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Abstract—We demonstrate the first observation of a THz
photon echo. We exploit the photon echo as an experimental
tool to investigate the quantum coherence properties of excited
donor Rydberg states of phosphorus in silicon.

I. INTRODUCTION

In the last decade, there has been resurging interest in the
physics of group-V donors in silicon. This has recently lead
to a dramatic increase in activity in the research field. Much
of this renewed interest stemmed from a proposal by Kane
that silicon doped with group-V donors might be exploited to
realise a quantum computer [1]. A related scheme involving
group-V donors in silicon was also proposed by Stoneham [2].
Many experiments have been recently performed to investigate
the feasibility of this scheme. These include measurements of
both the spin lifetimes [3] and lifetimes of the donor Rydberg
states [4]. The second important development that rekindled
interest in this research field was the invention of the optically
pumped silicon laser [5]. This breakthrough was the first
demonstration of lasing in a silicon-based material, and to-
date lasing at THz frequencies has now been demonstrated for
all four Group-V donors [6]-[8]. Recent work also suggests
the possibility of electrically pumped lasing in this material
system [9]-[11].

In this paper, we will present convincing evidence for the
first observation of a THz photon echo. The photon echo is
a purely quantum mechanical effect and it has no classical
interpretation. It is the optical analogue of the spin echo
commonly observed in Nuclear Magnetic Resonance (NMR)
or Electron Spin Resonance (ESR) experiments. Since the
photon echo is a coherent quantum effect we needed a coherent
source of THz radiation. The experiments described were
performed using the FELIX free electron laser at the FOM
institute at Nieuwegein in the Netherlands. A full description
of the experiment can be found in our recently published paper
[12]. The main cogent points, however, are summarized in this
conference abstract.

II. THEORY

For typical donors in Si, the lowest energy Lyman series
line is in the THz regime. In the case of phosphorus (P)

the 1s(A;) to 2pg transition is at 34.2 meV, equivalent to
36.2 pym and 8.29 THz [13]. There are also smaller level
splittings associated with the broken rotational symmetry in
the solid. The orbitals have an order of magnitude larger spatial
extent than those for hydrogen in vacuum: the 2pq level, for
example has an extent of around 10 nm, enclosing about 104
Si atoms, and is thus comparable in size to transistors already
in commercial use. Previous frequency [14] and time-domain
studies [4] have established the astonishing longevity of the
excited states, with a population lifetime 77 of 200 ps for the
2po state (due to 1 phonon emission augmented by intervalley
and umklapp processes and corresponding oscillator quality
factors of 2000 or more.

A two-level atom resonantly illuminated by the high in-
tensity coherent light from a laser undergoes Rabi oscilla-
tions at a frequency given by Q = Fyuia/fi where Fy
is the electric field envelope of the light beam and ;9 is
the transition dipole matrix element. For a pulse of finite
duration, the excited state polarization that remains in the
system after the pulse has passed varies sinusoidally with the
pulse area, Ap = p12/h f F(t)dt. If the laser is at resonance
with the 1s(Aj) to 2pg transition it will produce a linear
superposition of 1s(A;) and 2py wavefunctions a very simple
wavepacket which oscillates in time as the superposition
precesses around the Bloch sphere, representing the quantum
mechanical state space for two-level systems. For an ensemble,
all the wavepackets initially radiate in phase, and therefore
strongly, to produce coherent radiation. The coherence is lost,
owing to small offsets in the resonant frequencies resulting
from differences in the local environment, and the radiation
weakens as the dipoles dephase on a timescale given by
the inverse of the 1s(A;) to 2poy inhomogeneous linewidth,
measureable in the frequency domain using conventional con-
tinuous wave infrared spectroscopy. However, their relative
phases can be restored by a subsequent laser pulse leading to
a second burst of coherent radiation the photon echo which
appears later by a time equal to the time difference between
the initial and rephasing pulses, in precise analogy to the well-
known Hahn spin echo.
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III. DESCRIPTION OF THE EXPERIMENT

In order to provide conclusive proof of a true photon echo
we need to establish both the directional property and expected
timing of the phenomenon. This is now discussed.

A. Echo Direction

We establish the directional property of the echo
(kg = 2k2 — k1) by measuring the angular distribution of
the beams. In our experiment the pump (k1) and rephasing
(k2) beams intersect at an angle of -5°. Simple geometry
shows that the echo should emerge at an angle +5° with
respect to the direction of the rephasing beam k.. Figure 1
shows the intensities of the three beams exiting the sample as
a function of angle. This graph shows that the echo emerges
at the predicted angle with respect to the direction of the
rephasing beam k.
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Fig. 1. Angle resolved echo. The intensities of the angle resolved signals

were recorded by translating the detector across the far-field which shows that
(kg = 2k2 — k1) as predicted.

B. Echo Timing

Second we consider the echo arrival time, which we de-
termine using a reference pulse split from the rephasing pulse
and a delay line. The transmitted pump, rephasing and emitted
echo pulses, as well as the reference pulse are all focussed
onto the detector through a pinhole to produce a characteristic
interference pattern in time. We exploit the angular dispersion
of the pump, rephasing and echo pulses and block all but
one of them, thereby obtaining the interference patterns of
the reference beam with the pump, rephasing and echo beams
separately. By subtracting the mean intensity and squaring the
result, the arrival times and shapes of the pump, rephasing
and echo pulses can then be determined as a function of time
(Figure 2). All three pulses take the form of well-defined
peaks, with the maxima occurring at the times anticipated for
echoes.

Figure 3 shows a plot of the results of several time resolved
cross-correlation experiments, similar to those shown in fig-
ure 2. A range of pump-rephasing delays 712, were used to
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Fig. 2. Time resolved echo. On the left is the detector signal showing the
interference patterns with the pump, rephasing and echo beams. A moving
average has been subtracted, in order to remove the background and laser
drift. The pump, rephasing and echo temporal profiles were obtained from
the square of these interference patterns, as shown on the right, where the
pump rephasing beam time interval 712 and the rephasing beam-echo time
interval 7o are also shown.

establish values of the echo delay with respect to the rephasing
beam, 7. This figure shows that within experimental error,
the echo arrives when expected, a finding which is independent
of peak pump areas Ap.
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Fig. 3. Echo arrival time control. Time resolved cross-correlation experi-
ments, similar to those shown in figure 2, with a range of pump-rephasing
delays 712, were used to establish values of the echo delay with respect to
the rephasing beam, 7o . Within experimental error, the echo arrives when
expected, a finding which is independent of peak pump areas Ap

C. Rabi Oscillations

We now go further to exploit the photon echo as an experi-
mental tool to investigate the quantum coherence properties
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of the excited donor states. We use the photon echo to
directly observe Rabi oscillations produced by coherent optical
excitation of phosphorus donors in silicon with intense THz
pulses from the free-electron laser. Figure 4 shows the time-
integrated photon echo signal S as a function of pump peak
pulse area Ap for a rephasing peak pulse area of 0.547 and a
pulse length of 6.79 ps. The dotted line is the ideal theoretical
result showing Rabi oscillations. The black line shows the
corrected prediction when including the non-uniform spatial
profile of the laser beam, and the magenta line includes the
effect of both photoionization and the beam profile. The theory
lines were calculated using values for p12, I'g, o2p0 and o,
that were found from a global fit of many experimental data
sets like the one shown here. The experimental results for
the same conditions are shown as points. The normalisation
factor for the ordinate of the experiment relative to the theory
was found by a global comparison of many similar experi-
ments with different pulse lengths and rephasing pulse areas.
The error bars shown indicate the standard deviation of the
normalisation factor (systematic for an individual experiment
such the one in this figure) and dominate the statistical errors
of the measurements.
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Fig. 4. The time-integrated photon echo signal S as a function of pump

peak pulse area Ap for a rephasing peak pulse area of 0.547 and a pulse
length of 6.79 ps. The dotted line is the ideal theoretical result showing Rabi
oscillations. The black line shows the corrected prediction when including the
non-uniform spatial profile of the laser beam, and the magenta line includes
the effect of both photoionization and the beam profile. The experimental
results for the same conditions are shown as points. The error bars shown
indicate the standard deviation of the normalisation factor (systematic for an
individual experiment such the one in this figure) and dominate the statistical
errors of the measurements.

IV. CONCLUSION

We have provided the first demonstration a THz photon echo
from phosphorus donors in silicon. We provide conclusive
proof of this claim by establishing both the directional property
and expected timing of the phenomenon. We then go further to
exploit the photon echo as an experimental tool to investigate
the quantum coherence properties of excited donor Rydberg
states of phosphorus in silicon.

Our work shows that we can prepare coherent mixtures of
different orbital states for one of the most common impurities
in the most common semiconductor. Coherent control of
donor orbitals in silicon opens up many possibilities such as
entanglement of pairs of impurities whose ground state wave-
functions are too compact to interact. This could ultimately
be exploited in a number of silicon-based quantum computing
schemes that have been proposed in the literature.
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