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Bohr model of the hydrogen atom 
•  Consider motion in a circle 

with attractive Coulomb force  
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•  With quantised angular 
momentum 
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Hα line: E3-E2=5/3613.6eV≡ 656nm 

Solve for radius: 

Solve for energy: 



Rydberg spectrum of hydrogen 
•  Hydrogen absorption 

spectrum seen 
superimposed on the 
emission from a very 
hot black body (a star) 
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A hydrogen-like atom in a silicon 
chip: The Group 5 impurity 

•  P looks like 
silicon with  
–  an extra +ve 

charge in the ion 
–  an extra electron 

orbiting 
•  The electron-ion 

attraction is 
screened by εr  

•  The mass is 
reduced by m* 



Scaling from hydrogen to donor 
•  Binding energy: 

•  Bohr radius 

H Si:P 
εr 1 11.4 
me 1 0.19 
ER 13.6 eV 0.020 eV 
a0 0.056 nm 3.2 nm 
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Hydrogen like spectrum in Si:P 

•  Some qualitative differences between hydrogen and 
donor 
–  States split by cubic crystal symmetry (e.g. 2p0 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 
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B. Far-infrared spectroscopy

FT-IR absorption spectroscopy was performed using our
Bruker 125 HR FT-IR vacuum spectrometer. The samples
were individually mounted on a custom oxygen-free copper
mount, which was in turn attached to the cold finger of an
Oxford Instruments flow cryostat. The sample mount was
carefully designed so that the samples were not subjected to
any strain while still retaining good thermal contact with the
cold finger. This is a key point: in our previous experimental
studies, significant strain effects were observed in the ab-
sorption spectra of glued silicon samples on cooling to liquid
helium temperatures. The full beam path was under vacuum.
Figure 1 shows absorbance spectra for the three Si1−xGex :P
samples and the Si:P reference for temperatures between 6
and 150 K. The top plot shows the familiar shallow impurity
states and their temperature dependence. At this donor con-
centration and optical thickness the 1s!A1" to 2p! and 1s!A1"
to 3p! lines are saturated. As the sample temperature rises,
the two higher lying valley orbit split-off ground states 1s!E"
and 1s!T2" become thermally populated, leading to addi-
tional absorption lines in the 20–30 meV region.13 These
additional lines can be seen when the sample temperature
reaches about 40 K, and they become particularly strong, in
the temperature range 60–90 K. The strongest absorption
lines seen here are from 1s!E" and 1s!T2" valley orbit ground
states to the 2p0 and 2p! states. Transitions to the higher
lying p states are not normally observed. This is because the
higher p states are much closer to the continuum edge and
thus more easily ionized at elevated temperatures. The ab-
sorption cross section for transitions to higher p states is also
smaller. With the addition of a small amount of Ge to the Si
matrix the phosphorus donor lines are no longer sharp. At 6
K the 0.9% Si1−xGex sample shows a strong broad spectral
feature close to where the 2p! line would be in pure Si:P. At
higher temperatures a broad feature which contains contribu-
tions from 1s!E" and 1s!T2" to 2p! transitions, can be ob-
served around 20–30 meV. The spectral features become in-
creasingly broader as the Ge content is increased. These
results agree well with photoconductivity measurements de-
scribed in Ref. 14.

C. Time-resolved spectroscopy

For the time-resolved pump-probe spectroscopy measure-
ments we concentrated on the 0.9% Si1−xGex sample because
it still had discernible spectral peaks. In particular we inves-
tigated the behavior of the T1 lifetime of the spectral feature

corresponding to the broadened 1s!A1" to 2p! line at 38.1
meV !32.5 "m". Here we define T1 according to the simple
exponential decay function, y0+C0 exp!−t /T1", and we fit
this function to the data. Figure 2 shows a diagram of the
experimental setup. We used the free electron laser at the

TABLE I. Sample name, Ge content, resistivity, and phosphorus
concentration.

Sample name
Ge content

!%"
Resistivity

!# cm"
Conc.
!cm−3"

Si:P V2682 0 1.2 4$1015

SiGe:P 236 0.9 1.0 5$1015

SiGe:P 222 3.0 2.0 2.3$1015

SiGe:P 223 6.0 2.0 2.3$1015

FIG. 1. !Color online" Far-infrared absorbance spectra for Si:P
and samples of Si1−xGex with different Ge contents. The curves are
color coded to show different sample temperatures. Transitions
from the ground state 1s!A1" to excited p states !green online", and
transitions from higher lying valley orbit split-off ground states
1s!E" and 1s!T2" to the excited p states !orange online" are labeled.

LYNCH et al. PHYSICAL REVIEW B 82, 245206 !2010"

245206-2
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SA Lynch et al, Phys. Rev. B (2010) 



Group V donors in silicon 
•  Very sharp lines: for 

isotopically pure 28Si:P 
hΔν~4µeV~0.03cm-1~1GHz 
[1/Δν~152ps] 

•  [c.f. typical commercial 
(natural) silicon – 250µeV, 
or single quantum dots – 
50µeV] 

•  for ‘quantum control’ - need 
to know how much of this 
inhomogeneous 
broadening, and how much 
is lifetime broadening 

Cardona et al. PRL 90 (2003) 



Qubit gate control scheme 

•  Qubits: spin of 
deep, well isolated 
impurity states with 
very long (msec) 
dephasing times – 
they remain in 1s 
state 

•  Entanglement/ 
control/gating: 
pumping different 
impurity species 
with overlapping 
excited state 

qubitA:1s(A1) 

control:1s(A1) 

qubitB:1s(A1) 

Continuum 

2p 

e.g. Bi e.g. P 
A. M. Stoneham et al, J. Phys. C, 15, L447, 2003. 



Incoherent dynamics experiment: 
pump-probe 

•  A strong pump pulse bleaches the 
transmission by exciting ~50% of the 
oscillators 

•  A weak probe measures the 
transmission recover as a function of 
time delay 

t<0 t=0 (bleached) t~τ (relaxing) t>>τ (recovered) 

pr 

pu 



FELIX, the Free-Electron Laser for 
Infrared eXperiments (Utrecht) 

FELICE 



FELIX light output 
•  Picosecond pulses  

–  Ideal for short time 
dynamics 

•  MW power 
–  Ideal for bleaching  

•   λ~4-250µm 
–  Ideal for silicon 

impurities at 20-40µm 
•  Repetition time is long 

enough that each 
pulse starts afresh 



0 200 400 600 800

10-4

10-3

10-2

10-1

 

 

P
ro

be
 T

ra
ns

m
is

si
on

 (a
rb

. u
ni

ts
)

Delay between pump and probe pulses (ps)

 16.7 nJ
 5.3 nJ
 1.1 nJ

Pump-probe expt for lifetime 
•  Si:P 
•  Lifetimes near 200 ps for 

10THz oscillations: 
–  Q = 200x10-12/10-13 = 2000 for 

Rydberg states in Si 
•  Implications  

–  Ion trap physics in silicon 
–  possibilities for impurity lasers 

•  Inverse exchange 
interactions in P-Bi scheme 
/J ~ 10ps << 200 ps 
–  Lifetime long enough to make 

“cube-root of unity” gate, 
maybe not for “C-NOT” gate 

pr 

pu 

NQ Vinh et al, Proc Nat Acad Sci USA 105, 10649 (2008)  
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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 

NQ Vinh et al, Proc Nat Acad Sci USA 105, 10649 (2008)  



FEL as a coherent source 

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

t ω	




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 π-pulse can reverse the loss of 
phase 



The time dependent Schrodinger 
equation 

•  Assume we have a two-
level atom in the dark 

•  Now add a strong light 
field 

•  The Rabi frequency 

•  The dipole matrix element 
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Rabi flopping in rubidium 
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H.M. Gibbs,  
Phys. Rev. Lett. 29, 495 (1972), 
Phys. Rev. A8, 446 (1973) 
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Time-evolution of superpositions 

•  The relative phase of the 
superposition oscillates 
with the natural frequency 
–  On Bloch sphere vector 

precesses around equator 
–  The expectation position 

oscillates up and down 
–  The atom radiates 
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•  50:50 superposition, switch off light 



The Hahn Echo 

•  For an ensemble of oscillators with 
inhomogeneity in the natural frequency, a 
π-pulse can reverse the loss of phase 



Hahn echo in Si:P 
•  At optical frequencies with directed laser 

beams there is spatial interference 
between the coherence and the light 

Greenland et al, Nature 465, 1057 (24 June 2010) 



Hahn echo in Si:P 
•  The arrival time of the echo is controlled 

by the delay between the pump and 
rephasing pulses 
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Photon echoes for excited state T2 

•  Measured T2 200ps ~T1 from pump-probe in natural 
Si:P 

•  Also similar to inverse linewidth of isotopically purified 
28Si:P from Cardona et al (1/Δν= 152ps, c.f. 31ps for 

      natural Si:P) 



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 



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 



Summary 



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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