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I spin - — 2 complex numbers
2 spins  — 4 complex numbers
3spins  — 8 complex numbers
Nspins — 2N complex numbers
No. of digital classical configurations = 2%
No. of unentangled quantum configurations = (2%)¥
(o = bits of analog precision)

3 ‘ = § AN
No. of entangled quantum configurations = (20' )"

AN
2 scaling:
How many classical bits do we need to specify a wave function with 2 bit accuracy?

Consider N=34 atoms
234 % 22 =235 =80 Gbits =10Gbytes
“1 hard disk™
Consider N=61 atoms
2060 % 22 =263 = 8% 10! bits =108 hard disks
“world-wide annual production™
Consider N=94 atoms

29 % 22 = 2% = 8x 1028 bits =10'® hard disks
“world-wide continuous production for the age of the universe”

ordinary bit: ct/0) + B[ 1)
Now allow for conditional probability (also called entanglement)
o0) + BI1)
T T

o, B depend on what all the other (N-1) spins are doing
= 2N-1 conditional probabilities and Huge Complexity

* You do not have internal access to quantum complexity.
® The entanglement collapses when you measure.

e There are N output bits and only 2™ possible answers.

Number

to be — Calculation —— Prime

factored blows up Factors

You do not have
access to the
intermediate
computations




Algorithms:

Shor’s factorization algorithm (1994)

. classical channel
receive conlirmation receive gy conlirmation
Kitaev’s factorization algorithm (1996)
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Small computer for error correction of Quantum Alice Repeater]
Cryptography-
“Quantum Repeater”
Error Use redundancy, substitute 3 spins for one: Classical ) . . .
Correction: 1= (DD Robust N bits plotted in N-dimensional space:
against Error
10y = 0)]0)/0) spin-flips Correction:

Phase Error Correcting Code:
[y = (10) + [1))(|0) + [1))(|0) + [1))
by = ([0) - [I)(0) - [1)([0) - [19)

la) = [000)+{001)+[010+01 15+ T00)+ 10T+ 1 10)+111}
b} = 1000)-/001)-{0T0)+01 1=/ 100)+101)+[110)-|111)

More compact phase error correcting code:
lay = [000)+|01 1)+[101)+[110)
|b) = [001)+HO10)+[ 1003+ 111)

Shor’s original phase and amplitude error correcting code
lay = (J000) + | T11)(J000) + [111))(]000) + [111))
[b) = (|000) - [LT1))]000) - [111))(JO00Y - [111})
requires 9 qubits.

Threshold:
Error Rate must be <10 or 10

2Npoints

uncorrectable
error

erroneous
number

Because N-dimensional space is huge,

desired
number

the overhead on un-used points is relatively minor.

(N-k) dimensions of useful numbers.
k dimensions of redundancy.

eFloppy disks
¢CD-ROMs

eDigital Communication
*Voice Communication




Simplest case of 3-dim space,
23 =8 points
Quantum Error Correction:
Code Errors
(N-k) dimensional Hilbert space
[100)
|[)[)(J) |(Jl())

~AN-k H -
|(J(J 1) 2 points

desired state

|Ul 1) crror vectors

|l : I) Im 1)) (can be continuous)
110

Unitary rotation of error into the k redundant dimensions.

Errors build up in the redundant degrees of freedom,
and must be purged from time to time.

Quantum Error Correction works, only if errors are <10

*Physical realizations of qubits:
*photon polarization
*electron spin
*nuclear spin
*electron states in a trapped ion/atom
*Anharmonic LC oscillator states in a Josephson junction ring

Spins are favorable because of:
* Less environmental disturbance
» | ess spontaneous emission and quantum noise at RF frequencies.
eclectron spin transitions respond faster and easier to detect than nuclear spins

«But, superconducting rings are limited mainly by dissipation, that can be low

Electron
Spin
Spectrum

3-100 MHz

50 GHz 60 GHz
Electron Ti =1 hour
spin in Si< 0 nsec < T < 500nsec

ar = 1"k I2 = 0.5msec

Nuclear Spin T: > 1 hour.
Nuclear Spin Tz is not measured.
Spin-Echo measurements:
J.P. Gordon et al, Physical Review Letters 1, 368 (1958)

M. Chiba & A. Hirai, J. Phy. Society of Japan 33, 730 (1972)

Electron Spin
Line Broadening Mechanisms:

1. Spin-orbit coupling
vibrations change the g-factor;
. 4
proportional to T

2

. Dyakonov vXchf mechanism (in 11I-V’s)

3. Hyperfine coupling to nuclei:

R 23 ), )
ZHe‘Hn?l‘P(fn)l t—
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. . 284 - , 284, . .
isotopically pure “'Si or Ge: 99.92% " Si is available.
4. Electrical Noise on the gates

5. Electron Spin-Electron Spin interaction;
Figure-of-Merit = On/OfT ratio of Exchange Interaction



[n the chart of nuclides there are no
spin zero nuclei in column III or
column V of the periodic table!
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cl2 NI
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Al2? Si2 P!
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49 50 51

In'!s Qp 120 Sp!2!

What do we really know about T, & TS ?

Electron Spins in Silicon at low temps Electron Spins in ITI-V’s at low temps
Homogeneous | Inhomogeneous Homogeneous | Inhomogeneous
dephasing time | dephasing time dephasing time | dephasing time
sk sk
T TZ T T?_
Not
0.3msec- | 100nsec-
Trapped Trapped Known! ~3nsec

electrons | U-5msec lusec electrons

Spin Echo m very
lightly doped
Spin Echo in n-Si ESR in n-Si n-GaAs, o avord ESR in n-GaAs
exchange interaclions

. - . 0.Insec-
Mobile 100nsec No Mobile No
Inhomogeneous
clectrons I OMSGC Inhomogeneous | | Electrons 500nsec e
Broadening Broadening
magneto-resistive (ay Awschalom et al.
ESR in 2d Si-Ge optical ESR
electron-gas (b) magneto-resistive

LSRin 2-d e-vas

Table 1. A short list of "long" T, values in comparison
with the value found in n-type Si:

Material temperature T,
v-irradiated quartz 300K 2-5 psec
N-V centers in diamond, 300K 2-100 psec

(price/purity dependent)

N@C60 (spin 3/2) ' 300K solution | 120 ysec

Phosphorus in Si <12°K 250 ysec

Benefits of a Carbon Host for electron spin:

e Low Z = small spin-orbit dephasing.

e High Debye temperature = less phonon dephasing.

® 99% spin free C'?, only 1% C'3, less hyperfine broadening.
e Larger binding energies and energy spacings

300°K quantum information processor?

"Knapp et al. Chem. Phys. Lett. 272, p.433 (1997)

Electron Spin Dephasing by Nuclear Spin Diffusion
U(r)

3

Nuclear Spins — 5% Si*?
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Quantum Fidelity
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For N impurity nuclei:

N
Infidelity = . sin?(6/2)
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Nuclear Spins can also produce an initial step Projection Error
in many types of macro-scopic qubits!

A macroscopic qubit can cause un-intentional off-resonant NMR,
whenever electric currents exist.

For example, a flux quantum is associated with B ~ 1 milli-gauss
This can produce an NMR frequency of f~ 6Hz
At a clock period of 100nsec,
this can disturb the nuclear spins by ~10-"radians
This would produce an infidelity of ~10-14

But if there are ~10'° nuclear spins in the sample,

The total infidelity would be ~10-4, enough to be concerned.

Conduction bands in Si & Ge
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Band Structure Engineering

Thus it controls g-factor also:

O-) ~ —
=)

is famous for controlling
effective mass.

spin —orbit coupling { m

g

=

[13 , . . 39
g-factor engineering

E Mgy
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Spin Detection Method:

- J’I"'L' 0dd filling of Landau levels
[

—I»
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front gate

channel
source

|
v Spin-Flip opens up
scattering channels

lock-in |
at T20Hz

» ackgate Similar to giant magneto-resistance
microwaves
modulated at

10.8 Hz

lock-in 2
at 10.8 Hz
S8R

Single Spin Detection Methods:
1. Spin Dependent tunneling from a quantum well
(change charge state from 1 = 0)

2. Form singlet bound state versus unbound triplet
(change charge state from | = 2)

Figure 2. Diagram of the experimental setup for monitoring electron
spin resonanee and for controlling the spin orientation.

Then detect single charge in an FET or Quantum Point Contact transistor
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Figure 3. (a) Typical trace of the resistivity pas a function of the magnetic H (kG)
field. Landau level filling factors v are indicated. Inset: energy diagram for
the case of v = 3_ (b) The microwave radiation induced resistivity change 8p,_
Note the ESR feature around v = 3
0.384
B | back-gate
i [ ] & Tont-gate
14.1 GHz 131 GHz |i
- - 0.382 o
a N \ o8- |’ i
oLl i AR . i
h i 12 N ! b
o " 0.380 ;
T ARy T T e
o H A | 1 - .
o " =]
aajd Lot Lot PRl AT EERsEn Ry
N 0378
B Ty A\ V]
a; B \‘-
T
Bm B(T} 0.376
(a) (b)
Fig. 4. Electrically detected eleetron spin resonance spectra at a sequence of gate voltages for 0.374
(a). a front gate and, (b). a back gate. For the front gate case, the resonant peak moves -2000 0 2000 4000 6000 8000

progressively to higher magnetic field when the amplitude of the bias gate voltage is
increased. In contrast. the peak shifis towards lower field for the back gate case. (The non-
resonant background of the signal was subtracted for clarity. This task can be easily done
since the background varies smoothly over a much broader range of magnetic field.)

E (Vicm)

Figure 5. Expernmmentally determimed electronic g-factor as a function of
the applied electric field for both the front and back gate. The electric
field 1s simply the applied voltage divided by insulator thickness, In

this plot, no attempt was made to include space charge self-consistently.




Spin Detection Method:

Odd filling of Landau levels

Spin-Flip opens up

scattering channels

Single Spin Detection Methods:

Similar to giant magneto-resistance

recerve conlirmation

Y

v
1. Spin Dependent tunneling from a quantum well

(change charge state from | = 0)

Store until

receive g
qubit —
I-:, r{‘cc]\'td a
1=
(change charge state from 1 = 2)

classical channel
h 4
2. Form singlet bound state versus unbound triplet

h_conlirmation

A

Store until[]

T
T
FET h
qubit
1= recerved
[ oy
Alice

Then detect single charge in an FET or Quantum Point Contact transistor

Repeaterl

Conduction Band

Valence Band

Entanglement Preserving Photo-Detector

1
2

Conduction
Band

o4

Entanglement Preserving Spin-Coherent Semiconductor Photodetector

3 Valence
5 Band
light light heavy




The hole wave functions in Semiconductors:
=372, L=1,8="%) Conduction > 0> 8,-1/2>=1>
band 8,1/2>=10>
heavy m;=3/2) =m,=1, m=") R .
&l Z EnyllZ
light [m,=1/2) = [m, =1, m=-%) + [m~0, m="5) hv. hv
light |m,=-1/2)= |m,=-1,m=") - |m~0, m~=-'%)
heavy m; =-3/2) = |m,= -1, m~=-%) J
5 ]=3/2,m.=1/2>
o . _ Valence > =372,
The electron wave function in I[1I-V semiconductors: B
"1 e band ElnM
L=0, S=14) .
|_]=3/2,mj=-1/2>
electron |m,=0, m= %)
electron |m,=0, m=-"2)
Detecting Entanglement:

Photon

hv

Optical

Fiber

60nm
_30nm _,
2 D
Parametric Decay Photon Pair Generator
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Fig. 1(a) Hideo Kosaka et al.
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Read-out Electron Well




Qubit Read-out Scheme
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Teleportation Repeater Top-view Schematic

Gates for Quantum Repeater

Read-out Channel Depletion Gate
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PA SR
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Two qubit interaction
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Reducing central barrier
turns on exchange
interaction between two
qubits

Conclusions:

1. There is little or no penalty in using electron spins in
Silicon versus nuclear spins.

2. Electron spin Dephasing is already slow enough to easily
permit error correction.

3. Single photon and single photo-electric charge detection is
readily performed in transistor-like structures.

4. The next big step prior to an electron spin CNOT gate is
the readout of a single electron spin orientation.

5. In the long run;
Carbon-based electron-spin hosts may allow room temperature
operation of a quantum information processor.
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