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Chapter 2

Optical control of donor-bound electron spins in

GaAs

2.1 Silicon donor in gallium arsenide

The GaAs crystal structure is of the zinc-blende type, with lattice con-

stant a ≈ 5.65 Å and an atomic number density of ρ = 4.42× 1022 cm−1.

The valence (p-like) and conduction (s-like) band structure around elec-

tron wave number k = 0 are depicted in Fig. 2.1. At a temperature of

4.2 K the material has a direct bandgap of 1.51 eV, furthermore the va-

lence band has a split-off part that is separated by ∆SO = 0.34 eV from

the heavy/light hole parts. Silicon can substitute as a donor (in place of

gallium) within the crystal, leading to n-type doping of the material, or as

an acceptor (in place of arsenic), leading to p-type doping. Generally, both

can occur simultaneously. However, under highly controlled growth condi-

tions, crystals containing mostly donors and no acceptors can be produced.

An isolated and non-ionized (electrically neutral) donor system is denoted

as D0. Within the band diagram the donor electron energy is located just

below the conduction band, indicating that the electrons are nearly free

(i.e. it is a shallow donor). Their atomic wave function closely resembles

that of the conduction band electrons (s-type Bloch function), but is ad-

ditionally modified by a slowly varying envelope function that represents

the electrostatic binding to the silicon atom. Within the effective mass

approximation this part of the wave function resembles a hydrogen-like

1S, i.e. exponentially decaying along radius r, envelope. This is a solution

7
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Figure 2.1: Band structure of GaAs at room temperature.

(Source: http://www.ioffe.ru/SVA/NSM, dated 18 June 2015)
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F (r) = EF (r). (2.1)

Taking the dielectric constant ε = 12.56ε0 and electron effective mass

m∗ = 0.067me for GaAs results in an effective Bohr radius of a0 = 99 Å

and a radial envelope function:

F (r) =

√
1

πa3
0

e−r/a0 , (2.2)

which is normalized according to
∫

space
F (x)∗F (x)dx = 1. To fully de-

scribe the electron density this envelope function is multiplied by the k = 0

Bloch function u0(x), where 0 labels the band index and hence comprises

the s-like character of the D0 orbital. In the effective mass approximation

the ionization energy, obtained from solving Eqs. 2.1 and 2.2 at r = a0,

is 5.8 meV. Measured values for the donor ionization energy yield 6 meV.

This energy corresponds to a temperature of ∼ 70 K.

If the temperature is well below 70 K the thermal excitation of donor-

bound electrons to the conduction band is suppressed. Additionally, if
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Figure 2.2: Left: The D0 system in GaAs. Right: situated within the bandgap

the bound electron provides an isolated energy level. The degeneracy is lifted by

application of an external magnetic field, hence providing two localized states.

the donor density is well below the metal-insulator transition, which is

around 1016 cm−3, electron hopping between donors is also suppressed.

If both these conditions are fulfilled, the donor-bound electrons can be

considered as an ensemble of localized, non-interacting electrons within

the GaAs crystal (see 2.2).

2.1.1 Magnetic properties

The spin-orbit (SO) interaction in GaAs modifies the response of the elec-

trons to an external magnetic field, which is reflected in the electron g-

factor of ge ≈ −0.42. This modification of the g-factor as compared to

the free electron (which would display a value of ge = 2.0023) indicates

that the SO interaction mixes the pure spin states. An important conse-

quence of this mixing is that it allows for spin relaxation by fluctuating

electric fields. In clean samples these electric field fluctuations can be

attributed to lattice vibrations and hence it is the (inelastic) interaction

with phonons that dominates the spin relaxation process [1, 2]. However

for donor-bound electrons the extent of their wavefunction (or simply their

size) is small (of the order of a0), while the density of phonons at wave-

lengths smaller than a0 is strongly quenched at liquid helium temperature.

The spin relaxation time, denoted by T1, for donor-bound electrons has

been measured to be at least 3 ms in moderate magnetic fields (up to 4 T)
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and was shown to decrease with B−4 for higher magnetic fields [3], having

a value T1 = 770 µs at 6 T.

Additionally the donor-bound electron spin experiences dephasing due

to elastic collisions with environmental degrees of freedom. The charac-

teristic time for this process is denoted by T2 and it generally holds that

T2 ≤ 2T1 since inelastic relaxation also reinitializes the phase. For donor-

bound electrons in GaAs it was measured by optical spin-echo technique

that at least T2 = 7 µs [4].

In experiments that measure the spin dynamics it is of practical ne-

cessity to measure a number of spins, i.e. either to measure a single spin

many times in a row or to measure an ensemble of spins at once. In this

thesis we do the latter. In these realistic cases one deals with the inho-

mogeneous dephasing time, T ∗2 , which captures all inhomogeneities that

affect spin dephasing. Inhomogeneity can be caused by electric strain

fields (causing g-factor broadening through the SO-interaction), impurity

electric fields and hyperfine interaction. Measurements have shown an in-

homogeneous dephasing time for bound electrons in GaAs of the order of

several nanoseconds, depending on temperature, impurity concentration

and external magnetic field. For the case of clean, strain-free samples it

is well established that the hyperfine interaction of the electron spin with

nuclear spins is the dominant cause for the shorter T ∗2 . This thesis focuses

on controlling this hyperfine interaction and an elaborate discussion of the

mechanism is discussed separately in Sec. 2.4.

2.1.2 Donor bound trion: a localized optical excitation

The Si impurity in GaAs also supports an excited state, where an addi-

tional electron-hole pair stays bound to the impurity site by the Coulomb

force. This type of bound exciton state, first proposed by Lampert [5], is

commonly called a trion state when bound to a neutral donor such as Si

to emphasize the fact that three effective mass particles are bound to the

impurity site.

The D0X size determines much of its optical properties [6]: Because

the wavelength of the excitation light inside the medium is larger then 2a0,

approximately the D0X diameter, the atomic dipole moments add coher-
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ently, which results in large oscillator strength and short lifetime. Indeed

the lifetime of D0X has been measured by photoluminescence [7] to be

1.07 ns at 1.6 K. Also, the D0X wave function stretches over many lattice

sites (there are approximately 170.000 lattice sites in a sphere of 4πρa3
0/3)

which polarize coherently during excitation [6]. Therefore, the excitation

and emission display almost no vibronic coupling as is often the case for

deep defects where the exciton size is localized on a few lattice sites. The

fact that phonons do not play a part results in narrow absorption and

emission lines for D0X in GaAs.

The orbital motion of the three charged particles around the donor

core ion, moving in each others electric potential poses, a hard problem

for which only approximate solutions have been proposed [8]. When an

external magnetic field is applied the energy level shifts are dominated by a

strong diamagnetic shift. Together with the SO-coupling this complicates

the analysis even further [9]. In Chapter 7 we spend separate attention

to the nature of the trion states and also present accurate measurements

of their energies in a magnetic field. To discuss the possibilities of optical

excitation it is sufficient to point out that the magnetic field lifts the

degeneracy and a specific level can be addressed in practice, provided the

other levels are sufficiently far removed in energy by application of the

magnetic field.

2.1.3 Optical orientation of the D0 electron spin

Optical orientation is the process where a net magnetic moment builds up

in a material by shining light on it. For the single atom/particle case it

means controllably orienting a net spin by interaction with light. That

this can be done is not obvious because, in the electric dipole approxi-

mation, it is the electric component of the light that induces a change

in the electronic wave function through the electric dipole moment. This

interaction can at first glance only induce changes in the electronic orbital

motion (i.e. the charge distribution) and not in the spin part. However, in

the presence of the spin orbit interaction the situation changes: spin and

orbital components of the wave function mix. In particular for the exciton

states in GaAs which contain a hole from the valence band, whose orbital
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angular momentum L = 1 and the total angular momentum J = 3/2, this

effect is significant. In the state representation

|J,mJ〉 =
∑
mL

∑
mS

〈L,mL, S,ms|J,mJ〉 |L,mL, S,ms〉 , (2.3)

where L,S and J are orbital, spin and total angular momentum respec-

tively and 〈L,mL, S,ms|J,mJ〉 are the Clebch-Gordan coefficients that

characterize the mixing. The state |J,mJ〉 now being a superposition of

pure spin states can transfer of population between pure spin states of

different ms. GaAs, a material where spin orbit interaction is significant,

is therefore a good material for this optical orientation process. More de-

tailed background on this topic can be found in [10, 11] and a detailed

study of the case of the trion and bound electron states in GaAs is treated

in [12].

Optical orientation can be used on the bound electron spin states in GaAs

because they have a transition dipole to a common excited state. This is

beneficial for gaining control of the spin because the optical orientation

can take place very fast, as compared to the lifetime of the spin state.

2.2 Optical interaction with a three level Λ-system

The spin states of the bound electron, optically coupled to a trion state,

form a Λ system (due to its shape, see Fig. 2.3). In this section we analyze

the optical excitation process in this system and pay particular attention

to the effects of coherent population trapping, which is characteristic to

this system and can be used to prepare a coherent superposition of the

two ground states.

2.2.1 Dressed states the driven Λ-system

The atomic system is treated as point-like and interacting with the exter-

nal electromagnetic field in the dipole approximation. We take the atomic

and interaction parts of the Hamiltonian as

H0 =
3∑
i=1

~ωi |i〉 〈i| , V (t) = −µE(t) (2.4)
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Figure 2.3: Generic depiction of a driven Λ-system consisting of states |1〉, |2〉
and |3〉 where lasers address the 1-3 and 2-3 transitions. The 1-2 transition is

dipole forbidden, making state |2〉 relatively long-lived as compared to |3〉.

where ωi are the energies of the atomic levels. The dipole operator is

µ = µ1 |3〉 〈1|+ µ2 |3〉 〈2|+ h.c., and we assume that the dipole moments

are orthogonal [13]. The applied electric field is

E(t) =
e1E1

2
e−i(ω3−ω1+∆1)t +

e2E2

2
e−i(ω3−ω2+∆2)t + c.c. (2.5)

where ei are polarization vectors such that µiej = µiδij. The electric field

thus consists of two modes that are orthogonally polarized at frequencies

that match the atomic transitions plus detunings ∆i, they have amplitudes

|Ei|.
After defining zero energy to be ~ω1, applying the rotating wave ap-

proximation and making the transformation to a rotating frame for which

|1〉 −→ |1〉 , (2.6a)

|2〉 −→ e−i(ω2+∆1−∆2)t |2〉 , (2.6b)

|3〉 −→ e−i(ω3−ω1+∆1)t |3〉 , (2.6c)

the full Hamiltonian in matrix representation becomes:

H = H0 + V = −~
2

 0 0 Ω∗1
0 2(∆1 −∆2) Ω∗2

Ω1 Ω2 2∆1

 (2.7)
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where the Rabi frequencies are defined as Ωi = µiEi/~. At two-photon

resonance, i.e. when ∆1 = ∆2 ≡ ∆ the characteristic polynomial of H is

λ3 + 2∆λ2 − (|Ω1|2 + |Ω2|2)λ. Hence it has and eigenstate at zero energy

corresponding to the eigenvector (1,−Ω1/Ω2, 0). This dressed eigenstate

of the system composed of atom and fields does not contain the bare

atomic state |3〉. In the following section we discuss how this state can

play a special role in more realistic three-level system dynamics.

2.2.2 Open system dynamics

To describe a more realistic case the previously depicted Λ-system must be

augmented with appropriate decay, and dephasing rates (as it is depicted

in e.g. Fig. 4.1). These describe processes that arise from interactions

with the environment. Such processes, too complex to take into account

in the deterministic Hamiltonian description, cause the emergence of sta-

tistical uncertainty in the evolution of the system. To deal with such

an open system the state can be described by the density matrix and

the evolution by a Lindblad master equation. This type of evolution is

conveniently pictured in phase space, where the system takes up a cer-

tain volume and follows a particular trajectory during its evolution. The

size of the phase space volume is a measure of uncertainty in knowledge

about the state of the system. When the Λ-system is driven by lasers it

is brought out of thermodynamic equilibrium, and the contact with the

environment gives rise to dissipative processes. A special situation arises

when the dissipative system has a so-called dark state, as described in the

previous section to exist when the two-photon resonance condition is met:

This state, denoted |ψd〉 = (Ω2 |1〉 −Ω1 |2〉)/
√

Ω2
1 + Ω2

2, is decoupled from

the primary dissipative process in this system, which is spontaneous emis-

sion (the corresponding operators of which are proportional to |2〉 〈3| and

|1〉 〈3|). Because there are no other states with this property all other ini-

tial states will be subject to spontaneous emission and, after several optical

excitation and emission cycles, end up in the dark state |ψd〉. This form of

dissipative state preparation in the Λ-system is called coherent population

trapping (CPT), since the state |ψd〉 is a pure state. The simplest example

is optical orientation with a single laser, in that case one of the Rabi fre-
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quencies is zero. For example, when Ω1 = 0 the state |ψd〉 = |1〉. However,

by controlling relative power and phase of the laser Rabi frequencies any

coherent superposition of states |1〉 and |2〉 can be prepared and subse-

quently manipulated [14]. Despite of the state |ψd〉 being decoupled from

spontaneous emission it is still subject to decay and dephasing between

states |1〉 and |2〉, which are the electron spin states in our work. The

spin decay and dephasing rates thus set limits on the lifetime of |ψd〉, but

because these times can be relatively long compared to the time required

for optical preparation and manipulation the CPT method provides a vi-

able path towards coherent control over a qubit formed by the two ground

states of a Λ-system. The mathematical formalism of CPT is described

in e.g. [15, 11], which we use to formulate the equation of motion for our

system (shown explicitly in Sec. 4.9.1).

2.3 Electromagnetically induced transparency

An effect closely related to CPT is electromagnetically induced trans-

parency (EIT). Whereas in CPT the focus is on the state of the atomic

system that is being prepared, EIT focuses on the effect on the prop-

agating laser fields though a medium containing the Λ-systems. Inside

this medium there arises an effective interaction between the photons of

both lasers, mediated by the Λ-system. The susceptibility for laser 1 is

therefore conditional on the presence of laser 2, and vice versa. When

the two-photon resonance condition is met the scattering of laser light by

spontaneous emission is suppressed. What remains is that photons are

exchanged between the modes of laser 1 and 2 while maintaining coher-

ence, mediated by the coherent evolution of the Λ-system, thus there is

(ideally) no extinction of the laser beams in the medium. Without the

presence of the other laser the medium appears opaque. EIT thus allows

for a transistor-like effect where transmission of photons in a laser mode

can be allowed by the presence of another laser. This optical switching has

been demonstrated to be possible [16] and is valuable for the development

of all-optical devices.

Practically the CPT state could be detected by measuring a decrease in

fluoresence due to suppressed spontaneous emission. EIT is by definition
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measured in transmission which is the main detection method used in

subsequent chapters in this thesis.

2.4 Electron-nuclear spin interaction in GaAs

The dynamics of the composite system of electron and surrounding nuclear

spins spans many timescales: from the subnanosecond optical orientation

process up to the long decay time for the bulk nuclear spins which can last

for hours, depending on temperature and magnetic field. To discuss these

processes we subdivide this section and consider first only the nuclear spin

bath, at equilibrium. Then the coupling of the electron spin to this bath

and the influence of this on the electron spin coherence time. Then the

way to modify the state of the nuclear spin bath by exerting control on

the electron spin. Finally, the coupling of a polarized (local) nuclear spin

bath to the rest of the nuclei in the bulk of the crystal, which leads to a

flow of nuclear spin polarization away from the D0 systems by a diffusive

type of process.

2.4.1 Thermal equilibrium of nuclear spin bath at ’high’ tem-

perature

For the nuclear spin environment in thermal equilibrium with the lattice

we consider a number, N , of non-interacting nuclear spins. In a mag-

netic field B = Bẑ the individual spins are governed by the Hamiltonian

H = −µzB = −γIzB, where µz is the magnetic dipole operator, γ is the

gyromagnetic ratio in units of rad×Hz/T and Iz is the spin operator. The

magnetization along the magnetic field direction, M = N 〈µz〉, is obtained

from the single spin density matrix ρ = 1
Z
e−H/kBT , with Z = Tr(e−H/kBT ),

and the relation

M = NTr(µzρ). (2.8)

Using µ = ~γI, with I the spin quantum number and µ the single

spin magnetic moment, we define the high temperature approximation

µB/kT � 1 such that we can substitute e−H/kBT ≈ 1 − H/kBT . Eval-

uating the traces using Tr(Iz) = 0 and Tr(I2
z ) = ~2I(I + 1)(2I + 1)/3 it
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follows that

M = Nµ
µB

kBT

I + 1

3I
. (2.9)

which is Curie’s formula. In a similar manner the variance can be calcu-

lated, since σ2
M = N [Tr(µ2

zρ)− Tr(µzρ)2]. The result in the high temper-

ature limit, and using Tr(I3
z ) = 0, is

σ2
M = N

(
µ2(I + 1)

3I
− M2

N2

)
. (2.10)

In particular we can now look at the spin polarization, p = M/µN , which

is the fraction of magnetization, and its corresponding σp = σM/µN . In

terms of the system parameters these read:

p =
µB

kBT

I + 1

3I
, (2.11a)

σp =
1√
N

√
I + 1

3I
− p2. (2.11b)

By these definitions p varies on a scale from −1 to +1. These expressions

for the polarization are valid around p = 0, which is appropriate for all

cases in subsequent chapters where we shall never encounter nuclear spin

polarizations larger than 0.1. What is of essence here is that when we

take the limit p→ 0 we can approximate the distribution of nuclear spin

polarization as a Gaussian with mean at p = 0 and a full width at half

maximum (FWHM) equal to:

2
√

2 log 2σp

∣∣∣
p=0

= 2
√

2 log 2

√
I + 1

3IN
. (2.12)

2.4.2 Hyperfine interaction

The hyperfine interaction in principle comprises a multitude of shifts and

splittings that originate from the interaction of the electron with the nu-

cleus’ electric and magnetic moments. For the D0 electrons in GaAs the

relevant part is the coupling between the electron angular momentum and

the nuclear spin. The magnetic moment of the nucleus produces a vector
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potential A = (µ0/4π)(µ × r)/r3 at a distance r. The interaction of the

electron with this vector potential is captured by the Pauli Hamiltonian:

HPauli =
1

2me

(σ · (p + eA))2 =
p2

2me

+
e

m
A·p+

e~
2m
σ ·(∇×A)+O(A2),

(2.13)

where the last two terms describe the interaction (neglecting the part that

is proportional to A2). In order to be able to deal with the electron spin

density distribution we rewrite these terms following [17]: The first term

describes the coupling between nuclear spin and electron orbital angular

momentum, it can be rewritten as Hl = µ0µB
2π

µ·l
r3

, where µB = e~/2me is

the Bohr magneton and l = (r×p)/~ is the dimensionless orbital angular

momentum of the electron. The other term can be rewritten as:

Hs =
µ0µBγ~

2π

[
3(I · r)(S · r)

r5
− I · S

r3
+

8π

3
(I · S)δ(r)

]
, (2.14)

where we introduced the dimensionless spin vectors I = µ/~γ and S =

σ/2, whose elements are operators such that e.g. Sz |S,ms〉 = ms |S,ms〉.
Both Hs and Hl have dimensions of energy per cubic metre. To obtain

the energy of the system we need to evaluate 〈ψe|Hl + Hs |ψe〉, i.e. to

multiply with the electron density and integrate over space. Now Hs is

put in a convenient form where the first two terms describe magnetic

dipole-dipole interaction (giving Hdd) and the last term is known as the

Fermi contact interaction (giving Hfc). So, if we accordingly write Hs =

Hdd + Hfc it holds that for p-electrons (the zero orbital amplitude at

the origin gives a contribution zero for Hfc) 〈ψe|Hl + Hs |ψe〉=〈ψe|Hl +

Hdd |ψe〉. For s-electrons (spherically symmetric, finite at origin, but the

orbital integration leads to zero contributions for Hl and Hdd) 〈ψe|Hl +

Hs |ψe〉=〈ψe|Hfc |ψe〉, for which the integration leads to H = 4
3
µ0µBγ~I ·

S |ψe(0)|2, where the zero position refers to the location of one particular

nucleus. This expression is appropriate for D0 electrons because they

have an s-like wave function. We have to take into account all nuclei by

summing their contributions:

H =
4

3
µ0µB~

∑
n

γnIn · S |ψe(rn)|2 . (2.15)
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To be able to carry out the summation we firstly have to take into account

that there are different nuclei in the crystal: The primitive cell contains

one 75As atom and one Ga atom of which 60 % are 69Ga and 40 % are
71Ga. The gyromagnetic ratios of these isotopes are γ/(2π) = 7.3, 10.3

and 13 MHz T−1 respectively. Secondly, the electronic density is slightly

different on cation and anion sites: In reference [18] this effect, while

not directly measured in GaAs, was estimated from the measured atomic

hyperfine interaction and measurements of electron density in InSb. Using

these numerical values it is insightful to write equation 2.15 first as a

Zeeman-type magnetic field seen from the point of view of a nucleus:

H = −γ~InBn
e , (2.16a)

Bn
e = −4

3
µ0µBαnS |F (rn)|2 . (2.16b)

where αn = 4434.38 for As and 2624.4 (dimensionless constants) for Ga

nuclei represents the difference between cation and anion sites [18]. The

expectation value 〈Bn
e 〉 is the Knight field [19] and it follows that the

maximum Knight field, when 〈S〉 = 1/2, is 11.3 mT for As and 6.7 mT for

GaAs.

Similarly, we can write equation 2.15 from the point of view of the

electron (below here c69Ga, γ69Ga, and u69Ga denote the relative isotopic

abundance, the nuclear gyromagnetic ratio, and the Bloch wave function

at the site of the 69Ga isotope, respectively, and similar for the other

isotopes):

H = −µeBn = −gµBSBn, (2.17a)

Bn = − 4

3g
µ0~

∑
n

γnIn |ψe(rn)|2 , (2.17b)
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Bn =− 4

3g
µ0~

∑
n

γnIn |u0(rn)|2 |F (rn)|2 , (2.18a)

Bn =− 4

3g
µ0~ ×(

c69Gaγ69Ga |u69Ga|2 + c71Gaγ71Ga |u71Ga|2 + c75Asγ75As |u75As|2
)
×∑

n

In |F (rn)|2 ,

(2.18b)

Bn =− 4

3g
µ0~

∑
i

ciγi |ui|2
∑
n

In |F (rn)|2 . (2.18c)

The effective magnetic field 〈Bn〉 is called the Overhauser field [20]. If the

nuclear spin polarization is uniform we can calculate the contribution for

the different isotopes. Taking g = −0.42 we calculate 〈BAs
n 〉 = −1.89 〈I〉,

〈B69Ga
n 〉 = −0.948I and 〈B71Ga

n 〉 = −0.797I which gives a total field of

3.64 〈I〉, in units of Tesla. Hence the fully polarized nuclear spins will

apply an Overhauser field to the electron of 5.46 T.

Given the high nuclear spin temperature we expect the equilibrium

Overhauser field to be zero. But the fluctuations in the nuclear spin

polarization result in a fluctuating Overhauser field. This has as a conse-

quence that the electron spins in an ensemble precess at slightly different

frequencies. Following section 2.4.1 we assume these frequency differences

to be Gaussian distributed. The effect of this is that information about

the spins’ phase is lost, this is captured by:

C(t) =

∫ +∞

−∞

1√
2πσp

e−(p/
√

2σp)2 cos

(
gµBBmaxp

~
t

)
dp = e

−
(
gµBBmaxσp√

2~

)2
t2
,

(2.19)

where the dephasing time

T ∗2 =

∣∣∣∣∣
√

2~
gµBBmaxσp

∣∣∣∣∣ (2.20)

with σp as in 2.11b.
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2.4.3 Dynamical nuclear spin polarization

It is possible to force the state of the nuclear spin bath to deviate from

the its thermal equilibrium configuration described in Section 2.4.1. This

process changes the distribution of the nuclear spins to another distribu-

tion, P (δ), that replaces the aforementioned Gaussian distribution. The

dephasing process of the electron spin is then described by an integral

similar to Eq. 2.19, where the Gaussian distribution is replaced by P (δ).

For the integration over an arbitrary distribution one can resort to nu-

merical methods and the dephasing time remains defined as the time at

which C(t) = 1/e. In general, when P (δ) has a narrower width then the

thermal, Gaussian distribution this results in reduced dephasing of the

electron spin.

To influence the nuclear spin states directly one can resort to driving

the nuclear spin transition directly by nuclear magnetic resonance at mi-

crowave frequency. This has a depolarizing effect and hence cannot change

the nuclear spin polarization much if it was initially unpolarized. Another

method relies on a combination of the optical orientation of the electron

spin, hyperfine contact interaction between this electron and the nuclei,

and the relaxation processes of the electron spin. In this scheme there is

no external field applied at the frequency of nuclear spin transitions. The

physical nature of this method known as dynamic nuclear spin polariza-

tion (DNP) is that, due to rapid electron spin relaxation, the Knight field

that the nuclear spin feels from the electron becomes a random function

of time. When the noise spectrum of this randomly fluctuating field pos-

sesses a frequency component that matches the frequency of nuclear spin

splitting it is able to induce transitions between the nuclear spin states

(which are often called flips in this context). DNP originates from the

hyperfine interaction Hamiltonian in Eq. 2.15. When treated as a pertur-

bation of which the electron’s spin part is fluctuating in time (i.e. S(t))

this leads to a master equation that governs the nuclear spin polarization.

This calculation is extensively outlined in Ref. [21, Chapter 5] resulting in

the equation of motion for the spin polarization of a single nucleus, 〈Iz〉:

˙〈Iz〉 = −Γh

(
〈Iz〉 − 〈Iz〉 −

I2 + I

S2 + S

[
〈Sz〉 − 〈Sz〉

])
. (2.21)
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Here Γh is the rate of spin flips and the overbars denote the thermal equi-

librium value of the spins’ expectation values. The underlying dynamics

is probabilistic and both directions of nuclear spin flips, increasing as well

as decreasing the nuclear spin quantum number, do occur. In fact on a

microscopic level the transition involves simultaneous flips of the electron

and nuclear spin, conserving overall angular momentum. The equation

2.21 shows how the nett rate of change of the nuclear spin polarization

is dependent on the electron spin polarization’s deviation from thermal

equilibrium. The power of the DNP mechanism lies in the fact that using

optical orientation techniques
(
〈Sz〉 − 〈Sz〉

)
can easily be driven to larger

values, while
(
〈Iz〉 − 〈Iz〉

)
remains (at least in the system studied in this

thesis) close to zero. The electron spin polarization can thus determine

the direction of nuclear spin polarization, which can be driven to positive

as well as negative values. For Equation 2.21 to hold it is required that (1)

An external magnetic field is applied, along some direction here denoted

by z; and (2) The dynamics of the electron spin is faster than that of the

nuclear spins, in particular the random fluctuations of the Knight field

should be fast compared to the frequency of nuclear spin splitting by the

Knight field.

2.4.4 Nuclear spin diffusion

The equation 2.21 contains a depolarizing term
(
〈Iz〉 − 〈Iz〉

)
(which is op-

posite in sign to the term containing the electron spin polarization) that

represents the tendency of the nuclear spins to relax towards their ther-

mal equilibrium state. Another depolarizing mechanism is spin diffusion,

as depicted in Figure 2.4. It represents the flow of nuclear spin polar-

ization away from the localized electron spin. Strictly speaking this only

mimics the effect of a depolarizing mechanism because it does not involve

decay of the nuclear spin polarization in the crystal. The built up nuclear

polarization that spreads to remote regions does not influence the elec-

tron spin anymore and is therefore effectively lost. Nuclear spin diffusion

around the donors in GaAs has been studied in the work of Paget [22].

The microscopic mechanism is the dipolar coupling between nuclear spins

which allows for two nuclear spins at different locations to flip their spin
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Si

GaAs

Figure 2.4: Polarized nuclear spins around the donor (blue region is the extent

of the D0X wave function) will diffuse to the bulk (gray region) resulting in

a perceived decay of nuclear spin polarization for the donor electron. Spin

diffusion is mediated by dipole-dipole interaction between nuclear spins of the

same species (because their Zeeman energy matches). Additionally, when the

electron spin is partially polarized diffusion will be suppressed because their is

a radial gradient in the Knight shift perceived by the nuclei around the donor.

The resulting mismatch in level splittings reduces the probability of spin flips

among the nuclei.

in opposite direction. Because of the narrow line widths of nuclear spin

transitions this mechanism is suppressed among nuclei with different gyro-

magnetic number (in the presence of an external magnetic field). Another

factor that suppresses the spin diffusion mechanism is the presence of an

inhomogeneous magnetic field: Close to the donor impurities the Knight

field is spatially inhomogeneous, causing nuclei to have different energy

level splittings dependent on their position. Hence when the electron spin

is (partially) polarized the nuclear spin diffusion away from the donor site

is suppressed.
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2.5 Measurement of EIT†

To conclude this chapter we demonstrate that it is possible to measure

EIT using the bound states of the D0-D0X system in GaAs. This mea-

surement is performed on a Λ-system formed by a D0X level and the two

D0 electron spin states, where the lower energy transition is labeled A

and the higher energy transition A* (to keep the labeling consistent with

earlier work on this system [9, 23]). The measurements reported here were

realized at 4.2 K and in an applied magnetic fields in the range 6 to 8 T.

The observation of EIT is shown in Fig. 2.5. For these results we fixed the

control laser central on the A transition (with linear V polarization, de-

fined as parallel to the externally applied magnetic field), while the probe

laser is scanned across the A∗ transition (H polarization, orthogonal to the

externally applied magnetic field). When the control and probe field meet

the condition for two-photon Raman resonance (the difference in photon

energy exactly matches the D0 spin splitting), a narrow peak with en-

hanced transmission appears inside the broader A∗ absorption dip, which

is the fingerprint of EIT. In Fig. 2.5(a) this occurs inside an A∗ absorption

with optical density 1.0, while for the sample with nSi = 3× 1013 cm−3 this

is 0.3 (Fig. 2.5(b)). We further focus on this latter sample since higher

resolution of the EIT spectra makes it more suited for our further studies.

The lines in Fig. 2.5 and 2.6 are results of fitting EIT spectra with the

established theory [15]. This involves calculating the steady-state solution

of a density-matrix equation for the three-level system, and accounts for

coherent driving by the lasers and relaxation and dephasing rates between

the levels. The free parameters are the inhomogeneous broadening γA∗

(typically 6 GHz) for the optical transition A∗, the spin dephasing time

T ∗2 and the control-field induced Rabi frequency Ωc (and Ωp << Ωc). The

rest of the parameters are the same as in Ref. [23], and we found Ωc

always consistent with an independent estimate from the optical intensity

and electric dipole moment. We obtain good fits and the main features in

our results are consistent with EIT, as we discuss next.

Figure 2.5(b) shows EIT spectra taken at different intensities Ic of the

† This section is based on reference 1 on page 151.
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Figure 2.5: (a) EIT spectrum from sample with Si doping at 1× 1014 cm−3.

Dots - experiment. Line - numerical fit. (b) EIT spectra from sample with Si

doping at 3× 1013 cm−3, for probe-field intensity 0.04 W cm−2 and a range of

control-field intensities Ic with I0 = 0.4 W cm−2. The inset shows the fitting

results for Rabi frequency Ωc and spin dephasing time T ∗2 .
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control field, where a stronger control field yields a higher and broader EIT

peak. As expected for EIT, we observe that Ωc from fits scales linearly

with
√
Ic (Fig. 2.5(b), inset). The Ωc values reach an angular frequency

of 2π×2 GHz, and we could only obtain clear EIT spectra with such high

Ωc in samples with complete adhesion onto the sapphire substrate. Our

results from samples with incomplete adhesion (and work with epi-layers

that are not removed from the original GaAs substrate [23, 24, 4]) suffer

from heating, which is observed as a broadening of the free exciton line

into the region of the D0X resonances.

Figure 2.6 shows how the EIT peak position depends on detuning

of the control field from the A transition. As expected, the EIT peak

follows the detuning of the control field. However, the EIT peak in the

blue-detuned traces is clearly more prominent than in the red-detuned

cases. We attribute this to a change in the effective Rabi frequency Ωc

that results from the weak Fabry-Perot interference within the GaAs film,

and we can indeed fit the results with fixed T ∗2 = 2 ns and varying Ωc

(Fig. 2.6, inset). We can exclude that the difference in the quality of EIT

spectra is coming from optical coupling to a level outside our Λ-system,

since all other transitions are well separated spectrally and in polarization

dependence (see Chapter 7 for a study of the spectral position of these

other levels).
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