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Bohr model of the hydrogen atom

 (Consider motion in a circle
with attractive Coulomb force
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Rydberg energy E,=13.6eV
Ha line: E;-E,=5/3413.6eV= 656nm

Bohr radius r,=a,=0.53A




Rydberg spectrum of hydrogen
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A hydrogen-like atom in a silicon
chip: The Group 5 impurity
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 The electron-ion
attraction is
screened by ¢

e The mass is
reduced by m*




Scaling from hydrogen to donor

* Binding energy:
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20meV~160cm-1~60um~5THz



60 *

Hydrogen like spectrum in Si:P

SA Lynch et al, Phys. Rev. B (2010)
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Some qualitative differences between hydrogen and
donor

— States split by cubic crystal symmetry (e.g. 2p, and 2p,)

— s-states shifted down in energy by “quantum defect” (a.k.a. “chemical
shift” or “central cell correction”) due to the P* ion not being point-like




Group V donors in silicon

» Very sharp lines: for 29.3’ S(P) 20, Silli)
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Qubit gate control scheme

 Qubits: spin of = =———
deep, well isolated \
impurity states with 2p
very long (msec) 4 VI\VAY

dephasing times —
they remain in 1s

state control: 7s(A,)

oumping different  AUPItA:TS(A¢)|]  qubitB:7s(A,)

impurity species 6.q. Bi

Wlth_ overlapping A. M. Stoneham et al, J. Phys. C, 15, L447, 2003.
excited state



Incoherent dynamics experiment:
pump-probe

* A strong pump pulse bleaches the
transmission by exciting ~50% of the  »_ _\_
oscillators N 4

A weak probe measures the
transmission recover as a function of

time delay
t<0 t=0 (bleached) t~t (relaxing) t>>t (recovered)
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FELIX, the Free-Electron Laser for
Infrared eXperiments (Utrecht)
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FELIX light output

Picosecond pulses

— |deal for short time
dynamics

MW power

— ldeal for bleaching

A~4-250um

— ldeal for silicon
impurities at 20-40um

Repetition time is long
enough that each
pulse starts afresh
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Pump-probe expt for lifetime
pr
Si:P I >
Lifetimes near 200 ps for P
10THz oscillations:
— Q =200x10-12/10-13 = 2000 for
Rydberg states in Si
Implications

— lon trap physics in silicon
— possibilities for impurity lasers

Inverse exchange
Interactions in P-Bi scheme
hld ~ 10ps << 200 ps

— Lifetime long enough to make . T e et

“cube-root of unity” gate, Delay between pump and probe pulses (ps)
maybe not for “C-NOT” gate
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NQ Vinh et al, Proc Nat Acad Sci USA 105, 10649 (2008)



Spectral
dependence

Measured:

— Si:P, Si:Bi
exhaustively,

— Si:Sb, Si:As
some data

Lifetimes follow

phonon density of

states

No signal when off-
resonance

Bi atoms resonant
with optical phonons
show evidence of
Intermediate state

trapping
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FEL as a coherent source

* So far the experiments have not required
the coherence of the light, as pump-probe
experiments can be incoherent



Coherent dynamics:
The Hahn Echo

« The photon echo is analogous to the spin echo of ESR/
NMR

* For an ensemble of oscillators with inhomogeneity in the

natural frequency, a n-pulse can reverse the loss of
phase
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The time dependent Schrodinger

equation
Assume we have a two- _ LY, |
level atom in the dark Hip, =in—==Eg; =12
E, —3 I/Jl.(l',t)=¢.< )exp(—iE.t/h)
hwy = E, — E; H = H, + exF, cos wt
E. __¢
1 / | (g EC" (O, (r,1)
Now add a strong light o o
field zh;
The Rabi frequency
Qp=Fu,/n

The dipole matrix element ¢ (1) = %QRcz(t) ¢,(t) = Q < (1)

u, = | @exp,d’r
N f o ¢, (t) =cos(82,1/2) cz(t)=zsm(QRt/2)



Rabi flopping in rubidium
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The Bloch Sphere

| | H.M. Gibbs,
T o7 3T ar Phys. Rev. Lett. 29, 495 (1972),
THEORETICAL INPUT AREA Phys. Rev. A8, 446 (1973)




Time-evolution of superpositions
« 50:50 superposition, switch off light

m(r,t)=%[ (r)expl=iE ¢ /7)+ ¢, (r)expl=iE.¢ /)]

= % exp(— iElt/hI¢1 (l‘)+ ?, (l‘)exp(i(E1 - £, )t/h)] &

* The relative phase of the
superposition oscillates
with the natural frequency

— On Bloch sphere vector t t
precesses around equator
— The expectation position 0) + ﬂllﬁ

oscillates up and down
— The atom radiates
0 > vy €
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The Hahn Echo

* For an ensemble of oscillators with

iInhomogeneity in the natural frequency, a

n-pulse can reverse the loss of phase
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Hahn echo in Si:P

« At optical frequencies with directed laser
beams there is spatial interference
between the coherence and the light

FELIX
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Greenland et al, Nature 465, 1057 (24 June 2010) Echo Angle
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Hahn echo in Si:P

 The arrival time of the echo is controlled
by the delay between the pump and

rephasing pulses me/' o
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Photon echoes for excited state T,

1.0
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Intensity
dependence

The dephasing time
reduces with increasing
intensity due to photo-
ionisation from the excited
state

The beam profile
smoothes out the Rabi
oscillations
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2-level density matrix model

* Theory includes photoionisation
dependent dephasing and

spatial beam profile

 Requires 3 parameters:

— dipole matrix element,

— photoionisation cross-section,
— collision probability for free electron

and excited neutral donor

« Comparison between expt and

theory of

— first Rabi oscillation peak height

— Intensity of peak position
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Summary

Comparison of H and Si:P

', photoelectrons

escape
ohoto- +
ionization
c~1.4 10 m?
2p T fecceuemssszzzzzz
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Summary

We measured incoherent dynamics of shallow donor
impurities in silicon — for the first time

The P lifetimes are long and close to the inverse
linewidth of 28Si:P

— in the sense that ion traps remove sources of decoherence, the
silicon host is like a very cheap ion trap!

We demonstrated quantum coherence effects in Si:P —
the first steps towards quantum computation

Photoionisation is annoying
— so reduce the density

Laser beam profile is annoying
— So reduce the doped area
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