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Abstract

Information is physical. This rediscovery has lead to a paradigm shift in the
fields of information theory and computer science. Perhaps the laws of
nature, rather than the abstract world of Os, 1s, and Turing machines, provide
a more fundamental foundation for computing? This thesis lead to the
discovery of quantum algorithms and quantum communication schemes
which, in some cases, are more powerful than their classical counterparts.
The key resource 1s quantum entanglement, the non-local interactions
pervasive in quantum theory. Meanwhile, physicists are reaching the
nanoscale limit, where dynamical control of quantum systems has, for the
first time, become a possibility.

My perspective on this is that of an electron spin trapped in silicon. Despite
the complexities, this quantum bit may be a great place to store and
manipulate quantum information. I’'m going to try and explain entanglement
via a few physical situations for spin-1/2 particles, nature’s natural qubits.
Quantum states are fragile and must remain coherent long enough to do a
computation. Here, quantum error correction schemes come into play. Of
course, I'll also talk about the quantum computing architecture envisioned
and currently being pursued by some of us in Madison.
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Spins in Quantum Dots

Charged
gates

Silicon or GaAs wafer

— Trapped electron
wave functions

Spin-1/2

What are the lifetimes

\ of excited spin states
in semiconductors?

Levy Klein
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Thinking qubits

Qubit: two level

uantum system
! ’ IR = o]0} + 01,|1)
1 classical bit: *
b=0or1
1 qubit: measurement
|b) = 0,|0) + a4|1) / \
|0) 1)

(probability |ay|?) (probability |o.,]2)



Qubit: \0>=((1)) \1>=((1))

“off” “on”

The Bloch sphere

z |l

w = |0} +wy[1} = cos§|0>+ew singh)

Quantum superposition

_|9=[) _ 1

S _ﬁ(ill)

“off AND on”

Multiple qubits:
0)®[1)®|0) =

of?(1)°0o]

(1(0)\ (0
1 ®(1)= 1 ®(1)=[8x1]
0 dimensional

0
0
\ (1)) 0 Hilbert
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State vector formalism of quantum mechanics

Hly)=Ely) state ‘w> s e—iHAf/h‘w> _ UW>

evolution

Density matrix formalism
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Superposition

* |R) = 0,|0) + a4|1) is a superposition of |0) and
|1). {a,, a4} are the amplitudes.

 For an n-qubit register there are 2"
amplitudes. (n=3) {00, o1, Ao105 Co115 X1005

1015 O4105 ®q11}-

 When n =500, {0y ¢, --- » 2414} IS the size of

the universe! classical
operation

. |0110001) |1101011)
quantum
operation

{0g0...05 +++ 5 Qqq.1} {Boo...0r -+- » P

.3



Entanglement

Unentangled

(10) + [1)x(10) + [1))

(
( qubit 1

< |00) (pr.
0.25) |01)

(pr. 0.25) |10)

(pr. 0.25) |11)

qubit 2 (pr. 0.25)

0)x(]0) + |1
)) (prob. 0.5)
1)%([0) + |1
)) (prob. 0.5)

Entangled

(|01)+ |10)

|01) (pr. 0.5)
|10) (pr. 0.5)

qubit 1




Entanglement: Bell States

A quantum state of N qubits that cannot be written as a N-tensor
product is said to be entangled.

vy =P s,
01) +[10)
- \00)@11}
W> - \2
_ 01)-|10)

) 5

“Spooky action at a distance”



Good, scalable qubit

Universal set of gates

Fast readout (measurement) of qubit
Fast initialization / source of new qubits
Quantum Error Correction

Flying qubits



Universal Q. Computation

\
Quantum Algorithms,/
Computer Science,

A universal set of gates can compute an arbitrary
function (e.g. NAND for classical computation)

Single qubit gates and CNOT are a universal set of gates for
quantum computation.

e cnot|oo) = |oo)
cnotlo1) = |o1)
k cnot|io) = |11)
cnot|11) = |10)
""‘—(;)" y
. (1 00 0
v)— 85— . 0100
‘w>_c23_ e P
\O 0O 1 O



One qubit operations

- Single qubit rotations on the Bloch sphere U‘TJJ> =e”

X=(o 1) X X‘O>=‘1> [ = o~ '0X/2

0 exp(imr/4)

|
“lo spira) |



10)[0) >>

|0)]1) >>

1)[0) >>

|1)]1) >>

0) {5 10)
0) {5 [0)
0) {5 10)
1) 15— 1)
)5 1)
0) {5 I1)
)5 1)
1) 15— o)

cnot
cnot
cnot
cnot

>>10)|0)
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CNOT e
cnot|io) = |11) NTo 0 0 1

cnot|11) = |10). 00 1 0

0) | H |- 10)+]1) o ' !
o 2 NOYBLIGHDIGEED!

(10)+[1))10) = |00) + |10)

CNOT[ |00) + |10) ] = |00) + |11)

The state cannot be written on two separate lines.




Good qubit: Spin

 Electronic or nuclear spin 1/2

* Natural 2 level system

* Long coherence times

« Scalable (?) in semiconductor structures

— T
B
0 0 _ll |
Plo) = ( ) P1>=(O 1) Po=511 1
Example:

1, >>T, =0 I >t>1, t>T,
=e=si1) @) el
9o -~ p=

211 210 1 0 O




Quantum Dot Architectures

SilSiGe

GaAs/
AlGaAs

Ge Huts

si25ge?5.1a

25.0 nm

12.5 nm

0.0 nm

Digital Instruments NanoScope

Scan size 5.000 pm
Scan rate 1.969 Hz
Number of samples 512
Image Data Height
Data scale 25.00 nm



Wisconsin QDQC design

1. Gated Quantum Dot QC (Loss & DiVincenzo)
1 electron spin = 1 qubit
« Self aligning to gates (no need to align to donors)
« Fast operations through Heisenberg exchange
« Scalable (hopefully)
2. Silicon
Long decoherence times (T, ~ milliseconds for P:28Sj) I II I
 Low spin-orbit coupling
«  Spin-zero nuclei %8Si

3. Back-gate
« Size-independent loading and well-screened [Freisen, et.al., APL]
manipulation of dots [Freisen, et.al., PRB]

Tunnel barrier

Buried Top-gates

Back-gate quantum dots



A quantum well quantum dot

Goal: a single electron tunably confined vertically and
horizontally in a semiconductor nanostructure

20-100 nm -V (volts)

Metal
gates

Si cap layer
Step graded SiGe

Phosphorous donor ato
X ) A Sig.75G€0 .25
Quantum/, Strained Si
Well Sig.75G€0 .25
(6-12 nm) . ‘ '
single electron
? Z wave function Step graded

Silicon-Germanium

Si substrate
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Decoherence

Metal
gates

qubit-qubit

magnetic Si cap layer

dipole Ge )
coupling impurities Graded SiGe
% in w.f. tail

Pho\§Rhorous donor atoms

Quantum/,"\\ %
~N

Well
(6-12 nm)

Donor Y S]075Ge025
free (danger)

zone  [] Strained 28Si
Sig 75G€g 25

e single elect
Nuclear 2°Si / singLe elec !’OI']
spectral | Wwave function Graded
dﬁ: ion Rashba S'G
Husio Spin-Orbit iGe

Coupling

phonons

Si substrate

T, ~ milliseconds ~ T,



Exchange and CNOT

- Heff =J 51 °SZ SWAP doesn’t entangle but
Sqgrt[SWAP] does.

SWAP: Int[J(t) dt] == => CNOT

HZ quantum dots



Simulation:

screened
potential




Exchange and CNOT

Heir = J(t) S4°5, U(n|y) = g S8 1
S*=S°+S,"+2S, S,
fJ(t)dt =JT/h=0

/(1 0 0 0]
| 0O -1 2 O |
U=¢e">" =explif 0 5 _1 0 =e“9/4USWAP
\O 0O O 1/_

i)z, —i(n/2)Zz\/ i(n/2)Zl\/
Ucvor =€ € Ugpipe Uspap



Readout and Initialization

* Reading out a single spin 1s hard!
m, =9.3x107* J/T

: . m,,. =0.1J/T
e Magnetic STM tip ’

* Spin-charge transduction

— Spin-blockade transport measurement

— Spin-orbital transduction



Device design for QD readout

[Friesen, Tahan, Joynt, Eriksson, Phys. Rev. Lett.]

- Spin-dependent charge motioichottky Quantum Dot

« SET detection gates
* Microwave pumping
« Automatic spin polarization

SET island

7

2DEG y
History...spin-charge
Fast readout and initialization is transduction
important for error correction Loss/Divincenzo,

Kane, ...



Charge movement in asymmetric well

Gate potentials define quantum well

v

*‘.3: on=2 P '

g E <\ ~_1 '_4_(§|.-.|E _’ microwave

8 Eis™ v r = induced

12 i . .

= 31 GHz - | oscillations

O

§ 'O n=1 < l“T1 v lE relaxation
qubit

* spin info to charge info via spin-
dependent excitation

ground state

excited
orbital




Intermission

T'VE INVENTED A QUANTUM
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Review

* Superposition (and large Hilbert space)
* Entanglement
e Interference (waves)

But we need to ask the right questions.



Quantum Parallelism
f(x) is a binary function: f({O,l}) = {0,1}

\0>\+5\1> . . .,
W
0) —1y  y® f(x)

0, £ )+ |1, £ (D)
P) = 5

Measurement will only choose one!




Deutsch Algorithm

Ask a global question: Is the function f(x) constant or not?

O g —
2

¥)
-1 'y y® fx)

V2

\W=ﬂﬂm®f®ﬂ%gw

Qubit 1 encodes the answer to the global question.



Quantum Teleportation

Want to send the state psi from alice to bob.

Alice

) H

CNOT

00) + 1)

V2

M;=0or 1l

AN

2

XM2

Bob

i

M,=0or 1

)

The qubit state is transferred from Alice to Bob utilizing the
entanglement of the Bell state as a resource. It is not copied.



No cloning theorem

No cloning theorem: it is NOT possible to make a copy of an
unknown quantum state

Classical copying circuit:

X X X X
= XX
0 —)Y x®@y X
Quantum version
W)=d0)+bll) —fx  x|—
= a|00) + b|11)

0) Yy x®@y——

But, [¥)|y)=a’|00)+ ab|01)+ ab|10)+ b[11)



No cloning theorem: it is NOT possible to make a copy of an

unknown quantum state

v)
The Shor code: 9 qubits

phase flip code
0)=>0), =[+++)

=), =|-~-) K

bit flip code
0) —0), =|000)
1) —1), =[111) )

Threshold theorem

CNOT

CNOT

CNOT

H—5
>
0)— ©
0)
o
=z |H o
O >
0)— ©
0)
H—5
>
0)— ©

CNOT




Nuts and Bolts stuft:

How long 1s decoherence



ionization

;ﬁ‘ > 100 meV e If no spin-1/2 nucleil

s e lon and phonons dominate,
e 0')>~ 0 EE— then T, ~ T,
£g —— E y . Impgrtant optical
© @) S pumping and our
2 o ~ |e readout scheme
e\ E I 1 Valley effects
p=—5,"
9> \x 4 ¥(2)

Charles Tahan, March Meeting 2004



New theory results for silicon =

@:{

qc.physics.wisc.edu

] ! . Correct anisotropy and magnitudes.
1. 2DEG sSpin relaxation: Times will increase with mobility and B.

2. Rashba Coefficient: o =1-6 m/s

Rashba SOC usually dominates.

3. T1 in Si quantum dots: T7ime increases with smaller dots
and smaller B-fields.

4. Val Iey-state lifetimes: Microseconds to milliseconds.
] " Long-lived pseudo-spin states.

Charles Tahan, March Meeting 2004



SiGe quantum wells for QDQC ;=

@:{

qc.physics.wisc.edu

Our device:
Typical SiGe Device

n =4x10" e/cm’

2
M=40,000CII1/VS Dlzr;g: ++++

6
E=6x10" V/m sice l lE-fieldl

Purestrained Si [ - - - - - - - - _ /-y -_-_-_--

Q.Well

e Experiments: CW-ESR /
of S1Ge 2DEGS as a path e
toward dots (also for

spintronics).

Friesen, et. al., PRB 67, 121301R (2003)

Charles Tahan, March Meeting 2004



Spin relaxation in SiGe 2DEGs

3 \Y
e
qc.physics.wisc.edu

 Rashba SOC + scattering = fluctuating B-field in-plane

« Anisotropic T, and T,
0.35
. E,~106 V/m .
); T 0.3
X ’ o)
(&)—»> VE .. & 0.25!
/ S
=
= 0.2
B xy +20p
Rashba _ -
SUp |
&5 20 40 60 80
1 a’p,’t Magnetic field angle from z

2 2 )
200°p, T, sin” 0 +

5 (cos2 0+ l) /h*

T,(0) 1+ (a)Lr )

P

Charles Tahan, March Meeting 2004 Tahan and Joynt, condmat/0401615



T,&T, increase with mobility

..in hlgh moblllty limit

qc.physics.wisc.edu

N.=
« In a static B-field . _ge11 cm2
w _ guB
L~ B 20 - !

—8e11

7e11
%//6911
::5911
l‘/4e11

LS

@»

T2 (usec)

-—3e11

\\2911

0- | i Mem
200 300 400 500

Mobility, u (x1000 cm Ns)

210 X K

Charles Tahan, March Meeting 2004 Tahan and Joynt, condmat/0401615



2DEG CW-ESR and transport data

pn (Q""D )

- 6-
r'E "‘t‘
= <] i 3 1 -
900- %, 04 s uw-030903 ] o uw-031203
: -24 _:00 44 h g4 ® 'S J
-‘g -4 i:&‘/ é_ !. i.
700- da L150 = X =3 - .
v v . . v 2 ol—————— T 4 -
-10 05 00 05 10 z W 0308274 < H
- /B (Tesla™) s ‘ Z 2 M i
500+ F100 &3 } £ .
i 23 3 I
L’ 2 ' a uw-031124
300- 500 < 3 2NN .
. o+ 0 ——r——r——
: : [ 2 ibm-01 | i . g UW-031121
s -0 1M ] 1:'\#—/ 1
1004 L] v e — . —
————— 50 40 -20 0 20 40 &0 80 100120 60 -2 -20 0 20 40 60 80 100120
3 6 X 2 0 2 4 6 8 Angle (degrees) Angle (degrees)
Magnetic Field (T)
Siwell | | offset | dopant | spacer | cap Ne 7 Tp
Sample (mm) | “ | (nm) | (nm) | (nm) | (nm) || (x10" em~2) | (em?/Vs) | (ps)
ibm-01 8.0 030 14 1 14 3.5 4.0 37,300 4.3
uw-030827 10 ]0.35] 15 22 35 10 4.8 90,000 | 9.7
uw-030903 10 ]0.25] 13 17 35 10 4.3 86,700 | 94
uw-031121 10 (030 20 6 60 20 5.4 38,000 | 5.0
uw-031124 10 10.30] 20 26 40 20 4.7 63,200 | 6.9
uw-031203 10 [0.30] 60 6 60 20 2.6 17,100 1.8

qc.physics.wisc.edu



Summary of transport and ESR measurements

n, (cm?) | u(cm?/Vs) | g- Peak T, (pS) | Ogp
factor | width

IBM 1 4.0el11 | 40,000 2.0015 [0.14 G 9.2 1.4
UW 030827 4.8¢11 | 90,000 2.0013 [ 0.97 G 109.7 |5.6
UW 030903 4.5¢11 | 87,000 2.0005 [ 0.40 G 73.7 2.9
UW 031121 5.1el1 | 46,000 2.0013 | 0.71 G 1000 |5.3
UW 031124 4.7e11 | 64,000 2.0012 [ 0.78 G 77.3 4.4
UW 031203 2.6ell | 17,000 2.0003 [ 0.23 G 54.4 1.6

Many more samples grown at UW over the past year — this is

the subset that has undergone careful characterization.




Rashba coefficient in silicon

» Spin-orbit coupling (SOC) due to large E,

H,pya =(P,0, = p,0,)  (just from Dirac SOC)

« Kane-like 8 band calculation for Si

e(E;)

2PPA,
/\/EhEle\Q

1 1
+

Evl Ev2

o(E,)

Ourtheory: O =1—6 m/s

Rashba
\ spin-splitting: AR ~1 MeV

Rashba B =10-40 G
field: R

In-line with experimental evidence.

Charles Tahan, March Meeting 2004 Tahan and Joynt, condmat/0401615



Orbital relaxation in strained Si ¢;

qc.physics.wisc.edu

* Deformation interaction (no piezo-phonons in Si)

« Strained Si => transverse phonons contribute

r n(s_l)z E’m ‘2 2%

m m\z\n Orbital decay 4
-
A

transverse phonons: v, =V, /2

 Speed comparable to GaAs m) 4_< B

r n(s‘l) ~nsto ps (fw,=0.1-1meV)

m

Relevant to:
* Optical pumping/ Initialization
* Many-phonon processes

Charles Tahan, March Meeting 2004



T, from Rashba in Si QDs

qc.physics.wisc.edu

. 2DEG
* Confined state: <px,y> <<Pr  =>2DEG mechanism gone

* Rashba spin-orbit mixing + phonon = relaxation
5
unexpected GaAs and bulk Si: ~ (guB)

B@ _ Spin-flip N
~ 4gM 3 + cos[ZH])
T1 prti* (haw, )’ 105v

Dot size dependent T <100 mK v

* Non-zero for

all directions of 1 B=033T | B=2T
B hiw, =0.1 meV 5s 0.002 s
hay =1meV | 56,000 s 24

Charles Tahan, March Meeting 2004



Orbach spin relaxation

« Two phonon process

* Dominant mechanismin P:SiforT>4 K

* Provides limited spectroscopy of first orbital energy gap

Relaxation rate of level |1>

1 _ 1
— = MZSOI‘lege[ flg/kT] ! >
71 \ Phonon DOS / rl%g

SO mixing \|/
between g>
|1> and |g> /l\ — VvV

Charles Tahan, March Meeting 2004



Signal A=InLens  Date :15 Nov 2003
Photo No. =2397  Time 2068

- . e - - — = __ ;1 -~
# ipm EHT = 2.00 kW Signal A =InLens  Date :6 Oct 2003
Mag= 1815 K X ’—!.[!r'D = 2mm Phota Mo. = 1266 Time :20:46
Li N = N y 3 v N Ty " - — B ™

Dot sizes from Sum to
200nm fabricated — most

are still in many electron
limit (i.e., 2DEG-like)




qc.physics.wisc.edu

 2-valley nature of strained [001] siliczl -
Valley states

E~6x108 V/m  SiGe

. VaIIey-spIitating isolates

———

——

p—— Y

spin qubit

I
wn

n

—y
T

Valley Splitting (meV)
(€]

e
wn

(=]

Si QW
even or odd or
cosine-like sine-like
kZ
growth
direction electron

2

o

Charles Tahan, March Meeting 2004

8 10

4 6
Electric field (V/m) . anb

Boykin, Klimeck, Coppersmith, et. al., APL 84, 115 (2003)



Valley-state lifetimes

qc.physics.wisc.edu

« Same procedure as orbital relaxation

- Extremely small electric-dipole matrix element

Valley decay
' (S_l) ~ microsecs - millisecs ‘0 d d>

* Long relaxation times for non-

spin-flip transitions leven)

 Tunable with external E-field

Charles Tahan, March Meeting 2004



