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XIII. Orbital control of semiconductor dopants 
Ben Murdin, University of Surrey 
!
Hydrogen-like donor states in semiconductors provide a long-lived, 
addressable medium for THz-based control of coherent quantum states. 
 

 
 

Abstract: A remarkable fact of physics is that impurities with one 
more valence electron than the host semiconductor display ground 
and excited states that are closely analogous to the free hydrogen 
atom Rydberg series, which was the touchstone for the Bohr 
formulation of quantum mechanics. This analogy between atoms in 
vacuum traps and impurities trapped in a crystal has led to exciting 
work at the cross-over between atomic physics and the solid state. 
New capabilities for deterministic doping have arisen, providing the 
opportunity for a new field of “crystal traps”, with the aim of coherent 
control of spin and orbital quantum states of flexible “designer” 
wave-functions permanently fixed in space. Control of the orbital 
degree of freedom is in many cases only currently possible using a 
THz Free Electron Laser. 
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Introduction 
Atoms and ions trapped in vacuum are attractive for quantum coherence experiments and 
applications because the interactions of each atom with the environment are weak, providing 
sharp lines and long lifetimes for experiments.  Because coherent manipulation of the 
quantum states of atoms in traps is possible, this ability has been used to demonstrate 
quantum computational gates and algorithms. The quantum information is encoded in the 
states of trapped ions – the qubits. A qubit is simply any two-state quantum system that can 
be put into a superposition, and a qubit register contains several entangled qubits. Quantum 
logic is carried out by controlled modification of the probability amplitudes (usually) in pairs of 
qubits. Successful demonstration of qubit gates requires two contradictory achievements. 
First, to ensure quantum dynamics of the components, these must be isolated from their 
environment; second, to control the computation, external intervention is required. However, 
to preserve the quantum nature of the computation the intervention must also be quantum 
mechanical. Finally, it must be possible to scale the system up to a large enough size to 
perform useful computations.  
 
It is of great interest to perform quantum coherence experiments on atoms trapped in crystals 
such as silicon. There is an enormous wealth of sophisticated electrical contacting and 
manipulation technologies that can be borrowed from the CMOS industry to enable control 
and read-out of the potentials around the impurities. The three-dimensional structures that 
can be constructed have huge variety compared to the potentials that can be achieved in free 
space, with far closer connection to the target atoms. The electronics industry is not looking to 
academia for help with making smaller CMOS, but it is looking for completely new ways of 
manipulating and storing information, ideally using the same platform. Quantum coherent 
control of spin and orbit (“spintronics” and “orbitronics”) provides the possibility of completely 
new, very powerful information technology devices .   
 
Solid-state quantum technologies 
The analogy between free hydrogen atoms and shallow dopants in semiconductors, such as 
the phosphorus substitutional impurity in silicon, has long been recognised and they have a 
single mobile electron orbiting a singly positively charged ion. The Bohr model may be used 
to explain their binding energy with two simple corrections (Table 1): the electron orbits far 
from the ion so the many intervening electrons from the host crystal screen the Coulomb force 
(i.e. ε0 is replaced by εrε0); and the fact that the host is periodic means that the electron 
energy-momentum dispersion is modified so the conduction band is characterized by an 
“effective mass” (i.e. me is replaced by m*me). Indeed a solution of the hydrogenic 
Schrödinger Equation with these two corrections (and allowing m* to be anisotropic) works 
extremely well for the excited states (though the ground state requires more sophistication) 
[1]. For the case of Si the binding energy is a few 10’s of meV, which puts the Lyman series in 
the THz part of the spectrum, i.e. in the range of the THz Free Electron Laser. For example 
the Si:P 2p0 first excited state has a radial extent of 10 nm, and approaches the size of 
transistors already in commercial use. The 1s-2p0 transition is at 8.2THz (=275cm-1 34.0meV, 
or 36µm), and states with principal quantum number up to 6 (radius ~100nm) are easily 
observable in high purity commercial material.  The remarkable fact is that in clean crystals, 
the levels can be extraordinarily sharp, down to 1GHz. 
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The binding energy for silicon (Table 1) is about the same as the thermal energy kBT at room 
temperature, so the extra electron thermally ionises and becomes available for conduction, 
which is why semiconductors are so highly controllable. However, at temperatures below 
about 50K, the electron is bound and the impurity resembles atomic hydrogen. Even higher 
temperatures may be satisfactory for some less commonly used impurities that have much 
greater binding energies.  
 
 

 H Si:P 

Dielectric permittivity, ε
r
 1 11.4 

Electron (effective) mass, m
e
 1 0.19 

Rydberg energy,  13.6 eV 0.020 eV 

Bohr radius,  0.056 nm 3.2 nm 

Table 1. The scaling rules for hydrogenic shallow dopants in silicon relative to free hydrogen. The actual state energies are 
modified slightly by the periodic lattice (produces an anisotropy of the effective mass, that lifts some degeneracies e.g 
splits the 2p0 from the 2p±) and the quantum defect (a.k.a. the central cell correction, that reduces the s-state energies). 

 
Deterministic doping can be used to position some impurities with atomic resolution [2,3], so 
the solid state environment for these impurities can therefore be seen as the nanoscale 
analogue of an optical lattice in atomic physics. In terms of single spins, i.e. single electrons 
bound to a single impurity, read-out may be achieved using atoms near or within a SET [4]. 
Both single electron and single nuclear qubit readout have been demonstrated using 
randomly implanted phosphorus atoms, and readout of deterministically placed donors seems 
imminent. The latter possibility has generated great excitement world-wide (evidenced by a 
number of recent reviews) [5,6]. 
 
The classic demonstrations of quantum coherence are Ramsey interference and the spin 
echo which allow measurement of inhomogeneous and homogeneous dephasing times, 
respectively. Even several decades ago Si:P demonstrated the longest electron spin 
coherence times in the solid state; many seconds.  In isotopically pure 28Si it far exceeds even 
this, and it can be as much as three hours at low temperature when the donor is ionized. The 
nuclear spin of a phosphorus donor is 40mins even at room temperature [7]. As mentioned 
above, the desire for minimal environmental decoherence somewhat contradicts the that for 
easy external control – the small dipole moments of nuclear spins protect them but make 
them slow to manipulate. Electron spins or electron orbits are successively less protected but 
allow faster control. This suggests the possibility of very robust quantum memory with the 
nucleus, with information swapped to the electron using control of the S.I coupling (the 
hyperfine interaction), which is magnetic field sensitive [8].  
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Deterministic doping 
 
For the last 60 years, randomly placed group III and V donors have been a key feature of semiconductor 
technology. The last decade has witnessed the development of deterministic doping, with the associated 
possibility of creating arbitrary low dimensional solids within the “vacuum” provided by the world’s 
cleanest host, silicon, as well as constructing new devices atom by atom. Our view is that this capability 
is as significant for condensed matter and device physics as the development of cold atom technologies 
has been for atomic physics. There will be a wide range of impacts, from the improvement of classical 
devices for which disorder-based scattering and localisation effects will be suppressed, through to 
integrated quantum gate networks.  
 
As silicon technology is developed, ever more effort is being invested in proof-of-concept research for 
novel devices. There have been significant advances in deterministic doping, leading to the fabrication of 
atomically precise wires and single electron transistors (SETs), for electron spin detection. The process 
of atomic scale engineering consists of patterning a hydrogen resist using current pulses through a 
Scanning Tunnelling Microscope tip (which can be performed with atomic resolution), exposing the 
patterned surface to the dopant precursor gas phosphine (PH3), annealing to incorporate the dopant 
atom into the surface layer, and encapsulating the dopant structure in silicon using molecular beam 
epitaxy.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. I1. Deterministic doping is performed with atomic reolution in an STM. The image shows a silicon surface where the dangling 

bonds are passivated with hydrogen atoms (blue features). Two H atoms have been removed by current pulses so the dangling 

bonds of the silicon (white features) poke through the hydrogen layer, ready for attaching phosphorus containg molecules. 

Arbitrary arrangements can be produced and subsequently encapsulated in overgrown silicon. Picture by Steven Schofield 
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Optical Rabi oscillations, Ramsey interference and Hahn echoes 
 

• In a spin coherence experiment a strong electromagnetic field rotates the electron (or nuclear) spin, 
putting it into a superposition state.  The angle of rotation increases with the amplitude and duration of 
the pulse, so that the probability of occupation of the excited state rises and falls sinusoidally (Rabi 
oscillations).  A second, delayed pulse, can be used to manipulate the quantum coherence.  In a 
Ramsey interference experiment the second pulse is equal in amplitude, and depending on the phase it 
either increases or decreases the rotation. As the arrival time of the second pulse is increased the 
macroscopic phase decays e.g. by inhomogeneous broadening, the so the fringe amplitude reduces. In 
the Hahn echo experiment (Fig I1) the second pulse reverses the accumulated phase, and after a time 
equal to the delay between the pump pulses a spin echo is detected.  The strength of the echo decays 
with increasing delay between the pulses as coherence is lost.  

•  
• There are electric-dipole equivalents of these spin effects, and the mathematical description is exactly 

equivalent. The natural frequency that defines the evolution of the relative phase of the probability 
amplitudes in the dark is (E2-E1)/, just as for spins. The Rabi frequency is 〈1|µE|2〉⋅E1/ instead of 
〈↑|µM|↓〉⋅B1/ where µM,E are magnetic and electric dipole moment operators and B1 and E1 are the a.c. 
magnetic and electric field amplitudes. The evolution can also be represented by a Bloch vector with the 
same coordinate definition as for spins, though commonly the sign convention is such that the ground 
state is at the south pole: (c1c2*+c2c1*, ic1c2*-ic2c1*, c2c2*-c1c1*) where c1,2 are the amplitudes for states 1 
& 2. As usual, the z-coordinate equals the probability difference in a two-level superposition state, and 
the azimuthal angle equals the relative phase of the amplitudes, Arg(c2/c1). A technical difference is that 
the wavelength is small enough to use free-space beams with waist smaller than typical samples. This 
produces an advantage that the echo emission is directed, and spatially separated from the other beams 
in the phase matching direction 2k2-k1 where k1,2 are the directions of the π/2 and π pulses. The 
disadvantage is that the sample experiences a non-uniform field amplitude and Rabi oscillations are 
unresolved.  

•  
 

 
 
Fig. I1. The Hahn echo sequence, shown in conjunction with a Bloch sphere in the laboratory frame. In this convention the ground 

state is at the South pole. The Rabi frequency during excitation is ΩR= ex12E1/. The first pulse has “area” ΩRt = π/2 where t is the 

pulse duration and the 2nd has area π. At a time 2τ (where τ is delay) the oscillators are back in phase, i.e. there is a macroscopic 

polarisation and an echo is emitted. 
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THz dynamics and control in Si:P 
Control over the orbital quantum number provides even faster electric-dipole interaction (with 
consequently faster decoherence) and a crucial tool in the quantum logic kit because the 
change of wavefunction extent/shape changes the overlap with neighbours.  
 
To perform dynamics experiments and quantum control a coherent pulsed source is required, 
and for Si:P it must be in the THz spectrum. Because the transitions are sharp, a tunable 
source is required, and the bandwidth must be broader than the absorption line (1GHz) but 
smaller than the separation between lines (~100GHz). Finally the intensity must be high to be 
able to achieve π-pulse excitations (one of the pulses in the echo sequence, required for 
complete control of superposition states). The precise intensity value required depends on the 
pulse duration and on the atomic dipole moment, and in the Si:P case for 10ps pulses 
approximately 1mJ/cm2 is required. In this case only the r.f. linac pumped FEL is suitable, 
although it is expected that once the physics is understood and applications are clear, 
developments in Quantum Cascade Laser diodes or Ti:sapphire-based THz sources will 
follow. 
 
FELs have been used to make the only measurements of the population decay of orbital 
excitations for silicon dopants using a degenerate pump-probe experiment [9,10,11]. Here, a 
strong pump-pulse excites the population to bleach the absorption. A weak probe pulse, 
incident at a small angle to the pump with controllable arrival time, measures the recovery. 
This is an incoherent experiment, but still requires short pulses and high intensity of the right 
frequency. The lifetimes observed are only an order of magnitude shorter than those in atomic 
hydrogen (the 2p0-1s relaxation in Si:P is ~200ps compared with 1.6ns for H), although 
phonon, rather than photon emission implies a much shorter timescales than might be 
expected from a THz-frequency transition in atoms.  
 
Coherent control of Si:P equivalent was first demonstrated with an orbital photon echo [12]. 
Those experiments take advantage of the coherence of the THz pulses from the FEL – they 
are band-width limited - to stimulate and observe photon echoes (Fig. 2), the orbital analog of 
the Hahn spin echo. Rabi oscillations were also observed, although unresolved due to 
integration over the Gaussian beam profile. The echo experiment showed that the 
homogeneous dephasing time (also ~200ps) is very similar to the population lifetime, i.e. that 
the only source of decoherence is the phonon emission responsible for the energy relaxation. 
This is amazing, since the electron orbits within a volume containing 106 other charges, all 
with zero-point fluctuations (motions associated with the uncertainty principle). The coherence 
lifetime long enough to be used in certain quantum gates.  
 
We have demonstrated a range of coherent manipulation and control effects with optical 
detection, such as echo detection of T1 (with a π-π/2-π-echo sequence), and Ramsey 
Interference. This latter is a crucial process in gating, which requires the coherent excitation 
and de-excitation of the control atom that mediates the exchange between the two qubits.  
 
One of the primary reasons for interest in silicon is the opportunity for integration with readout 
electronics, and electrical detection of single spins has already been mentioned. Electrical 
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readout of ensembles has been developed for orbital excitations too [13,14]. Ramsey 
interference has been generated in electrical detection, and Fig. 3 shows clear fringes that 
last for T2*~30ps, consistent with the inverse linewidth of the spectrum, far longer than the 
autocorrelation of the light pulses with duration 2 ps measured simultaneously.  

 
 

Fig. 2. A THz photon echo from Si:P using the FEL 

[12]. Echoes are shown as a function of time relative 

to the arrival of the π-pulse, for various delays 

between the π/2 and π. The echo amplitude shrinks 

with exp(-4τ/T2) where τ is the delay and T2 is the 

homogeneous dephasing time. The factor of 4 arises 

because the duration of the coherence is 2τ and the 

echo strength is proportional to the square of the 

superposition amplitude. 

 

 
 
 

 
 
 
Fig. 3. Electrically 

detected Ramsey 

interference. The first of a 

pair of π/2 pulses creates 

a superposition and the 

second interferes with the 

coherence left in the 

sample by the first. The 

colour map shows a 

“wavelet” transform, i.e. 

the frequency of the fringes in the interference as a function of time delay, when the laser is tuned to the 1s-2p± 

transition at 9.75THz. The Ramsey interference (left) lasts many 10’s of ps, while the autocorrelation of the pulse is 

much shorter. 

 
Outlook 
The phosphorus impurity in silicon has shown the longest spin coherence time known in the 
solid state, and experiments with the FEL have shown long, useful orbital coherence times 
too. Much is still to be explored, and many other important impurities have yet to be examined. 
The spin of a single deterministically placed dopant atom has yet to be measured, although 
small clusters have been detected. The challenge now is to develop the equivalent control 
and read-out for single orbital excitations. Deterministic doping allows the creation of a host of 
designer structures, from a simple H2 molecule analogue to lattices of many donors. So far 
nothing is known about the electric dipole (or spin) dynamics of such structures, and this will 
be crucial for exploitation. There are still significant challenges to overcome in 
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deterministically placing multiple species of single atoms for ultimate flexibility. A great variety 
of potential "molecule" and "lattice" structures could then be made to create designer solids, 
and there is a bright future for THz FEL experiments.  
 
Summary 

 
• Impurities in silicon and other semiconductors provide sharp transitions with long 

coherence, and make good candidates for quantum technology platforms 
 

• Transition frequencies are often at small energy due to the dielectric screening of 
the crystal host, meaning that the THz FEL provides an invaluable tool for 
studying coherent and incoherent dynamics and control. 

 
• Deterministic doping with atomic precision is about to make a very exiting range of 

impurity “molecules” and lattices available for study 
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The Stoneham-Fisher-Greenland qubit gate scheme 
 

•  Fig. I3 shows a particularly simple scheme by which the exchange interactions between 
ions may be modulated in an impurity molecule trimer [15].  There are two deeper donor 
impurities (the qubits) with a shallower donor (the control) situated between them. This 
might be realized in silicon with a pair of bismuth qubits and a phosphorus control. 
Quantum information is stored in the Bi electron spins, and the gate control is via the P 
electron orbit, illustrating the utility of coherent manipulation of electric-dipole transitions. If 
the control impurity is in its ground state, the spins of the qubit impurities are uncorrelated.  
However, when the control impurity is excited by a THz laser to a higher, more extended 
state, there is a magnetic exchange interaction between all three impurities – even though 
the qubits remain in their tightly confined ground states, well isolated from interactions with 
the continuum.  

•  
• The time required for the control is determined by the strength of the magnetic exchange 

interaction between the qubits, J, and how much rotation of the qubit spins is required. J 
scales inversely with the distance between the donors – J/h~4GHz at 10nm separation, 
and for common gates a rotation of order π is required. At the end of the desired gate 
period, the control must be de-excited, and this can be performed with a second THz pulse 
with appropriate phase, and this is the reason why the control excitation must be coherent 
with dephasing time ~250ps or so. 
 

 
 
Fig. I3. The SFG exchange interaction scheme. 
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