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Why Li in Si ?
1) ground state is 5-fold valley-orbit degenerate 
2) 3 orders of magnitude enhancement of SO interaction compared to phosphorus 

donor
3) Strong spin-to-charge conversion
4) Stress, magnetic and electric field controls
5) T1 time of spin-orbital excitation  is several seconds at  0.34 K
6) T2 time is in the millisecond range at 0.34 K
7) Effective mass theory provides accurate description of EPR and IR 

experiments. Valley-orbit splitting of ground state energy level  1s(T+E)  is 7.5 
µeV  and is about 100 times smaller then in Si:P

8) 1 Angstrom  induced electric dipole moment in 3KV/cm electric field
9) Qubits are  formed by “spin-orbital” excitations of Li donor electron
10) Strong inter-qubit elastic-dipole coupling mediated by virtual acoustic 

phonons. Can be controlled by stress or electric field.



Interstitial donor Li in Si
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• interstitial impurity

• local symmetry the same     
as in substitutional donors

• weak, repulsive central cell
potential



Shallow donors in Si
Effective mass theory (EMT), Kohn & Luttinger, Phys. Rev. (1955)
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Li donor in silicon: background 
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Orbit‐valley splitting

Si:Li Si:P

Level P (meV) Li (meV)

1s(A1) 45.59 31.24

1s(E) 32.58 33.02

1s(T2) 33.89 33.02
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Inverse order of 1s states
Ground state 1s(T+E) is  degenerate
Splitting of T2 and E 7.5 µeV 
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Li – 5-fold valley-degenerate ground state!



Si:Li spectrum under uniaxial stress
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Electron-phonon interaction
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Probabilities of one-phonon decay 
Weak transition: inter-valley Umklapp process:
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Strong transition: intravalley process:
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Weak transitions involve umklapp processes
Strong transitions do not!



Hamiltonian of Li Donor in Si: Stress+Magnetic Field
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Spin-Orbit Hamiltonian

Valley-orbit states: 1 ,A Eε −,Eθ even ,xT zT −,yT odd

( ) ( ) ( ) . .SO z z x y x x y z y y z xH iS E T T T iS E T T T iS E T T T hcελ λ λ λ λ λ+ −′ ′ ′= + + + + + +

( )1 3 .
2

E E Eε θ± = ±

Spin-orbit interaction couples the states 
of different parity!

Watkins and Ham,
Phys. Rev. (1970)

Origin of the spin-orbit coupling Si host!



Chiral Symmetry
The Hamiltonian H(0) of shallow donors in Si  which 
includes:

•Valley-orbit splitting
•Arbitrary biaxial strain
•Zeeman term with B parallel to one of the crystal axes 
•Spin-orbit interaction

possess chiral symmetry:
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Chiral Symmetry
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Spin-flip transitions:
Compressive stress
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Li atom displacement off the Td site

rδ



Li-displacement Dipole Potential
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Transition rates and kinetics
Spin lifetime
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Geometry of the sandwiches used in ESR experiments 
( Steve Lyon , and Alexei Tyryshkin )

using  thermal compression and tension  in a silicon sample

Quartz sandwich us used to form compressive 001 stress  9 MPa
Sapphire sandwich is used to create a 001 tension of  30 MPa

Sapphire
28Si:Li

Sapphire

B

110 compression
001 tension

001

Quartz
28Si:Li

Quartz

B

110 tension
001 compression

001



Inversion recovery: Comparison with Experiment
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Bi-exponential T1

1/T1 = 6.8e5*exp(-6.6/T)
∆E = 6.6 K = 0.57 mV
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• Temperature dependence of T1 and T2 in 28Si:Li under compressive stress and   
magnetic field applied along [001]. 

• Two T1 (or T2) times shown for each temperature

Quartz Sandwich
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The same T1 temperature dependence from above is plotted now in Arrhenius
coordinates. It is clearly seen that the three high-temperature points form a good line, 
but the last point (0.34K) deviates substantially. 



Electrical Manipulation of Li spin Qubits

What to expect for Li?

•Effective mass impurity
•Quasi-degenerate ground state
•Larger induced dipole moment
•Possibility of controlling levels of ground-state manifold with 
electric field
•Enhanced role of the spin-orbit interaction
•Coupling of the electro-dipole and spin-flip transitions



Previous work: Stark Effect for P and Sb in Si

Experiment: Bradbury et al., PRL (2006)

Theory:
Rahman et al., PRL  (2007)
Landsbergen et al., NP (2008)
Friesen, PRL (2005)
Smit et al. , PRB (2004)
Kettle et al. PRB (2003)
Martins et al., PRB (2004)
Debernardi et al., PRB (2006)
Calderon et al., PRL  (2006)
...
Classic Quadratic Stark Effect:
Privman, PRB (1980); Ivanov, PRB (1997), and many 
more ...



Rayleigh-Ritz method
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Selection rules for mixing states

Matrix elements in H0 are nonzero only if certain selection rules are obeyed:
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Quadratic Stark Effect for a Hydrogen Atom

Electric Field (2Ry/eaB)

Exact Expansion

Variational method
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Quadratic Stark Effect for EMA Donors in Si

-field perpendicular 
to heavy mass axis

-field parallel to 
heavy mass axis

1s wavefunction



Anisotropy of Quadratic Stark Effect for EMA Donors in Si
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Valley-Orbit Effects

Valley-Orbit Hamiltonian Matrix:
(0) ( ) (1/ 6) (1 )ij i ij c ijH E δ δ= + ∆ −

Dipole-Moment Matrix:

(0)
tot so ZeemanH H H H= + +



Three-level System



Transitional Dipole Moment



,    ηg = -1·10-5 (in µm2/V2)( ) 2
gg E g Eη∆ = ⋅ ⋅

( ) 2
aa E a Eη∆ = ⋅ ⋅ ,    ηa = -3.7·10-3 (in µm2/V2)

• substitutional donors (P, As, Sb) vs. interstitial 
donor (Li)



Lithium doped 28Silicon – on – Insulator (28SOI) for Stark shift experiments

28Si epi-layer

nat. Si substrate

+ +− −

•Layout of the device for Stark shift experiment. Interdigitated gate structure on 
surface of 28Si epi-wafer produces a dipolar electrical field pattern across the 
implanted 7Li donors.
• Electrical fields of ~1000 V/cm to 4000 V/cm have been achieved in earlier 
experiments on Stark shift in Sb donors and are predicted to yield relatively large 
electrical dipole moments of order 0.1 nm

SiO2, buried oxide

7Li donors

nat. Si substrate



Summary

Si:Li Predictions:

•Large T1 ~ 1s and T2 spin times ~ 1ms for T<0.3 K (confirmed)
•Possibility to manipulate spin qubits electrically due to unique
electronic structure
•Enhanced role of the spin-orbit interaction
•Large induced dipole moment associated with spin-flip transition
•Large induced g-factor shift 

What to explore?

•E-field induced g-factor shift (expected to be 3 orders 
of magnitude larger than in other donors)
•Possibility of Li spin coupling with a resonator cavity 
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