ao & Al\/lzt'yeBm/(\/iAL)
H=UuwsHUjs=| 0 Hy, 0 H, = s % (Baf VI AL
)\k at
\ 0 0 H
i ﬁnite'time LZ SOIUtionS : Landau-Zener
ty b 100 400 700 1000 1300 1600 1900
Ramp time (n
U = T exp (—i Hk(t)dt) = ( “g* ¥ ) ame fime (ne)
ti Yk ak: . 30 B . ) ' j ;s iR ,u&-
- g 24 | ; 3 §‘u
r(1-— "%k ‘ , NERTIN : '
ap = (\/2_2 > [Dmg (\/56%”7_0 Dﬁ,l <\/§e3jT"Ti> = i P Slrrllulat|0ﬁ
4 Dﬁ (\/§e¥rf) Dﬁ,l (ﬁe,%ﬁ) 160 460 760 1,060 1,360 1,660 1,9bO

Ramp time (ns)
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z,static

Experiment

T 2
from external magnet b

1000 1300
Ramp time (ns)

Landau-Zener

1600 1900

Simulation

1,000 1,300

Ramp time (ns)

1,600 1,900

Experiment

1,000 1,300
Ramp time (ns)

1,600 1,900

¢ single NV center

® room temperature

® B = Bmagnet + Buire (1)

Store
prep are ....... |n|t|a||ze ...... n e ES_'?.F.’E?EG
| —1,41)

SN
electron nuciear
20
N
g 0
=
3t
-20 20
O ! !
1,015 1,020

1,020

G. D. Fuchs, G. Burkard, PV.Klimov & D. D. Awschalom, Nature Phys. 7,789 (201 1)

1,025
B, (G)

1,030



Ramsey fringes

coherent storage of qubits

prepare [0, +1) + | — 1, +1)
Vs N Store . Retrieve
electron ~ nuclear < > ’In\\n
store B, >
n./2 n./2 <
i i 5 N
wait for time ] i Rea S
)OU’E 1,015 1,020 |
1,020 1,025 1,030
retrieve = (store)’ B, (G)
1
. . . I=Error bar
measure projection onto 5 05
=0
0,+1)+|—1,4+1 0= e -
’ ’ > ’ ’ > 0] 20 40 60 80
. N 7 (us)
store other qubit superposition states
. « * o ° ® e * X storage 1 . o . y ¥ storage [ ved 0 ® aeP s oo . % | Zstorage
; weld o ° Y |+X>e ° o7 ™ —|+Y)e —|+Z>e
' e | X0, 021 —-yy, 7 .. . —_—|-2),
A | . ot ” i e . ...‘ A
10 10.1 10.2 10.3 10.4 10 10.1 10.2 10.3 10.4

7 (us)



Spin echo

prepare

store [0, +1) + | — 1, +1)

wait for time T Ul ~
T
B, =
retrieve = (store)™ Te/2 e Te/2 <
B, N
II : s
ea ' '
. 1,015 1,020 ,
perform spin-echo 71 pulse out 1020 1025 1030
B,(G)
store

wait for time T

retrieve = (store)

measure projection onto

0,+1) +|—1,+1)

electron coherence time



Level structure of the NV center: A configuration

energy

By

me = +1
Mg =
ms = —1
>
B

E) = la1)]S. = =1) + |ao)|S. = 0)

B |
.................... A
t I
Q-1(1)
Qo()
.................... l
e
-1y
o

F. Hilser and G. Burkard, Phys. Rev. B 2012



Optical control scheme

virtual transitions via excited state (triplet) |E) = |a1)]S: = —1) + |ap)|S, = 0)

spin mixing at excited state level anticrossing E)
due to transverse spin-spin interactionAs T
A
(_1Q)
effective transverse B-field B, = Ag 612 0
1 3Q_1Q
B, =—= B—B —
2!]MB( 0) + 5 s
with laser excitation
Oy £ 0 Qo(t)
0)
0)
|—1)

5= 6%/2 F. Hilser and G. Burkard, Phys. Rev. B 2012



Coherent population trapping (CPT)
1
- dark state: |D) = (2.1]10) — Q| +1
D) = e (21l0) = %l + 1)

+ can be any position on the Bloch sphere R

()1 = cos(A/2) Q.1(t)

Qo = €' sin(4/2) €200
[+1)
o




Spin (qubit) control with CPT 2ty [\ 2

1
V9P + Q0

CPT for arbitrary-basis spin initialization

H=> edaXal+ > ) h(Qeel|Ee1XGg|+h.c.)

G=0,1 E=L,R

dark state |D) (Q241|0) — Q| + 1)) 0y

Experiment Simulation
0,)

. 1 1
P =1 [P/ H] + Z Foax’ (‘sz’lxpaoax’ — EUMP _ EP‘TM&> = Wp

o0

CPT for arbitrary-axis spin rotation

10,

CPT for arbitrary-basis spin readout | m— |
3 = near |D)
. \w o 100 [
’ ....... m ........ f ° Time ﬁg?ay t (ni?O
« ........... : C. G. Yale, B. B. Buckley, D. J. Christle, G. Burkard, F. J. Heremans, D
NG T L. C. Bassett, and D. D. Awschalom, PNAS 110, 7595 (2013)



Stimulated Raman adiabatic passage (STIRAP)

1
IRV/ORIEESIOE

dark state |D(t)> (Q_|_1(t)| — 1> — Q—l(t)l + 1>)

adiabatically adjusting Rabi frequencies £ & I

arbitrary position on Bloch sphere

population transfer between |+1) and |-1) Q.1(t) Q1(t)

N. V. Vitanov et al., Annu. Rev. Phys. Chem. 52, 763 (2001)
E. Togan et al., Nature (2010)

D. A. Golter, K. N. Dinyari, H. Wang
PRA 2013




Stimulated Raman adiabatic passage (STIRAP)

1
IRV/ORIEESIOE

dark state |D(t)> (Q_|_1(t)| — 1> — Q_l(t)‘ + 1>)

adiabatically adjusting Rabi frequencies ~ f I

arbitrary position on Bloch sphere

population transfer between |[+1) and |-1) Q.1(t)

N. V. Vitanov et al., Annu. Rev. Phys. Chem. 52, 763 (2001)
E. Togan et al., Nature (2010)

D. A. Golter, K. N. Dinyari, H. Wang
PRA 2013

[+1)
Berry phase ys(®)
| —1) = ™ = 1)

’YB((I)) =—




Pancharatnam-Berry phase

Hamiltonian H = H(R), R = R(?)

Dynamics zh%hﬁ} = H(R(t))|y)
Instantaneous eigenstates H(R)|n(R)) = ¢,(R)|n(R))

Adiabatic evolution

¥n(t)) = exp [—i/ I /O dt’ en(R(t'))] exp(ivn (t))[n(R(1)))
f f

dynamical phase geometric phase

Adiabatic evolution along closed loop in parameter space
geometric phase

Vo = ijI{de (n(R)|Vr|n(R))  (depends on the
c geometry of path)

S. Pancharatnam, Proc. Indian Acad. Sci. A. 44, 247 (1956) M. V. Berry, Proc. R. Soc. London, Ser. A 392, 45 (1984)



Optical accumulation of geometric phase

Geometric phase ys(P)

| — 1) = "] — 1)

--------------------

. -
-
:::::
o

[+1) qubit

1)
0)+]—1) —— [0) +€"e"| —1) T reference

C.G. Yale, J.F. Heremans, B.B. Zhou, A. Auer, G. Burkard, D.D. Awschalom, Nature Photonics 10, 184 (2016)

|0




Optical accumulation of geometric phase

Geometric phase ys(P) - Experimental results

| — 1) = "] — 1)

c 0.2 1080
0
S 0.1
= 720t
a 0
§—0.1 30l
Z _0.2f°Y+ ~
0O 60 120 180 240 300 360 g 0
. v , . . . ]
- v - X e
o
-%’ > -360 |
.09_3. 8
Q. -720
=
O
< . - Op?® N ‘ -1080 | CH+++ ]
0O 60 120 180 240 300 360 0 60 120 180 240 300 360
1 ~ i/ @, Wedge Angle (°) @, Wedge Angle (°)
N j ¢
0) 10) B
| o Xy = Acos (n £ v5(P))
0)+|—1) —— [0) +ee [ —1)
Vs(P) = —@

C.G. Yale, J.F. Heremans, B.B. Zhou, A. Auer, G. Burkard, D.D. Awschalom, Nature Photonics 10, 184 (2016)



Robustness of the geometric phase against noise

00 noise No. of passes 5§b noise

- robust against 66 noise

- affected by 6O noise

o s, =14°

a5 (°)

s, noise amplitude (°) 7 (us)

C.G. Yale, J.F. Heremans, B.B. Zhou, A. Auer, G. Burkard, D.D. Awschalom, Nature Photonics 10, 184 (2016)



A
| S T
Geometric phase in open system

Q.1(t)

Hamiltonian in the basis [0),| — 1), |+ 1), |A2) Q.1(t | l
0 o ; O G ;

P 0 Q_q(t) 1y |

() = 210 0 20 Q1 (¢) [+1)

\0 Q*,(t) Q1 (1) 27 )

Master equation:

: . 1 1
p(t) = —i[H(t), p(D)] + ) (Lkpos)L}; — S LiLup(t) p(t)iL;;Lk)
k
Experimental Simulation
: : 5 = o 31MHz|{}
Lindblad operators: 8 ?‘AAA S oo T LS
047 Vv 47MHz o 16 MHz |4}
Relaxation PN 4 "va,
% 03y Voo
Spin dephasing 7 o_z_vooow“:: * . . Il |
. : N l:"m:I ! 8
Orbital dephasing i o o0 5 & g/\\
0&00¢°°°°. . . . / . . .
0 1 2 3 4 5 0 1 2 3 4 5
1, traversal time (ns) 1, traversal time (ns)

C.G. Yale, J.F. Heremans, B.B. Zhou, A. Auer, G. Burkard, D.D. Awschalom, Nature Photonics 10, 184 (2016)




Two-qubit gates between (remote) NV spins

- Idea: optical cavity-mediated spin-spin interaction
- laser photons scatter at NV into cavity mode and back

*+ spin-dependent scattering

NV1 NV2
- two NVs: spin-dependent phase Wc
/NN
- controlled-phase gate (CPHASE)
O>control O>target — O>control O>target L1 W2
O>control 1>target — |0 control 1 target

) )
1>control O>target — 1>Comtrol O>target
) )

|1>control‘1>target — —1 control 1 target

G. Burkard, V. O. Shkolnikov, D. D. Awschalom, PRB 95, 205420 (2017)



Single nitrogen-vacancy center

laser-induced

energy

transitions

strained NV center ES

2 x —itwr,
Hxv = gupBS, + ( Eg + DesS% gre )

gre'tvr Doy S?
laser-induced GS
transitions

in the co-rotating frame of the laser

A
Hyyv = gupBS, + DSg + ESETZ + —LTZ +9rL7- + 977+

: laser
detuning
A = Dgs — Deg ( 1 0 )
T, =

D = (DgS+DeS)/2 Vo
51) — Eg — WL T, = 0 1

I 0
ES spin-spin interactions (dotted lines)

1 Aq

Hy =~

S (52— 82) +

1+7,) [7

7&&&+&&ﬂ



Coupling the NV center to a cavity mode

- off-resonant coupling to cavity

H = Hyv H8ga'a + go @@+ 7_a') NV
Wc
cavity GS—ES i/\/\/\/\a

detuning cavity phot. absorb.

- eliminate intermediate NV excited state

(Schrieffer-Wolff transformation) WL
H=Hy+V I e
Heﬁ:e_SHeS:HO+%[S,V]+--- A ms = +1
- effective NV-cavity Hamiltonian GS
ms = —1
Heg = dca’a + 6B|0)(0] + [0) (0] (ga + g*a) 2 >B
A

I ILIC AT (55 /2)2 G. Burkard, V. O. Shkolnikov, D. D. Awschalom, PRB 95, 205420 (2017)



Cavity mediated coupling

- two NVs in a common cavity

- eliminate virtual cavity photon NV1 We NV2
(Schrieffer-Wolff transformation) NNy ‘

- effective two-qubit Hamiltonian g WL1 szz‘

|12
Hay = 3 (=150 4 gm0 ) 0):00] - 2l00) 00

oc

912 X gr19r2 cos(p1 — ¢2)

- qubit-qubit coupling strength _ . _
control: laser intensities & relative phase!

+ generates controlled-phase gate Ucpnase = 1 — 2|00) (00|
G. Burkard, V. O. Shkolnikov, D. D. Awschalom, PRB 95, 205420 (2017)
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http://www.uni-konstanz.de/spinqubits

Spin Qubits

lecture 1: Introduction (Exchange, Decoherence, Nuclear spins)
lecture 2: Multi-spin qubits, Coupling to E, Spin-Valley 1. Exchange
lecture 3: Spin-Valley 2: Spin Relaxation & Blockade, Defect Spins

Interesting directions

- cavity QED and hybrid quantum systems involving spins

- valley coherence

- coupling (remote) defect spins

- geometric two-qubit gates
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