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Chapter 7

Ultrafast preparation and
detection of coherent dark
states in low-doped n-GaAs

We report an optical pump-probe study of spin coherence of donor-bound
electrons in GaAs. We find that single pump pulses prepare the spins in
a coherent dark state via an ultra-fast stimulated Raman process. Two
orthogonal polarization components in the pump pulses each address
one leg of the Raman system. The phase and amplitude difference be-
tween these components govern which spin state is prepared, and we
can prepare any superposition of spin states. This preparation occurs
1000 times faster than the system’s spontaneous emission and decoher-
ence times. The fast preparation and detection of these coherent states
allows for a direct time-resolved study of the coherent dynamics and de-
phasing of the electron spin in this system, which is difficult to study
with other optical methods.
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7.1 Introduction

In order to implement quantum algorithms for computing, one has to follow the
same approach as for developing a classical computer in several ways. The state
upon which the quantum operation has to be performed first has to be initialized,
then manipulated, and eventually read. All these three ingredients are crucial for
creating an operational quantum computer, and were tackled together or sepa-
rately in different physical systems with different levels of success [1]. Existing re-
search on creating registers for quantum information includes systems where a bit
of information is stored on a degree of freedom of a single particle, like the polar-
ization state of an optical photon [2], the quantum state of a trapped atom [3], the
electron spin state in a semiconductor quantum dot [4, 5], the nuclear spin state of
an individual paramagnetic dopant in silicon [6], and the spin state of an NV cen-
ter in diamond [7]. Other types of qubits include those that store quantum infor-
mation on the state of an ensemble of particles with many degrees of freedom, as
in NMR based quantum computers [8–10] and quantum computing with macro-
scopic states of superconducting currents in Josephson junction circuits [11].

Work on spin ensembles in n-GaAs includes successful experiments on ultra-
fast spin rotations by means of detuned optical pulses [12–14]. In those experi-
ments the initial state of the spin ensemble was prepared in a pure state (ground
state of the spin system) by means of optical pumping [5, 15] and then rotated
using a dynamic ac-Stark shift that is caused by a detuned optical pulse [16, 17].
The spin rotation does happen on a time scale that is set by the optical Rabi fre-
quency that is associated with the optical pulse, which can easily reach more than
100 GHz. What is limiting the overall performance in time is the preparation step,
which requires a few cycles of the system’s spontaneous emission time for the op-
tical transitions. This is Tr ad = 1 ns for donor-bound excitions in GaAs [18]. Much
faster preparation is crucial in situations where qubits need to be re-prepared dur-
ing a computation, as for example in quantum error-correction schemes.

In this Chapter we present an experiment where, by means of ultrafast opti-
cal pulses that are tuned in resonance with optical transitions, we can prepare an
arbitrary coherent spin state in a donor-bound electron ensemble. The prepara-
tion occurs via a stimulated Raman process, on a time scale which is set by the
optical Rabi frequency and which is about 1000 times faster than the system’s ra-
diative lifetime. In contrast to the use of detuned optical pulses for spin rotation
via the ac-Stark effect, where only virtual optical transitions are excited that do not
result in actual population of the optically excited state, in our scheme the reso-
nant pulses drive strong Rabi transitions that cause actual population of the ex-
cited states. In this Chapter we study this ultra-fast preparation mechanism, and
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investigate whether it can be useful in quantum information processing.
In order to study the preparation and subsequent coherent dynamics of the

spin ensembles we employ the Time-Resolved Kerr Rotation (TRKR) technique
[19–22]. This is widely used in studies of spin dynamics of electrons in the conduc-
tion band of semiconductors. In these studies, electron spin coherence is created
with an optical pump pulse tuned at or just above the band gap, and this process
injects spin-oriented photo-electrons in the conduction band. Detection in this
scheme relies on the rotation of the linear polarization of a probe pulse upon re-
flection. This rotation is caused by the dependence of the absorbtion coefficient
and the refractive index on the state of the electron spins, due to the polarization
selection rules that apply for these electron-hole excitations [23]. For our experi-
ment, we used pump pulses that are resonant with the D0−D0 X transitions, which
do not inject photo-electrons in the conduction band. We will investigate in this
Chapter how the TRKR signal depends on the polarizations for pump and probe
in the case of the D0 −D0X transitions. This analysis has a close link to EIT-like
physics that occurs during the presence of the optical pulses, and we find that we
can prepare the ensemble in a coherent dark state that is purely determined by
the polarization state of the pump pulse. We also make a first step towards ex-
plaining how the probe pulse is probing the spin coherence of these donor-bound
electrons.

7.2 Spectral properties of D0 electron spin system

The electron that is bound at a neutral donor site is described by a hydrogen-like
envelope wavefunction, and the ground state has the s-type spherical symmetry.
This D0 electron has a first excited state with a p-type symmetry, and optical tran-
sitions of the D0−D0X type associated with this p-level of the D0 electron are 2 nm
(3.7 meV) red shifted with respect to the transitions from the D0−1s orbital. When
a magnetic field is applied, the ground state of the D0 is Zeeman split into |g 〉 = | ↑〉,
characterized by the angular momentum projection quantum number me =+1/2,
and |s〉 = | ↓〉 with me =−1/2 for this quantum number.

In order to address the electron spin states optically we use optical transitions
from the D0 state to the donor-bound exciton state D0X . This D0X state consists
of two electrons forming a singlet and a heavy hole, and is denoted as | ↓↑,mh〉.
The spins of a pair of electrons in a singlet state do not contribute to angular mo-
mentum. The heavy hole has a total angular momentum of Jh = 3/2, and the
angular momentum projection quantum number can take a value in the range
mh = −3/2...+3/2. We again assume that a magnetic field is applied. In order to
then describe the energy levels of the donor-bound exciton system (the D0X levels
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Figure 7.1: (a) The many-level system and optical transitions for the D0−D0 X excitations in GaAs. The
letter V indicates that a transition is sensitive to the vertical polarization, while the letter H indicates
sensitivity to the horizontal polarization. (b) Photoluminescence collected from the n-GaAs sample in
a magnetic field of B = 7 T. (c) Pump-assisted transmission spectroscopy of the D0 −D0 X system. The
pump wavelength and polarization appear as labels in the top-left of panels. Gray (black) traces are
results obtained with H (V ) polarization for the probe.

in Fig. 7.1(a)), the orbital excited states of the envelope wavefunction also have to
be taken in account [24]. This, in turn, leads to a very complicated level structure
for the D0 X complex and there is at this stage no consensus in the community on
labeling the states with angular momentum quantum numbers. From systematic
magneto-luminescence studies it was concluded that the lowest level of the D0X
complex corresponds to mh = −3/2, while the first excited state has mh = −1/2
with the orbital quantum number L = 1 [24]. Other studies, however, are not uni-
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vocal with these findings and are using alongside similar labeling [18] the label-
ing where the lowest level of the D0X complex has mh = −1/2, as in our findings
(Chapter 6 and Ref. [25]), while the first excited state is reported to be mh = −3/2
[26].

In general, the knowledge of the quantum numbers allows to determine po-
larization selection rules in optical spectra (Chapter 3). Considering, however, the
ambiguity of the angular momentum quantum numbers we performed a pump-
assisted optical spectroscopy experiment to determine the optical selection rules.
For this experiment we used two CW wavelength-tunable lasers that have perpen-
dicular incidence on the sample surface. The magnetic field is applied in the plane
of the sample and the polarization of both lasers is chosen to be linear. When the
laser light is V polarized, namely its polarization is parallel to the applied magnetic
field, it induces π-type optical transitions without a change in the angular momen-
tum quantum number, ∆m = 0. When the laser light is H polarized (orthogonal to
the magnetic field) it induces σ-type optical transitions with a change in angular
momentum quantum number ∆m =±1 (Chapter 3). This is the same experiment
as was described in the Chapter 6 previously.

First, we find the spectral position of the D0 −D0X transitions by performing a
photoluminescence experiment. We excited the sample above the band gap with
λexc = 805 nm light and detect photoluminescence using an Acton 750 spectrom-
eter equipped with a nitrogen cooled CCD camera. The distinct bands of the free
(X ), neutral donor-bound (D0X ), and charged donor-bound (D+X ) excitons are
observed, as shown in Fig. 7.1(b).

For the pump-assisted transmission spectroscopy one of the CW lasers (either
H or V polarized) is set to optically pump into one of the D0X transitions, while
the other CW laser scans across the region of the donor-bound exciton absorption.
We collect transmission spectra in both H and V polarization, while pumping in
the first four D0X transitions (Fig. 7.1(c)). From this pump-assisted spectroscopy
study we can conclude that the first four transitions arise from the level scheme
depicted in Fig. 7.1(a). When pumping with V -polarized light into the transition
A, which is at 8180.00 Å, we see an enhancement in absorbtion for the transition
A∗ at 8179.30 Å for H-polarized probe light. This pair of transitions constitutes a
so-called Λ-system, which we label as A− A∗. In the same manner we can identify
a Λ-system with the pair of transitions labeled as B −B∗. The fact that all four of
these transitions are can be spectrally resolved, and are sensitive to either V - or H-
polarization, allows for implementing control of the D0 electron spin: The A − A∗
system couples the electron spin states | ↑〉 and | ↓〉 to the common excited state
|e〉, while the B −B∗ system couples the same electron spin states to the common
excited state | f 〉.

Since we experimentally identified the polarization selection rules we can pro-
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Figure 7.2: Poincare sphere for describing the light polarization state vector, and the Bloch sphere for
describing the electron-spin state vector. The level scheme summarizes the polarization selection rules
that determine the mapping between polarization states and spin states.

ceed with our study without having certainty about the proper labeling of angular
momentum quantum numbers to the D0X levels. For the sake of book-keeping,
and based on our results, we can determine that the state |e〉 corresponds has mh =
−1/2. The the state | f 〉 couples to both electron spin states via V -polarized tran-
sitions, and this sets a fundamental difficulty for determining its angular momen-
tum quantum number since V -polarized light is expected to drive optical transi-
tions with ∆m = 0 (see also Chapter 3).

7.3 The coherent dark state for an electron spin in the
optically driven Λ-system

In order to describe how optical orientation of the D0 electron spin occurs while
driving the D0 −D0X transitions we have to consider the pair of transitions A− A∗
(or B −B∗) that constitute a Λ-system. We first consider two optical fields with
polarizations that are chosen such that each fields is coupling to one of the opti-
cal transitions in the Λ-system. The optical Rabi frequencies of the two fields are
denoted as Ω1 and Ω2 when both fields are on resonance with their transitions.
Further, the D0 −D0 X system is characterized by a fast radiative lifetime and rel-
atively long dephasing time for the spin in the ground state. Such a system has a
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coherent dark state, which is:

|ΨDar k〉 =
1√

|Ω1|2 +|Ω2|2
(Ω1| ↓〉+Ω2| ↑〉) (7.1)

When the system is in this state, destructive quantum interference between the
two optical transitions prohibits population of the optically excited state, as was
demonstrated in the EIT experiment in Chapter 6 [25]. The system’s tendency to
evolve into this dark state was also observed as coherent population trapping, in
spectroscopic measurements of photoluminescence from D0 −D0 X systems [18].
However, these experiment studied the steady-state response from driving with
CW lasers, and do not give direct insight into the dynamics that brings the systems
into this dark state, but this can be derived from the modeling that was presented
in Chapter 4: If the spins are initially in a completely arbitrary but fully incoherent
state, the D0 −D0X systems will, in general, initially show some optical excitation
after switching on the fields that drive the two transitions. Due to the damping of
this dynamics from spontaneous emission, the system gradually evolves into the
dark state, over a time scale that is a few times the spontaneous emission time
(several nanoseconds). This seems to indicate that preparing an initially mixed
spin state in the the dark state can not be carried with a picosecond pulse. We
further comment on this after first discussing how the phase and amplitude of the
two laser fields determine the actual spin orientation that corresponds to the dark
state.

As can be seen from the Equation 7.1 the dark state depends solely on the phase
and the amplitude of the optical Rabi frequencies of the two optical driving fields.
It is easy to note that the dark state for Ω1 =Ω2 corresponds to maximum electron
spin coherence, since it can be depicted on the electron spin Bloch sphere as a
vector in the equatorial plane (Fig. 7.2). If both Ω1 and Ω2 are real numbers, which
is equivalent to the having no phase difference between the two optical fields, the
orientation of the dark state is collinear with the direction of the optical field prop-
agation (x-direction), and results in a preparation of the spin state along the x-
direction. This state is the superposition |Sx〉 = 1p

2
(| ↑〉+ | ↓〉). In order to satisfy

the condition that Ω1 = Ω2 on the A − A∗ system one optical field must have V
polarization, while the other must have H polarization. Control over the ampli-
tudes of the Rabi frequencies is done via changing the intensity of the fields. In a
similar fashion one can generate a dark state that will correspond to the Sy spin
state, which is the superposition |Sy 〉 = 1p

2
(| ↑〉+ i | ↓〉) superposition and therefore

requires a π/2 phase shift between Ω1 and Ω2.
This phase shift can be controlled very well when the optical fields are derived

from a single laser pulse, that is spectrally broad due to its short duration. This can
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be applied when the spectral width of the pulse is larger than the Zeeman splitting
of the electron spin, and when the central frequency of the pulse is such that the
absolute value of the associated detunings for both transitions of the Λ-system
are equal. A phase difference of 0 between Ω1 and Ω2 is then achieved when the
laser light is linearly polarized along the direction 1p

2
(H +V ). A phase difference

of π/2 between Ω1 and Ω2 is achieved when the laser light is σ+ polarized, since
this can be presented as a superposition of the two linear polarizations as σ+ =

1p
2

(H + iV ).

These relations between polarization and spin orientation of the dark state can
be pictured using a vector that represents the polarization on the Poincare sphere,
and a similar vector for the spin state on the Bloch sphere (Fig. 7.2). This shows
that by choosing the appropriate phase difference and relative amplitudes for the
H and V components in a short laser pulse, the coherent dark state can correspond
to any spin state of the D0 system. The next Section discusses how this coherent
dark state plays a role in the system’s dynamics in response to a picosecond laser
pulse.

7.4 Theory of the fast dark state preparation using pi-
cosecond optical pulses

When the D0 −D0 X system is subject to excitation by a picosecond optical pulse,
the presence of the optical field during the pulse favors evolution into the dark
state. We will concentrate here on the scenario where we assume a completely
mixed spin state for the initial D0 spin state, because this matches best with the
experimental finding that are reported in the following Section. In this case, there
is little rotational dynamics for the spin during the picosecond pulse, which would
typically result in the situation that the spin orientation at the end of the pulse
shows a strong dependence on the pulse area, and that is not observed (the spin
part of such dynamics that occurs in parallel with coherent optical transitions is
in fact precession of the spin about the axis that is defined by the dark state, such
that any damping also results in evolution towards the dark state). With this as-
sumption, a picosecond pulse can indeed show robust driving into the dark state.
However, owing to the short duration of the pulse Tpul se = 0.1−10 ps as compared
to the radiative relaxation times in the system Tr ad = 1 ns, the population of the
coherent dark state will still be a function of the strength of the optical field and
duration of the pulse, which, as will be shown, reflects the coherent dynamics of
the D0 −D0X in a strong optical field.

In order to describe the dynamics of the D0 −D0X system we have chosen to



7.4. Theory of the fast dark state preparation using picosecond optical pulses 87

solve the equation of motion for a density matrix defined on a 4-level system as in
Fig .7.3: |g 〉, |s〉 - electron spin states and |e〉, | f 〉 - the ground and the first excited
state of the D0 X complex, respectively. The 4-level system under consideration
consist of the two Λ-systems labeled previously as A − A∗ and B −B∗ in Fig. 7.3.
We have chosen to extend the number of levels in the present model, as compared
to the 3-level model we have used for the EIT experiment (Chapter 6), because in
the EIT experiment the use of CW lasers assures decoupling of the optical fields
from the transitions that are outside the 3-level Λ-system. When picosecond op-
tical pulses are used the linewidth of the laser is about ∆λ = 1 nm, which results
in coupling to several excited states of the D0X complex. However, we restrict our
analysis to a model that incorporates only 4 levels (2 for D0 and 2 for D0X ), since
this gives access to investigating the essential deviations from the dynamics of the
3-level system in a tractable manner, without too many parameters. The exper-
imental results show in fact behavior that to a large extend matches with 3-level
dynamics, with only a few small deviations. This indicates that the lowest levels of
the D0X complex are most important for the system’s dynamics during a resonant
optical pulse. In addition, we have indications that inter-level relaxation within the
D0X complex is very fast (further discussed below), including fast relaxation from
the state | f 〉 to the state |e〉, and this allows for considering the state | f 〉 as one that
describes effectively all the above lying states of the D0X complex.

The equation of motion for the density matrix is:

d ρ̂

d t
=− i

ħ
[
Ĥtot al , ρ̂

]+ L̂
(
ρ̂
)

(7.2)

where and Ĥtot al is the Hamiltonian and L̂
(
ρ̂
)

the Lindblad relaxation operator.
The Hamiltonian describes the bare matter system and the driving by coherent
laser fields, and will be described in the rotating frame under the rotating wave ap-
proximation (which is strictly speaking not valid in the situation that is considered,
but still a good approximation because each transition most strongly responds to
a fully resonant contribution in the pulse spectrum). The Hamiltonian then reads:

Ĥ =ħ


0 0 −Ω∗

1 −Ω∗
3

0 δ −Ω∗
2 −Ω∗

4
−Ω1 −Ω2 ∆1 0
−Ω3 −Ω4 0 δEF

 (7.3)

where ∆1 is the detuning of the optical field from the g −e transition, δ is the two-
photon detuning from the electron-Zeeman splitting and δEF is the two-photon
detuning from the ground and excited state splitting of the D0X states. Ω1, Ω2, Ω3

and Ω4 are the optical Rabi frequencies induced by the field of the optical pulse
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Figure 7.3: The 4-level system that is used for theoretical model

on the transitions g − e, s − e, g − f and s − f respectively. The optical pulse has
temporal width ∆T and is assumed to be Fourier limited with a Gaussian profile
characterized by the spectral width ∆E such that ∆E >> Eg s ' Ee f , where Eg s is
the electron-spin Zeeman splitting, and Ee f the energy splitting between the two
D0X levels.

The relaxation operator is:

L̂
(
ρ̂
)=


−Γg sρg g +Γsgρss +Γegρee +Γ f gρ f f

−((
Γg s +Γsg

)
/2+γs

)
ρsg

−((
Γg s +Γeg +Γes +Γ f e

)
/2+γe

)
ρeg

−((
Γg s +Γeg +Γes +Γ f e

)
/2+γ f

)
ρ f g

−((
Γg s +Γsg

)
/2+γs

)
ρg s

Γg sρg g −Γsgρss +Γesρee +Γ f sρ f f

−((
Γsg +Γeg +Γes +Γ f e

)
/2+γe

)
ρes

−((
Γg s +Γes +Γ f s +Γ f e +Γ f g

)
/2+γ f

)
ρ f s

−((
Γg s +Γeg +Γes

)
/2+γe

)
ρg e

−((
Γsg +Γeg +Γes

)
/2+γe

)
ρse

−(
Γeg +Γes +Γe f

)
ρee +Γ f eρ f f

−((
Γ f e +Γe f +Γ f s +Γ f g

)
/2+γX

)
ρ f e

−((
Γg s +Γeg +Γes +Γ f e

)
/2+γ f

)
ρg f

−((
Γg s +Γes +Γ f s +Γ f e +Γ f g

)
/2+γ f

)
ρs f

−((
Γ f e +Γe f +Γ f s +Γ f g

)
/2+γX +

)
ρe f

−(
Γ f g +Γ f s +Γ f e

)
ρ f f +Γe f ρee

 (7.4)
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where Γsg = (
2.6 µs

)−1 is the longitudinal spin relaxation rate, Γg s = Γsg eEg s /kT ,
Γeg = Γ f g = Γes = Γ f s = (1 ns)−1 are the radiative relaxation rates from the D0 X
levels to the D0 spin levels, γg s = (0.3 ns)−1 is the electron spin dephasing rate,
which is shorter than for the EIT experiment from the Chapter 6 as a consequence
of using a spectrally broad optical pulse, as will be shown at the end of this Chapter,
γeg = γes = γ f g = γ f s = 6 GHz represent inhomogeneous optical broadening and
γ f e = (1 ps)−1 is the hole spin dephasing time.

An important parameter in our model is Γ f e = (1 ps)−1, the rate for relaxation
within the D0 X complex. We have to choose it to be very large, because, as will
be shown in the experiment, with respect to the pump the system behaves like
a 3-level system (A − A∗ part only). In order to describe response of the probe,
however, all 4 levels need to be taken into account. We note that the assumption
of the very fast relaxation is inconsistent with optical spectroscopy that was per-
formed on this system since it would result in a transition linewidth as large as
1 THz, while in reality it was never observed to exceed the value of 35 GHz in the
high-resolution spectroscopy experiments with CW lasers (see Chapter 6). This in-
consistency disappears if one assumes that this high value Γ f e = (1 ps)−1 only is
the relevant value during an intense picosecond optical pulse. We have, however,
at this stage no knowledge to support such an assumption. This point therefore
needs to be investigated in more detail in future experiments, as well as in work
that improves the initial modeling that we present here.

We consider the D0 −D0X transitions at B = 7 T, this gives the following wave-
lengths for the optical transitions: λA = 8177.0 Å, λA∗ = 8176.0 Å, λB∗ = 8176.3 Å,
λB = 8175.3 Å.

For the numerical simulation we assume the absolute values of optical Rabi
frequencies to be equal for all transitions if allowed by the polarization selection
rules. The Rabi pulse follows the time profile described by a Gaussian function
with temporal width ∆T = 5 ps FWHM, and centered around time t = 0. The equa-
tion of motion for the density matrix of the 4-level system is solved numerically
with the electron spin initially in a completely incoherent and depolarized state,
which corresponds to Sx = Sy = Sz = 0.

Fig. 7.4 shows the transverse spin values Sx and Sy in units of ħ in the rotating
frame as a function of time for optical excitation with three different polarizations:
D+= 1p

2
(H +V ), σ+= 1p

2
(H + iV ) and V . We note that the theoretical maximum

for the Sx,y component of electron spin was chosen to be ħ.

The D+ polarization results in the generation of a large amplitude for the spin
Sx component, which was indeed expected from the analysis of the optical dark
state in the previous Section. No spin amplitude Sy is generated since it requires a
π/2 phase shift between the Rabi frequencies Ω1 and Ω2.
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Figure 7.4: Time dependence of the transverse components Sx and Sy of the electron spin in the rotat-
ing frame after excitation with the optical pulse, for different polarizations.

In the case of σ+ polarization, based on the analysis of the optical dark state,
the generation of the Sy spin dark state is expected. The simulation results indeed
indicate that the Sy component is dominant. The presence of a smaller Sx result
from the fact that our 4-level model consists of two Λ-systems, A− A∗ and B −B∗.
Since the polarization selection rules associated with the optical transitions that
constitute these two Λ-systems are different, the optical dark state that is gener-
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Figure 7.5: Simulation result for the amplitude of the TRKR signal at 50 ps pump-probe delay, as a
function of pump pulse power (parameterized by Ω for the value of Ω1 −Ω4).

ated by both systems will also be different. Such, when the A-system favors the Sy

spin state upon excitation with σ+ polarization, the B-system will yield a Sx spin
state owing to the fact that both the B and the B∗ transition couple to V polar-
ization. The reason that the simulation results show a smaller amplitude for the
Sx than the Sy component is due to the fast relaxation within the D0X complex
Γ f e = 1 ps. The role of this relaxation is to "leak" the optical transition to the A−A∗
system which favors the pure Sy state preparation. For even larger Γ f e = (100 fs)−1

the Sy component will virtually vanish.
Calculations for a purely V -polarized pump result in a small Sx component due

to the dark state generation in the B −B∗ system. This component also vanishes
when the Γ f e relaxation rate is increased by a factor of 10.

The simulation results demonstrate that with strong optical pulses any coher-
ent spin state can be prepared on a time scale that is much shorter than the ra-
diative lifetime. This is a consequence of the coherent dynamics within the 4-level
system. When the system is subject to excitation by an intense optical pulse, this
induces optical Rabi oscillations in the 4-level system. When the area of the pulse
satisfies the condition that

∫
Ω(t )d t = π (for each transition, i.e. Ω1 −Ω4) it will

transfer some fraction of the spins from the completely incoherent state, via the
states of donor-bound excitons, to the coherent dark state. Since it is relatively
easy to induce optical Rabi frequencies that are larger then 1/Tpul se , the ultra-fast
population transfer to the spin dark state is possible. The simulated dependence of
the transverse spin component on the Rabi frequency induced by a D+ polarized
pump pulse is shown in Fig. 7.5. In order to achieve a maximum amplitude of the



92
Chapter 7. Ultrafast preparation and detection of coherent dark states in

low-doped n-GaAs

prepared spin state either the duration or the intensity (which is experimentally is
more easy to do) of the optical pulse has to be chosen such that the 4-level system
undergoes exactly (2n +1)/2 periods of the optical Rabi oscillations.

It is important to note, that in contrast to the traditional optical pumping schemes
[12, 15] that prepare spin in a pure spin up or down state, our technique allows for
preparation of only a fraction of the electron spins. Inspection of the density ma-
trix from the simulations shows that the ultra-fast preparation of the optically dark
state gives a density matrix that is a linear combination of the pure coherent dark
state, and a completely incoherent state with substantial population on all levels
of the system. The fact that the spin ensembles can not be prepared fully in a dark
state, on a timescale that is shorter then the radiative lifetime, is not necessarily a
problem, since for many quantum algorithms it is not an amplitude of the coher-
ence, but rather a fidelity with which this coherence can be prepared is important,
as is well-established in the field of NMR quantum computing [10, 27].

7.5 Experiment on coherent dark state preparation with
single picosecond optical pulses

In order to experimentally investigate the ultra-fast preparation of the coherent
dark state in the electron spin ensembles we used the TRKR technique, which is
a widely used method to study the dynamics of electron spin ensembles in the
conduction band of semiconductors. In a TRKR experiment the system is excited
with a polarized optical pulse, which, owing to the polarization selection rules, po-
larizes the electron spins system [23]. A linearly polarized probe, that comes with
delay∆t after the pump arrival, is probing the remaining spin polarization via rota-
tion of its polarization upon reflection. When the experiment is done in a magnetic
field and the pump laser polarization is chosen to initially polarize electron spins
with a component in the direction orthogonal to the external magnetic field, the
spins will undergo a precessing motion and the response of the probe as a function
of delay between pump and probe ∆t will acquire an oscillatory character. While
precessing, the initially polarized electron spin ensemble will be subject to energy
relaxation that is characterized by the spin relaxation time T1 and spin dephasing
that is characterized by the spin dephasing time T ∗

2 . The "*" indicates here that it
is a dephasing of the spin ensemble rather than the decoherence of an individual
electron spin which loses its coherence over a time T2.

The TRKR technique is widely used for exploring the dynamics of electron spins
in the conduction band of bulk GaAs and two dimensional electron gas (2DEG)
systems in GaAs/AlGaAs heterostructures [19, 21, 22]. In those experiments a cir-
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cularly polarized light with a photon energy above the gap is used to polarize the
electron spins in the conduction band [23]. Owing to the polarization selection
rules fr bulk GaAs and 2DEG electrons, spins are being polarized along the light
propagation direction, which is therefore often chosen to be orthogonal to the ap-
plied magnetic field (the so-called Voigt geometry).

It is important to note that the spin polarization due to above-gap optical ex-
citation is a single photon process with optical generation of a free electron-hole
pair. This, in turn, sets a challenge on applying a TRKR technique for studying
the dynamics of the electron spins of D0 systems, since the single photon process
gives in this case excitation of the donor-bound exciton complex D0 X . Notably,
this state carries no electron-spin angular momentum since the electrons form a
singlet.

In order to polarize the donor-bound electron spin one has to rely on a two-
photon stimulated Raman process which is the exact process that was described
previously in this Chapter. Under strong excitation from a polarized optical pulse
the ensemble of D0 electron spins is polarized according to the ultra-fast dynamics
of the coherent dark state preparation.

We performed our experiment using conventional [19, 22] mono-color time-
resolved Kerr-rotation measurements in an optical cryostat at 4.2 K with magnetic
fields (magnitude B) up to 7 T. We used a tunable Ti:sapphire laser with ∼150 fs
pulses at 80 MHz repetition rate. The spectrum of pulses was narrowed with a
help of tunable liquid crystal Fabry-Perot filters, resulting in pulses with a spec-
tral width ∆λ = 1 nm and duration of approximately Tpul se = 5 ps. The central
wavelength of the pulses was chosen to be close to resonance with the D0−D0 X
transitions, which is λc = 817.5 nm at B = 7 T. Samples were excited at normal
incidence. In initial measurements we employed a lock-in detection scheme with
intensity modulation for the train of pump pulses (with an optical chopper at a few
kHz), at constant pump polarization. For later measurements we used a lock-in
scheme with polarization modulation for the pump, with a photoelastic modula-
tor at 50 kHz. This yields better signal-to-noise, and we first confirmed that we
could still unambiguously derive the dependence on pump polarization. We were
able to modulate the polarization either between σ+/σ−, D +/D−, or H/V , in or-
der to cover all important polarization states on the Poincare polarization sphere.
This creates spin orientation for the donor-bound electrons ensemble due to the
coherent-dark-state formation. The evolution of the spin ensemble is recorded by
measuring the Kerr rotation of a reflected probe pulse with a polarization bridge,
at the frequency of the pump modulation. Measuring this as a function of pump-
probe delay ∆t yields the TRKR traces. The polarization of the probe could also be
chosen arbitrarily. We used spot diameters of about 100 µm, and data was taken at
different pump-photon densities in order to cover a broad range of values for the
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Figure 7.6: (a) TRKR signal for different polarizations of the pump pulse. The probe is V polarized.
Traces are offset for clarity. (b) Amplitude of the TRKR signal as a function of the orientation of the
linear polarization of the pump with respect to the applied magnetic field, expressed in degree units for
the angle of the polarizer.

optical Rabi frequencies. Unless states otherwise, we present data that is taken in
a field of B = 7 T and at a temperature of 4.2 K.

Experimental results taken on a sample with Si donors at a concentration of
nSi = 3×1013 cm−3 are shown in Fig. 7.6. Panel (a) shows the TRKR response of a V
polarized probe for different linear polarizations for the pump. When the pump is
D +/D− polarized, it results in a non-zero oscillating Kerr amplitude, while for the
H/V polarized pump no Kerr oscillations are observed. Panel (b) of Fig. 7.6 shows
the full dependence of the amplitude of Kerr oscillations (evaluated around ∆t =
50 ps) as a function of the orientation of the linear polarization of the pump with
respect tot the magnetic field. The observed results are in a good agreement with
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Figure 7.7: TRKR response of the D0 spin ensemble, for different polarizations of the pump pulse. The
π/2 phase difference between TRKR oscillations from pumping with D+ and σ+ polarization indicates
the initial preparation of spin Sx and the spin Sy states, respectively. The probe was V polarized.

our theoretical description of the formation of a coherent dark state via a 2-photon
stimulated Raman process, and its dependence on the polarization selection rules.
For creating spin coherence in the D0 system, the system demands both an H- and
V -polarized component in the pump pulse, in order to address both electron spin
states simultaneously. The fact that no spin coherence was created when pumping
with V polarized light confirms our assumption that the B −B∗ Λ-system, which
in general can lead to stimulated Raman processes with a V -polarized component
of the pump only, is shunted by the fast relaxation rate Γ f e .

Next we proceed with demonstrating that by controlling polarization state of
the pump we can create any arbitrary spin state for the D0 system. In the presen-
tation we limit ourself to the generation of 4 spin states in the equatorial plane of
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the Bloch sphere, which are the states of the the maximum coherence. These are
the ±Sx and the ±Sy spin states, and these are the dark states for pumping with
the D + /D− and σ+ /σ− polarizations, respectively. The TRKR traces from these
measurement are shown in Fig. 7.7. The phase of the oscillating TRKR traces taken
at a fixed pump-probe delay (∆t = 100 ps, for example) directly reflects the initial
phase of the TRKR response, and therefore the actual orientation of the coherent
dark state that was prepared by the pump pulse.

The results of the experiment of Fig. 7.7 are in a good agreement with our the-
ory for the ultrafast preparation of coherent dark states. The four optical polar-
izations in use, when presented on the Poincare sphere, have a phase difference
π/2 between neighboring polarization vectors. The TRKR oscillation signals that
correspond to these four cases demonstrate the same phase shift of π/2 for the se-
quence σ−, D−, σ+ and D+. This directly follow from the polarization selection
rules. The D+ = 1p

2
(H +V ) polarization results in the |Sx〉 = 1p

2
(| ↑〉+ | ↓〉) coher-

ent dark state, the σ+ = 1p
2

(H + iV ) polarization on the other hand will yield the

|Sy 〉 = 1p
2

(| ↑〉+ i | ↓〉) state, etc. When presented on the Bloch sphere, the phase

difference between the spin states Sx and Sy is also π/2. With this experiment we
therefore have demonstrated a direct mapping of the polarization state vector of
the Poincare sphere onto the spin state vector of the Bloch sphere.

We also checked that the amplitude of TRKR traces is consistent with varying
the relative intensity of the H and V components in the pulse, which varies the
ratio |Ω1|/|Ω2| for the dark state (data not shown). This gives access to preparing
spin states that are tilted upward or downward from the equatorial plane of the
Bloch sphere, and confirms our technique can prepare any spin state.

This technique is an interesting alternative to preparing spin states via con-
ventional optical pumping. Firstly, it allows for direct preparation of an arbitrary
state. Optical pumping can only prepare the pure spin-up or spin-down state, and
needs a subsequent step with coherent spin manipulation for preparing an arbi-
trary state. In addition, our technique is about 1000 times faster. Conventional
optical pumping requires a time that corresponds to a few cycles of the radiative
lifetime Tr ad = 1 ns, while our stimulated Raman technique can be realized with
an optical pulse of Tpul se / 5 ps, provided that the optical Rabi frequency during
the pulse is high (giving at least a pulse area of the order π).

We can estimate the optical Rabi frequencies using the electrical dipole value
that we estimated from the EIT observation in Chapter 6 (Ω/2π = 2 GHz for P =
10 W/cm2). In this pulsed experiment the maximum available pump power was
P = 10 mW, with a spot size Dspot ≈ 100 µm, and 80 MHz repetition rate of pulses
with Tpul se ≈ 5 ps duration. This corresponds to an optical intensity of about
I ≈ 3 ·105 W/cm2, resulting in the integrated Rabi frequency Ω/2π= 350 GHz, and



7.6. Probing the coherent optical dark state 97

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0

1

2

3

4

 

TR
K

R
 a

m
pl

itu
de

 (a
.u

.)

(P/P0)
1/2

Figure 7.8: Experimentally measured amplitude of the TRKR oscillations as a function of the pump
pulse power (P0 = 1 mW). Measurements were done with a σ+ polarized pump and a V -polarized
probe.

a pulse area of about π. It is, however, important to note that this estimate is quite
rough, since the estimates for the spot size and the optical power loss on the win-
dows of the cryostat have not been processed with good accuracy yet.

As was mentioned earlier, the ultra-fast preparation of the coherent dark state
is possible because of the optical Rabi oscillations that take place in the system
when a strong optical pulse is present. This should, according to the results of
the calculation in Fig. 7.5, lead to a Kerr signal amplitude that is a strong function
of the excitation pulse power. Figure 7.8 shows the amplitude of the TRKR signal
measured as a function of the pump intensity forσ+pump polarization. It demon-
strates a steady monotonous increase in the Kerr signal amplitude. The fact that
no oscillating-like behavior is observed does not allow us to estimate how close we
are to the full π Rabi pulse. Attempts to see more then π Rabi pulses were limited
by the available laser power.

7.6 Probing the coherent optical dark state

So far we have shown that by choosing the right polarization for the optical pump
pulse, any coherent dark state for the D0 spin ensemble can be prepared. This
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happens only when the optical pulse can drive a Raman-like two-photon transi-
tion between the two electron spin levels. In the TRKR experiment that we pre-
sented till here, we have probed the dynamics of this dark state by measuring how
the rotation of an initially V -polarized probe rotates upon reflection. For complete
understanding of the interaction between D0 systems and ultra-fast optical pulses
it is of interest to also investigate the dependence on the initial polarization of the
probe pulse.

For studying this, we have performed TRKR experiments where the pump pulse
was chosen to be σ+ polarized, while polarization of the probe was chosen to be
D+, D−, V or H . Results of this experiment are shown in Fig. 7.9. The most in-
teresting observation is the fact that, in contrast to the other three polarizations,
the H polarized probe leads to a Kerr signal that is much weaker than for the other
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probe polarizations. Considering that the H polarization is the only polarization
that couples only to one optical transition in the 4-four level system of Fig. 7.2,
we conclude that the process of probing the spin dynamics is also a two-photon
process.

A two-photon interaction between the probe pulse and the D0 systems is in-
deed necessary if one wants to observe an oscillating Kerr signal that contains in-
formation about the spin state that precesses in external magnetic field. If one has
a probe polarization that is sensitive to only one of the optical transitions, it would
lead to probing either the population of the | ↑〉 or | ↓〉 state. This concerns eigen-
states of the Ŝz operator, and these do not precess. It is the terms of the density
matrix of the type | ↑〉〈↓ | that are time dependent, and probing this time depen-
dence requires simultaneous probing of | ↑〉 and | ↓〉 states in order to capture the
time dependence in a physically observable parameter, as for example the Kerr
rotation of the probe polarization.

The other interesting observation from the experimental results in Fig. 7.9 is a
relatively high Kerr amplitude for the V -polarized probe. The V probe polarization
can indeed provide a necessary two-photon process via the optical transitions in
the B −B∗ Λ-system in Fig. 7.1. In contrast to pumping, where the pure V polar-
ization gives no D0 spin coherence due to the shunting of the B −B∗ by the fast
relaxation Γ f e , probing with V polarization gives a clear Kerr signal. The reason
is that rotation of the probe polarization can still occur, because the actual ab-
sorption and effective index of refraction is sensitive to the one-photon absorbtion
processes for each leg of the Λ system, and these are still sensitive to a quantum
interference between the two transitions.

7.7 Time resolved study of the coherence of electron
spin bound to the neutral donor

We conclude this Chapter by presenting an experimental study which aimed at
investigating how the spin dephasing time of D0 spin ensembles depends on the
power of the optical excitation. This experimental work was mainly driven by two
factors. First, in the experiments with detuned optical pulses [12] that aimed at
achieving deterministic spin rotation, the rotation angle was limited to π/3. It was
assumed that larger rotation angles were not possible due to optical-pulse induced
dephasing for the optical transitions at high powers. A second reason to perform
the experiment is the fact that, up to our knowledge, there was no dedicated TRKR
study yet of the dynamics of donor-bound electron spins. The lack of experimen-
tal work on the dynamics of the donor bound electrons is not due to the limited
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Figure 7.10: (a) TRKR signals for different pump powers P , taken on a sample with Si doping at nSi =
3×10−13 cm−3, and σ+ and V for the pump and probe polarization, respectively. (b) Spin dephasing
time T∗

2 versus pump power for samples with different concentration of donors.

interest in this system, but rather due to the fact, that the conventional Kerr ro-
tation technique (with above the gap excitation) was mainly used for studies of
electrons in the conduction band of semiconductors, where generation of elec-
tron spin coherence is a one-photon process [19]. Another technique, that uses
polarization-resolved photo-luminescence in combination with the Hanle effect
[28] cannot address the donor-bound electrons since the part of the signal that
comes from the radiative relaxation of D0X systems is not polarized because the
electron spins in the D0X system form a singlet.

We have performed the TRKR experiment on two samples with different con-
centration of dopants nSi = 3× 1013 cm−3 and nSi = 1× 1014 cm−3. Experiments
were performed using different excitations powers. Results are presented in Fig. 7.10.
Panel (a) shows typical TRKR traces taken at three different pump power levels. It
is interesting to note that the spin signal after excitation with the lowest pump level
persists longer than for the cases with stronger pumping. In panel (b) we present
the result of a systematic study of the dependence of the spin sephasing time T ∗

2
on the excitation power for the two samples. The T ∗

2 time for each power condi-
tion was found from making a mono-exponential fit on the Kerr signal [21, 22]. The
behavior of the spin dephasing times T ∗

2 versus pump power shows a trend where
T ∗

2 initially decreases exponentially with increasing of the optical power. At the
high power levels the dephasing time stays nearly flat at the value T ∗

2 ≈ 0.2 ns. The
point where the change in the trend occurs is at the power level where the number
of absorbed pump photons equals the number of D0 donor sites.
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The observed results are in good agreement with a model that predicts that the
spin coherence time is limited by the correlation time of the local effective mag-
netic field felt by the electron spin. The D0 system has an unpaired electron spin,
and it will sense the non-zero hyperfine interaction at the donor site and therefore
an Overhauser magnetic field. Slowly changing fluctuations of this Overhauser
field cause an inhomogeneity for the Zeeman splitting of the D0 systems, and this
should result in a value T ∗

2 ≈ 2 ns. This is the T ∗
2 value that is observed at the low-

est pump powers. At higher pump powers, there are also a relatively high number
of free excitons X in the system, up to a time that corresponds to the free-exciton
recombination time (∼300 ps [21]). These free excitons have at 4.2 K a capture
and release dynamics with being bound at a D0 site, temporarily forming a D0 X
system. For the D0X system, the two electrons form a singlet, resulting in no Over-
hauser field. Thus the capture and release of the free excitons creates an additional
fluctuating magnetic field that is felt by the electron, and it can also cause a full
electron spin-flip for the D0 system in case the electron is exchanged.

The dynamics of the capture and release of the free excitons depends on the
number of free excitons in the system. In the low pump-power regime the number
of free excitations in the system does not strongly exceed the number of donors.
This gives a low rate for capture-release events, and a high number of D0 systems
for which the spin dynamics is not disturbed by free excitons. In the case of higher
optical pump powers, the number of optical excitations exceeds the number of
donors and many free excitons are generated alongside the spin orientation of D0

systems. Subsequent capture-release dynamics disturbs the D0 spin dynamics.
The effect of this on the spin dephasing time is captured by the following correla-
tion [28]:

T ∗
2 ∼ 〈S⃗i (0) S⃗i (t )〉 ∼ e−t/Tcap (7.5)

which, considering the free exciton capture rate must be in the sub-ns range which
is supported by the strong luminescence from the donor bound excitons, results in
a T ∗

2 value that is much shorter than the nuclear-field-limited value of T ∗
2 ≈ 2 ns.

7.8 Conclusions

We have presented an experimental technique that allows optical generation of an
arbitrary coherent state for D0 spin ensembles on a timescale that is much shorter
than the radiative lifetime. We have developed a theoretical model which relies
on describing the D0 −D0X system as a 4-level system, and which thereby con-
sists of two optical Λ-systems. Within the framework of this model we were able
to show that the mechanism of the ultra-fast coherent dark state preparation relies
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on a two-photon stimulated Raman process. Despite being able to explain most of
the results, we had to introduce an ultra-fast timescale for the relaxation between
levels within the D0X complex, in order to account for a difference in the system’s
response with respect to preparing and probing states with ultrafast optical pulses
with well-defined polarizations. The reported theoretical model and experiments
also do not address the question how the coherent dark states evolves when a sec-
ond pump pulse is applied shortly after a first pump pulse (faster than T ∗

2 ). such
that pumping occurs on a system with an initial degree of coherence. More exper-
imental and theoretical investigations in this direction will provide important test
for better understanding of the physics that is reported in this Chapter.

Using the developed technique we were also able to make a systematic time-
resolved study of the spin dynamics of an ensemble of oriented D0 spins. Our
findings demonstrate that by resonantly exciting the D0 − D0X transitions with
single optical pulses, a detectable and well-defined electron spin coherence can
be generated, and its dynamics can be traced in time. We have also found that the
spin coherence time is strongly dependent on the number of photons in the pump
pulse, and in general decreases with increasing power.
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