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Solid state qubits —microscopic coherence-
'8,

. Macroscopic system

s
. Ensemble measurement

Nanostructures: Small ensemble
+

Single electron spectroscopy
':> Mesoscopic physics: quantum
interference, low-dimensionality,....

\iﬁb System of just one or two electrons ==y == ﬁ

g + . a
g Dynamics in single shot ol
7Y

‘ ‘ :> Control over microscopic C> Also, challenge to

nature of energy quanta, quantum information
correlation




Charge and spin: Tiny quantities to detect

Charge “e’=1.6X10-19 C

Best resolution measurement with low-T

@ 1 @ and low-noise “fA”...10%electrons/sec
— -

—> Ensemble measurement
: 10413 times/sec

13 b

Spin  Magnetic moment “u

Ug=gugS, = 29:10 =9.27x1024 J/T for electron spin

Standard measurement using a Hall
device and a SQUID device 10-10 J/T 4 or *
—> Ensemble measurement: 10'* spins

How to identify single “e” and “u”? ...
Manipulate/Readout of quantum information




Orbital and spin degrees of freedom

Energy relaxation (T,)

“Slow” due to weak Nuclear spin
coupling to environment
~> 1 msec . (‘l"l"T\'T\‘l"T\

—— Phonon

: g +Spin-orbit
“Fast” due to strong

coupling to phonon bath
~ nsec

Charge = Orbital
T4~T, ~ nsec
due to strong
phonon coupling

Spin...robust quantum number

Use of Quantum Dots (QDs)

— Spin qubits and quantum computing




Part I, Aug. 21

Basic theory of spin qubits in QDs
(Y. Tokura, NTT)

Part IT, Aug. 26

Experiments and future problems
(Prof. S. Tarucha, Univ. Tokyo)




Single and double QDs holding a few electrons

Advent of one-electron single QDs

Tarucha et al. PRL 96 Jung et al. APLOS Ciorga et al. PRB 02

Advent of two-electron double QDs

nanotube

Mason et al. Science 04 Hatano et al. Science 05




Energy spectrum of a quantum dot

-Hamiltonian: Quantum mechanical effect
and interaction effect

-Tunneling spectroscopy: Conductance

- Isolation of single electron




Eigen energy of two-dimensional harmonic QD

==

~100nm

H=h2k?/2m* + V(r)
V(r)=(1/2)mw,r?

; \ / 3s3d (n, )= (1, 0)(0, £2)
$48¢ -\ / 2p  (n, )=(0, £1)
1S (n, 1=(0, 0)
En/=(2n+I/1+1)h00o

** n radial quantum number
I angular momentum quantum number



keiko kato
ノート
半導体の材料だと、小さい領域でポテンシャルを展開すると放物方のポテンシャルをもっていることが多いので


Single-particle states in a 2D harmonic QD
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keiko kato
ノート
磁場によってエネルギーの縮退が解ける

keiko kato
ノート
上のドットをプローブとする
共鳴になったときに下のドットに電流が流れる


Model Hamiltonian for an isolated QD

Constant Interaction model

ngck,o_Cko' + —(GN QO)
ko
N = ZkoC-l-koCko @

Qy=V,C, : offset charge N=0

V,, C, Gate voltage, capacitance 2, 284+8;

U=e2/2C: Charging energy 0 e/C 2é/Cg 3e/C; V,
C: Total capacitance

S=0 foreven N
S=1/2 forodd N

Even-odd filling, Spin pairing

Assumption: Ag,~2¢./N for large N and =0 for spin degeneracy
U>> k;T (low temperature)&


keiko kato
ノート
N:ドットの中の電子数
Q0:ゲート電圧によって制御できる電子数→放物線のそこの値を変えることができる

keiko kato
ノート
スペクトルを分解するためには、低温であることが必要


One and two electron states in QD
N=1
o) 8—9—=—G— U=,

4(? Hartree
T Ly

= A1z >Vey Tl
GS U(2)=2&1+ Viyy  Singlet Vintra = (VE(r))
ES U'Q=er+ &2+ Vinya~ Ver Fock (eXChange energy)
|TT >, |ll >,|Tl > + |1T > Triplet Afr,r') ——-Zf &5 — U %{(r )‘flj,()

Vvex — <A(T,7‘ )>



keiko kato
ノート
GS:基底状態
ES:励起状態


How do we detect the energy spectra ?

Increment of w(N)

Single-particle level spacing
n(1) " @) S w

3) + Interaction energy

N Source
Current-sensitive 054 AN=+1
measurement @

I=ef, tunnel-rate
AN=-1 Drain

@ )¢

>u(N
us>u(N) W(N) >uig




Probing electronic states in quantum Dot

Conductance peaks appear every time when

~0.1um the cost of U+d¢ is paid: "Coulomb oscillations”

® "

U : On-site repulsion
O¢ : Level spacing
(=0 for spin pairs)

G| Peak position: measure of u(N)
U U
@ \ U + o¢

o100/ |6 o0

o o0 o0

— Vg -+
.... Spin paired states



keiko kato
ノート
(U+delta_e)を超えるような外場が加われば電子を加えることができる


Current (pA)

Single electron tunneling (SET) transistor

“Atom-like shell filling”

N
S
Ul

2p

—
o
T

15 1.0
Gate voltage (V)

Single electron tunnel=ensemble measurement: I=fxe



keiko kato
ノート
電子数が変わるところで、電流が流れる


Coulomb diamond: dl/dV 4V, and V,

Vg . —
i Er?=u(N)
E¢ =pu(N+1) i

Source| 1Y..! Drain

gy
E.s

E¢“ =u(N)



keiko kato
ノート
Coulomb blockadeでは電流が流れない


Coulomb diamond
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Evolution of Coulomb peaks (u(N)) with B
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Excited states

A= *
. =u(N+1) E¢°=p*(N+1)

¢




Spin singlet-triplet transition

Elextrochemical potential (meV)

Exact diagonalization
25 I [ I T

o S=0 hw0=5.5 mev

no
o

=
"

—y
o

Magnetic field (T)

Experiment:
Excitation spectrum

Gate Volf;age (V)

< UN=oPo

Magnetic field (T)




Two-electrons in two quantum dots

- Heitler-London state

- Exchange coupling




Stability diagram of double dot system

2,0) 2,1)| (2,2)

(1,0) (1,1)| (1,2) 0,1)| (1,1)
444444444444444444 _‘_@

(O,O)l (1 0), (2,0) l (0,0)} (1,0)

Vg1 Vg1
M(O 0)=u(1,0)=w(1,0) =n(l,1) @ @ g
@ @ Isolated two dots Vg ’ Vg 5

TVg1 TVgZ

w(lN,) and w(N,) independent

Two dots are only coupled
through the gates.



keiko kato
ノート
4つの状態が縮退している

keiko kato
ノート
cross capacitanceによってVg1, Vg2の傾きが違ってくる


Stability diagram of double dot system

Electrostatic

T~ ~—
©.1) Vindkz

0,0) (1 ,O) Vintra1

£

<;> | | (;_; Capacitive coupling
)\% between two dots
TVg1 3 Vg2

One-electron charging in one dot raises
the electrostatic potential of the other
dot by E .=€?/C,;,»

Electrostatic+Quantum mechanical

. o
v,

(01) (0.1)\

Tunnel coupling
between two dots

Degeneracies between different charge
states are lifted by the tunnel coupling. The
total electron number is only well defined.



keiko kato
ノート
4重縮退していた状態が分かれていく


Single electron states in coupled dots

V)0, 0= £,6,6)

oL(r)  Pr(r)

Anti-symmetric
D A W AT

Ey Ex| 2t

Symmetric —‘1—7—‘1—1’— Eg ¢5()= [¢ (r)+ ¢, (r)]
N=1 /

U(1)=u(N=1:S] )=E,

Potential offset between two dots: O

E¢-E, =742 +3




Two electron states: Hund-Mulliken approach

o o Ui s(2)=Ep.s(2)-E (1)
Three singlet states:

i ‘ /1 i
ﬁQLR>+‘RL>) EHM S—2€+‘/1nter+vex_4v -V. -V

int ra int er ex
LL
M > EHM T = 28 + ‘/mt er Vex
\/\é/ RR> Exchange energy:

EHM T EHM S— 4t2/( intra~ mter ) 2

b/ TR-IRD) =J




Exchange coupling in DQD

J~ 42V

intra” Vinter)

VAT Y

”* A. varations in
barner helszht

B: random bias
potential

. K
.........
-------------

inter intra

G. Burkard et al. PRB 00

Center gate
t iIs controlled by center gate voltage.

—> J=J(t: V, Bey)




Offset dependence of exchange J

Dot 1 Dot 2 Two-electron spectra by

% Hund-Mulliken approach
3

S**
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ﬁ g2 Level offset &




Spin qubit using quantum dots

Concept
Initialization
two-qubit operations




Use electron spin for making qubit... Why!?

Natural two level system
Qubit = a||> + b]||>

Correlation of spin exchange
Hin=JS1*S;

Robust quantum number -
Long T,and T,

Scalable in solid state system
Toward > 104 -10°

Possible information transfer Loss and DiVincenzo PRA (98)

Charge....useful for measurement
Atom....useful for storage
Photon....useful for communication



Initialization

Zeeman Sp"tting EZeeman = Yot MB (lgdotl < |gbulk|=0-44 GaAS)

Polarization =1 - exp [-E ccman/Ks T]

4*—? >99% pure state : [1> at 300mK
—&— for Ezeeman (B=8 T) >kgT

...Easy Initialization by waiting for
a time longer than T, (ms)

For fast Initialization _ _
Spin exchange by tunneling

between the QD and contact leads

L_ * Initialization time < T'-' ~ nsec




Universal logic gates

Classical calculation input  output
completeness :{AND, OR, NOT} 0 0 0 0
{NAND} 0 1 0 1
{XOR} 10t
_____ 1 1 1,0

Bit A Bit C

Quantum calculation
{Rotation, CNOT}

{Rotation, SWAP12%

CNOT = XOR
can be prepared using SWAP1/2

CNOT(Nonentangled state)=Entangled state

....SWAP'Y2 “Entangler’

If Bit A input ”1”, then
Invert Bit C




CNOT using exchange coupling

D. Loss and D. Di1Vincenzo, PRA98

Ucnor=Usw!2 expli(m/2) Slz\]}fswl/2 expli(mw/2) S,%] exp[-i(7v/2) S,7]
x 4

V

n/2 rotation of spin 1, 2 about z-axis

Square root SWAP of Ugy,
between spin 1 and 2




Effect of fluctuating nuclear field

B

1nuc ™ 2nuc

Johnson et al. Nature 05

Koppens et al. Sciece 05
Kodera, et al. Physica E 08

Mixing of singlet and triplet states in a double QD when J < gugAB,, .

If J < gugABp ¢ < Ezeeman:
S(1,1)-Ty(1,1) mixing due to AB,, .~

T e
T, :S ﬁgMBABHUC
T E(1™, V) <> EWN,D)

If J, Ezeeman < 9UsAB e

S(1,1)-T, (1,1) mixing due to AB

nuc

T S(1,1)-T,(1,1) mixing due to AB,,,.*
Ty _ ugABpc
T,

z
y




J manipulation: SWAP between |1|> and || 1>

SWAP T,
S(0,1™ V) (T,4) " (V) -(|¢¢>+|4,¢>)/vz

A |s) s s) s

LD é% > > 69 > i éj e > é% e W é§ It

v T I To | To To [T
: (1.1)
] W/ exchange \—\BW
A tA — S Ag—E—— g ——e—Tg—re— _
— towap=360 psec<< tRabl
C 15[ :
control tunnel coupling 1 ok wl W
(n . ¥ / - - <
to control SWAP B o A
@@ @(D - e €20.55 my V=830 mV_
© N AT 20,40 mV
o A\ . NP nln820.25 mV
1> 4 e
0.5 £=0.10 mV-
0 1 5 6

N -

Petta et al. Science 05 rES(ns)



Single spin rotation using
Global dc B field and local ac B field
....0On-chip coil

....Electrically driven spin resonance




Coherent manipulation of single electron spins

Local ac magnetic field has been generated by various ways
electrically by injecting an ac current to an on-chip coill

Koppens et al. Science 2006

and by applying an ac electric field

Nowack et al. Science 2007
Pioro-Ladriere ef al. Nature Physics 2008

optically by applying an off-resonance laser pulse
to induce optical Stark effect

F. Jelezko et al. PRL2004
R. Hanson et al. PRL 2006; Science 2008
D. Press et al. Nature 2008

Note: First electrical control of spin qubit made out of |[1|>and || 1>

using SWAP in double QD
Petta ef al. Science 2005



Optical control of single electron spins

Self-assembled InGaAs quantum dots
D. Press et al. Nature 2008

N-V center in diamond

F. Jelezko et al. PRL2004
R. Hanson et al. PRL 2006;
Science 2008

P (ms:O)

& f—7—

/2

RF pulse width (ps)

150 200 50 100 150 200
Time delay, 7 (ps)



ESR Hamiltonian

!

BAC

Concept of spin rotation=ESR

Larmor
precession 4

Scalable qubits

To manipulate
a single spin
ina QD:

Global DC B,
+

Local AC B,

To manipulate
more spins in
a multiple QD:

Local DC B,
+

Local AC B,




Paramagnetic defect located near Si/SiO2

Electrical detection of the spin
resonance of a single electron in a

silicon field-effect transistor
M. Xiao', L. Martin’, E. Yablonovitch’ & H. W. Jiang'

trap Gate

Cavity ESR:

An ESR peak in the shot noise current signal
— T2%= 100 nsec, due to spin-spin relaxation

Note:T2 ~ 100 usec for isolated paramagnetic defect
T2* ~ 100 ns for Si/SiGe 2DEG

[4) =
¢|f}+ e

Sngly

o

AR)~$

Esr ---.EF
Vi) AAT e
Darubly

oo nd
tap 2o




ESR of a single defect

Chunges In 14 whibe petupancy (96}

E )
L 1 N

1.108

| 1.104
2
] 1.1DD
o_
-2 T NATURE |VOL 430(22 JULY 2004 [ T —11.D86
16,900 18, 1, 1A 18,2DD
Magrwtic fisld £3)
2.0
1.5
1.0+
= Trap1
0.5 Trap 2
D.D T
4] 2 40

Mirowevs frequency (GHz)

(¥ A1) LNz upIpAnoe alinmay

T, derived from FWHM = 0.1 usec,
due to spin-spin relaxation

Note:T, ~ 100 usec for isolated
paramagnetic defect

Linear relationship of resonant
magnetic field versus microwave
frequency: g-factor ~2.0




Straightforward technique: on-chip coil

Koppens et al Science 06

. <
- o |
s : i
/\

B,. induced by /.

B.. 1% flowing a coil
X
ac B
B"‘" 1 Ml 4
X —> _
Vi V"‘ CIL, _:L Vie DC BO — /
- Q/‘ ac /

Ionc =1TmMAB,~1mT
7t rotation: ~ 80 ns

&
=

250

accompanied heating and difficulty
in localizing the field
....Problem in qubit scalabilty

1l

Voltage driven ESR

1509

Dot current (fA)
&
o

100

fRabiocIac



Spin address with magnetic field gradient

N e2d402irn

"1 o xine| B

Proposal of an all Silicon
quantum computer

1. D. Ladd et al. Phys. Rev. Lett.
89, 017901 (2002)

{ 2.00um

Direct NMR observation of
local magnetic field
generated by micromagnet

S. Watanabe et al. Appl. Phys. Lett.

e — 92, 253116 (2008)




Selectivity: nano-MRI

Stray field parallel to external field Nanoscale magnetic resonance imaging

C. L. Degen®, M. Poggio™¥, H. J. Mamin®, C. T. Rettner®, and D. Rugar*’
F 50 nm mlsallgnment lm/ Rewrarsh 2: Alm Geswarch Certer, 50 Harry Rasd, Sar Jose, CA 95120; arvd *Certer for Probiesg the Nancatale, Stanford Ur s

rita Mall, § l/]'HI‘.

PNAS 106 1313 (2009) Tobacco mosaic virus

Laser
| interfaromreter

0By,

-0.5 X1 X, 0.5

d~100 nm — A,~20 mT

Magnetic field gradient enables

selective ESR addressing for each
M. Piore-Ladriere et al. Nat. Phys. 4, 776 (2008) Spins like MRI.

E. A. Laird et al., Phys. Rev. Lett. (2007)



Electric dipole Single ESR

Standard spin resonance Electric driven resonance
Time-dependent uniform Non-uniform static magnetic
magnetic field B, (t) field B,(z)

4|

N
O
o
S
75

0 2 4 6 & 10 12 0 R 4 6 8 10 12
! Time t Time ¢
~20 GHz local B field: B,(t) ~20 GHz local E field: z(t)

No heating and better designed for making multiple qubits



Physical systems of non-uniform field

g-tensor modulation Spin-orbit Hyperfine int. Slanting Zeeman
field
7} <\\ B —_—
@ m ..........
<A W S
s N 3 £
B (x)}.~" 0
Y- Kato K. C. Nowack E. A. Laird Y. Tokura
Science 2003 Science 2007 PRL (2007) PRL 2006
g-tensor Byy.=( Wxp)o not-coherent Micro-magnet
engineering ...realistic but ... Local, static induced field
...Optical control not general and g field gradient...slanting

small in GaAs Zeeman field



Spin-orbit Interaction (SOI)

HSOI='eh [E xVv]-s

Rashba SO Dresselhaus SOI
Structural inversion symmetry Bulk inversion asymmetry
Conduction Band Edge AS (O()I )

graded
composition AS
or electric field

(001) Hgo= a(-p,0y + Ps0,) + B(-PxO,tP,0y)




Local B field generation by SOI
y [010]

Hspin = HZeeman + HSOI
OO [110] Hzeeman™ -(1/2)9uBey0
/ Eac HSO|= O(‘(_pygx + pxoy) + B('pxgx-l-pyoy)

——pB

ext Rashba Dresselhaus

[110] x [100]

External B,,; -> position-dependent B, .
m

U = eXp[—i%{(OﬁE =+ By)ay - (55’7 + Ozy)(fx}],
ﬂspin — Z/{THspznZ/{
1
— _§g,uB [Bextax + BSOI (.’L’)O’Z],
2m + Bext // [110]
Bsor(z) = Bew—(a£ )z _ Bext // [1-10]

Golovach et al., PRB 06, #5&, EIIAYEE 44, 17 (2009).



Generic slanting Zeeman fields

T 1 By, =bg, x Effective slanting field by SOI
2m

Av‘lll BSO[(CIZ) — Bextf(oziﬁ)a:

Slanting field by on-chip micro-magnet
Bmagnet — [5B =+ bSLZ]}A( + bSLxZ

Effective slanting field by nuclear spin

A
Hur = 5 Z‘I’%(I‘j)lj 0

= HYyp+= Z 0r VW3 (r {0~ + 10"}

1
= Hpyr —§9MB{b+FU +bypot )T



AC electric field with a slanting Zeeman field

AC electric field E,. affects the electron charge:
He = eEac (t) T

Introduction of canonical transformation

. Uo(r,t) = e WROgose(y 1),
0
eB A0 (t
R(t) = - 2( )
‘T Bg, =bg x mwy
TfAv which transforms position operator with
‘111 a time-dependent displacement
~ k-R(t —i1k-R(?
I P = eRBROpe= kRO — 4 R(1)

Hence, the slanting field become equivalent to time-
dependent transverse field:

Bsr(t) = bgrR,(t) ESR Hamiltonian



EDSR with Slanting Zeeman Field by Micro-magnet

Proposal Experiment
Y. Tokura et al., M. Pioro-Ladriére et al.,
Phys. Rev. Lett. 96, Nat. Phys. 4, 776 (2008).

' \ 047202 (2006)
dc B, _
—_— Large gradient

— B
r EHaBo Small displacement
J (Vac ~ 1 mV)

AB, different in two dots. No need for spin-orbit coupling,
hyperfine interaction or

Address two spins independently. g-factor engineering




Decoherence problem
T, T,,and T,
Spin-orbit and nuclear spin coupling




Spin relaxation

Spin scattering in nonmagnetic semiconductor

Energy+Spin relaxation (T,)
Nuclear spin

T,>100 usec

L]
........
. -
. .
Q 3

; : (t) along xy.

Larmor precession :> T
. = guB./h 2

1

—
v :
.

$ v 2yt SO coupling + coupling to phonons

— Phonon Khaetskii and Nazarov, PRB (00) for GaAs; Golovach
+Spin-orbit ¢ a1 PRL (04) for GaAs QD
$ Hyperfine coupling to nuclear spins
“Slow” due to weak T, >> usec due to DOS discreteness
coupling to environment Erlingsson et al. PRB (01); Khaetskii et al. PRL (02)
IE |
dc B field Phonon only influences 0B




Electrical Pump & Probe Measurement

empty states
(become N =1)

Vg t;=100 ns
A b +—th —+Tm t, =10 ns ~ 100 us
Vi 1 | t,, =300 ns
Vi —t Vsp~03mV
Y
V=V V6 =Vm
" A T4l a
7 eVsg F
Z e 7
N AS ¥
Z Z 7Z

pump into T state,
wait for relaxation

probe unrelaxed
electron

—34 | | —
S— | | -
S=1 S=0

Fujisawa et al. Nature 419, 278 (02)

double-step
pulse gen.

rise time at sample: ~0.7 ns
(< r({'-1’ rs-1’ TS-T)

average number of tunneling electrons
during one pulse

<np = Aexp(-ty/ts.7)

A~1: related to the injection efficiency
Ts.7: spin-flip energy relaxation time




Measurement of Spin LifetimeT,: SO effect

T,>200 pus

B=0T
7=70mK

0 20 40 60 80 100
th (us)
Fujisawa ef al. Nature (2002)

A

1s /7 N Zeeman splitting
l , =gugB

04 B=7T B”—8T

\ T,~0.85 ms

0.0 0.5 1.0 1.5
Waiting time (ms)

Elzerman et al. Nature (2004)




Energy relaxation time: field dependence

(@) ionize  charge read-out : :
T,=msec~sec >>Gate operation time

i (~ns)

— r S. Amasha et al. Phys. Rev. Lett. 100, 046803 (2008).
ExI _.f'i o’rl ) (Ic ) I I = T T
T IEp 10" T™m Ey=23meV [~ 7
= Ey= 2.8 meV -

'sé{ LP1 PL LP2 SG2




Nuclear Spin Bath Problem

Contact interaction to nuclei: *°Ga, "'Ga, "As (I=3/2) in GaAs QD

50 nm Flip-flop

| Hyp = A‘\V(X}ZIZSZ)

e\ |,

ext

Nuclear spins are dynamically
polarized because of thelong ...

N=10° to 10% nuclei lifetime (~min.). "4
in GaAs QD ‘%) {%}
=) Overhauser shift (AEqqman) <:>

...Shift of ESR condition [ ] I
Usually very weak for ESR because of the large
difference in the Zeeman energy

Fal’ko et al. J. Phys: Condense Matter 91; Khaetskii
et al. PRL 02; Erlingsson et al. PRB 01

But can influence the ensemble measurement of ESR and Rabi



Decoherence by a nuclear spin bath

Electron Zeeman states in the statistically fluctuating nuclear spin bath

B.=afew T >>B_ =AN~afewmT

(~30 MHz)

ext

»
2o

anuc // Bext

Fluctuate Larmor frequency by
B, ,o/Bexi (~0.1 %) but very slowly (~sec)

nuc

.... Influence of B*Y_ _is small, because

ABY ~ (B, 2+ BYY

nuc

2y12_g_. ~0.0001 %

B

nuct
nuc

B
C> Inhomogeneous broadening of ESR condition

nuc

Phase fluctuation (or dephasing) in the
ensemble measurement— T,*=10 to 30 ns

Bracker ef al. PRL 04; Petta et al. Science 05; Koppens et al. Nature 05
Pioro-Ladriere, et al..Nature Physics 08, Tokura, Nature Physics 09.

:> Decoherence mechanism by electron spin mediated spin

diffusion L. Cywinski, ef al., Phys. Rev. B 79, 245314 (2009).

To=> 1US Wy A Coish. et al, Phys. Rev. B 81, 165316 (2010).



Summary

Spin qubits with quantum dots

Isolation of single electron spin in each quantum dots

Exchange control
Electrical modulation of exchange energy available for SWAP

Exchange control
EDSR with Spin-orbit+micromagnet useful for multiple qubits

Decoherence problem

Spin-orbit interaction
Hyperfine coupling with nuclear spin bath




