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Quantum information is currently one of the most important research fields in physics.

The dopant qubits in direct band gap materials are promising candidates to build large-

scale photon-based quantum network for applications in quantum computation and quantum

communication. In this thesis, we study the optical and spin properties of different dopant

systems in order to find the best one as a qubit candidate. The first study of dopant qubits

in direct band gap materials was on donors in GaAs, from Yamamoto’s group about 10

years ago. The donor qubits in GaAs only have ns-scale dephasing time which is limited

by inhomogeneous hyperfine fields in the crystal. In order to improve the coherence time,

we study the acceptors in GaAs which use the hole spins as the qubit states instead of the

electron spins for donors. As the hole has a Bloch wave function with p-symmetry, the

overlap with nuclear spin is zero thus the hyperfine interaction is weaker. However, from

our measurements, we find the dephasing time is still in ns-scale. This short dephasing time

is because of the long-range dipole-dipole hyperfine interaction together with a non-zero

heavy-hole-light-hole mixing.

As the acceptor system does not show specific advantages, we move back to the donor

system and study the system in different materials. We have performed a systematic study

of the longitudinal spin relaxation time T1 for donor qubits in three different materials

(GaAs, InP, and CdTe). For these three materials, the spin relaxation times are all in

ms-scale and our theory study shows the T1 is limited by phonon interaction mediated by



spin-orbit coupling. Though none of these three materials show great coherence properties,

this T1 study leads to our research on donors in ZnO which is a material with much weaker

spin-orbit coupling thus longer T1. We have demonstrated optical spin initialization and

coherent control for donors in ZnO. With these spin-control techniques, we have measured

a T1 up to hundreds of ms, an inhomogeneous dephasing time T∗2 of 17 ns and a spin-echo

dephasing time T2 of 50 µs. The donors in ZnO have T1 several orders of magnitudes higher

than the other dopant systems we have studied. Even though the T∗2 is only in ns-scale,

ZnO can potentially get nuclear-spin-free isotopic purification, which can greatly enhance

the dephasing time. To utilize donors in ZnO for the quantum network applications, it is

necessary to get single donor and high-fidelity spin control. We show our current progress on

single donor isolation with focused ion beam and high-fidelity spin control with microwave.

Though these two tasks are not accomplished yet, the progress is promising and we expect

they can be achieved in the next few years.
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1

Chapter 1

INTRODUCTION

1.1 Dopant qubits in direct band gap materials

A qubit (quantum bit) is a quantum two-level system that is used as the building block

for quantum applications. A dopant atom in a semiconductor is an atom that has different

valence electrons than the other atoms in the crystal. It can either be a donor (with one

more electron) or an acceptor (with one less electron, or with a hole). The spin states of the

electron or hole are utilized as the qubit states. A dopant qubit is a relatively simple system

that can be described with the effective-mass picture. In the effective-mass approximation,

the dopant system contains a dopant center and an electron or a hole surrounding it, similar

to a hydrogen atom but we need to use the effective electron or hole mass and the effective

dielectric constant. The ground spin states of the dopant qubit can be coupled to the excited

states, i.e. the donor bound exciton (D0X) or acceptor bound exciton (A0X), forming a Λ-

system, as shown in Fig. 1.1. Spin control and readout can be realized by utilizing the two

Figure 1.1: Energy diagram and cartoon model of a donor system. In the cartoon model,
‘D’ denotes donor center, ‘e’ denotes electron, and ‘h’ denotes hole. The acceptor system has
a similar structure with the following changes: e→h, h→e, and D→A. ‘A’ denotes acceptor
center.



2

optical transitions in the Λ-system.

In the past decades, research of dopant qubits is mostly focused on silicon donors [1, 2, 3]

due to the advantage of mature silicon fabrication techniques. Numerous methods have

been developed to improve the qubit quality and spin control fidelity for donors in silicon.

Ultra-pure isotopically purified silicon is synthesized to achieve near-second spin coherence

time [1]. Nanoscale positioning of single donors is developed to precisely engineer the

interaction between different donors [2]. However, because silicon is an indirect band gap

material, the optical transitions for the donor systems are not efficient [4, 5, 6]. This

prevents the usage of silicon donors in photon-based applications such as long-distance

quantum communication and large-scale quantum networks [4, 7, 8]. In our work, we study

the dopant qubits in direct band gap materials including GaAs, InP, CdTe, and ZnO.

Potentially, they can have long coherence times and high-fidelity spin control similar to

silicon donors. Additionally, they have high-efficient optical transitions, which are suitable

for photon-based remote entanglement and large-scale quantum networks.

Some pioneering work has been done in Yamamoto’s group about 10 years ago, in which

they have studied donors in GaAs [9, 10, 11, 12]. Basic spin-control techniques have been

developed and spin coherence properties have been measured. The donors in GaAs show

ms-scale spin relaxation time T1 and ∼2 ns inhomogeneous dephasing time T∗2. As GaAs

is a III-V compound, both Ga and As have no stable isotopes with zero nuclear spins, it is

not possible to increase the coherence time through isotopic purification. The short T∗2 for

donors in GaAs makes it not a promising candidate for qubit applications.

One major goal of our study is to test different dopant systems and find the most

suitable one for qubit applications [13, 14, 15]. The first system we explore is the acceptor

in GaAs, discussed in Chapter 2. Different from the s-symmetry for electrons, the Bloch

wave function of holes in GaAs has a p-symmetry. Therefore, the wave function overlap of

the hole with the nearby nuclei is zero, leading to a much weaker hyperfine interaction. As

the inhomogeneous hyperfine field is the main source for the dephasing, the coherence time

for acceptors is expected to be much longer than that of donors. One challenge to study

the acceptors in bulk GaAs is the degeneracy of heavy hole (HH) and light hole (LH). Due

to this degeneracy, the hole is a 4-level system and there is fast spin relaxation (less than
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nanosecond) between the HH and LH states. To lift the HH-LH degeneracy, we apply strain

to the GaAs sample through epitaxial lift-off (ELO), i.e. transferring a thin epitaxial GaAs

layer to a non-GaAs substrate. This strain introduces a HH-LH splitting and allows us to

study just the HH subband. However, we experimentally find that the T∗2 is still in ns-

scale, ∼7 ns. Theoretically we determine that the short T∗2 is limited by a HH-LH mixing

originating from a small shear strain introduced to the sample during the ELO process.

This hole mixing could be improved with the help of strain engineering techniques such as

piezoelectric actuators which could provide larger and more homogeneous strain.

As the acceptor system is not so promising, we move back to the donor system. Chap-

ter 3 shows our study of spin relaxation time for donors in three different semiconductors:

GaAs, InP, and CdTe. For all of the materials, the spin relaxation time has a B−3 to

B−4 dependence on magnetic fields. We find that the observed T1 can be explained with

an electron-phonon interaction mediated by spin-orbit coupling. As the donor system is a

relative simple system that can be well described by the effective-mass picture, the theo-

retical model can be calculated quantitatively. Good agreements with the experiments are

obtained on GaAs and CdTe. The measured T1 of GaAs, InP and CdTe is in the scale of

1 ms, which is not long enough for qubit applications. To get longer T1, we need to use a

material with weaker spin-orbit coupling. This leads to our study of donors in ZnO which

has much weaker spin-orbit coupling than the other three materials.

In Chapter 4, we present a detailed characterization of donors in ZnO, including the

photoluminescence (PL) spectroscopy, spin-control techniques, and measurements of the

spin coherence properties. For the ZnO donors, the spin is initialized using optical pumping

with a ∼95% fidelity at high magnetic fields. The spin coherent rotation is realized with an

ultra-fast laser pulse. With these spin-control techniques, we measure a spin relaxation time

T1 up to 0.1 s, an inhomogeneous dephasing time T∗2 of 17 ns, and a spin-echo dephasing

time T2 of 50 µs. Even though the measured dephasing time in this natural ZnO sample is

still in ns-scale, it can be greatly enhanced by isotopic purification as only 4.1% of Zn and

0.038% of O have nuclear spins.

In order to utilize the donors for quantum network, it is necessary to isolate single

donor and get high-fidelity spin control (see Sec. 1.2). In Chapter 5 and Chapter 6, we
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Figure 1.2: (a) Illustration of a 2D quantum network. (b) A protocol for heralded entan-
glement generation of a two-node network based on photon interference. BS: beam splitter.
PD: photodiode.

show our progress on single donor isolation with focused ion beam (FIB) and high-fidelity

spin control with microwave. With FIB, we fabricate sub-micrometer ZnO thin films and

perform a PL study on the fabricated samples. Though single donor isolation is not achieved

in the fabricated thin films, this PL study could give a good guidance on future experiments

that utilize FIB to isolate single donors. For the microwave spin control, there are two main

challenges: achieving optical pumping at low fields in the presence of inhomogeneous optical

broadening and getting a high enough microwave field amplitude to perform coherent spin

control within the 17 ns T∗2 time. Optical pumping at low fields is realized by selectively

exciting the spin transition with circular polarization in the Faraday geometry. We have

demonstrated optical pumping at magnetic field down to 0.3 T with relatively good fidelity.

To obtain a high enough microwave amplitude at the donor position, we have designed

a microstrip resonator that provides strong in-plane field strength. With the resonator

structure, the desired 0.1 GHz Rabi frequency of the electron spins can be achieved with

an input microwave power of ∼2 W.

1.2 Quantum network based on dopant qubits

The ultimate goal of our work is to utilize the dopant qubits to build a large-scale quantum

network [4, 16]. A quantum network consists of quantum nodes that are connected through

remote entanglement [17]. Each quantum node consists of multiple qubits that can be
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entangled through local interaction, e.g. an electron spin coupled to nearby nuclear spins

through the hyperfine interaction [18]. This quantum network can be useful for both long-

distance quantum communication and measurement-based quantum computation. A major

challenge of building a large-scale quantum network is how to efficiently create the remote

entanglement between quantum nodes. Figure 1.2 (b) shows a typical protocol to create

a two-node network based on photon interference. Each node in this protocol is just a

single qubit, an electron spin with |↑〉 and |↓〉 states. The ground |↑〉 and |↓〉 states can be

coupled to the excited state |e〉 optically. The excitation laser is tuned on resonance with

|↓〉 ↔ |e〉 transition. With an optical π-pulse, the spin |↓〉 is excited to |e〉, then it relaxes

and emits a photon. To create the remote entanglement, the two qubits are first prepared

in a superposition state of |↑〉 and |↓〉:

|Ψ〉 = (α |↑〉+ β |↓〉)⊗ (α |↑〉+ β |↓〉), (1.1)

where α and β satisfy |α|2 + |β|2 = 1. Then the optical π-pulses are applied to both qubits.

|Ψ〉 = (α |↑〉+ β |e〉)⊗ (α |↑〉+ β |e〉), (1.2)

The excited state |3〉 emits a photon on the timescale of its radiative lifetime.

|Ψ〉 = (α |↑〉+ β |↓〉 a†)⊗ (α |↑〉+ β |↓〉 b†), (1.3)

where a† (b†) is the creation operator of a photon at path a (b). At the beam splitter,

operators a† and b† transform according to

a† →
√

2

2
(d† + ic†),

b† →
√

2

2
(c† + id†).

(1.4)
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Therefore, the quantum state becomes:

|Ψ〉 = (α |↑〉+

√
2

2
β |↓〉 d† + i

√
2

2
β |↓〉 c†)⊗ (α |↑〉+

√
2

2
β |↓〉 c† + i

√
2

2
β |↓〉 d†)

= α2 |↑↑〉+ αβ

√
2(|↑↓〉+ i |↓↑〉)

2
c† + αβ

√
2(|↓↑〉+ i |↑↓〉)

2
d†

+ i
β2

2
|↓↓〉 (d†d† + c†c†).

(1.5)

If there is a click at the photodiode in path d, the conditional possibility is |α|2 for a single-

photon event, which corresponds to the two-qubit entangled state (|↓↑〉+ i |↑↓〉)/
√

2. There

is also a possibility of |β|2 for a two-photon event, which corresponds to the qubit state

of |↓↓〉. The parameter β is set to be small so that the two-photon event is less likely to

happen. However, a smaller β also leads to smaller success probability for the single-photon

event. In the experiment, the choice of β needs to be balanced between high fidelity and high

success probability. In this single-photon protocol, the speed of entanglement generation

depends linearly on the photon collection efficiency.

In the single-photon protocol, the fidelity of the entanglement is always imperfect due

to the existence of the two-photon event |↓↓〉. To eliminate the error due to the two-photon

events, we can use a two-photon protocol: after detecting the first photon, we can apply a

π-pulse to both qubits and perform this photon detection process again. The |↓↓〉 state in

Eq. 1.5 changes to |↑↑〉 due to the π-pulse and do not emit photon in the second photon

detection process. With this double-photon protocol, the parameter β can be set at
√

2/2

and the fidelity of the entanglement can theoretically be 100% if all quantum gates are

perfect. However, the success probability is much lower than the single-photon protocol

as the success probability is proportional to the square of the detection efficiency which is

typically really small [19]. The remote entanglement protocols have been realized in both

nitrogen-vacancy centers and hole quantum dots [19, 17, 20]. The hole quantum dots have

high radiative efficiency but the generated entangled state does not have a high fidelity due

to the short coherence time of the qubits. In contrast, the nitrogen-vacancy centers have

long spin coherence time but a low radiative efficiency at the zero phonon line.

To utilize the photon-based protocols for the entanglement generation, there are several
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requirements for the qubits.

1. Single qubit isolation: The system can be separated into different single qubits.

Each qubit can be controlled individually.

2. Identical qubits: The photon emitted from different qubits need to be indistinguish-

able so the interference can happen at the beam splitter.

3. High radiative efficiency: The qubit needs to have high radiative efficiency at the

zero phonon line (ZPL) in order to have fast entanglement generation.

4. High-fidelity qubit control: The qubit states can be coherently controlled with

high fidelity in order to create the desired quantum states.

5. Long coherence: The qubit needs to have long coherence times so that the quantum

states do not decay significantly during the entanglement generation.

Donors in ZnO can potentially satisfy all the requirements. Requirement 1: Single donor

isolation can be achieved in high-purity ZnO crystal with small donor density. This will

require ZnO crystals with higher chemical purity than the samples in our current study. We

are also working on reducing the donor numbers in our current samples by physical methods

such as focused ion beam. Requirement 2: The inhomogeneous linewidth in a natural ZnO

sample is in the order of 20 GHz. This value can possibly be reduced to the lifetime limited

linewidth, ∼0.2 GHz, with chemical and isotopic purification. Another method is to tune

the photon frequencies on resonance with each other using strain or the DC Stark effect.

Requirement 3: The dopant qubits in direct band gap materials typically have near unity

radiative efficiency at the ZPL. This is the specific advantage of donors in direct band gap

materials compared to other qubit systems. Requirement 4: Similar to donors in silicon,

donors in ZnO should also be able to achieve high-fidelity spin control with microwave.

Requirement 5: Our measurements have shown donors in ZnO have spin relaxation times

up to hundreds of ms while the dephasing time is only in ns-scale. With nuclear-spin-free

isotopic purification, spin dephasing time up to ms-scale might be achievable.
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Chapter 2

ACCEPTORS IN STRAINED GAAS

2.1 Introduction

Spin systems in semiconductors have been actively studied due to the potential applications

for nanoscale spintronics and quantum information technologies. Most efforts are focused

on electron spins in low-dimensional systems, e.g. quantum dots (QDs) and donors [20, 14].

However, due to the hyperfine interaction with the nuclei in the crystals, the coherence

time of electron spins is short, typically on the nanosecond scale. Isotopic purification

can significantly reduce this effect in group-IV and group II-VI semiconductors, e.g. in

diamond and silicon. For group III-V semiconductors such as GaAs, this technique is not

applicable as there is no stable isotope with zero nuclear spins. An alternative solution

is to use hole spins which have much weaker contact hyperfine interaction due to the p-

symmetry of the hole Bloch wave function. Research in III-V QDs has shown µs-scale hole

spin coherence time [21, 22], compared to ns-scale in electron spins [23, 12]. Spin control

techniques such as optical pumping, coherent population trapping (CPT) and ultra-fast

optical control have been demonstrated [21, 22, 24]. Remote entanglement between two

hole spins has been performed leveraging this enhanced coherence time [20]. In addition

to the enhanced coherence properties, faster electronic gate operations are possible due to

large spin-orbit interaction, demonstrated in silicon and germanium QDs [25, 26].

A hole bound to an acceptor is an analogous spin qubit system to a hole-doped QD

with the added feature of high optical homogeneity [27]. Different QDs could have different

emission energy due to the different shape and strain in the QDs. For the acceptor system,

the wave function is just determined by the Coulomb interaction between the acceptor and

bound carriers. Therefore, the optical transitions of different acceptors have similar energy,

This chapter is a slightly modified version of a paper in preparation written by the author of this
thesis [15].
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which is useful for the applications of quantum networks. However, it is challenging to

utilize the acceptors in a bulk GaAs crystal. Due to the degeneracy of the heavy hole (HH)

and light hole (LH) valence bands, the strong spin-orbit interaction results in a short spin

relaxation time, typically much less than 1 ns [28, 29]. This is not a problem in QDs as the

interaction between HH and LH is significantly suppressed by the large HH-LH splitting

(tens of meV) [30, 31] due to the strain and spatial confinement. By analogy, if a large

strain can be introduced to a p-doped GaAs crystal, relaxation times much longer than ns

should also be achievable for hole spins bound to acceptors.

In this chapter, we apply 0.042% compressive strain to a GaAs epitaxial layer and study

the optical and spin properties of an ensemble of acceptors. We demonstrate spin control

such as optical pumping and CPT for acceptor systems in this strained GaAs sample.

Microsecond-scale longitudinal hole spin relaxation time T1 is observed. The measured

field dependence of T1 can be explained by a combination effect of a hole-phonon interaction

through the deformation potentials and a HH-LH mixing due to an in-plane magnetic field.

A ∼7 ns decoherence time T∗2 is extracted from the CPT measurements. This time is much

shorter than the measured >100 ns T∗2 for single hole spins in III-V QDs determined by

similar CPT measurements [21, 22]. We attribute the short measured T∗2 in our strained

GaAs sample to the dipole-dipole hyperfine interaction modified by the HH-LH mixing

from a weak shear strain in the sample. This effect is weaker in QDs due to the much

larger HH-LH splitting and thus smaller hole mixing. The work in this chapter is the first

demonstration of spin control and measurements for the acceptor system in bulk GaAs with

a strain induced HH-LH splitting. Though the measured T1 and T∗2 are relatively short, from

our theoretical model, we show that both of them can be improved by increasing the HH-

LH mixing and reducing the hole mixing. This can possibly be achieved by applying larger

and more homogeneous strain with techniques such as wafer bonding [32] or a piezoelectric

actuator [33].

2.2 Epitaxial lift-off

The strain is introduced to GaAs through the epitaxial lift-off (ELO) process. The as-grown

GaAs sample contains a thin GaAs epitaxial layer, a 100 nm AlAs sacrificial layer and the
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Figure 2.1: (a). Procedure of the epitaxial lift off. (b) and (c). The optical microscope
photo and the PL spectrum of GaAs epitaxial layer transferred to MgO. The blue curve is
for the sample before ELO and the red curve is for the sample after ELO. (d) and (e). The
optical microscope photo and the PL spectrum of GaAs epitaxial layer transferred to Si.

GaAs substrate. The ELO process is as shown in Fig 2.1(a).

1. A ∼1 mm thick photoresist layer is applied to the membrane before the etching for

protection. The photoresist creates a small bending on the epitaxial layer to let the

acid etch in during step 2.

2. The sample is put in 5% hydrofluoric (HF) acid overnight. The acid selectively etches

the AlAs sacrificial layer.

3. After the etching, the membrane is transferred to a beaker with water for cleaning

and then to a non-GaAs substrate. A thin paper tissue is used to wick the water out

between the epitaxial layer and the MgO substrate.

4. The sample is then put in a membrane box (SPI membrane storage box, square) to

add pressure on top of the GaAs epitaxial layer to improve bonding with the new

substrate.

5. After waiting for ∼3 days, the sample is taken out and the photoresist on top of the

epitaxial layer is removed by putting the sample in hot solvent for several mins.
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Two test samples are used to verify the effectiveness of the ELO technique, as shown in

Fig. 2.1(b-e). The GaAs epitaxial layers are transferred to a MgO substrate to create

a compressive strain and to a Si substrate to create a tensile strain. Photoluminescence

(PL) spectra before and after ELO are taken to confirm the induced strain. Due to the

deformation potential in GaAs, compressive strain induces a blue shift and tensile strain

induces a red shift in the PL spectra. The theory of this is further discussed in Sec. 2.4.

From the PL spectra, a 3.4 meV blue shift is introduced for the GaAs sample transferred to

a MgO substrate and an 8.9 meV red shift is introduced for the GaAs sample transferred

to a Si substrate. These two GaAs samples are n-type samples so the major PL peaks are

from donors instead of acceptors. The remaining of this chapter will be focused on a p-type

GaAs sample transferred to a MgO substrate as described in Sec. 2.3.

2.3 Sample description

The studied strained sample consists of a 2 µm (001) p-type GaAs epitaxial layer on

a MgO substrate. The GaAs layer is doped with carbon with an acceptor density of

∼2.5×1014 cm−3, determined from Hall measurements. The GaAs is transferred and bonded

to the MgO substrate through the ELO process at room temperature. The compressive

strain is introduced to GaAs when the sample is cooled down to 1.5 K due to the different

thermal expansion rate of GaAs and MgO. The MgO substrate is chosen as the carrier as it

is transparent at the band gap of GaAs and can produce significant compressive strain due

to the large magnitude difference of the thermal expansion coefficient compared to GaAs.

An optical microscope image of the transferred GaAs epitaxial layer on MgO is shown in

Fig. 2.2(a). We note that this ELO method is not perfect; some cracking is observed, and the

possible slippage between the membrane and substrate can result in both strain reduction

and strain inhomogeneity.

2.4 Induced strain and Photoluminescence properties

The sample is mounted in a helium immersion cryostat which is cooled down to 1.5 K.

Assuming the GaAs epitaxial layer is perfectly bonded to the MgO substrate at room

temperature, the induced strain due to the different thermal expansion rates of GaAs and
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MgO is

ε =
(cgkg − cmkm)∆T

cg
, (2.1)

where ε is the induced strain in GaAs, cg (cm) and kg (km) are the lattice constant and

thermal expansion rate for GaAs (MgO), and ∆T ' −298.5 K is the temperature change

of the GaAs sample. Under the induced compressive strain, the change of the band gap

energy is

∆E = 2(ac − av) · (1−
C12

C11
) · ε, (2.2)

with a corresponding HH-LH splitting of

EHH − ELH = 2b(1 + 2
C12

C11
) · ε, (2.3)

where ac, av, b are the deformation potential constants and Cij are the elastic stiffness

tensor in GaAs [34]. The material parameters are summarized in Table 2.1. Theoretically,

a 0.059% compressive strain should be introduced to the GaAs epitaxial layer. We note that

we have ignored the small change of thermal expansion rate with temperature [35]. Based

on this estimation, the corresponding band-edge energy shift is 5.4 meV and the HH-LH

splitting is 3.8 meV.

Figure 2.2(b) shows the photoluminescence (PL) spectra before and after ELO at 0 T

and 1.5 K. The main sharp peaks are from the transitions between the acceptor bound

exciton (A0X) and the neutral acceptor (A0) states. In the unstrained sample, the HH and

LH states are degenerate resulting in three acceptor peaks Γ3, Γ5 and Γ1 [27]. These three

peaks originate from different combination of the HH and LH states in A0X and the energy

ac (eV) av (eV) C12/C11 b (eV)

-7.17 [34] 1.16 [34] 0.4526 [34] -1.7 [34]

cg (Å) cm (Å) kg (K−1) km (K−1)

5.653 4.212 5.8×10−6 [36] 10.42×10−6 [35]

Table 2.1: Parameters used to calculate the strain and energy shift in ELO.
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Figure 2.2: (a) Optical microscope image of the a GaAs epitaxial layer transferred to the
MgO substrate. (b) PL spectra of the GaAs epitaxial layer before and after ELO process at
1.5 K and 0 T. Excitation at 1.653 eV with 80 nW power. The laser spot diameter is ∼1 µm.
The inset shows the cartoon model of the acceptor systems and how the energy changes
with strain between A0 and A0X. In the cartoon diagram, “A” denotes the acceptor center,
“h” denotes hole, and “e” denotes electron. (c) Single-laser and two-laser PLE spectra at
1.5 K and 4.77 T. We note that we have used background subtraction on both spectra where
we use the PLE intensity at large ∆f as the background. The single-laser PLE spectrum
is taken by scanning a laser across all four transitions and collecting the signal from the
two hole transition (THT). A typical THT spectrum is shown in Sec. 2.5. The two-laser
PLE spectrum is taken with a second laser fixed at the energy of transition 1. ∆f is the
detuning of the scanning laser compared to the energy of transition 1. Both lasers are at
1 µW and 45 degree polarization between horizontal (parallel to the magnetic field) and
vertical (perpendicular to the magnetic field). The laser spot diameter is ∼1 µm. The inset
shows the energy structure of the acceptor system. Transitions 1, 2 (3, 4) are polarized in
the horizontal (vertical) direction.

splitting between them is due to hole-hole interaction and crystal field [27]. In the strained

sample, as there is a large HH-LH splitting, the holes in A0X are HH-only thus there is just

one PL peak, as shown in Fig. 2.2(b). Compared with the unstrained sample, a ∼3.7 meV

blue shift of the acceptor transition is observed on the ELO sample. This energy shift is

used as an estimation for the change in band gap energy. We note that we have ignored

the change of exciton binding energy with strain in the estimation. This 3.7 meV blue shift

corresponds to a ∼0.041% compressive strain and ∼2.6 meV HH-LH splitting. These values

match reasonably well with our theoretical estimation. As the 2.6 meV HH-LH splitting is

much larger than the 0.13 meV thermal energy at 1.5 K, the majority of the holes are in

the HH-like ground states.
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The spin state of A0 in this strained sample is determined by the heavy hole with

mh = ±3/2, denoted by |⇑〉 and |⇓〉. The A0X contains two holes and one electron. As the

two holes are in a spin anti-parallel state, the allowed states are |⇑⇓↑〉 and |⇑⇓↓〉, where

|↑〉 (|↓〉) denotes the electron spin state. As shown in the inset of Fig. 2.2(c), in an in-

plane magnetic field (B⊥[001]), there are four allowed optical transitions: transitions 1

(|↑〉 ↔ |⇑⇓↑〉) and 4 (|↓〉 ↔ |⇑⇓↓〉) polarized in the horizontal direction (parallel to the

magnetic field), and transitions 2 (|↓〉 ↔ |⇑⇓↑〉) and 3 (|↑〉 ↔ |⇑⇓↓〉) polarized in the

vertical direction (perpendicular to the magnetic field). A single-laser photoluminescence

excitation (PLE) spectrum is taken to resolve all four transitions, as shown in Fig. 2.2(c).

The PLE spectrum is taken by scanning a laser across all 4 transitions and collecting the

signal from THT transitions (see Sec. 2.5). The inhomogenous linewidth of the acceptor

transitions is ∼10 GHz. The splittings between the four peaks corresponds to the electron

and hole Zeeman splittings in the Voigt geometry (B⊥[001]). The measured electron and

hole g-factors are |g⊥e | = 0.432 and |g⊥h | = 0.155, as shown in Fig. 2.3.
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Figure 2.3: Electron and hole Zeeman splitting as a function of magnetic fields. The
Zeeman splittings are extracted from PL spectra at different fields with horizontal and
vertical polarization.

A two-laser PLE spectrum is taken to confirm the validity of the energy diagram. The

two-laser PLE spectrum is taken by fixing one laser at transition 1 and scanning a second

laser across all four transitions. Compared to the single-laser PLE, there is a decrease in
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signals from transitions 1 and 3, and an enhancement of transitions 2 and 4. These changes

are consistent with the effect of optical pumping where the fixed laser pumps the spin

states from |⇑〉 to spin |⇓〉. Signals from transitions 1 and 3 (2 and 4) decrease (increase)

as the intensity of these two transitions are proportional to the population in |⇑〉 (|⇓〉).
Additionally, a small dip in peak 1 is observed which is attributed to spectral hole burning.

A fit of the dip shows a homogeneous linewidth of ∼1 GHz, corresponding to a ∼0.2 ns A0X

radiative lifetime, which is in reasonable agreement with experimental measurements [27].

A small dip in peak 2 is expected due to CPT which will be further discussed in Section 2.7.

However, due to the scan resolution and low intensity of both lasers, the CPT dip is not

clearly resolved in this spectrum.

2.5 Spectrum of THT

The two hole transitions (THT) are the transitions from the A0X state to a higher orbital

A0 state. The wave function A0 is hydrogen like. The main donor lines are from A0X to

n=1 states of A0. The THT transitions are from A0X to n>1 states of A0, as shown in

Fig. 2.4. For all the PLE spectra, we collect the signal from the n=2 THT transition.

2.6 Optical pumping and T1 measurement

In the A0 ↔ A0X system, the A0 holes can be initialized to a certain spin state by optical

pumping. As shown in Fig. 2.5(a), a 5 µs laser pulse is applied resonantly on transition 1

so the spin states are pumped from spin |⇑〉 to spin |⇓〉. The PL signal from transition 2,

which is proportional to the population of |⇑〉, is recorded during the optical pumping pulse.

A decrease of the spin population is clearly observed, indicating partial spin initialization

is achieved.

The spin relaxation time T1 is measured by initializing the spin to |⇓〉, and measuring the

recovery of the PL from transition 2 as a function of variable time τ . A single exponential

fit is used to extract T1 from the recovery curve, as shown in Fig. 2.5(b). T1 as function of

magnetic field at different spots on the sample is shown in Fig. 2.5(c). Between 5 and 7 T,

T1 at different spots is similar, following approximately a B−3 dependence. We attribute

the spin relaxation to an admixture mechanism of hole mixing by magnetic fields and a hole-
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Figure 2.4: (a) Spectrum of the n=2 and n=3 THT transitions. The laser is resonantly
on the main acceptor transition at 1.512 eV with 0.9 µW power. The temperature is at
2 K and the magnetic field is at 0 T. (b) The corresponding spectrum of the main acceptor
lines. The laser is at 1.653 eV with 13 nW power. The laser has a spot size of ∼1 µm. The
spectra are taken in the sample before ELO process.

phonon interaction through the deformation potentials. The detailed theory is discussed in

Sec. 2.8. The calculation based on this theory matches the experimental result, as shown

in Fig. 2.5(c). We note that the T1 can be further increased by applying a larger biaxial

strain. T1 longer than 100 µs has been measured in self-assembled InGaAs QDs due to much

larger HH-LH splittings than our system [30]. In our sample, 100 µs T1 can be achieved

by applying a strain greater than 0.4% (assuming the hole mixing factor does not change).

This large strain could be achieved experimentally with piezoelectric actuator [33].

Below 5 T, T1 is noticeably different at different locations on the sample and does

not have a clear B-field dependence. A possible mechanism to explain this behavior is a

combination of hole-hole interaction and inhomogeneous hyperfine fields, which is shown to

be a mechanism for T1 of donors at low fields [13]. This interaction depends on the local
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Figure 2.5: (a) An optical pumping curve at 1.5 K and 1.9 T. The inset shows the laser
sequence. The laser is resonantly on transition 1 with 45 nW power and the PL from
transition 2 is collected through a single photon counting module (SPCM). The laser spot
diameter is ∼1 µm. The insets show the energy diagram and the laser sequence. The
detection is on all the time during the laser sequence. (b) A population recovery curve
at 1.5 K and 1.9 T. The laser and detection are on the same transitions as a. A single
exponential curve is used to fit for the T1. T1 = 0.51 ± 0.04 µs for this data. The inset
shows the laser sequence. The detection window is 0.8 µs. (c) T1 as a function of the
magnetic fields. Different colors represent different locations on the sample. The dashed
line shows the curve from theoretical calculation.

environments, which can vary across the sample.

2.7 Coherent population trapping and the spin decoherence time T∗2

Next, we perform coherent population trapping (CPT) on the A0-A0X system to investigate

the hole-spin coherence properties. As shown in Fig. 2.6(a), the A0X state |⇑⇓↑〉, together

with the two A0 states, |⇑〉 and |⇓〉, form a Λ-system. With a control laser driving the

transition 1 (|⇑〉 ↔ |⇑⇓↑〉) and a probe laser driving the transition 2 (|⇓〉 ↔ |⇑⇓↑〉), a

destructive interference occurs when the energy difference between the two lasers equals the

hole Zeeman splitting. On two-laser resonance, the system is pumped into a dark state, i.e.

a superposition state between |⇑〉 and |⇓〉.
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1
Figure 2.6: (a) Energy diagram of the CPT experiment. The control laser is fixed at
transition 1 and the probe laser is scanned across transition 2. (b) CPT with different
probe laser power. Each curve is a two-laser PLE spectrum where ∆f is the detuning of the
probe laser compared to the energy of transition 2. The solid curves are from a simultaneous
fit of the data at all different probe laser powers using the 3-level density matrix model. The
control laser is fixed at transition 1 with 3 µW. The polarization of both lasers are set at
45 degrees. The laser spot diameter is ∼1 µm. The temperature is 1.5 K and the magnetic
field is 7 T. We note that we have used background subtraction on all CPT curves where
we use the signal at large ∆f as the background.

In our experiment, CPT is revealed by the two-laser PLE spectrum. The energy of the

control laser is fixed near the resonance of transition 1 and the probe laser is scanned across

the transition 2. A dip in the PLE spectrum occurs when the probe laser is on resonance

with transition 2, as shown in Fig. 2.6(b). The linewidth and depth of the dip depend on

the laser powers, the spontaneous emission rate of the |⇑⇓↑〉 state, and the dephasing rate

between |⇑〉 and |⇓〉. The CPT phenomenon is simulated by solving the master equation of

a 3-level density matrix considering all relaxation and dephasing terms.

In the master equation ∂ρ/∂t = −i[H, ρ] + L(ρ), H is the Hamiltonian of the system

Hi = −~


∆c 0 Ωc/2

0 ∆p Ωp/2

Ω∗c/2 Ω∗p/2 0


|⇑〉
|⇓〉
|⇑⇓↑〉

, (2.4)

where ∆c (∆p) and Ωc (Ωc) are the detuning and strength of the control (probe) laser, as
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Γ3, γ3

∆c ∆p

1
Figure 2.7: Energy diagram of the Λ-system.

shown in Fig. 2.7. L is the Linblad operator including the relaxation and dephasing between

different states

L =


−Γ12ρ11 + Γ21ρ22 + Γ3ρ33 −(Γ12+Γ21

2 + γ12)ρ12 −(Γ12+2Γ3
2 + γ3)ρ13

−(Γ12+Γ21
2 + γ12)ρ21 Γ12ρ11 − Γ21ρ22 + Γ3ρ33 −(Γ21+2Γ3

2 + γs3)ρ23

−(Γ12+2Γ3
2 + γ3)ρ31 −(Γ21+2Γ3

2 + γ3)ρ32 −2Γ3ρ33

 .

(2.5)

Γ12 and Γ21 are the spin relaxation rates between |⇑〉 and |⇓〉. The spin relaxation time

T1 satisfies

Γ12 =
1

T1
· 1

1 + e−gµBB/kbT
, (2.6)

Γ21 =
1

T1
· e−gµBB/kbT

1 + e−gµBB/kbT
, (2.7)

where gµBB is the hole Zeeman splitting and kbT is the thermo energy. γ12 = 1/T2 is the

dephasing rate between |⇑〉 and |⇓〉. Γ3 and γ3 are the spin relaxation rate and dephasing

rate between the excited state |⇑⇓↑〉 and the ground spin states, respectively. For simplicity,

we assume they are the same for |⇑〉 and |⇓〉. The population of the excited state ρ33

after equilibrium is calculated as the final result, which is proportional to the detected PL

intensity in the two-laser PLE experiment.
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In Fig. 2.6, the CPT curves at different probe powers are simultaneously fit with the

density matrix model. The fit parameters are listed in Table 2.2 (the “no broadening”

column). The dephasing rate between the two spin states is found to be 0.15 ± 0.02 GHz,

corresponding to an inhomogeneous dephasing time T∗2 of 6.8± 0.7 ns. The measured T∗2 in

our sample is significantly smaller than the >100 ns T∗2 measured in single III-V QDs [21, 22].

We note that the small measured T∗2 is not due to the g-factor broadening caused by

possible inhomogeneous strain in our sample. From a strain-dependent g-factor measure-

ments of hole spins in InGaAs/GaAs QDs [37], the change of the in-plane g-factor with

strain is small. Based on this reference and the linewidth of PLE spectrum in Fig. 2.2(c),

an upper-limit estimation of the g-factor broadening is ∼8×10−5 in our sample. Including

this broadening in the density matrix model, there is no change of the fitted value of T∗2, as

shown in Table 2.2. The broadening is included by assuming a Gaussian distribution of ∆c

in the model:

ρ33 =

∫
ρ33(∆c)p(∆c) d∆c, (2.8)

where p(∆c) is a Gaussian distribution of ∆c with a center value ∆c0 and a standard

deviation ∆inhomo. With a g-factor broadening of 8×10−5, ∆c = 0.003 GHz.

parameter no broadening with broadening

T∗2 (ns) 6.8± 0.7 6.8± 0.7
T1 (µs) 0.09± 0.01 0.10± 0.01

Γ3 (GHz) 0.63± 0.03 0.63± 0.03
γ3 (GHz) 0.64± 0.05 0.64± 0.05

Ω2/power (GHz2/µW) 0.046± 0.004 0.046± 0.004
∆c0 (GHz) 0.215± 0.009 0.215± 0.009

∆inhomo (GHz) NA 0.003

Table 2.2: Fitting parameters for the 3-level density matrix model without and with broad-
ening. The errors are 2σ errrors from fitting.

A possible mechanism for the short T∗2 is the HH-LH mixing [38, 39]. Even though

the contact term in the hyperfine interaction is zero for hole spins, the long-range dipole-

dipole term can still cause spin dephasing. This term has an Ising form for HH states so it
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does not have an effect on dephasing in an in-plane external magnetic field. However, the

hyperfine interaction for LH states does not have an Ising-form so it can still contribute to

the dephasing significantly. We assume the HH states are mixed with LH states by a small

mixing factor β:

| ± 3/2〉 = | ± 3/2〉 ± β| ∓ 1/2〉 (2.9)

The detailed theory is discussed in Sec. 2.9. With a mixing factor of |β| = 0.047, the

theoretical results of T∗2 matches with the measured value of 6.8 ns. We attribute the hole

mixing due to a nonzero shear strain εxy. The |β| = 0.047 corresponds to a |εxy| of 0.004%.

This weak shear strain can originate from the imperfect bonding between the GaAs epilayer

and the MgO substrate. The mixing factor extracted here is consistent with the value

extracted from the T1 theory in Sec. 2.8 which gives β = 0.03.

2.8 Theory of the longitudinal spin relaxation time T1

Due to the spin-orbit interaction described by the Luttinger-Kohn Hamiltonian, the ground

states of holes bound to an acceptor are modified by higher orbital states. In a spherical

model [40], the ground states of the holes are

|±3

2

′
〉 = f(r)Y 0

0 (θ, φ)|±3

2
〉+

√
1

5
g(r)Y 0

2 (θ, φ)|±3

2
〉

−
√

2

5
g(r)Y ±1

2 (θ, φ)|±1

2
〉+

√
2

5
g(r)Y ±2

2 (θ, φ)|∓1

2
〉,

|±1

2

′
〉 = f(r)Y 0

0 (θ, φ)|±1

2
〉 −

√
1

5
g(r)Y 0

2 (θ, φ)| ± 1

2
〉

+

√
2

5
g(r)Y ∓1

2 (θ, φ)|±3

2
〉+

√
2

5
g(r)Y ±2

2 (θ, φ)|∓3

2
〉,

(2.10)

where Y m
n (θ, φ) is the spherical harmonic function, f(r) and g(r) are the radial parts of the

envelope functions.

For a Hamiltonian H in the basis of |±3/2〉 , |±1/2〉, it can always be written in a general
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form:

H =


H11 H12 H13 H14

H∗12 H22 H23 H24

H∗13 H∗23 H33 H34

H∗14 H∗24 H∗34 H44

 . (2.11)

In the basis of |±3/2′〉 , |±1/2′〉, if there are no terms related to the spatial or momentum

operators in the Hamiltonian, it follows this change:

H11 → H11(Iff +
1

5
Igg) +H22

2

5
Igg +H33

2

5
Igg

H22 → H22(Iff +
1

5
Igg) +H11

2

5
Igg +H44

2

5
Igg

H33 → H33(Iff +
1

5
Igg) +H11

2

5
Igg +H44

2

5
Igg

H44 → H44(Iff +
1

5
Igg) +H22

2

5
Igg +H33

2

5
Igg

H12 → H12(Iff −
1

5
Igg) +H34

2

5
Igg

H13 → H13(Iff −
1

5
Igg)−H24

2

5
Igg

H24 → H24(Iff −
1

5
Igg)−H13

2

5
Igg

H34 → H34(Iff −
1

5
Igg) +H12

2

5
Igg

H14 → H14(Iff +
1

5
Igg)

H23 → H23(Iff +
1

5
Igg)

(2.12)

where Iff =
∫∞

0 f2(r)r2dr and Igg =
∫∞

0 g2(r)r2dr. We directly use f(r) and g(r) calculated

from Ref. [40]. f(r) can be approximately fit by function a
a3

0
e−br/a0 with a = 9.241, b = 3.075

and a0 = 5 nm. g(r) can be approximately fit by function c r
a4

0
e−dr/a0 , with c = 6.978 and

d = 2.677. Using these functions, Iff is estimated to be 0.73 and Igg is estimated to be

0.27. As Igg is small compared to Iff and it does not change the form of the Hamiltonian,

Igg terms are ignored in all calculations for simplicity.

In this basis, the system can be described by the following Hamiltonian

H = H0 +HB +Hεxy +Hph. (2.13)
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HB is due to the Zeeman effect in the Voigt geometry (B⊥ẑ):

HB = Iffg0µBBJx (2.14)

where Jx is the 3/2 spin operator, and g0 is the hole g-factor. The term Iff =
∫∞

0 f2(r)r2dr

is the modification factor of the Hamiltonian in the new basis.

H0, Hεxy and Hph are all calculated from the Bir-Pikus Hamiltonian due to strain [34]:

HBP =


P +Q −S R 0

−S† P −Q 0 R

R† 0 P −Q S

0 R† S† P +Q


|3/2〉
|1/2〉
|−1/2〉
|−3/2〉

, (2.15)



P = av(εxx + εyy + εzz)

Q =
b

2
(εxx + εyy − 2εzz)

R = −
√

3

2
b(εxx − εyy) + idεxy

S = d(εxz − iεyz)

(2.16)

The values of the deformation potential constants are av = 1.16 eV, b = −1.7 eV, and

d = −4.55 eV [34]. HBP is in the basis of |±3/2〉, |±1/2〉. To change to the basis of

|±3/2′〉, |±1/2′〉 in Eq. 2.10, the Hamiltonian needs to be mutiplied by a factor of Iff .

H0 is due to the applied biaxial strain in the sample.

H0 =


∆ 0 0 0

0 0 0 0

0 0 0 0

0 0 0 ∆


|3/2′〉
|1/2′〉
|−1/2′〉
|−3/2′〉

, (2.17)

where ∆ is the HH-LH splitting. Hεxy describes the components from the weak shear strain

εxy. The strain εxy is attributed to imperfect bonding between the GaAs epitaxial layer
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and the MgO substrate.

Hεxy =


0 0 iIffdεxy 0

0 0 0 iIffdεxy

−iIffdεxy 0 0 0

0 −iIffdεxy 0 0

 , (2.18)

where d is the deformation potential constant. Hph describes the hole-phonon interaction.

It has the same format as the Bir-Pikus Hamiltonian but the strain εij is replaced by the

strain tensor introduced by phonon [41]:

εph
i,j =

i

2

√
~

2ρω
(qiηj + qjηi)e

iq·r, (2.19)

where ρ is the mass density, q is the phonon wave vector, ω is the phonon frequency, and η is

the phonon polarization. For LA phonon, η = (qx, qy, qz)/q. For TA phonon, there are two

modes: η1 = (qy,−qx, 0)/q⊥ and η2 = (qxqz, qyqz,−q2
⊥)/qq⊥, where q⊥ =

√
q2
x + q2

y . Hεxy ,

HB and Hph are all small compared to H0 and are treated perturbatively.

With the two terms H0 +HB in the Hamiltonian, the eigenstates of the HH change to

|3/2′′〉 = |3/2′〉+ Iff
√

3g0µBB
2∆ |1/2′〉 , (2.20)

|−3/2′′〉 = |−3/2′〉+ Iff
√

3g0µBB
2∆ |−1/2′〉 , (2.21)

In the HH subspace, Hεxy changes to

HHH
εxy = −Iffβ

√
3g0µBB

0 −i
i 0

 |3/2′′〉
|−3/2′′〉

, (2.22)

where β = Iffdεxy/∆ is the hole mixing factor due to the shear strain εxy. Equation 2.22

corresponds to an in-plane HH g-factor of

|g⊥HH | = 2
√

3Iffβg0, (2.23)
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and the in-plane HH eigen-states are

|3/2⊥〉 = 1√
2
(|3/2′′〉+ i |−3/2′′〉), (2.24)

|−3/2⊥〉 = 1√
2
(|3/2′′〉 − i |−3/2′′〉). (2.25)

The spin relaxation rate between the two HH states is calculated using the Fermi’s

golden rule:

Γ =
1

(2π)2~
∑
α

∫
d3q|M |2δ(~qsα − |g⊥HH |µBB) (2.26)

where α denotes different phonon modes, sα is the sound speed of mode α, and |g⊥HH |µBB is

the in-plane Zeeman splitting. M is the matrix element of Hph between the two HH states:

M = 〈−3/2⊥|Hph|3/2⊥〉

=
Iffg

⊥
HHµBB

4β∆

√
~

2ρω
· [ d(qxηz + qzηx)i

√
3b(qxηx − qyηy)],

(2.27)

where we have used the approximation eiq·r ' 1 as q · r is small. The spin relaxation rate

Γ is

Γ =
1

240π
(
Iff
β∆

)2 (|g⊥HH |µBB)5

ρ~4
(3b2 + d2)(

2

3s5
l

+
1

s2
t

), (2.28)

and the measured spin relaxation time T1 is 1/Γ multiplied by the phonon factor 1/Fph [13]:

T1 =
1

ΓFph
=

1

Γ
(

2

e|g
⊥
HH |µBB/kBT − 1

+ 1)−1. (2.29)

where kBT is the thermal energy. The values of the parameters used to calculate T1 are

listed in Table 2.3. With a mixing factor β = 0.03, we find theoretical T1 curve agrees well

with the measured data at high fields, shown in Fig. 2.5(c). Using the measured value of

g⊥HH = 0.155, this mixing factor corresponds to a hole g-factor of g0=2.04. This agrees with

the values from previous literatures which have reported hole g-factors ranging from 0.52

to 2.34 [42, 43, 44].
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ρ (kg/m3) sl (m/s) st (m/s) b (eV)

5.32×103[13] 4.73×103[13] 3.35×103[13] -1.7[34]

d (eV) ∆ (meV) Iff |g⊥HH |
-4.55 [34] 2.0 0.73 0.155

Table 2.3: Parameters used to calculate T1. Parameters ∆ and |g⊥HH | are determined from
experiments.

2.9 Theory of the inhomogeneous dephasing time T∗2

The spin dephasing originates from the dipole-dipole inhomogeneous hyperfine fields be-

tween the hole spins and the nearby nuclear spins in the crystal. The Hamiltonian of this

hyperfine interaction between the hole and a nucleus is

HI =
Cj
2

Ωf2(r) ·


Iz

Ix−iIy√
3

0 0

Ix+iIy√
3

Iz
3 −2

3(Ix − iIy) 0

0 −2
3(Ix + iIy) − Iz

3
Ix−iIy√

3

0 0
Ix+iIy√

3
−Iz

 , (2.30)

where Cj is the hyperfine constant (CGa = 3 µeV, CAs = 4.4 µeV) [38], Ii (i = x, y, z) is

the nuclear spin operator, r is the position of the nucleus, and Ω is the unit cell volume. For

pure HH spin, the Hamiltonian in the HH subbands has an Ising form, i.e. HHH
I ∝ Iz · σz.

In the Voigt geometry (B⊥ẑ), as the hole spin is in the in-plane direction, the hyperfine

interaction does not contribute to the spin dephasing thus the T∗2 should be much longer

than nanoseconds. However, in our sample, due to the existence of the shear strain εxy, the

HH is mixed with LH:

|3/2∗〉 = |3/2′〉 − iβ |−1/2′〉 , (2.31)

|−3/2∗〉 = |−3/2′〉+ iβ |1/2′〉 , (2.32)



27

where β = Iffdεxy/∆ is the mixing factor. In this new basis, HI in the HH subband changes

to

HHH
I =

Cj
2

Ωf2(r) · (Iz · σz+
2β√

3
Iy · σx−

2β√
3
Ix · σy). (2.33)

Utilizing the same method in Ref. [45], T∗2 is calculated to be

~
T ∗2

=
2|β|√

3

√
2(
∫∞

0 f4(r)r2dr)Ω
∑

j Ij(Ij + 1)(Cj)2

3
, (2.34)

where the summation is over all nuclei in a unit cell. The measured 6.8 ns T∗2 corresponds

to a mixing factor |β| = 0.047. This is similar to the 0.03 mixing factor estimated from

T1 measurements in Sec. 2.8. The consistency of the mixing factor extracted from the two

independent measurements supports that the HH-LH mixing is the limiting factor of both

T1 and T∗2 in this system.

2.10 Conclusion

We have introduced compressive strains into a p-type GaAs epitaxial layer through the

ELO technique. This strain breaks the degeneracy of HH and LH, leading to µs-scale T1.

CPT measurements show a 6.8 ns T∗2 in this strained sample. We attribute this short T∗2

to an effect of HH-LH mixing. We have established a theoretical framework to calculate

both T1 and T∗2 quantitatively based on the mechanisms of hole-phonon interaction and

dipole-dipole hyperfine interaction mediated by HH-LH mixing. We find good agreements

between this theoretical calculation and our experimental results. Other strain engineering

techniques such as wafer bonding [32] or using a piezoelectric actuator [33] could be utilized

in the future to provide stronger and more homogeneous strain in the sample, which can

potentially enhance both T1 and T∗2 [46].
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Chapter 3

LONGITUDINAL SPIN RELAXATION OF DONORS IN GAAS, INP,
AND CDTE

3.1 Introduction

In the last chapter, we show our study of acceptors in strained GaAs but only find µs-

scale T1 and a 6.8 ns T∗2. While it is possible to enhance the coherence time with other

strain engineering techniques, the current performance suggests that a more promising path

is to return to the electron donor system in direct band gap materials. In this chapter,

we perform a study of the longitudinal spin relaxation time of donors in three different

materials: GaAs, InP, and CdTe.

In the last decade, the prospects for spin-based quantum information have spurred re-

newed interest in the fundamental mechanisms for spin relaxation in semiconductors [47,

48, 49, 50]. Shallow impurities in direct-bandgap materials are promising candidates for

quantum applications relying on spin-photon interfaces [51, 52, 53], as these systems boast

high optical homogeneity [54], strong spin-photon coupling, and the potential in II-VI mate-

rials [55] to enhance spin coherence times with isotope purification [56, 57]. While electron

spin relaxation is now relatively well understood in III-V semiconductor quantum dots both

theoretically and experimentally [50, 58, 59, 60, 61, 62, 63], it is still an open question

whether the same processes dominate in the similar direct band-gap donor system. In con-

trast to quantum dots, in which the size, shape, composition, and strain field for each dot

are to a large extent unknown, the physical properties relevant to spin relaxation for the

homogeneous donor system have been measured. This enables quantitative comparison of

spin-relaxation rates between theory and experiment which should help predict which donor

systems are most promising for future applications.

Here we measure the longitudinal spin-flip time T1, the fundamental limit for the storage

This chapter is a slightly modified version of a published paper written by the author of this thesis [13].
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time for quantum information, in three semiconductors: GaAs, InP, and CdTe. All three

are direct bandgap materials with similar band structure allowing for the optical pumping

of the donor-bound electron spins under resonant exciton excitation. We show that at low

magnetic fields, T1 is proportional to B2 with a proportionality constant highly dependent

on temperature and donor density. At high magnetic fields, we find that T1 is propor-

tional to B−ν , with the power ν in the range 3 . ν . 4. The competition of these two

dependencies leads to a maximum of T1 in GaAs and InP at relatively high magnetic field:

(1.4 ± 0.1) ms at 4 T for GaAs and (0.40 ± 0.01) ms at 1.9 T for InP. Due to technical

issues, we are unable to observe this maximum for CdTe; however, the highest T1 measured

is (1.23± 0.07) ms at 1.1 T with T1 expected to rapidly increase at lower fields.

The low magnetic-field T1 behavior for GaAs and InP is consistent with a spin relaxation

mechanism controlled by the hyperfine coupling of the electron spin with static fluctuations

of the host-lattice nuclear spins. In this situation, spin precession is randomized due to

the finite electron correlation time at each donor site [64, 65]. Although the mechanism for

the extremely-short correlation time τc (τc,GaAs ' 25 ns, τc,InP ' 40 ns) is not completely

clear, our measurement is consistent with prior works [65, 66]. Our results show that the

nuclear-spin environment, known to be the dominant factor in spin dephasing [58, 48], plays

an important role in longitudinal relaxation even at low doping densities (∼1014 cm−3) and

moderate magnetic fields (up to several tesla).

On the high-field side, the similar magnetic-field dependence observed in all three semi-

conductors is suggestive of a universal mechanism. We theoretically investigate the domi-

nant spin-relaxation mechanisms and find that two mechanisms, (i) the direct spin-phonon

interaction and, (ii) the admixture mechanism caused by Dresselhaus spin-orbit coupling

combined with the piezoelectric electron-phonon interaction, can account for the magni-

tude of the observed relaxation in GaAs and CdTe. The strength of the direct spin-phonon

interaction is surprising because it was found to be negligible compared to the admixture

mechanism in the similar quantum dot system [50]. The relative weakness of the admix-

ture mechanism is related with the symmetry of the system. This is most clearly seen in

the limit of small magnetic fields where the donor-bound electron confinement potential is

spherically symmetric. The Dresselhaus spin-orbit interaction, which couples the spin-up
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and spin-down states in the admixture mechanism, results in a weak coupling between the

ground orbital state with states of high angular momentum. In contrast, quantum dots

exhibit strong axial confinement, resulting in a relatively strong coupling to the nearest ex-

cited state. At high field, the external magnetic field partially reduces the symmetry of the

donor confinement potential, enhancing the admixture mechanism. However, the coupling

is still typically much weaker than it is in quantum dots. We find, however, that both the

direct spin-phonon interaction and the admixture mechanism are too weak to account for

the observed relaxation in InP.

3.2 Samples and experimental technique

We study two GaAs, three InP, and two CdTe n-doped samples with the parameters given

in Table 3.1. Spin-relaxation is measured optically in the Voigt geometry (photon wave

vector k ⊥ B) with the magnetic field aligned parallel to the sample surface. Magneto-

photoluminescene spectra exhibiting optically resolved Zeeman transitions for all three semi-

conductors are shown in Sec. 3.3. Λ-transitions suitable for optically pumping the electron

spin are found by resonantly exciting one of the Zeeman sublevels of the neutral donor (D0)

to the lowest neutral donor-bound exciton (D0X) transition and observing the corresponding

Raman transition. The optically excited and collected transitions for InP (GaAs, CdTe) are

labelled in the energy diagram and photoluminescence spectra in Figs. 3.1(a),(b) [Sec. 3.4,

Figs. 3.3(a),(b),(e),(f)].

To measure the spin relaxation time in the magnetic field, we optically deplete one of

the Zeeman spin sublevels and monitor the recovery of its thermal population in the course

of spin relaxation. At high magnetic fields, the optically-resolved spin Raman transitions

enable frequency-selective optical pumping of the donor electron state. At low fields, while

the transitions cannot be spectrally resolved, optical pumping is still obtained by utilizing

the optical polarization selection rules. Optical pumping is confirmed by monitoring the

time-dependence of the collected transition intensity during optical excitation after the sys-

tem has reached thermal equilibrium. A typical high-field optical pumping pulse sequence

and photoluminescence trace are depicted in Figs. 3.1(c),(d). The decrease in photolumi-

nescence intensity is only observed with resonant spin excitation. Two-laser experiments in
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Sample Ne (cm−3) ` (µm) Growth Method

InP-1[67] 5.6 ×1013 5.1 MOCVD
InP-2[67] 2.3 ×1014 7.4 MOCVD
InP-3[67] 1.8 ×1015 4.2 MOCVD

GaAs-1[68] 3×1013 15 MBE
GaAs-2 5×1013 10 MBE

CdTe-1[69] 1× 1014 >1000 Bridgman
CdTe-2[70] > 1014 >1000 Bridgman

Table 3.1: Sample parameters. Ne = ND −NA is the electron density, ` is the sample
thickness. Metal organic vapour phase epitaxy and molecular beam epitaxy are abbreviated
by MOCVD and MBE respectively. The InP epilayer is grown directly on an InP substrate.
The GaAs epilayer is grown on 4 microns of Al0.3Ga0.7As on a GaAs substrate. Further
details on sample growth are given in the references.

GaAs have also confirmed that this decrease is due to spin-pumping and not, for example,

due to photo-induced ionization [9]. A clear optical pumping signal cannot be observed

in the highest purity InP sample, InP-1. The cause is attributed to surface depletion ef-

fects discussed further in Appendix A.1. For the remainder of the chapter we will restrict

ourselves to the remaining six samples, where reliable signals are detected.

Spin-relaxation measurements are performed by varying the recovery time between op-

tical pumping pulses which are produced by an acousto-optic modulator (AOM) from the

output of a narrow-band continuous-wave Ti:Sapphire laser. The AOM extinction ratio,

re was measured to be >104 giving an upper-bound of the maximum measurable T1 of

reτop, in which τop is the characteristic timescale of optical pumping. Given the several

microsecond τop [Fig. 3.1(d)], we have the ability to measure T1 exceeding 10 ms. The “Ra-

man” photoluminescence is collected during the first part of the optical pumping pulse, see

Fig. 3.1(e). As the recovery time increases, we observe an increase in the collected signal as

the system returns to thermal equilibrium. At each magnetic field, the recovery is fitted to

a weighted exponential with time constant T1 [71], as shown in Fig. 3.1(e). Measurements

are performed for fields up to 7.0 T. Reduced visibility of the optical pumping signal places

a technical limit on the minimum magnetic field measurement for each sample.
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Figure 3.1: (a) Energy level diagram for the InP donor system. (b) Photoluminescence
spectrum of InP. Excitation at 1.549 eV with 50 µW power, for the two above-bandgap
excitation spectra (red and blue). σ (π) denote linear collection polarization perpendicular
(parallel) to the magnetic field. Resonant excitation spectrum (black) uses excitation at
1.417 eV with 100 µW π-polarized light, with σ-polarized light collected. (c) Pulse sequence
for optical pumping. The Ti:Sapphire laser is pulsed on and off repetitively on the π
transition, while PL from the σ transition is detected. The time between pulses significantly
exceeds T1. (d) Optical pumping trace for InP with laser power 10 µW. The inset sketches
the population transfer process during optical pumping. The amplitude of the exponential
curve is proportional to the population in ↑. (e) Pulse sequence for T1 measurement. The
detector gate-on time is 2 µs and the laser pulse length is 50 µs. (f) T1 measurement
for InP with laser power 10 µW. The data is fit with an exponential plus a background
yielding the time constant T1 = (0.23± 0.1) ms. Error bars denote the standard deviation
of the recovery signal in each time bin over the many repetitions of the pulse sequence.
The corresponding representative data for GaAs and CdTe are given in Appendix 3.4. All
experiments used ∼30 µm laser spot size.
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3.3 Magneto-photoluminescence spectra for GaAs, InP, and CdTe

Representative magneto-photoluminescence spectra for GaAs-2, InP-2, and CdTe-2 are

shown in Fig. 3.2. In all three samples we can observe the free exciton (labeled X), donor-

bound exciton D0X → D0,1s transition (labeled D0X), ionized donor-bound exciton tran-

sition D+X → D+ (labeled D+X), and acceptor-bound exciton A0X → A0,1s transition

(labeled A0X). Also observed in GaAs and InP are the D0X two-electron satellite (TES)

transitions which correspond to the D0X → D0, nlm transition, where n, l,m specify the

quantum numbers of the excited D0 orbital at B = 0. For GaAs and InP, the fine-structure

of the D0X spectra is well resolved due to the hole spin and spin-orbit interaction as well

as the nearby D0X excited orbital states. In the CdTe samples, which are bulk crystals,

this structure is unresolved, limiting our ability to optically pump the system to electron

Zeeman splittings greater than 0.1 meV.
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Figure 3.2: Magneto-photoluminescence spectra in the Voigt geometry. (a) GaAs-2. The os-
cillations in photoluminescence intensity with field are attributed to oscillations in magneto-
absorption due to the diamagnetic exciton effect [72], T = 2 K, excitation and collection are
performed in linear polarizations oriented at ±45◦ with respect to the magnetic field direc-
tion, 1 mW excitation power at 810 nm. (b) InP-2, T = 2.3 K, σ-polarization excitation, all
polarizations collected, 40 µW above band-gap excitation power. (c) CdTe-2. T = 1.6 K. π-
polarization excitation, σ-polarization collection, 20 µW above band-gap excitation power.
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3.4 GaAs and CdTe T1 measurements
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Figure 3.3: (a) Energy level diagram for donor system in CdTe. (b) Photoluminescence
spectrum of CdTe at B = 3.5 T, T = 1.5 K. Excitation at 1.653 eV with 50 µW for the two
above band spectra (red and blue). Excitation at 1.593 with 50 µW for resonant spectrum
(black), as shown by the red arrow. (c) Optical pumping trace for CdTe at 3.5 T, 1.5 K.
Power 50 µW. Laser pulse lasts 100 µs. (d) T1 measurement for CdTe at 3.5 T, 1.5 K.
Power 50 µW. T1 = (12.0± 0.2) µs. (e) Energy level diagram for donor system in GaAs.
(f) Photoluminescence spectrum of GaAs at 7 T, 1.5 K. Excitation at 1.530 eV with 18 µW
for the two above band spectra (red and blue). Excitation at 1.517 with 10 µW for resonant
spectrum (black), as shown by the red arrow. (g) Optical pumping trace for GaAs at 7 T,
1.5 K. Power 10 µW. Laser pulse lasts 50 µs. (d) T1 measurement for GaAs at 7 T, 1.5 K.
Power 10 µW. T1 = (313± 5) µs. All data are taken with an excitation spot size ∼ 30 µm.

Representative energy diagrams, spectra, optical pumping traces, and T1 recovery traces

for CdTe and GaAs are shown in Fig. 3.3. For GaAs and InP, the lower energy Zeeman pair

transition was used for optical pumping. Although this results in a weaker signal due to

the lower thermal population in the higher electron spin level, the lower energy transition

is clearly resolved from all other D0X transitions enabling efficient optical pumping. For

CdTe, there is significant inhomogeneous optical broadening of the D0X lines. This can

be observed by comparing the non-resonant and resonant excitation spectral linewidths in

Fig. 3.3(b). Optical pumping visibility is thus significantly smaller in this sample relative

to GaAs and InP. Empirically we find the best signal-to-noise is obtained by pumping the

high-energy Zeeman pair transition due to the significantly larger thermal population in the

lower energy spin state. Due to the large g-factor in CdTe, the thermal population in the
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high energy state at 7 T and 1.5 K is only 0.6%.

3.5 Experimental Results
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Figure 3.4: T1 as a function of Zeeman splitting for the six different samples at 1.5 K. The
absolute values of the electron g-factors used to convert from B to the Zeeman splitting for
GaAs, InP and CdTe are 0.44, 1.3, and 1.65, respectively. Sample descriptions are given in
Table 3.1. The black dashed lines in the high energy (low energy) side denote a B−3 (B2)
dependence for reference. They are offset from the experimental data for clarity. The green
dashed line denotes the thermal energy kBT for reference.

The longitudinal spin relaxation times T1 as a function of the electron Zeeman splitting

∆E = |gµB| for InP, GaAs and CdTe are shown in Fig 3.4. Here, g is the effective electron

g-factor and µ is the Bohr magneton. The data show several notable features. First,

all samples approach a T1 ∼ B−ν dependence, with 3 . ν . 4, at high magnetic fields.

The proportionality constant depends on the semiconductor sample. A B−3 dependence,

included in Fig. 3.4, fits all curves well, however we note that higher-field data would be
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desirable for GaAs because the small electron g-factor prevents us from accessing the high-

Zeeman-splitting limit, where |gµB| � kBT . Also, a B−4 power-law is reasonable for CdTe,

as the magnetic field dependence becomes steeper in CdTe with decreasing field, see also

Fig. 3.6. The high-field T1 process appears to be independent of donor concentration. Even

the T1 curve for the high-density InP-2 sample approaches the InP-1 curve at the highest

fields. At low fields, T1 in InP and GaAs approaches a B2 dependence with a donor-

concentration-dependent pre-factor. This is extremely pronounced for the InP samples in

which the donor-bound electron density Ne, the difference between the donor and acceptor

densities in the sample, ND −NA, differs by a factor of 4. The effect is also present in

GaAs in which Ne differs by a factor of 1.7. Finally, the maximum T1 observed in all three
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Figure 3.5: (a) T1 as a function of the Zeeman splitting for InP-2 at 1.5 K. The arrows show
the magnetic field values at which the temperature dependence study was performed. (b-d)
Temperature dependence of T1 at (b) B = 0.48 T, (c) 1.9 T, and (d) 5.7 T. The dotted line
denotes |gµB|/kB.
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materials is similar: T1 = 1.4, 0.4, and 1.2 ms for GaAs, InP, and CdTe respectively.

Measurements of the temperature T effect on T1 are also performed. In InP-2, the sample

in which T1 can be obtained for the largest range of Zeeman energies, T1(T ) was measured

at 0.5 T (low field regime), 1.9 T (peak T1), and 5.7 T (high-field regime) with the results

depicted in Fig. 3.5. In the low-field regime, an extremely-steep inverse dependence of T1

on temperature is observed indicative of a strong phonon-assisted process. In the high-field

regime, the relaxation time is almost independent of temperature at the lowest temperatures

in our experiments, and drops with an increase in T . This high-field behavior is consistent

with a model in which T1 is inversely dependent on the phonon factor Fph = 2Nph + 1,

in which Nph = [exp(|gµB|/kBT )− 1]−1 is the phonon occupation number. A comparison

of magnetic-field-dependent measurements at 1.5 K and 5 K for CdTe-1 also support a

high-field single-phonon mechanism. The ratio of the two curves in Fig. 3.6 is given by

Fph(5 K)/Fph(1.5 K).
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Figure 3.6: T1 as a function of Zeeman splitting for CdTe-1 at T = 1.5 K and T = 5 K.
The red and blue lines are mutually fitted by an empirical formula T1 = bB4/Fph, where
b = 2000 µs/T4. The red and blue dashed lines denote the energy at 1.5 K and 5 K.
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3.6 Theory

Here we consider the mechanisms resulting in spin relaxation of donor-bound electrons. We

start with the limit of relatively-low magnetic fields, where spin relaxation is controlled by

the hyperfine coupling of the electron and nuclear spins. Next, we turn to the regime of

high enough magnetic fields where the nuclei-induced spin relaxation is unimportant and

the spin-flip processes caused by the joint effects of the electron-phonon and the spin-orbit

interactions play the major role.

3.6.1 Low-field spin-relaxation

At low temperatures and low donor densities, the electrons in bulk semiconductors are

localized. At low and moderate magnetic fields, the electron spin relaxation is controlled

by the hyperfine interaction with the host lattice nuclei [64, 73]. The spin dynamics of the

electron in the ensemble of donors obey the set of kinetic equations [74, 75]

dSi
dt

+ Si ×Ωi = Qi, (3.1)

where Si is the electron spin at the site i, Ωi = Ωi,nucl + ΩB is the electron spin precession

frequency caused by the hyperfine interaction with nuclear spins, Ωi,nucl, and by the Larmor

precession in the external field, ΩB. The collision integral Qi describes the variations of the

spins due to the electron hopping between sites, processes of ionization and recombination,

exchange diffusion, etc. [64, 76]. The schematic illustration of the spin dynamics of localized

electrons is presented in Fig. 3.7(a). Here we employ the simplest model of the collision

integral by introducing a single correlation time τc, disregarding the spread of the transition

probabilities [64, 74]. We assume that the nuclear fluctuations are frozen on the timescale

of τc and that the Zeeman splitting in the external field is negligible as compared with the

thermal energy. Hence, we obtain a simple analytical formula for the relaxation time of the

spin component parallel to the magnetic field B ‖ z [74]:

T1,hf =
τcA

1−A , (3.2)
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where

A =

〈
1 + Ω2

i,zτ
2
c

1 + Ω2
i τ

2
c

〉
, (3.3)

and the angular brackets denote the averaging over the distribution of random nuclear fields.

Equation (3.2) is valid for an arbitrary relationship between the spin precession frequency

and τc. In the experimentally relevant range of magnetic field, ΩB = |gµB|/~ exceeds by far

the spin precession frequency in the field of nuclear fluctuations and the inverse correlation

time. It follows then from Eqs. (3.2), (3.3) that

T1,hf =
3τcΩ

2
B

2〈Ω2
nucl〉

∝ τcB2, (3.4)

where 〈Ω2
nucl〉 is the mean square fluctuation of the nuclear field averaged over the ensemble

of donors. This expression shows the B2 power law which is observed in experiment, Fig. 3.4.

This increase in spin-relaxation time with increasing field is related to the suppression

of the relaxation by the magnetic field: At ΩB � τ−1
c , 〈Ω2

nucl〉1/2, the electron spin precesses

around the total field ΩB + Ωi,nucl during the correlation time. Its precession axis is almost

parallel to ΩB and its orientation changes by a small random angle ∼ Ωi,nucl/ΩB when

the electron hops between the localization sites. Such a random process results in the

spin relaxation rate ∼ τ−1
c (Ωi,nucl/ΩB)2 ∝ 1/(τcB

2) in agreement with Eq. (3.4). For

known mechanisms of electron correlation time at a donor, such as electron hopping and

the exchange diffusion, see Ref. [76] for review, an exponential sensitivity to the donor

density (and, in the former case, to the temperature) is expected [76, 77]. Correspondingly,

for these mechanisms T1 should be strongly affected by these parameters. Such trends are

clearly seen in the experiment, Fig. 3.4 and Fig. 3.5(b).

The developed model enables quantitative comparison with the experiment. To that

end, we evaluate the mean square of the donor-bound electron spin precession frequency in

the nuclear field as [78]

〈Ω2
nucl〉 =

V0

8π(a∗B)3~2

∑
α

(
Ahfα

)2
Iα(Iα + 1), (3.5)

where a∗B= ε~2/(m∗e2) is the donor Bohr radius, V0 = a3
0 is the unit lattice volume, Iα is
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the spin of αth nucleus in a unit cell, Aα is the hyperfine interaction constant. Taking for

GaAs A69Ga = 38.2 µeV, A71Ga = 48.5 µeV and A75As = 46 µeV [79] we obtain
√
〈Ω2

nucl〉 =

0.47 × 108 s−1. Fitting the experimental data with Eq. (3.4), we determine a correlation

time τc ≈ 25 ns for the GaAs-2 sample. Such a value of the correlation time is consistent

with previous studies of GaAs samples with similar donor densities [65, 66]. A somewhat

longer τc of ∼ 40 ns is determined for the InP-2 sample, where the hyperfine interaction

is dominated by 115In isotopes with IIn = 9/2. The estimate for AIn comes from Ref. [80]

where the Overhauser effect for InSb was measured. The literature reports a spread of AIn:

47 µeV [81], 56 µeV [82] and 84 µeV [79]. Here we use the middle value of AIn = 56 µeV,

which yields
√
〈Ω2

nucl〉 = 1.6× 109 s−1.

Although the experimental sensitivity of T1 to temperature and carrier density are con-

sistent with the known mechanisms contributing to the donor electron correlation time, the

magnitude of τc is orders of magnitude shorter than these mechanisms predict for the low

donor densities used in this study. Our result is consistent with prior works [65, 66] and

suggests additional, unknown mechanisms may be at play, such as an inhomogeneous donor

distribution resulting in the formation of clusters with a relatively high donor density, and

short τc.

According to Eq. (3.4), the electron spin relaxation time associated with the hyperfine

interaction strongly increases with an increase in field. Hence, at sufficiently strong mag-

netic fields this mechanism becomes inefficient as compared with mechanisms caused by

the combination of the electron-phonon and spin-orbit interactions described below. By

contrast, T1 due to these processes decreases with an increase in B.

3.6.2 High-field spin-relaxation

While the spin-orbit interaction alone is not sufficient to cause a spin-flip of a localized charge

carrier, a combination of the electron-phonon interaction and spin-orbit coupling serves as a

main source of localized electron spin relaxation at high magnetic fields [83, 84, 85]. Phonons

can also modulate the hyperfine coupling of the electron and the lattice-nuclei spins giving

rise to T1 ∝ B−3 dependence [83]. Similar to the quantum dot case, this effect is negligible
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Figure 3.7: Schematic of spin-relaxation mechanisms. (a) At low magnetic fields, spin-
relaxation is dominated by the interaction of the electron spin with lattice nuclear spins.
Panels (b,c) are relevant for the high-field spin relaxation mechanism. (b) Energy level
structure for unperturbed donor-bound electron in magnetic field, described by zero-field
quantum numbers. (c) Dresselhaus spin-orbit coupling mixes states with opposite spin and
different angular momentum components. In the admixture mechanism, phonons cause
relaxation between the two eigenstates via the components with like spin. The direct spin-
phonon interaction causes spin-relaxation via the components with opposite spin.

for donor-bound electrons. Two-phonon processes [84] are also very weak for the range of

temperatures and fields studied here.

An exhaustive theoretical investigation of the spin-flip mechanisms has been performed

for the related GaAs quantum dot system [50, 86, 87]. In GaAs quantum dots, all re-
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ported spin-orbit related mechanisms exhibit a T1 ∝ B−ν dependence with ν ≥ 5. For bulk

GaAs-like semiconductors, such a study has not been performed before to the best of our

knowledge. The orbitals for the donor-bound electron differ from those for quantum dots,

leading to the use of a different approximation for the Dresselhaus spin-orbit Hamiltonian

and different selection rules.

Experimentally we observe that the high-field spin relaxation is consistent with a single

phonon process. This limits us to mechanisms that combine Dresselhaus spin-orbit coupling

and spin-conserving phonon-induced relaxation, and direct spin-phonon mechanisms. In this

section, we present the detailed calculation for the high-field T1 due to both mechanisms

and compare our theoretical results to the experimental data.

Admixture mechanism caused by Dresselhaus spin-orbit coupling

We are first interested in the spin relaxation between the Zeeman sublevels of the donor-

bound electron ground state mediated by spin-orbit and electron-phonon coupling (admix-

ture mechanism). This is the dominant relaxation mechanism for III-V quantum dots [50, 86]

and naively may also be expected to play the dominant role in the similar donor system.

For this mechanism, the spin-orbit interaction modifies the ground-state Zeeman sublevels

by the admixture of the excited sublevels with the opposite spin component. Hence, the

spin-independent electron-phonon coupling causes spin-relaxation through the components

of the states with the same spin, as depicted in Fig. 3.7(b)-(c).

The interaction Hamiltonian for the admixture mechanism is

Hadm = Uph +Hso, (3.6)

where Uph is the spin-conserving electron-phonon interaction Hamiltonian and Hso is the

spin-orbit Hamiltonian. In the high-field limit, the Zeeman splitting can be comparable

or even exceed the thermal energy. In such a case, the transition rates from the Zeeman

sublevel ↓ to ↑, Γ↑↓, and back, Γ↓↑, differ. The observed longitudinal spin relaxation time

satisfies

T1 = (Γ↑↓ + Γ↓↑)
−1.
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Figure 3.8: Theoretical results for spin-relaxation time T1 via the admixture mechanism,
using both analytic and numerical wave functions. Pink and grey dots show the experi-
mental data. For GaAs [panel (a)], the theory matches the data reasonably well with no fit
parameters. For InP (b) and CdTe (c), the calculated values are multiplied by the factor
specified in the figure for ease of comparison. T = 1.5 K. We note that the numerically
calculated T1 which includes only the 2p states is slightly shorter than the full numerical
solution. This is due to destructive interference between the orbital states in Eq. (3.8).

The individual rates are found using Fermi’s golden rule, e.g.,

Γ↓↑ =
2π

~
∑
q,α

|M↓↑|2δ(~qsα − |gµB|), (3.7)

where q is the phonon wavevector, sα is the speed of sound in phonon branch α and α = t, l

for the transverse and longitudinal modes, respectively. Hereafter we assume for conve-

nience that the spin-up state has higher energy than the spin-down one, hence, gµB > 0,

as illustrated in Fig. 3.7, so that the rate in Eq. (3.7) corresponds to the phonon emission

process. Electron spin-relaxation occurs via a second order process due to the quantum

interference of Uph and Hso in the Hamiltonian (3.6), see Ref. [50] for details,

M↓↑,adm = −
∑
e

[〈1s, ↓ |Uph|e, ↓〉〈e, ↓ |Hso|1s, ↑〉
Ee − E1s + gµB

+
〈1s, ↓ |Hso|e, ↑〉〈e, ↑ |Uph|1s, ↑〉

Ee − E1s − gµB

]
, (3.8)

where |1s〉 is the ground orbital state of the donor-bound electron, |e〉 denotes the excited

orbital states, and Ee, E1s are the energies of the corresponding orbitals.
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GaAs InP CdTe

g −0.44 1.3 −1.67
m∗ 0.067m0 0.08m0 0.106m0 [88]

h14 (V/m) 14.5× 108 [89] 7.4× 108 [90] 3.94× 108 [88]
γ (eV·Å3) 23.7 [91] 10.1 [91] 11.74 [88]
ρ (kg/m3) 5.32× 103 [92] 4.81× 103 [92] 4.85× 103 [88]
sl (m/s) 4.73× 103 [92] 4.58× 103 [92] 3.08× 103 [88]
st (m/s) 3.35× 103 [92] 3.08× 103 [92] 1.85× 103 [88]

ε 12.56 12.5 [92] ∼ 10.3 [93]
v0 (m/s) 8×105 [94] 4× 105 [94] unknown
D (eV) −5.55 [95] −4.4 [95] −5.45 [95]

Table 3.2: Material parameters relevant to the donor-bound electron spin-relaxation in
GaAs, InP, and CdTe. g is the effective electron g-factor, m∗ is the electron effective mass
(m0 is the free electron mass), h14 is the piezoelectric constant, γ is the Dresselhaus spin-
orbit coupling constant, ρ is the mass-density, sl is the longitudinal sound velocity, st is the
transverse sound velocity, ε is the relative permittivity of the material, v0 characterizes the
strength of the direct spin-phonon coupling interaction, and D is the deformation potential
interaction constant.

Due to the small localization energy of the donor-bound electron (. 10 meV), the

electron wave function in a magnetic field is well described with effective mass theory using

the hydrogenic Hamiltonian

H0 =
~2

2m∗

(
k− e

~
A
)2
− 1

4πε0

e2

εr
+

1

2
gµσ ·B, (3.9)

where m∗ is the electron effective mass, e is the electron charge, A is the vector potential

of the magnetic field B, r is the position vector, r = |r|, k = −i∂/∂r is the wavevector, ε is

the relative dielectric constant of the material, and σ is the vector composed of the Pauli

matrices. In the presence of the magnetic field, the Hamiltonian, Eq. (3.9), possesses an

axial symmetry and its eigenstates are characterized by four quantum numbers: principal

quantum number ν, angular momentum z-projection m, z-parity πz and spin z-projection

ms. To establish a link with the hydrogen-like series of donor-bound electron states at

B = 0, we will label the orbitals by their zero-field quantum numbers nlm, where n is

the principal quantum number and l is the angular momentum quantum number, when
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appropriate.

The energy of a phonon involved in the spin-flip transition is the Zeeman splitting

between the spin sublevels. Therefore, the phonon wavevector qα = gµB/(~sα)→ 0 as

B → 0. Thus, at moderate magnetic fields in piezoelectric crystals such as GaAs, InP

and CdTe studied here, we found that the piezoelectric electron-phonon interaction with

U
(pz)
ph ∝ q−1/2 dominates over the deformation potential interaction, where U

(dp)
ph ∝ q1/2 [96],

see Appendix A.3. The piezoelectric electron-phonon interaction reads

U
(pz)
ph =

√
~

2ρωq,α
ei(qr−ωq,αt)(eAq,α)b†q,α + c.c., (3.10)

where

Aq,α = h14

∑
ijk

βijkξiξj ê
(q,α)
k , (3.11)

ρ is the mass density of the material, ωq,α is the phonon frequency, b†q,α is the creation

operator for a phonon, ξ = q/q is the unit vector along the phonon wavevector, ê is the

phonon polarization vector, the only nonzero components of βijk are those with different

subscripts, βxyz = . . . = βzyx = 1, and h14 is the piezoelectric constant [96].

Since all the samples studied here are bulk semiconductors characterized by the Td point

symmetry group, the only relevant spin-orbit coupling comes from the cubic-in-the-electron-

wavevector Dresselhaus spin-orbit term, Hso. It arises from the lack of inversion symmetry

in zinc-blende crystals and has the form

Hso = γ
∑
i

σiki(k
2
i+1 − k2

i+2), (3.12)

where γ is the Dresselhaus spin-orbit coupling constant and the subscript i cycles through

x, y, z.

In the limit of |gµB|a∗B/(~sα)� 1 (a∗B is the effective Bohr radius), the long wavelength

approximation (LWA) is used to simplify the T1 calculation, i.e. the approximation of

eiqr = 1 + iqr. This is used in previous literature [50] but we find it does not work well

at the high fields for InP and CdTe. Therefore, we have performed the full numerical
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evaluation of the spin relaxation time according to Eqs. (3.7) and (3.8) using the numerical

solutions to Eq. (3.9) [97] and the material parameters from Table 3.2. Additional details

on the numerical calculation can be found in Appendix A.2. These results, which include

18 excited state orbitals, are given by the black curves in Fig. 3.8. We numerically find that

the first excited state which evolves from 2p− makes the dominant contribution to the spin

relaxation rate, as shown by the dashed green curves in Fig. 3.8.

This numerical result, together with the analysis of the wavefunctions in Appendix A.3,

motivates using Gaussian shapes of the ground and excited state wave functions, Eqs. (A.9),

to obtain an analytic solution for further insight into the intermediate field behavior. The

magnetic field induced shrinking is taken into account by assuming different characteristic

lengths lz,1s = a∗B and lρ,1s = [1/(a∗B)2 + 1/(2l2b )]
−1/2 for the motion along and perpendicular

to the field. After some transformations, we obtain (see Appendix A.3 for details):

1

T1,adm
=

256χ10

35(1 + χ2)12

γ2e4h2
14|gµ|3B5

πρ~6
×

×
(

1

∆E
− 1

∆E + ~ωc

)2( fl
s5
l

+
4ft
3s5
t

)
Fph . (3.13)

Here, ∆E = E2p− − E1s is the energy difference between the hydrogen-like ground 1s and

excited 2p− state. The factors fα = exp {−(χgµBlρ)
2/[(1 + χ2)~2s2

α]} take into account

that the phonon wavelength can be comparable with the donor-bound electron state size.

These factors are particularly sensitive to the wavefunction shape. Finally, the parameter

χ is a parameter of the wave functions which characterizes the ratio of the effective radii

for the excited and the ground states, see Eqs. (A.9). By comparing the trial wavefunction

to the numerical 2p wavefunction, we find reasonable choices for χ of 1.5, 1.7 and 2.2 for

GaAs, InP and CdTe over the experimental range of magnetic field, as shown in Fig. A.3.

The magnitude of T1,adm calculated according to Eq. (3.13) is quite sensitive to the choice

of χ.

A comparison between the experimental, numerical, and analytic results for T1 is shown

in Fig. 3.8. We stress that these calculations contain no fitting parameters. Qualitatively

we observe similar behavior between the analytic and numerical calculations. At sufficiently
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strong magnetic fields, we find the LWA fails for InP and CdTe due to their relatively large

electron g-factors as compared with GaAs. This effect is taken into account by factors fl and

ft in Eq. (3.13). It softens the exponent in B-dependence giving approximately 3 . ν . 4

in the accessible field range. Further increase in B results in a minimum in T1(B). It is

noteworthy that at such magnetic fields, the deformation potential interaction may become

important, see [98] and Appendix A.3 for details; moreover, in such fields the result could

be quite sensitive to the shape of the wave functions. Hence, for sufficiently high fields,

Eq. (3.13) provides only an indication of the trend.

We find that the numerically calculated values of T1 for InP and CdTe are orders of

magnitude longer than the experimentally observed spin relaxation times in these samples,

which indicates the importance of other spin-flip mechanisms in the materials, see below.

By contrast, in GaAs the calculated magnitude of T1 is quite close to the experimental

values, demonstrating that the admixture mechanism is significant in this material.
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Figure 3.9: Theoretical results for the spin-relaxation time T1 via the direct spin-phonon
mechanism for GaAs (a), InP (b) and CdTe (c). Pink and grey dots show the experi-
mental data. T = 1.5 K. The two dashed lines and two solid lines in (c) represent the
analytic and numerical calculation results of T1 using v0 = 8× 105 m/s (upper curves) and
v0 = 3× 106 m/s (lower curves)

Although the direct spin-phonon interaction was not found to be a dominant relaxation

mechanism for electrons in semiconductor quantum dots [50], we demonstrate here that
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it contributes significantly to donor-bound electron spin relaxation. To some extent, this

is because the role of the admixture mechanism is diminished due to the cubic-in-the-

wavevector spin-orbit splitting in the bulk material, as compared with k-linear terms used

for quantum dot systems [50]. The direct spin-phonon interaction Hamiltonian is [94]

Udir =
~v0

2
[σx(uxyky − uxzkz) + σy(uyzkz − uyxkx) + σz(uzxkx − uzyky)], (3.14)

Here uij = uji is the deformation tensor, and, as above, k = −i∇− (e/~)A. The coupling

constant v0 has the dimension of velocity. It has been determined by experiment for GaAs

and InP but is unknown for CdTe (see Table 3.2). For numerical evaluation for CdTe, we

use a spread of values, 8× 105 m/s < vCdTe
0 < 3× 106 m/s with the lower (upper) bound

corresponding to vGaAs
0

(
vInSb

0

)
[94].

The relaxation rates Γ↑↓ are calculated using Eq. (3.7) with the first-order matrix ele-

ment M↑↓ = 〈1s, ↑ |Udir|1s, ↓〉, as depicted in Fig. 3.7(c). We use an approximate exponential

wave function with a characteristic length l = [(a∗B)−2 + 1/(2l2b )]
−1/2 to obtain analytic ex-

pressions for Γ↑↓ and, correspondingly, for the associated longitudinal spin relaxation time

T1,dir. The choice of the wave function is motivated by the fact that only the 1s orbital

state is involved, which is not significantly perturbed at the experimentally accessible mag-

netic fields. Moreover, the precise symmetry of the wave function for the direct phonon

mechanism is not critical. The evaluation of Eq. (3.7) yields (see Appendix A.4):

1

T1,dir
=

(ev0l
2)2|gµ|5|B|7
560πρ~6

Fph ×
(

1

s7
l

1

(1 +Q2
l )

6
+

4

3s7
t

1

(1 +Q2
t )

6

)
, (3.15)

where Qα = |gµB|l/(2~sα). Equation (3.15) demonstrates that the spin-flip time is pro-

portional to B−7 at weak magnetic fields. An increase in the field results in a softening of

the B-field dependence due to decrease of the efficiency of the electron-phonon interaction

(breakdown of the LWA) described by the factors (1 + Q2
α)−6. In addition to the analytic

approximation, we performed the full calculation using the numerically-obtained ground-

state donor wave function. The very good agreement between the analytic and numerical

calculations, seen in Fig. 3.9, can be attributed to the minor effect of the magnetic field on
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the ground-orbital-state wave functions at the experimental fields.

A comparison between the theoretical calculations with no fit parameters and the ex-

perimental data is also provided in Fig. 3.9. For GaAs, we find that the magnitude of the

direct-phonon mechanism is approximately the same as the admixture mechanism. Also in-

cluded in Fig. 3.9(a) is the sum of these two mechanisms. Accounting for both mechanisms

results in a difference between the theory and the data of approximately a factor of 2, which

can be easily attributed to the uncertainties in the system parameters in Table 3.2.

For InP and CdTe, the direct spin-phonon mechanism is found to be significantly stronger

than the admixture mechanism. For CdTe, the agreement between theory and experiment

is extremely good if the direct spin-phonon interaction strength in CdTe is similar to that

of InSb. This may be reasonable given the similar valence band spin-orbit splitting in the

two materials, 0.8 eV in InSb [99] and 0.9 eV in CdTe [100, 101, 102]. Here, an independent

measurement of v0, like those performed in Ref. [94] for GaAs and InP, or its independent

first-principles calculation, is needed to corroborate our result.

There is still a significant discrepancy between theory and experiment for InP, where the

experimental spin-relaxation time is 15 to 30 times shorter than the predicted value from the

direct spin-phonon coupling. Its origin is not clear and further studies, both experimental

and theoretical, are needed to resolve this discrepancy.

3.7 Conclusion

In this work we measure the longitudinal spin relaxation time as a function of magnetic field

for electrons bound to donors in three different high-purity direct bandgap semiconductors.

We observe for the first time the crossover between low-field spin relaxation resulting from

a hyperfine coupling of the electron and lattice nuclear spins and high-field single-phonon-

mediated spin relaxation. From a fundamental perspective, the existence of both regimes

is expected. However, the comparison of the data with the developed theory in terms of

the magnitude of the relaxation raises new questions. Low field measurements indicate

a tens of nanoseconds electron spin correlation time of so far unknown origin. High-field

measurements strongly suggest the admixture mechanism is important in GaAs, while the

direct spin-phonon interaction is important in both CdTe and GaAs. However for InP, the
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discrepancy between theory and experiment calls for further investigation.

In the context of possible applications, the high-field B−ν dependence of T1, combined

with the density and temperature dependent low-field B2 behavior, has practical implica-

tions. If the crossover point can be pushed to lower fields, extremely-long spin-relaxation

times may be possible. This could be realized with lower impurity density, lower temper-

ature, larger binding energies, and a nuclear-spin-free matrix. In support of this, we note

that no crossover is observed in CdTe even when kBT > |gµB|. This may reflect the role

of the higher donor binding energy and/or the reduced nuclear-spin environment in CdTe.

In this context, isotope purification, which is known to significantly affect spin dephasing,

may also significantly increase the maximum achievable T1 for electrons bound to shallow

donors.
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Chapter 4

COHERENCE PROPERTIES OF DONORS IN ZNO

4.1 Introduction

In the last chapter, we study the longitudinal spin relaxation in three different materials:

GaAs, InP and CdTe. The T1 of them are all at ms-scale which is not really long. The the-

oretical model shows the spin relaxation is limited by electron-phonon interaction mediated

by spin-orbit coupling. This theory study indicates the T1 can be longer in a material with

smaller spin-orbit coupling. This leads to our study of donors in ZnO. The electron g-factor

of ZnO is about 2, really close to the g-factor of a free electron, which is an indication of

small spin-orbit coupling and longer T1. In this chapter, we perform a systematic study of

the coherence properties for donors in ZnO.

Defect centers in crystals have attracted significant attention as qubit candidates for

quantum communication [103, 104] and computation [105] due to the ability to realize spin-

photon entanglement and scalable device integration. A two-node network, the fundamental

building block for measurement-based quantum computation [4, 106, 107] and long-range

quantum communication [7, 8], can be generated via a single photon measurement on two

non-interacting, spatially separated qubits. The quantum link efficiency, i.e. the ratio be-

tween the entanglement generation and the decoherence rates, determines the scalability of

a network. Finding a system which combines homogeneous and efficient optical properties

with a long spin coherence time is still an outstanding challenge. The negatively charged

nitrogen-vacancy (NV) center [108, 109] in diamond is one of the leading candidates for

the photon based protocols and two-node networks have been demonstrated [17]. However,

the entanglement generation rate is typically low, limited by nonideal optical properties

such as optical inhomogeneity, spectral diffusion, and low zero-phonon radiative efficiency.

Whilst numerous efforts are focused on overcoming these challenges in diamond [110] and

This chapter is a slightly modified version of a published paper written by the author of this thesis [14].
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related SiC systems [111, 112], searching for new defect centers with better properties is

an alternative solution. Donors in isotope purified 28Si have shown promising features such

as ultra-long coherence times [1, 2] and high fidelity qubit control [3]. However, the indi-

rect band gap of Si makes photon-mediated entanglement and therefore the development of

scalable quantum networks challenging [4, 5, 6]. While there are photon emitting defects in

Si [113, 114, 115], the radiative efficiency is typically low. Studies of defect systems in direct

band-gap III-V materials, such as quantum dots and donors, have demonstrated efficient op-

tical transitions, spin control and spin readout [9, 10, 11, 116, 117]. A two-node network with

a kHz generation rate has been realized in the positively-charged quantum dot system [20].

However, due to the lack of a spin-free host matrix, the spin coherence times in III-V sys-

tems are limited by hyperfine interactions with the host nuclear spins [20, 12]. Donors in

direct band-gap II-VI semiconductors similarly boast efficient optical transitions [118] and,

as we show here in ZnO, can exhibit long coherence times. Critical for long-term qubit

viability is the compatibility of ZnO with microfabrication processing [119, 120] and the

possibility of entanglement generation between the ZnO donor electron and donor/lattice

nuclei based on the hyperfine interaction [121]. This electron-nucleus register, demonstrated

in both P:Si [122] and NV:diamond systems [123], enables deterministic network scaling in

the presence of large photon loss [4, 124].

In this charpter, we measure the relaxation and coherence properties of an ensemble of

Ga donors in ZnO. Ensemble spin initialization is demonstrated using resonant continuous-

wave (cw) excitation. The longitudinal spin relaxation time T1 shows a B−3.5 relationship,

dominated by a spin-orbit mediated phonon interaction. The longest T1 observed in the ex-

periment is ∼0.1 s at 2.25 T, with T1 increasing with decreasing field. Coherent spin control

of donor electrons is achieved with ultra fast optical pulses, red-detuned from the neutral

donor (D0) to donor-bound exciton (D0X) resonance. The D0 coherence is then probed via

all-optical Ramsey interferometry and spin-echo measurements [11]. The inhomogeneous

dephasing time T∗2 is measured to be 17 ± 2 ns which is consistent with the theoretical es-

timates of inhomogeneous electron-nuclear hyperfine interaction in natural ZnO. The effect

of the inhomogeneous nuclear field is suppressed by a spin echo sequence with a measured

spin-echo time T2 of 50 ± 13 µs at 5 T. Possible mechanisms limiting T2 include spectral
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Figure 4.1: (a) Experimental geometry. ĉ is the optical propagation axis. ~B is the magnetic
field. V and H represent vertical polarization (ε̂ ⊥ ~B) and horizontal polarization (ε̂ ‖ ~B),
respectively. (b) Energy diagram of the donor system at magnetic field in the Voigt geom-
etry. | ⇑〉(| ↑〉) denotes the hole (electron) spin. The shaded area shows the Λ system used
for the spin initialization and readout. (c) Spectra at 0 T and 4 T with V and H polarized
collection. The excitation laser is at 3.446 eV with vertical polarization. Temperature is 5.5
K. Both the Ga and Al donor peaks split into 4 different peaks with applied magnetic field.
(d) Electron and hole Zeeman splitting of the Ga donor as function of magnetic fields. The
red and blue lines are linear fits of the Zeeman splitting. For these data, both the excitation
and collection spot sizes are ∼1 µm.

diffusion due to flip-flops of 67Zn nuclear spin pairs [125] and instantaneous diffusion due to

the rephasing pulse in the spin echo sequence [126].

4.2 Setup and Photoluminescence spectrum

The ZnO sample studied in this chapter is a 360 µm thick Tokyo Denpa ZnO crystal. The

sample included a 0.7 µm high-purity ZnO epilayer grown by molecular beam epitaxy [127],

however the measurement signal was dominated by substrate donor emission. The total

donor concentration is on the order 1017 cm−3, determined by capacitance-voltage measure-

ments [128]. The sample is mounted in a continuous flow cryostat with a superconducting

magnet in Voigt geometry, i.e. ĉ ⊥ ~B, where ĉ is the optical propagation axis, as shown in

Fig. 4.1(a). ĉ is parallel to the [0001] direction of the ZnO crystal. All measurements are

performed at temperatures between 1.5 and 5.5 K.

The energy diagram of the shallow donor in a magnetic field is shown in Fig. 4.1(b).
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The D0 spin states split due to the electron Zeeman effect. The Zeeman splitting of the

D0X state is solely determined by the hole spin, as the two bound electrons form a spin

singlet. The two ground spin states | ↑〉, | ↓〉 and the excited state | ⇓↑↓〉 form the Λ

system which is used for spin initialization and readout. Typical spectra at 0 T and 4 T

are shown in Fig. 4.1(c). At 0 T, the two main peaks correspond to Al donors (3.3607 eV)

and Ga donors (3.3599 eV) [129]. To further confirm the two peaks are from donors, PL

spectra with resonant excitation are taken to demonstrate the correlation between the main

donor peaks and the corresponding two electron satellite (TES) transitions, as shown in

Fig. 4.2. The TES transitions are transitions from the D0X to the 2s and 2p D0 orbital

states. Enhancement of the TES transitions are observed with resonant excitation of the

main D0X lines for both the Ga and Al donors. At 4 T, the Al and Ga peaks each split into

4 peaks due to the electron and hole Zeeman splitting. The polarization dependence of the

4 peaks confirms the Γ7 valence band symmetry assignment [130]. The measured in-plane

g-factors for the Ga donors are |g⊥e | = 1.97 ± 0.01 and |g⊥h | = 0.34 ± 0.02, determined by

linear fits of the electron and hole Zeeman splitting at different fields, as shown in Fig 4.1(d).

For the remainder of the chapter, we will focus on the Ga donor.

D0X centers (Al, Ga and In) in ZnO exhibit short radiative lifetimes of ∼1 ns [118]

and Huang-Rhys parameters <0.1 [118] which indicate high radiative efficiency in the

zero-phonon line. This provides a natural Λ system for Raman-based photon-heralded

entanglement schemes [131]. The ability to utilize other valence-band D0X transitions [129,

132, 133] to realize highly desirable cycling transitions and “L”-shaped systems will be

investigated in future work.

4.3 Spin initialization and T1 measurement

Spin initialization, the first step to utilize the spin as a qubit, is performed by optical

pumping. A cw pump pulse is resonantly applied on either the | ↑〉 ⇔ | ⇓↑↓〉 or | ↓〉 ⇔ | ⇓↑↓〉
transition to initialize to | ↓〉 or | ↑〉, respectively. To visualize the optical pumping, the

spins are first prepared using a scrambling pulse, i.e. a series of high power laser pulses

with photon energy higher than the donor transitions. Then a cw pump pulse is applied

resonantly on the | ↑〉 ⇔ | ⇓↑↓〉 transition to initialize to | ↓〉. PL from the | ↓〉 ⇔ | ⇓↑↓〉
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Figure 4.2: Log-scale resonant photoluminescence spectra of the ZnO sample at 0 T, 1.5 K.
Excitation laser is resonantly exciting the Ga (red) or Al (blue) main donor-bound exciton
transition. The inset shows the enhancement of the two-electron satellite peaks.

transition is collected during the pump pulse. A typical optical pumping curve is shown in

Fig. 4.3(a). An estimate of the pumping efficiency using the contrast ratio of the optical

pumping curve [123] yields a fidelity of 95% at 1.5 K and 5 T. This estimate assumes that

the scrambling pulse prepares the spins with equal population in | ↑〉 and | ↓〉. The efficiency

of the optical pumping decreases with decreasing magnetic field. At low field, the Zeeman

energy becomes comparable to the optical linewidth of the D0X transitions. In this case,

population in | ↓〉 can be simultaneously pumped back to | ↑〉. For this reason, we are only

able to observe an optical pumping signal at fields larger than 2.25 T.

T1 is measured by recording the population recovery to thermal equilibrium after spin

initialization. The spin is initialized to | ↑〉 using a 50 µs cw pulse on resonance with the

| ↓〉 ⇔ | ⇓↑↓〉 transition. Then after waiting for a variable time τ , another 50 µs cw pulse is

applied and the PL of the | ↑〉 ⇔ | ⇓↑↓〉 transition is collected in the first 1 µs window of

the cw pulse. The collected PL signal is proportional to the | ↓〉 population. By changing
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Figure 4.3: (a) Optical pumping curve at 5 T, 1.5 K. The inset shows the laser sequence.
The PL is detected by an avalanche photodiode with a 50 ns timing resolution. (b) The
population recovery curve at 5 T, 1.5 K. The inset shows the corresponding laser sequence.
The exponential fit of the recovery curve gives T1 = 11.4 ± 0.5 ms. (c) The longitudinal
spin relaxation time T1 as a function of the Zeeman energy for donors in GaAs, InP, CdTe
and ZnO. The data for GaAs, InP and CdTe is reproduced from a prior work [134]. For the
ZnO data, both the excitation and collection spot sizes are ∼1 µm.
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τ , a population recovery curve is measured and T1 is extracted using an exponential fit

(Fig. 4.3(b)).

T1 at 1.5 K as function of magnetic field is shown in Fig. 4.3(c), with previous measure-

ment results in GaAs, InP and CdTe [134] included for comparison. In the high-field region,

the strong inverse power dependence on B indicates that relaxation is induced by phonon

interactions, mediated by electron spin-orbit coupling [135]. The high B-field dependence

in ZnO is similar to what is observed in the other three semiconductors. However, T1,ZnO

is over two orders of magnitude longer as a result of lower spin-orbit coupling. The longest

observed T1 is 0.14 ± 0.05 s at 2.25 T. This is 105 times longer than previously reported

results in ZnO epilayers [132].

At low field, a positive B-field dependence of T1 is observed in GaAs and InP due

to the inhomogeneous static hyperfine field and the short electron correlation time at the

donor sites [134]. In ZnO, this mechanism is expected to be weaker because of the small

electron Bohr radius and thus longer correlation time. The high B-field dependence, together

with the small Bohr radius, suggest T1 can approach and possibly exceed seconds at lower

magnetic fields. Control of the spin at lower fields will require a high-purity sample with

narrow optical linewidth, as optical pumping can only be efficient if the linewidth is much

smaller than the Zeeman splitting.

4.4 Calibration of Spin Population

For data in Fig. 4.3(a) and Fig. 4.5, the spin population is detected by applying a cw pulse

resonantly on transition | ↑〉 ⇔ | ⇓↑↓〉 and collecting PL from transition | ↓〉 ⇔ | ⇓↑↓〉.
Typical data of collected PL as function of time is shown in Fig. 4.4. The pump-down

counts are normalized to 1. The peak count is Im and is proportional to the spin | ↑〉
population P↑.

P↑ = βIm. (4.1)

β can be calibrated by measuring peak count Im(P↑ = 1/2) of the half | ↑〉 half | ↓〉 state,

generated by a series of high power laser pulses with photon energy much higher than the
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donor transitions.

β =
1/2

Im(P↑ = 1/2)
. (4.2)

In the measurement of T∗2 and T2 (Sec. 4.6), to have a better signal to noise ratio, the

excitation spot is reduced to have the same size as the collection spot allowing all PL in the

excitation spot to be collected. Though this increases the PL collection efficiency, different

donors in the excitation spot experience different excitation powers and thus different spin

rotation angles. Therefore, this calibration procedure is not accurate and the data shown

in Fig. 4.6 is the fringe amplitude of the normalized counts.

4.5 Optical spin coherent control

In the next series of measurements we use ultrafast optical pulses to create and probe the

electron spin coherence. To obtain both strong optical pumping efficiency and long T1, we

choose an intermediate magnetic field to study, i.e. 5 T. At 5 T, the large electron Zeeman
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splitting (138 GHz) makes direct microwave control of the electron spin challenging. An

alternative is to use a detuned ultra-fast optical pulse to coherently rotate the spins [136,

116], which can be understood using a 4-level density matrix model. For the 4-level donor

system, the Hamiltonian in the interaction picture with the rotating wave approximation is

H =


0 0 −Ω13(t)

2 −Ω14(t)
2

0 ωe −Ω23(t)
2 −Ω24(t)

2

−Ω∗13(t)
2 −Ω∗23(t)

2 ∆ 0

−Ω∗14(t)
2 −Ω∗24(t)

2 0 ∆ + ωh

 , (4.3)

where ωe(ωh) is the energy of the electron (hole) Zeeman splitting, ∆ is the red detuning

between the ultra-fast laser and the transition | ↓〉 ⇔ | ⇓↑↓〉, Ωij(t) = −→µij ·
−→
E (t)/~ is the

product of the electric field and the dipole matrix element of transition |i〉 ⇔ |j〉 (i = 1, 2,

3, 4 corresponding to states | ↓〉, | ↑〉, | ⇓↑↓〉, | ⇑↑↓〉).

4.5.1 effective 2-level Hamiltonian

In the far-detuned limit (∆ � the optical pulse width), the populations of the two ex-

cited states can be adiabatically eliminated [137] and Eq. 4.3 reduces to an effective 2-level

Hamiltonian describing coherent rotations of the electron spin.

A state |Ψ(t)〉 = a1(t)| ↓〉+ a2(t)| ↑〉+ a3(t)| ⇓↑↓〉+ a4(t)| ⇑↑↓〉 evolves according to

d|Ψ(t)〉
dt

= −iH(t)|Ψ(t)〉. (4.4)

The equations of motion for the coefficients can be written as

ia3Ω13 + ia4 Ω14 = ȧ1 (4.5)

−ia2we + ia3Ω23 + ia4Ω24 = ȧ2 (4.6)

ia1Ω∗13 + ia2 Ω∗23 − ia3∆ = ȧ3 (4.7)

ia1Ω∗14 + ia2Ω∗24 − ia4(∆ + wh) = ȧ4 (4.8)

in which Ωij(t) and ai(t) are time dependent.
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If the pulse is far detuned from the donor-bound exciton transition energy , then ȧ3 �
a3∆ and ȧ4 � a4∆. By setting ȧ3 and ȧ4 to zero in Eqs. 4.7 and 4.8, we find

a3 =
Ω∗13

∆
a1 +

Ω∗23

∆
a2 (4.9)

a4 =
Ω∗14

wh + ∆
a1 +

Ω∗24

wh + ∆
a2 (4.10)

Inserting Eqs. 4.9 and 4.10 back into Eqs. 4.5 and 4.6 yields the effective 2-level Hamiltonian

Heff(t) =

 − |Ω31(t)|2
4∆ − |Ω41(t)|2

4(∆+ωh) 0

0 − |Ω32(t)|2
4∆ − |Ω42(t)|2

4(∆+ωh) + ωe

+

 0 −Ωeff(t)
2

−Ω∗eff(t)
2 0


(4.11)

where Ωeff(t) =
Ω13(t)Ω∗23(t)

2∆ +
Ω14(t)Ω∗24(t)

2(∆+ωh) is the effective Rabi frequency.

In our experiment, the polarization of the laser is adjusted so that Ω13 = Ω23 = Ω14 =

Ω24 = ΩR. In the rotation frame of the electron spin (frequency ωe), the ZnO donor effective

Hamiltonian is then given by

Heff(t) =

 0 Ωeff(t)
2 e−iωet

Ω∗eff(t)
2 eiωet 0

 , (4.12)

where Ωeff = |ΩR|2
2 ( 1

∆ + 1
∆+ωh

) is the effective Rabi frequency. The axis of the rotation is

determined by the timing of the pulse due to the e±iωet terms in Heff. However, this model

does not account for dephasing nor relaxation. Therefore for quantitative analysis, a 4-level

model needs to be used.

4.5.2 Master equation of 4-level density matrix model

While the 2-level model provides intuition for how a single optical pulse coherently rotates

the spin, it does not consider decoherence or relaxation. To analyze the dynamics of the

density matrix in a more accurate way, we use the full 4-level master equation with deco-

herence and relaxation taken into consideration, i.e. ∂ρ/∂t = −i[H, ρ] + L(ρ), where L(ρ)

is the Lindblad operator.
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L(ρ) =


−Γ12ρ11 + Γ21ρ22 + Γ31ρ33 + Γ41ρ44 −(Γ12+Γ21

2 + γ12)ρ12

−(Γ21+Γ12
2 + γ12)ρ21 Γ12ρ11 − Γ21ρ22 + Γ32ρ33 + Γ42ρ44

−(Γ31+Γ32+Γ34+Γ12
2 + γ13)ρ31 −(Γ31+Γ32+Γ34+Γ21

2 + γ23)ρ32

−(Γ41+Γ42+Γ43+Γ12
2 + γ14)ρ41 −(Γ41+Γ42+Γ43+Γ21

2 + γ24)ρ42

−(Γ12+Γ31+Γ32+Γ34
2 + γ13)ρ13 −(Γ12+Γ41+Γ42+Γ43

2 + γ14)ρ14

−(Γ21+Γ31+Γ32+Γ34
2 + γ23)ρ23 −(Γ21+Γ41+Γ42+Γ43

2 + γ24)ρ24

−(Γ31 + Γ32 + Γ34)ρ33 + Γ43ρ44 −(Γ31+Γ32+Γ34+Γ41+Γ42+Γ43
2 )ρ34

−(Γ41+Γ42+Γ43+Γ31+Γ32+Γ34
2 )ρ43 −(Γ41 + Γ42 + Γ43)ρ44 + Γ34ρ33

 (4.13)

Γij is the population relaxation rate from |i〉 → |j〉 and γij is the rate of dephasing between

|i〉 ↔ |j〉.

We fit for the relationship between ΩR(t) and pulse energy using P = α ·max|ΩR(t)|2,

where P is the pulse energy, α is a fit parameter, and max|ΩR(t)|2 is the peak value of

|ΩR(t)|2 where we have assumed a Gaussian time dependence. Autocorrelation measure-

ments of the infrared laser pulse find a pulse width of 1.9 ps; however, after second harmonic

generation where IUV(2ω) ∝ I2
IR(ω), we estimate that the ultra violet laser pulse is com-

pressed to 1.9/
√

2 ps.

γ13 = γ23 = γ14 = γ24 = γ is the dephasing between the excited states and the ground

states. Due to laser-induced dephasing, we fit for γ = β1ΩR(t)+β2Ω2
R(t) where β1 and β2 are

fit parameters. Γ31 = Γ42 = 0.5Γrad and Γ32 = Γ41 = 0.5Γrad are the radiative decay rates

from the excited states to the ground states. We let Γ12 = Γ21 = Γ34 = Γ43 = 0, because

these decay rates are slow compared to the other time scales in this system. Parameters

used for the fit of experimental data in Fig. 4.5 are given in Table 4.1.

4.5.3 Experimental data

To generate a coherent superposition of the ground spin states, we first optically pump the

donors to | ↓〉. We next apply an ultra-fast control pulse obtained by frequency doubling

an 1.9 ps pulse generated from a mode-locked Ti:Sapphire laser. The population P↑ is
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Parameter Value Description

ωe 2π × 138 GHza ground state frequency splitting, ωe = geµBB/~
ωh 2π × 24 GHza excited state frequency splitting, ωh = ghµBB/~
∆ 2π × 3570 GHzb detuning between pulsed laser and | ↓〉 ⇔ | ⇓↑↓〉

Γrad 1 GHz [118] 1/Trad, Trad is the radiative lifetime

γ12 5× 10−5 GHzc 1/T2

α 7.2 ×10−6 pJ GHz−2 d P = α ·max|ΩR(t)|2
β1 6.6 d γ = β1ΩR + β2Ω2

R

β2 3.3× 10−3 GHz−1 d γ = β1ΩR + β2Ω2
R

Table 4.1: Parameters used for the simulation.

a Derived from the electron and hole g-factors, ge and gh respectively, measured using the data in Fig. 4.1(c)
b Experimental parameter
c T2 measured from the data in Fig. 4.6
d Fit from the data in Fig. 4.5

measured by the subsequence cw pumping pulse. Figure 4.5(a) shows the dependence of

| ↑〉 population after the ultrafast pulse as a function of the pulse energy. We attribute

the saturation of the population transfer at high pulse powers to laser-induced dephasing

between the D0X states and the D0 states. At high power, the coherence between the excited

states and the ground states decays much faster than the pulse duration. In this high power

regime, the ultra-fast pulse can no longer coherently drive the transition between the two

spin states and a saturation in the population curve is observed. While the mechanism for

this dephasing is unknown, one possibility is the unintentional excitation of real carriers.

Due to the laser-induced dephasing, coherent rotations are only expected at low pulse

energy. The coherence of the small-angle rotation can be probed via Ramsey interferometry.

Standard Ramsey experiments are done by measuring the spin population after two π/2

pulses with variable delay between them. An oscillation of the spin population as a function

of the delay time can be observed due to the Larmor precession of the electron spin. Though

only small-angle rotations are accessible in our system, they can also produce Ramsey

interference, albeit with smaller oscillation amplitude. A representative Ramsey fringe using

small-angle rotations is shown in Fig. 4.5(b). The fit oscillation frequency in Fig. 4.5(b)

is 136 ± 3 GHz at 5 T, which matches the predicted 137.9 ± 0.7 GHz using the measured
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Figure 4.5: (a) P↑ (population of | ↑〉) as a function of the single-pulse energy with spin
initialized to | ↓〉 and then excited by the ultra-fast pulse. Error bars show the 1σ uncertainty
from the Poisson noise in PL collection. Data points represented by red squares at low
powers are taken at the same power as data points in c. The red curve is a simultaneous
least squares fit for data in a and c. The inset shows how the state changes in the Bloch
sphere using the simulated results. (b) A typical Ramsey interference pattern with 18 pJ
pulse energy. The inset shows the laser sequence, where τ is the delay between the two
pulses (τ = 0.8 ns in this data). The first cw pulse initializes the spin and the second cw
pulse is to used to read out. (c) The Ramsey fringe amplitude V = (Pmax - Pmin)/2 as a
function of the single pulse energy. Error bars show the 1σ uncertainty from the sinusoid fit
of the Ramsey oscillation. The red line is the simulation result from the simultaneous fit.
The blue dotted line shows the fit parameter γ (excited state dephasing rate) as a function
of pulse energy. For these data, the excitation spot size is ∼2 µm, the collection spot size
is ∼0.6 µm. The temperature is at 1.5 K and the magnetic field is at 5 T. The ultra-fast
pulses are detuned by ∆/2π = 3.57 THz from the transition | ↓〉 ⇔ | ⇓↑↓〉.

electron g-factor. The Ramsey fringe amplitude as a function of the pulse energy is shown

in Fig. 4.5(c). A least squares fit based on the 4-level density matrix model is used to fit

the data in Fig. 4.5(a) and (c) simultaneously. An empirical relationship between ΩR(t)

and the laser-induced dephasing rate γ is used in the fit, i.e. γ = β1ΩR(t) +β2Ω2
R(t), where

β1,2 are the fitting parameters. The other fit parameter is α which relates the optical Rabi

frequency ΩR(t) and physical pulse energy P = α ·max|ΩR(t)|2.

Ultra-fast optical spin-control is a powerful tool to probe the coherence of the electron

spins and measure the coherence time, however long-term it will be necessary to achieve

high fidelity full-angle control for quantum applications. A possible solution is to utilize

spin-resonant microwave fields, which has been successfully demonstrated in NV centers and

donors in Si. For practical devices in ZnO, we must decrease our magnetic field such that
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the electron Zeeman splitting of the ground states is less than 10 GHz. This is difficult in

our current sample due to the large inhomogeneous optical linewidth which makes optical

pumping inefficient at lower magnetic fields. This challenge can be overcome with higher

purity samples or single donor isolation.

4.6 T∗2 and T2 measurement
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Figure 4.6: (a) The Ramsey fringe amplitude as a function of delay time τ . The red curve
shows a fit to exp(−(τ/T ∗2 )2), giving T∗2,exp = 17 ± 2 ns. (b) Spin-echo measurement of
the dephasing time T2. The delay τ1 ' τ2. Oscillations are observed by changing ∆τ2.
The oscillation amplitude is measured as a function of τ1 + τ2. The red curve shows a fit
to exp(− τ1+τ2

T2
), giving T2,exp = 50 ± 13 µs. For comparison, the blue dashed line shows

a fit to exp(−( τ1+τ2
T2

)3), the expected form for spectral diffusion. For these data, both the
excitation and collection spot sizes are ∼0.6 µm. The temperature is at 5.5 K and the
magnetic field is at 5 T. The ultra-fast pulses are detuned by ∆/2π = 0.9 THz from the
transition | ↓〉 ⇔ | ⇓↑↓〉.
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T∗2 is extracted from the decay of the Ramsey fringe amplitude as a function of the pulse

delay time, as shown in Fig. 4.6(a). A fit for data in Fig. 4.6(a) using exp(−(τ/T∗2)2) gives

T∗2,exp = 17 ± 2 ns, which is consistent with prior studies [138, 139]. This dephasing time

originates from the inhomogeneous nuclear field due to the hyperfine interaction between

electrons and lattice nuclear spins. For the Ga donors in ZnO, this includes the hyperfine

interaction from both the Ga nucleus and the 67Zn nuclei. T∗2 can be estimated from the

dispersion of the hyperfine field ∆B with T∗2 = ~/geµB∆B [140]. As only one Ga nucleus

is in the effective wave function of the electron bound to the donor, the effective field from

Ga has 4 different values due to 3/2 nuclear spin of Ga:

BGa =
2µ0

3ge

µGa

IGa
|uZn|2|ψ(0)|2 × {3

2
,
1

2
,−1

2
,−3

2
}. (4.14)

The hyperfine field due to numerous 67Zn nuclei is estimated to have a Gaussian distribution

exp(−B2/∆2
B,Zn), where ∆B,Zn is calculated in Ref. [140]:

∆B,Zn =
µ0µZn

ge

√
32

27

√
IZn + 1

IZn
|uZn|2

√
f
∑
j

|ψ(~Rj)|4, (4.15)

In Eqs. 4.14 and 4.15, µB is the Bohr magneton, ge is the electron g-factor, µ0 is the vacuum

permeability. IZn = 5/2 (IGa = 3/2) is the nuclear spin of 67Zn (Ga), µZn = 0.874µN (µGa =

2.24µN ) is the nuclear magnetic moment of 67Zn (Ga) and µN is the nuclear magneton.

f = 4.1% is the natural abundance of 67Zn. ψ(~Rj) (ψ(0)) is the hydrogenic effective-mass

envelope wave function of electron at the jth Zn (Ga) lattice site. |uZn|2 is the ratio of

Bloch function density at the Zn site to the average Bloch function density. From electron

spin resonance measurements in ZnO [121], |uZn|2 ' 1120. Using the effective mass Bohr

radius aB ' 1.7 nm and by combining the hyperfine interactions from both Ga and 67Zn,

we find T∗2,theory ' 9 ns, as shown in Fig. 4.7. This estimation is close to our experimental

result. Moving to isolated single donors in isotope-purified ZnO can eliminate this dephasing

mechanism.

We next apply a spin echo sequence to suppress the effect of the inhomogeneous nuclear

field. A standard spin echo includes two π/2 pulses separated by one π pulse. It has
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Figure 4.7: The 4 dashed curves show the distribution of the hyperfine field with Ga in
the four different nuclear spin states, i.e. mGa = {3

2 ,
1
2 ,−1

2 ,−3
2}. The black line is the

distribution of the hyperfine field combining the contributions from both Ga and 67Zn. In
the combination, the nuclear spin states are assumed to be equally distributed in the 4 spin
states as the nuclear splitting is much smaller than the thermal energy. The red curve is
a fit using a Gassian form e−B

2/∆2
B , where the dispersion ∆B is used to estimate T∗2 with

T∗2 = ~/geµB∆B.

been shown that three small angle rotations have a similar effect but with a smaller echo

signal [11]. The measured spin-echo decoherence time is T2,exp = 50 ± 13 µs using an

exponential fit, as shown in Fig. 4.6(b). Possible mechanisms limiting T2 are instantaneous

diffusion and spectral diffusion.

Instantaneous diffusion (ID) is the decoherence caused by the refocusing pulse in the

spin-echo sequence. During the refocusing pulse, the dipole-coupled electron spins bound to

different donors all rotate with the same angle. Therefore, the energy of this dipole-dipole

interaction doesn’t flip sign after the refocusing pulse and the phase cannot be corrected.
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The decay of the signal follows an exp(−t/T2,ID) with T2,ID given by [141, 142]

1/T2,ID =
µ0(geµB)2NGa

9
√

3π~
sin2 θ2

2
(4.16)

where NGa is the density of Ga donors and θ2 is the rotation angle of the refocusing pulse.

Due to the comparable excitation and collection spot sizes in the experiment, the rotation

angle varies across the collection spot making an accurate estimation of θ2 challenging. A

reasonable range of θ2 is π/5 ∼ π/2. While the Ga concentration is uncertain, ESR measure-

ments of a similar substrate indicate a shallow donor concentration of ' 1016 cm−3 [143].

Using this estimate, T2,ID ranges from 240 µs to 1.27 ms. It is also possible that the refo-

cusing pulse incoherently alters the local spin environment due to charge transfer between

deeper paramagnetic centers (e.g. Li) [143] causing additional dephasing.

Spectral diffusion (SD) of the electron spin energy can occur due to flip-flops of dipole-

coupled 67Zn nuclear spins. The measured TZnO
2,exp is of similar magnitude to T2 measured

for phosphorous donors in natural Si [144, 145], which is limited by this spectral diffusion

mechanism. Considering the similar isotope composition between ZnO and Si, we expect

spectral diffusion to also be significant in ZnO. We estimate T2,SD with a stochastic model

developed for phosphorous donors in Si [146]. Assuming a Gaussian diffusion kernel, the

decay of the signal exhibits an exp(−(t/T2,SD)3) dependence with T2,SD given by

1/T2,SD '
[

8π

27
√

3~
µ0µZngeµBnΣjb

2
j

]1/3

, (4.17)

Σjb
2
j = f

µ2
0

16π2

µ4
Zn

~2
Σj

(1− 3 cos2 θj)
2

r6
j

, (4.18)

where n is the density of 67Zn. For a given 67Zn nucleus, bj is the dipole-dipole interaction

between it and the jth 67Zn. rj is the distance between the two nuclei and θj is the angle

between ~rj and the B-field. Using Eq. 4.17, we estimate T2,SD ' 200 µs.

The magnitude of T2 estimated by both mechanisms is in reasonable agreement with

T2,exp. While we find better agreement in the experimental decay shape with the instanta-

neous diffusion mechanism, as shown in Fig. 4.6(b), it is still hard to confirm the dominant
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mechanism considering the low signal-to-noise ratio and since the dependence of T2 on

different parameters has not been measured. To rigorously determine the mechanism, fu-

ture experiments will be conducted to measure the dependence of T2 on the abundance of

67Zn [147], donor density [126], rotation angle of the rephasing pulse [142] and magnetic

field direction [144]. The determination of the mechanism is important as this can be gen-

eralized to other II-VI materials, thus aiding in the search for superior defect-based qubit

candidates. Regardless of which mechanism dominates T2 in ZnO, practical devices will

require both isotope purification and lower donor densities.

4.7 Conclusions

In summary, we demonstrate optical spin control and read-out of Ga donor qubits in a bulk

ZnO crystal. Long spin relaxation times (100 ms) and coherence times (50 µs) are observed.

These promising results motivate future work on the challenges toward making a practical

quantum network out of optically-active donor qubits. In the ZnO donor platform, these

challenges include chemical and isotope purification of the sample, high fidelity microwave

control of the spin state, and single donor isolation. Thin films grown by molecular beam

epitaxy have shown orders of magnitude lower impurity concentration than commercial ZnO

substrates [127]. Devices incorporating such high-purity layers will be essential for address-

ing all three challenges. In the near-term, single donor isolation for fundamental studies can

be achieved in nanostructures fabricated by focused ion beam milling [148] or utilizing single

nanowires [149]. In the long term, scalable device integration will require pushing ZnO fab-

rication techniques beyond the standard micro-fabrication techniques currently developed

for ZnO [120, 150].
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Chapter 5

PROGRESS TOWARDS SINGLE DONOR ISOLATION WITH
FOCUSED ION BEAM IN ZNO

5.1 Introduction

All the measurements done in the last chapter are on ensemble of donors. The studied

sample is a Tokyo Denpa substrate with a 0.7 µm ZnO epitaxial layer on the top surface.

The Tokyo Denpa substrate has a Ga donor density of ∼1016 cm−3 and the donor density

in the epitaxial layer is ∼1015 cm−3. Most of the PL signal comes from the substrate. For

∼1 µm spot size (the optical resolution of the microscope setup), there are about 2× 104

Ga donors in the optical spot. However, to utilize the photon-based entanglement protocol,

it is necessary to use single donors. Single donor isolation can be achieved in an ultra-pure

ZnO crystal with small donor density (∼ 1012 cm−3) but we are not able to get such high-

purity sample at this moment. To isolate single donors in our current sample, there are two

possible methods: using optical techniques and using physical isolation.

Super-resolution techniques such as ground state depletion (GSD) [151] can possibly

be adopted in the donor system to reduce the optical resolution and isolate single donors.

In GSD, the super-resolution is achieved by first using a donut-shaped beam to pump the

donors inside the donut beam into a different spin state. For the donors in the middle of

the donut, they remains at the initial spin state. Then, a Gaussian-shaped beam is applied

to the sample and the laser energy is tuned to only excite those donors in the middle

of the donut. Depending on the power of the laser, nm-resolution can be achieved. For

the donor density of 1016 cm−3, a spot size of 100 nm is needed to isolate a single donor

which can be achieved by the GSD technique. However, this method requires near perfect

optical pumping efficiency and we are not able to achieve that in our ZnO sample especially

at high power. Another possible optical technique to isolate single donor is utilizing the

inhomogeneous broadening of donors. The optical transition of different donors has different



71

energy so potentially we can selectively excite a single donor with a narrow-linewidth laser.

This idea can be used in quantum dots which could have large inhomogenous broadening up

to thousands of GHz [152]. However, in the donor system, the inhomogenous linewidth is

only about 20 GHz and the homogeneous linewidth is about 0.2 GHz. With 2× 104 donors

in the optical spot, it is hard to isolate single donors by energy selectivity.

The idea of physical isolation is to isolate single donors by reducing the volume of

the ZnO crystal. This can be accomplished by growing thin ZnO nanowires [153, 149]

or fabricating thin ZnO films with focused ion beam (FIB) [148, 154]. Compared to the

nanowire method, FIB provides higher flexibility on controlling the dimension and shape of

the structures. In this chapter, we fabricate multiple ZnO thin films with FIB and perform

PL measurements on them. The ZnO thin films are milled from three different samples:

Tokyo Denpa substrate with 0.7 µm ZnO epitaxial layer, Tokyo Denpa substrate with 3 µm

ZnO epitaxial layer, and bare Tokyo Denpa substrate. We have made four different FIB

thin films from the three samples. From the 0.7 µm epilayer sample, we make a FIB thin

film that contains both the 0.7 µm epilayer and the Tokyo Denpa substrate. From the 3 µm

epilayer sample, we make two FIB thin films that are purely from the epilayer. These two

thin films allow us to directly look at the PL from the epilayer, which we are not able to

achieve in the two bulk epilayer samples. For the bare Tokyo Denpa substrate, we make

a FIB thin film that is purely from the substrate. Though single donor isolation is not

achieved in the thin films, the measurements show how FIB modify the PL compared with

the bulk crystal. This PL study can give a guide on the future research to utilize FIB on

single donor isolation. In the PL study, a PL quenching effect is observed in all of the four

FIB thin films. The origin of this effect is still unknown and needs to be studied in the

future.

5.2 Thin film fabrication with FIB

We utilize the FEI XL830 Dual Beam FIB/SEM for the FIB fabrication. This dual beam

workstation uses 30 keV Ga ions for nano-milling. We have developed two different routines

to fabricate the thin film: top milling and side milling (see Appendix B for details). We

have made four different ZnO thin films with FIB, as shown in Fig. 5.1.
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(a) 1st sample

(c) 3rd sample

platinum
epilayer

substrate

(b) 2nd sample

platinum
substrate

platinum

epilayer platinum

epilayer

(d) 4th sample

Figure 5.1: SEM images of the four FIB ZnO thin films. The constitution of the thin films
is labeled in the images. For the SEM image on the 3rd sample, though the scale bar was
not saved, the sample size is ∼10 µm, similar to the other three.

• The 1st thin film: The thin film is made from the Tokyo Denpa substrate with 0.7 µm

epilayer using the top milling method. The thin film is transferred to a metal grid

at the end of the fabrication. In the thin film, at the top side, there are an ∼1 µm

platinum layer and 0.7 µm epilayer. The other part is from the Tokyo Denpa substrate.

The thickness of this thin film is around 0.8 µm.

• The 2nd thin film: The thin film is made from a bare Tokyo Denpa substrate using

the top milling method. The thin film is transferred to a metal grid at the end of the

fabrication. In the thin film, there is an ∼1 µm platinum layer at the top side and

the other part is from the Tokyo Denpa substrate. The thickness of this thin film is

around 0.4 µm.

• The 3rd thin film: The thin film is made from the Tokyo Denpa substrate with 3 µm

epilayer using the side milling method. The thin film is transferred to a Si substrate

at the end of the fabrication. In the thin film, at one side, there is an ∼1 µm platinum
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layer. The other part is from the epitaxial layer. The thickness of this thin film is

around 1 µm.

• The 4th thin film: The thin film is made from the Tokyo Denpa substrate with 3 µm

epilayer using the side milling method. The thin film is transferred to a metal grid

at the end of the fabrication. In the thin film, at the top side, there is an ∼1 µm

platinum layer. The other part is from the epitaxial layer. The thickness of this thin

film is around 0.4 µm.

5.3 PL measurements on the four FIB thin films

In this section, we show the results of the PL measurements on the four FIB thin films. The

PL of the thin films are studied using a home-built confocal microscope with a ∼0.7 µm reso-

lution. Because of the high donor density in both the Tokyo Denpa substrate (∼ 1016 cm−3)

and the epitaxial layer (∼ 1015 cm−3), to isolate single donors, the thickness of the thin film

needs to be less than 10 nm. As the thickness of the four FIB thin films is 0.4 to 1 µm, we

are not able to observe single donors. Even though single donor isolation is not achieved,

this PL study shows how the ion beams affect the PL properties in the thin films and can

guide the future research that utilizes FIB on ZnO crystals.

5.3.1 PL measurements on the 1st thin film

Figure 5.2 shows the PL measurements on the 1st thin film. This thin film contains a ∼1 µm

platinum layer and 0.7 µm epilayer at the top side and the other part is from the Tokyo

Denpa substrate. As shown in Fig. 5.2(b), in the top ∼1.5 µm region of the sample, the PL

is completely quenched, i.e. zero PL signal in this region. Because of this quenching effect,

we are not able to get the PL spectra from the epilayer in this sample but we note that we

can see signals from the epilayers in the 3rd and 4th samples, as shown in Sec. 5.3.3 and

Sec. 5.3.4. In the other regions, the PL spectra are different at different spots. Figure 5.2(c)

shows the comparison between the PL spectrum from the bulk sample and the PL spectra

at two spots on the FIB thin film. At the red spot (spot 1), the PL spectrum has two

sharp peaks from the Ga and Al donors, similar to the bulk sample. There is a shift of the

energy and the ratio between the two peaks is also different from the bulk sample. The
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broad bands between 367 nm and 368.7 nm in the bulk sample are not observed in the FIB

sample. The origin of those broad bands is still unclear. At the blue spot (spot 2), the peak

is broader, and the Ga and Al peaks cannot be resolved. The location dependence of the

PL spectra could be due to inhomogeneous strain across the sample.
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Figure 5.2: PL measurements on the 1st FIB thin film. (a) Confocal scan collecting the
laser reflection. The white frame shows where the thin film is. (b) PL confocal scan at 8 K
and 0 T. The white frame shows where the thin film is. (c) The spectra at the two spots
marked in b with red and blue circles. A spectrum from the bulk sample (black curve)
is plotted as a comparison. Excitation at ∼360 nm. The bulk sample is at ∼11 K with
90 nW excitation power. The FIB thin film is at ∼8 K with 250 nW excitation power. The
intensity of the bulk spectrum is scaled to match with the spectra from the FIB sample.
(d) The SEM image of the thin film. The top side of the sample is marked as “top” in a,
b and d.
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5.3.2 PL measurements on the 2nd thin film

Figure 5.3 shows the PL measurements on the 2nd thin film. This thin film contains a ∼1 µm

platinum layer at the top side and the other part is from the Tokyo Denpa substrate. Similar

to the 1st sample, in the top ∼2 µm region, the PL is quenched. In the other regions, the

PL spectra also have a location dependence. Figure 5.2(c) shows the comparison between

the PL spectrum from the bulk sample and the PL spectra at three different spots on the

FIB thin film. At the yellow spot (spot 1), the Ga and Al donor peaks can be identified but

they are broader than the bulk sample, and there is also a shift in the energy. At the other

two spots, the peaks are much broader, and the Ga and Al peaks cannot be resolved. We

are not able to observe spectra with sharp peaks similar to the spot 1 in the 1st thin film.

The broader linewidth in this thin film might be due to the smaller thickness thus larger

inhomogeneous strain. The thickness of this thin film is ∼0.4 µm while the thickness of the

1st thin film is ∼0.8 µm.
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Figure 5.3: PL measurements on the 2nd FIB thin film. (a) Confocal scan collecting the
laser reflection. The white frame shows where the thin film is. (b) PL confocal scan at
7.8 K and 0 T. The white frame shows where the thin film is. (c) The spectra at the three
spots marked in b with yellow, green, and red circles. A spectrum from the bulk sample
(black curve) is plotted as a comparison. Excitation at ∼360 nm. The bulk sample is at
∼6 K with 90 nW excitation power. The FIB thin film is at ∼7.8 K with 5.6 µW excitation
power. The intensity of the bulk spectrum is scaled to match with the spectra from the FIB
sample. (d) The SEM image of the thin film. The top side of the ZnO thin film is marked
as “top” in a, b and d.
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5.3.3 PL measurements on the 3rd thin film

Figure 5.4 shows the PL measurements on the 3rd thin film. This thin film contains a

∼1 µm platinum layer at one side and the other part is from the epilayer. The thin film is

transferred to a Si substrate, shown in Fig. 5.4(d). As shown in Fig. 5.4(b), the PL is only

observed at the edge of the sample, probably because we are not able to do a final polishing

in the fabrication process to remove the ion damage. The edge of the sample is the only

region that is not directly exposed to ions. The spectra at different spots also have a large

variance, as shown in Fig. 5.4(c). They all have a red shift compared to the PL from the

bulk sample and the magnitude of the shift depends on the locations. The PL peaks are

also much broader than the bulk sample and also the two other FIB thin films. The sharp

Ga or Al donor peaks can not be resolved in this thin film.
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Figure 5.4: PL measurements on the 3rd FIB thin film. (a) Confocal scan collecting the
laser reflection. The white frame shows where the ZnO thin film is. (b) PL confocal scan
at 12 K and 0 T. The white frame shows where the ZnO thin film is. (c) The spectra at
the three spots marked in b with yellow, green, and red circles. A spectrum from the bulk
sample (black curve) is plotted as a comparison. Excitation at ∼360 nm. The Bulk sample
is at ∼6 K with 90 nW excitation power. The FIB thin film is at ∼12 K with 4.5 µW
excitation power. The intensity of the bulk spectrum is scaled to match with the spectra
from the FIB thin film. (d) The SEM image of the thin film. The sample size is ∼1 µm.
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5.3.4 PL measurements on the 4th thin film

Figure 5.5 shows the PL measurements on the 4th thin film. This thin film contains a

∼1 µm platinum layer at the top side and the other part is from the epilayer. The thin film

is transferred to a metal grid, as shown in Fig. 5.5(d). Similar to the 1st and 2nd samples,

in the top ∼2 µm region, the PL is quenched, as shown in Fig. 5.5(b). In the other regions,

the PL spectra also have a location dependence. The spectra at different spots also have a

large variance, as shown in Fig. 5.5(c). Their energy is similar to the bulk sample but the

linewidth is much broader. The sharp Ga or Al donor peaks can not be resolved in this thin

film.

Both the 3rd and 4th thin films are epilayer-only thin film. The PL intensity on these

two samples is about 10 times weaker than the 1st and 2nd thin films in which the PL is

from the Tokyo Denpa substrate. This intensity difference matches with the difference in

donor density: the Ga donor density of the Tokyo Denpa substrate is about 1016 cm−3 while

the donor density of the epilayer is about 1015 cm−3.
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Figure 5.5: PL measurements on the 4th FIB thin film. (a) Confocal scan collecting the
laser reflection. The white frame shows where the thin film is. (b) PL confocal scan at 10 K
and 0 T. The white frame shows where the thin film is. (c) The spectra at the three spots
marked in b with yellow, green, and red circles. A spectrum from the bulk sample (black
curve) is plotted as a comparison. Excitation at ∼360 nm. The bulk sample is at ∼6 K
with 90 nW excitation power. The FIB sample is at ∼10 K with 6 µW excitation power.
The intensity of the bulk spectrum is scaled to match with the spectra from the FIB thin
film. (d) The SEM image of the thin film. The top side of the ZnO thin film is marked as
“top” in a, b and d.
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5.4 PL quenching effect

From all four samples, there is a µm-scale region where the PL gets completely quenched

due to the direct exposure to ion beams. For the 1st, 2nd and 4th samples, the direct

exposure to ions is at the top part of the thin film. The penetration depth of 30 keV ions

in ZnO is about ∼20 nm [155]. But the region with PL quenching has a depth of 1-2 µm.

This indicates the ions can have a significant influence on the PL emission without actually

reaching the effected region. This quenching effect has also been reported in experiments

on ZnO nanorods and CdS nanobelts [156, 157]. The origin of the quenching is still unclear.

Possible reasons can be ion induced crystal damage or Fermi level pinning at the surface.

Further study on this quenching effect needs to be done in the future to better understand

the mechanism and how to quantitatively control the quenching.

This PL quenching effect can potentially be utilized to isolate single donors, as shown in

Fig. 5.6. The idea is to pattern circle-shaped e-beam resist on top of the surface, and then

expose the sample to ion beams at different angles. Those regions that are directly exposed

to ions would have the PL quenching effect while the small nanocone region protected by

the e-beam resist can still emit PL. With a 100 nm diameter nanocone, the estimated donor

number in the nanocone is about 1 (calculated using donor density of 1016 cm−3). A more

systematic study on the PL quenching effect is needed to further determine whether this

idea would work or not.

5.5 Conclusion

In this chapter, we fabricate four ZnO thin films using FIB. We have developed two routines

for the fabrication: one with top milling and one with side milling. PL properties of the

fabricated thin films are investigated at low temperature. The PL has a large inhomogeneity

across the thin films. Sharp donor lines can only be observed at certain spots in the 1st

and 2nd thin films. Another important finding is the PL quenching effect due to direct ion

exposure. This effect can potentially be used for single donor isolation but still needs to be

investigated further to understand the quenching mechanism.
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Figure 5.6: Proposed protocol for single donor isolation with FIB.
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Chapter 6

PROGRESS TOWARDS HIGH-FIDELITY SPIN CONTROL WITH
MICROWAVE PULSES IN ZNO

6.1 Introduction

High-fidelity control of qubit states is critical for most quantum applications. For the

experiments in Chapter 4, the spin control is realized through stimulated Raman transitions

using a detuned ultra-fast laser pulse. This method has been successfully used in trapped

ions with high gate fidelity [158, 159]. However, for donors in ZnO, due to a laser induced

dephasing effect, only small angle rotations can be achieved and the fidelity is low. An

alternative control method is to use microwave pulses on resonance with the spin splitting.

There are two challenges associated with utilizing this technique for donors in ZnO.

The first challenge is how to get efficient optical pumping at magnetic fields which are low

enough to implement direct microwave spin control. The optical linewidth of the donor

transitions is around 20 GHz. In order to achieve efficient optical pumping, the magnetic

fields need to be large enough so that the spin splitting is several times the optical linewidth.

In Voigt geometry (B⊥ĉ), we find that optical pumping is not observable below 2.25 T. This

corresponds to an electron spin splitting of 62 GHz, which is high for microwave control. In

this chapter, we first show this issue can be solved in Faraday geometry (B ‖ ĉ) by selectively

exciting the spin transition with circular polarization. Optical pumping can be observed at

fields down to 0.3 T, corresponding to a frequency of 8.3 GHz. This frequency is accessible

with standard microwave generator.

The second challenge is attaining the needed microwave field amplitude. The inhomoge-

neous dephasing time T∗2 in our sample is ∼17 ns. The microwaves need to drive the spins

at a GHz-scale Rabi frequency in order to have a π-rotation within the dephasing time. For

donors in ZnO, the microwave pulses are coupled to the spin magnetically through electron

spin resonance. With this weak magnetic coupling, the Rabi frequency is typically limited to
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MHz-scale [160, 161]. In this chapter, we design and test a microwave resonator to enhance

the microwave field amplitude. With this resonator, a 10 ns π-pulse should be achievable

with ∼2 W microwave input power.

6.2 Selection rules in Voigt geometry and Faraday geometry

The top valence band of ZnO has a Γ7 symmetry. The eigenstates of holes at zero magnetic

field can be written as [162]:


| ⇓〉B=0 = ia

∣∣∣X+iY√
2
, ↓z
〉
− ib |Z, ↑z〉 ,

| ⇑〉B=0 = a
∣∣∣X−iY√

2
, ↑z
〉

+ b |Z, ↓z〉 ,
(6.1)

where the notation of the hole denotes the unoccupied electron with an opposite angular

momentum in the valence band.
∣∣∣X±iY√

2

〉
and |Z〉 are the orbital basis functions. From

first-principles calculations, the parameters a and b are determined to be 0.9950 and -

0.0999 [162]. The z direction is parallel to the c-axis of the crystal. As the conduction band

has an s-orbital nature, the eigenstates of electrons at zero magnetic field are [163]


| ↑〉B=0 = |S, ↑z〉 ,

| ↓〉B=0 = i |S, ↓z〉 .
(6.2)

6.2.1 Selection rules in Voigt geometry

In the Voigt geometry shown in Fig. 6.1 (a), with a nonzero in-plane magnetic field (B ‖ x),

the Zeeman Hamiltonian is g⊥e(h)µBBxσx for electrons (holes). The eigenstates of electron

and hole change to


| ⇓〉B>0 = 1√

2

(
ia
∣∣∣X+iY√

2
, ↓z
〉
− ib |Z, ↑z〉

)
+ 1√

2

(
a
∣∣∣X−iY√

2
, ↑z
〉

+ b |Z, ↓z〉
)
,

| ⇑〉B>0 = 1√
2

(
ia
∣∣∣X+iY√

2
, ↓z
〉
− ib |Z, ↑z〉

)
− 1√

2

(
a
∣∣∣X−iY√

2
, ↑z
〉

+ b |Z, ↓z〉
)
,

(6.3)
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
| ↑〉B>0 = 1√

2
|S, ↑z〉+ i√

2
|S, ↓z〉 ,

| ↓〉B<0 = 1√
2
|S, ↑z〉 − i√

2
|S, ↓z〉 .

(6.4)

The dipole matrix element for the recombination of electron state |i〉 and hole state |j〉
is pppij = 〈j|µµµ|i〉. The dipole operator is µµµ = errr, where e is the electron charge and rrr =

xx̂xx+ yŷyy + zẑzz is the space vector. The calculated results of the four pppij are shown below:



〈⇑ |µµµ| ↑〉 = µ0 · (i a√2
ŷyy),

〈⇑ |µµµ| ↓〉 = µ0 · (− a√
2
x̂xx+ ibẑzz),

〈⇓ |µµµ| ↑〉 = µ0 · ( a√
2
x̂xx+ ibẑzz),

〈⇓ |µµµ| ↓〉 = µ0 · (−i a√2
ŷyy),

(6.5)

where µ0 = 〈S|e · x|X〉 = 〈S|e · y|Y 〉 = 〈S|e · z|Z〉, and we use spin combination rules

〈↑ | ↓〉 = 〈↓ | ↑〉 = 0 and 〈↑ | ↑〉 = 〈↓ | ↓〉 = 1. The intensity of the optical transition

between electron state |i〉 and hole state |j〉 is proportional to |εεε · pppij |2 [27], where εεε is

the electric field vector of the excitation laser. In the Voigt geometry, x̂xx and ŷyy correspond

to horizontal (H) and vertical (V) polarizations. The light with polarization ẑzz can’t be

detected in this geometry as light with ẑzz polarization can only propagate in the x-y plane.

Therefore, for the four transitions in this geometry, we expect the two transitions with

highest and lowest energy to have V polarization, and the other two transitions to have

H polarization. The collected PL intensity of the four transitions is the same. This is

consistent with our experimental observation shown in Fig. 6.1(c) and also with the results

in the literature [130].

We note that this theory uses single particle wave functions of electrons and holes and

the exchange interaction between electrons and holes [164, 165] is not taken into consid-

eration. In the donor system, due to the spin-singlet nature of the two electrons, the

exchange interaction between the electron and hole is expected to be weak [164]. In the

measured PL spectra, no exchange splitting is observed within the ∼80 µeV spectrometer

limited resolution. The exchange interaction is also not observed for donor systems in other
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materials [166, 167].
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Figure 6.1: (a-b) The experimental geometry and PL spectra in the Voigt and Faraday
geometry. ~k is the optical propagation axis. ~B shows the magnetic field direction. V and
H represent vertical polarization (ε̂ ⊥ ~B) and horizontal polarization (ε̂ ‖ ~B), respectively.
σ+ and σ− represent left-hand and right-hand circular polarization. (c-d) PL spectra at a
magnetic field in the Voigt geometry and Faraday geometry. Spectrum at 0 T is plotted for
comparison. The temperature is at 1.5 to 5 K. The excitation is at ∼360 nm with 20 to
100 nW. All spectra are normalized to have a maximum intensity of 1.
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6.2.2 Selection rules in Faraday geometry

In the Faraday geometry shown in Fig. 6.1 (b), the Zeeman Hamiltonian is g
‖
e(h)µBBzσz for

electrons (holes). As the magnetic field is parallel to ẑzz, the eigenstates are the same as the

states at zero fields:


| ⇓〉Bz>0 = ia

∣∣∣X+iY√
2
, ↓z
〉
− ib |Z, ↑z〉 ,

| ⇑〉Bz>0 = a
∣∣∣X−iY√

2
, ↑z
〉

+ b |Z, ↓z〉 ,
(6.6)


| ↑〉Bz>0 = |S, ↑z〉 ,

| ↓〉Bz>0 = i |S, ↓z〉 .
(6.7)

Similar as the calculation done in the Voigt geometry, we calculate the dipole matrix

element pppij = 〈j|µµµ|i〉. The calculated results of the four pppij are:



〈⇑ |µµµ| ↑〉 = µ0 · a x̂xx+iŷyy√
2
,

〈⇑ |µµµ| ↓〉 = µ0 · ibẑzz,

〈⇓ |µµµ| ↑〉 = µ0 · ibẑzz,

〈⇓ |µµµ| ↓〉 = µ0 · a x̂xx−iŷyy√2
,

(6.8)

where µ0 = 〈S|e · x|X〉 = 〈S|e · y|Y 〉 = 〈S|e · z|Z〉. In the Faraday geometry, x̂xx + iŷyy and

x̂xx − iŷyy correspond to σ+ and σ− polarization. The light with polarization ẑzz can not be

detected in this geometry as light with ẑzz polarization can only propagate in the x-y plane.

Also, as b � a, the intensity of the two ẑzz polarized transitions are much weaker than

the two circularly polarized transitions. Due to this selection rule, we can only see two

equal-intensity transitions in the PL spectrum, one with σ+ polarization and one with σ−

polarization. This is consistent with the observed PL spectra, as shown in Fig. 6.1(d). It is

also consistent with the results in the literature [130].
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Figure 6.2: Energy diagram of the donor system at small magnetic fields in the Voigt
geometry and Faraday geometry. Note that we use the convention that the transition
|⇑↑↓〉 ↔ |↓〉 corresponds to recombination of |⇑〉 hole and |↑〉 electron.

6.2.3 Energy diagram at low fields

Figure 6.2 shows the energy diagram of the donor system at small magnetic fields in Voigt

and Faraday geometries. The diagrams are plotted based on the derived selection rules. The

magnetic field is in the scale that the Zeeman energy is smaller than the optical linewidth.

In the Voigt geometry, no matter what polarization is chosen for the excitation, both |↓〉
and |↑〉 states would be optically pumped, so the electron cannot be initialized to a certain

spin state. However, in Faraday geometry, the spin can be selectively pumped with σ+ or

σ− polarized light. For example, if excited by a σ+ polarized laser, the spin can be pumped

to spin |↑〉.

6.3 Optical pumping in the Faraday geometry

For the optical pumping measurements done in the Voigt geometry, the excitation is reso-

nant with the transition |⇓↑↓〉 ⇔ |↑〉 using vertical polarization and the signal is collected

from transition |⇓↑↓〉 ⇔ |↓〉 with horizontal polarization. Because of the orthogonal polar-

ization between excitation and collection, the laser reflection from the sample surface can be

eliminated through cross polarization. However, this does not work for Faraday geometry

as there is only one transition accessible for each spin state, e.g. only the σ+ transition is

accessible for the spin |↓〉 state. In the Faraday geometry, it is necessary to both excite and
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Figure 6.3: Illustration of the direct-excitation setup and side-excitation setup. The blue
beams are the excitation laser or laser reflection from the sample surface. The orange beams
are the PL from the ZnO donors. The beam block in the side excitation setup can block
the reflected laser beam.

collect the same transition in order to monitor the optical pumping process. Therefore, the

cross polarization technique can not be used to eliminate the laser reflection.

An alternative method is to use the side excitation technique, as shown in Fig. 6.3. For

a direct-excitation setup, the laser is incident on the the center of the aspheric lens (or

objective lens). The reflected laser from the sample surface and the PL emitted by the

sample are in the same path. For the side-excitation setup, the excitation laser is incident

on the edge of the aspheric lens while the direction is still parallel to the optical axis of the

lens. With this alignment, the laser reflection and the PL are separated. A small beam

block can selectively block the laser reflection but still let the PL pass through. Using this
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B = 1 T (27.6 GHz) B = 0.3 T (8.3 GHz) B = 0.1 T (2.8 GHz)

Figure 6.4: Optical pumping curves at 3 different fields in Faraday geometry. The magnetic
field and the corresponding electron Zeeman splitting in units of GHz are labeled on top of
each figure. The temperature is at 1.5 K. At the beginning of the optical pumping pulse,
the spin population is initialized to 50% |↑〉 and 50% |↓〉 by using laser pulses at energy
much higher than the donor transition (∼ 360 nm). The cw laser used for optical pumping
has a power of 5 to 13 nW.
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Figure 6.5: T1 measurements in the Faraday geometry. Temperature is at 1.5 K.

side-excitation setup, the PL signal can be collected without the strong background from

laser scattering.

Figure 6.4 shows the optical pumping curve at 1 T, 0.3 T and 0.1 T. Optical pumping

signal is clearly observed for the 1 T and 0.3 T data. There is also a small signal for the

0.1 T data. The pump-down time is hundreds of µs, much longer than the several µs pump-
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down time in the Voigt geometry. This is due to the weak dipole moments of the two ẑzz

transitions. Reasonably good optical pumping can be obtained at 0.3 T which corresponds

to an electron Zeeman splitting of 8.3 GHz. The fidelity of the optical pumping is about

60%. The measured low fidelity is possibly due to imperfect circular polarization and diffuse

laser reflection that cannot be blocked by the side-excitation setup. Even though the fidelity

is not really high, the signal should be strong enough to test the microwave spin control. A

T1 study is performed in this geometry [168], as shown in Fig. 6.5. In this measurement,

we show a maximum of ∼0.5 s T1 at 1.75 T.

6.4 Microwave strength needed for GHz-scale Rabi frequency

The Hamiltonian of the electron spin is

H0 =

0 0

0 ~ωe

 |↓〉
|↑〉
, (6.9)

where ~ωe = geµBB is the electron spin splitting and B is the external magnetic field. The

spin is coupled to the microwave magnetically. The magnetic field in the microwave can

be written as B0 cos(ωt + φ), where B0 is the amplitude of the magnetic field, ω is the

microwave frequency, and φ is the phase of the microwave. By setting the microwave field

perpendicular to the spin orientation, the interaction between the spin and the microwave

is

U =

 0 1
2geµBB0 cos(ωt+ φ)

1
2geµBB0 cos(ωt+ φ) 0

 (6.10)

In the interaction picture, this Hamiltonian changes to

H ′ = eiH0t/~ · U · e−iH0t/~

=

 0 1
2geµBB0e

−iωet cos(ωt+ φ)

1
2geµBB0e

iωet cos(ωt+ φ) 0

 .
(6.11)
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As cos(x) = (eix + e−ix)/2, we obtain

e−iωet cos(ωt+ φ) =
1

2
e−i(ωe−ω)teiφ +

1

2
e−i(ωe+ω)te−iφ. (6.12)

In the experiment, ω is set on resonance with the spin splitting, i.e. ω = ωe. In the rotating

wave approximation, we can drop the second term as this fast oscillation time averages to

zero. Under this approximation, the Hamiltonian changes to

H ′ =

 0 1
4geµBB0e

iφ

1
4geµBB0e

−iφ 0

 . (6.13)

With the microwave on, the spin state has a Rabi oscillation between |↑〉 and |↓〉 with a

Rabi frequency

Ω =
geµBB0

4π~
. (6.14)

The phase φ controls the rotation axis in the Bloch sphere. To achieve a 10 ns π-pulse

(0.1 GHz Rabi frequency), the required field strength in the microwave needs to be B0 =

7.25 mT. This is a pretty strong field. To demonstrate how strong this is, we use the field

generated by a simple circular coil as an example. We assume the coil has a 1 cm radius

and its impedance is matched with 50 Ω coaxial cables so that microwave signals do not

reflect back. To create the required field strength in the middle of the coil, the microwave

power needs to be ∼300 kW, which is too high for a reasonable experiment. Therefore,

a microwave resonator is necessary to get the mT-scale field strength with a reasonable

microwave power.

6.5 Design of the microstrip resonator

A microstrip line consists of a metal strip and a ground metal plane on the two sides of the

dielectric substrate, as shown in Fig. 6.6. It is used for transmitting microwave-frequency

signal and can be easily fabricated with printed circuit board (PCB) techniques. The

magnetic field above the strip line has an in-plane direction which is the direction needed

for the spin rotation.
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B

Figure 6.6: Schematic of a microstrip line.

The designed microstrip resonator consists of a short feed line with 50 Ohm characteris-

tic impedance, a 140 µm gap for capacitive coupling and an Ω-shape resonator, as shown in

Fig. 6.7(a). The dielectric substrate we use is the Rogers TMM4 laminate. The resonator

structure is simulated with Ansys HFSS (high frequency structure simulator) software. Fig-

ure 6.8 shows the simulated reflection spectrum of the system, i.e. the scattering parameter

S11 as function of the microwave frequency. The resonance frequency is at 8.48 Ghz and

the Q-factor of structure is 46. As we want to use a ∼10 ns π-pulse, the bandwidth of

the resonance needs to be large enough to cover frequency broadening of the pulse. With

resonance frequency at 8.48 GHz and a 10 ns pulse, the Q-factor should be limited below

500. The designed structure meets this requirement.

The ZnO sample used for this experiment has a 50 µm thickness. The distribution of

the in-plane magnetic field at 50 µm above the resonator surface is shown in Fig. 6.7(b-c).

With 1 W microwave power, the maximum magnetic field strength is about 5 mT. To reach

the required 7.25 mT, the input power is ∼2.1 W, which can be achieved with a relatively

inexpensive microwave amplifier. This power can possibly be reduced by further optimiza-

tion of the structure such as using different resonator shapes [169, 170, 171, 172] or changing

the dielectric substrate, e.g. using Sapphire which has a large dielectric constant (∼10).

To verify the advantage of the resonator structure, a simple 50 Ω microstrip transmission

line is simulated for comparison, as shown in Fig. 6.9. The field strength in this structure is

about two orders of magnitude smaller than the resonator structure. To achieve the required

7.25 mT strength in this structure, the microwave power needs to be ∼8 kW.
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Figure 6.7: (a) The design of the resonator geometry. (b) Distribution of the in-plane
magnetic field strength at 50 µm above the surface. The microwave frequency is set at the
resonance of the resonator (8.48 GHz). The input power is 1 W. The grey lines show the
outline of the resonator structure. (c) The distribution of the field strength near the small
arc in the resonator. The grey lines show the outline of the resonator structure.
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Figure 6.8: Simulated reflection spectrum of the resonator structure (S11 as function of
frequency).
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Figure 6.9: (a) The geometry of the transmission line. (b) Distribution of the in-plane
magnetic field strength at 50 µm above the surface. The microwave frequency is set at
8.48 GHz. The input power is 1 W. The output of the transmission line is terminated with
50 Ω. The triangular features in the plot are because of the relatively large triangle-shaped
mesh in the simulation.
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6.6 Fabrication and characterization of the microstrip resonator

The resonator structure is fabricated on a Rogers TMM4 laminate using a LPKF Laser-

based PCB-prototyping system. An image of the fabricated resonator is shown in Fig. 6.10(a).

The resonator is soldered to an SMA connector for further experiments. The fabricated res-

onator is characterized by measuring the reflection spectrum. The measurements are carried

with a home-built setup shown in Fig. 6.10(c). The red curve in Fig. 6.10(d) shows the re-

flection spectrum of the structure. A resonance is observed at 8.98 GHz which is 0.5 GHz

different from the designed 8.48 GHz. The small oscillation at those off-resonance frequen-

cies is due to reflection loss at different microwave electronics. The S11 at the resonance

is only about -8.5 dB, much larger than the simulated -35 dB, which means the coupling

strength between the feed line and the resonator is not as strong as the design. We attribute

both the shift of the resonance frequency and the smaller resonance dip to the imperfection

in the fabrication process. The resolution of the laser cutter is only about 15 µm while

6000 7000 8000 9000 10000

Freq (MHz)

-35

-30

-25

-20

-15

-10

-5

0

P
o

w
e

r 
(d

B
m

)

no dielectric piece

with dielectric piece

simulation

Dielectric piece

Power diode

Microwave 
generator

Circulator Resonator

(a) (b)

(c)

(d)

Figure 6.10: (a) Optical image of the resonator chip. (b) Optical image of the resonator
chip with a small dielectric piece on top of the coupling gap. (c) Experimental setup for
the reflection spectrum. (d) Reflection spectra of the resonator chips without and with the
dielectric piece at room temperature. The simulated curve is plotted for comparison. The
input power of the microwave generator is 0 dBm. S11 is the measured reflected power
divided by the input microwave power.
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the smallest feature on the resonator is about 50 µm. One trick to increase the coupling

strength is to put a small dielectric piece on top of the coupling gap. Due to the larger

dielectric constant than the air, the coupling can be enhanced. Figure 6.10(b) shows an

image of the resonator with a small dielectric piece on top of the gap. The blue curve in

Fig. 6.10(d) is the corresponding reflection spectrum. The depth of the resonance dip is

∼25 dB, which is greatly enhanced compared to the structure without a dielectric piece.

The required microwave power to get 0.1 GHz Rabi frequency in this structure should be

close to the simulated structure, i.e. 2 W.

6.7 Conclusion

In this chapter, we have shown our progress on the microwave spin control for donors in ZnO.

The two main challenges of the experiments are how to get optical pumping at low field and

how to get enough microwave strength. For the first challenge, we solve it by working in the

Faraday geometry. Optical pumping down to 0.3 T (8.3 GHz) is observed with relatively

good fidelity. For the second challenge, we have designed a microstrip resonator to enhance

the magnetic field strength. From the simulation, to have a 10 ns π-pulse, ∼2 W input

power is needed on the resonator. The resonator structure is fabricated with a laser-based

PCB-prototyping system. Reflection spectrum at room temperature is measured and the

result reasonably agrees with the simulation.
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Chapter 7

SUMMARY AND OUTLOOK

This thesis focuses on the study of different dopant qubits in direct band gap materials.

In this chapter, we summarize the work we have done and provide an outlook on using the

dopant qubits for quantum networks.

We first study the acceptor system in strained GaAs. The strain lifts the HH-LH degen-

eracy, which prevents the fast spin relaxation between HH and LH. The coherence properties

are measured through optical pumping and coherent population trapping. In the strained

sample, µs-scale spin relaxation time T1 and a ∼7 ns inhomogeneous dephasing time T∗2 are

observed, which are not long enough for qubit applications. The magnitudes of both T1 and

T∗2 are limited by the HH-LH mixing due to the small shear strain in the sample. Improve-

ment on the coherence times should be possible with other strain engineering techniques

such as piezoelectric actuator.

Due to the poor coherence properties of the acceptors in our strained sample, we revisit

donor systems and have done a systematic T1 study on three different materials: GaAs,

InP, and CdTe. The donor T1 in all three materials is on the ms-scale, limited by phonon

interaction mediated by spin-orbit coupling. We have built a theoretical model to quanti-

tatively calculate the spin relaxation time and have found reasonable agreements with the

experimental results in GaAs and CdTe. While 1 ms is long, these results suggest that

an even longer T1 could be attained in materials with lower spin-orbit coupling. We note

that for GaAs and InP, T∗2 will still be limited by hyperfine coupling due to nuclear spins

however CdTe could be isotopically purified to serve as a nuclear spin-free host.

This T1 work motivates our study of donors in ZnO, which has an electron g-factor

close to the value of a free electron and a long-term potential for isotope purification. The

electron g-factor for donors in ZnO indicates a small spin-orbit coupling thus long T1. A

complete study of optical and spin properties of ZnO donors is performed. The study shows
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a T1 up to 100 ms at 2.25 T and can possibly be longer at smaller magnetic fields. This

is about two orders of magnitude higher than the other three materials we have studied.

We have also demonstrated optical coherent control with a detuned ultra-fast laser pulse.

With this technique, a 17 ns T∗2 and a 50 µs spin-echo T2 are measured. This T∗2 is already

much better than the values measured in GaAs. Furthermore, because only 4.1% of Zn and

0.038% of O have nuclear spins, it is to possible obtain nuclear-spin-free isotopically purified

ZnO, which would greatly enhance the dephasing time.

The donor system in ZnO is the most promising system we have studied as a dopant

qubit candidate so we decide to keep studying this system. Two important requirements

for the remote entanglement protocol are single qubit isolation and high-fidelity coherent

control. We show our current progress to reach these two requirements for donors in ZnO.

For the single donor isolation, we use focused ion beam to fabricate submicrometer thin films

and we perform a PL study on the fabricated thin films. Though single donor isolation is

not achieved, the PL measurements could give a guide on future research that utilizes FIB

to isolate single donors. For coherent spin control, we have demonstrated it with ultra-fast

optical pulses but only small-angle and low-fidelity rotation can be achieved due to the

effect of laser induced dephasing. Microwave is an alternative for spin control, and it could

have much better fidelity and larger rotation angle. The two issues with microwave control

for donors in ZnO are how to achieve optical pumping at low fields which are suitable

for microwave experiments and how to obtain microwave magnetic field amplitudes which

correspond to GHz-scale Rabi frequencies. We have demonstrated optical pumping in the

Faraday geometry at 0.3 T, corresponding to an electron Zeeman splitting of 8.3 GHz, which

is small enough for microwave control. A microstrip resonator is designed to provide GHz-

scale Rabi frequency with reasonable microwave power. With the current design, a 10 ns

π-pulse should be achievable with ∼2 W input power.

Potentially, donors in ZnO can satisfy all the qubit requirements listed in Chapter 1, i.e.

single qubit isolation, identical qubits, high radiative efficiency in ZPL, high-fidelity spin

control, and long coherence. ZnO has pretty high radiative efficiency and more than 90%

of the photons are in the ZPL. We are still working on the single donor isolation and high-

fidelity spin control, and it is promising to achieve these two goals in the next few years.
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Identical qubits and long coherence times require high-quality sample growth with both

chemical and isotope purification. With the help of nanofabrication techniques, structures

such as on-chip waveguide, optical cavities, Stark or strain tuning can be integrated to the

donor systems to enable better qubit controls.
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Appendix A

SUPPLEMENTARY INFORMATION FOR LONGITUDINAL SPIN
RELAXATION IN GAAS, INP AND CDTE

A.1 Surface depletion effects

In the GaAs and InP samples, a µs-scale time-dependent increase in luminescence was

observed in all band edge PL after the start of an optical excitation pulse. The magnitude

of this effect varied significantly between samples and depended on both the wavelength

and intensity of the optical excitation. The effect was greater in InP than in GaAs and was

greater in lower doped samples. It did not significantly depend on emission wavelength.

Free exciton, D+X, D0X, and A0X transitions all behaved similarly.

Figure A.1a depicts a representative example of this effect in sample InP-2. In two

experiments at 0 T and 1.6 K, the D0X emission is detected during an excitation pulse. In

the first experiment, the sample is excited with a 5 µW excitation pulse resonant with the

D0X transition. During the application of this pulse a small increase in optical emission

at the beginning of the pulse can be observed on the microsecond time-scale (blue trace).

This effect decreases with increasing field and increases with excitation power intensity.

In the second experiment, we use a 5 µW excitation pulse with energy greater than the

bandgap. A significant emission increase is observed. Using a pulse sequence similar to the

T1 sequence [Fig. 3.1(e)], we find the sample relaxes to its initial state on the timescale of

50 microseconds. For all T1 measurements reported in the main manuscript, the resonant

excitation power is always kept low enough so that this emission enhancement effect is

negligible.

Due to this effect, we are unable to obtain a T1 measurement for donors in InP-1, the

InP sample with the lowest donor concentration. Example optical pumping curves for this

sample are shown in Fig. A.1(b) at 4 T and 1.6 K. The blue trace shows data corresponding

to the standard optical pumping pulse sequence depicted in Fig. 3.1(c). The visibility is
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Figure A.1: Time-resolved photoluminescence during optical pulse. (a) Collection of D0X
emission during resonant D0X excitation (blue curve) and above-bandgap excitation (red
curve). A significant increase in emission intensity is observed for above-bandgap excita-
tion. (b) Optical pumping traces for InP-1 at 4 T. Blue curve: Standard optical pumping
experiment. Red curve: Prior to the optical pumping pulse, a 50 µs long above-bandgap
pre-pulse is applied. The end of the pre-pulse is 5 µs before the start of the optical pumping
pulse.

poor and in addition to the small optical pumping feature, we see an increase in the PL

intensity after the initial optical pumping phase. For InP-1, this “brightening” effect is

observed at all reasonable powers (i.e. powers for which we can obtain enough signal to

reliably obtain a T1 measurement) and the decay of this signal is the dominant contribution

in T1 pulse sequence measurements.

Additionally, we performed a two-pulse experiment where a 50 µs pulse with energy

above the bandgap is applied to the sample until 5 µs before the the optical pumping

pulse begins. The effect of the pre-pulse is dramatic (Fig. A.1): the larger visibility can be

attributed to the pre-pulse depolarizing bound electron spins. However we also note that

the intensity in the optically pumped steady-state, near the end of the pulse, is flat and

significantly larger in the pre-pulse case. This indicates that in terms of emission intensity,

the sample has reached steady-state during the application of the pre-pulse. We attribute

the brightening effect to the elimination of near-surface fields in the GaAs and InP samples
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under optical illumination [173]. The photogenerated carriers neutralize the surface states,

resulting in an effective increase in the neutral region thickness and therefore the increase

of photoluminescence intensity. There is evidence that very small fields, on the order of

V/cm, can substantially quench fluorescence [174]. We do not observe this effect in CdTe,

which is a true bulk sample rather than a few-micron-thick film, thus the surface field has

a negligible effect.

A.2 Numerical solution of donor-bound electron in magnetic field
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Figure A.2: Energies of excited state orbitals vs. dimensionless magnetic field β from nu-
merical simulation of hydrogen atom in magnetic field. The plot shows the energy difference
of 18 excited states from the ground state with the same spin projection. States are labeled
by their zero-field quantum numbers. Also plotted is the Zeeman splitting energy |g|µB in
units of effective Rydberg, the maximum β of the plot being the maximum experimental
β obtained for each material. The Zeeman energy can be ignored compared to the orbital
energy.

The numerical solution of the hydrogen atom in a magnetic field is a nontrivial prob-

lem [175]. Of particular difficulty is the transition from the low-field to high-field regime,

where the solutions cannot be conveniently expanded in hydrogen or Landau orbitals [176].

We have used a readily available finite element solver to find the energies and wave functions

of hydrogen in a magnetic field of arbitrary strength [97]. These solutions can be mapped
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onto the donor-bound electron problem by replacing the electron mass, Bohr radius, g-factor

and other parameters by their effective values for the donor-bound electron. The magnetic

field is measured by a dimensionless quantity β = B/B0, where the reference magnetic field

B0 = 2~/[|e|(a∗B)2] is found by considering when the Larmor radius
√

2~/|eB| is equal to

the donor Bohr radius. For GaAs, InP, and CdTe, B0 is, 13.4 T, 19.3 T and 49.8 T re-

spectively. In our experiment, the maximum applied field is 7 T, implying that the 1s wave

function is a good approximation for the ground state. However, we note that for higher

energy orbitals n, the magnetic field at which magnetic effects begin to dominate Coulomb

ones occurs at B0/n
3 [97]. Thus, higher energy orbitals are significantly perturbed even at

small β. The energy difference between the excited states and the ground state are shown

in Fig. A.2. The energy is scaled by the effective binding energy E∗Ry, which is 5.8, 7.0 and

13.6 meV for GaAs, InP and CdTe respectively.

A.3 Theory of spin-relaxation via the admixture mechanism

In this appendix, we calculate the spin-relaxation rate due to the admixture mechanism

in several different ways. First we provide general simplifications that are common to all

calculations. We then evaluate the expression for T1 numerically at all fields and analytically

at low and moderate fields.

A.3.1 General expression for the admixture spin-relaxation rate

It is convenient to represent the spin-relaxation rate, Eq. (3.7), in a simplified form. First,

we investigate which excited states may contribute to spin relaxation by symmetry.

The Dresselhaus spin-orbit interaction Hamiltonian (3.12) is cubic in the electron

wavevector. It can be conveniently decomposed in the spherical angular harmonics,

Y m
l (θk, φk), where the subscripts l = 0, 1, 2, . . ., m = −l,−l + 1, . . . , l − 1, l, and θk, φk

are the polar and azimuthal angles of the wavevector k in the spherical coordinate system
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with z being the polar axis. Corresponding summands in Eq. (3.12) take the form:

kx(k2
y − k2

z)

k3
=
√
π

(
Y 3

3 − Y −3
3√

35
+
Y 1

3 − Y −1
3√

21

)
, (A.1a)

ky(k
2
z − k2

x)

k3
=
√
π

(
Y 3

3 + Y −3
3

i
√

35
− Y 1

3 + Y −1
3

i
√

21

)
, (A.1b)

kz(k
2
x − k2

y)

k3
= 2

√
2π

105

(
Y 2

3 + Y −2
3

)
. (A.1c)

Here the arguments of the spherical harmonics are omitted for brevity. In our frame of

axes where B ‖ z, the eigenstates of the donor-bound electron in the magnetic field are

characterized by the angular momentum component m onto the z axis. Note that the

term σzkz(k
2
x − k2

y) in Eq. (3.12) does not play a role in the spin flip process. Hence, the

intermediate states for the admixture mechanism, in agreement with the first two lines of

Eq. (A.1), are those withm = ±1, m = ±3. In relatively weak fields where the magnetic field

does not perturb the ground and excited stated wave functions, the donor-bound electron

has spherical symmetry and Eq. (A.1) imposes a strict selection rule for the excited states:

only l = 3 (and m = ±1, m = ±3) can cause spin-relaxation.

As such, in the sum over excited states in Eq. (3.8), we only need to include m = ±1

and m = ±3 states. We also note that due to the azimuthal symmetry,

〈ν, πz,m|kx(k2
y − k2

z)|1s〉 = e−im
π
2 〈ν, πz,m|ky(k2

x − k2
z)|1s〉,

it is sufficient to calculate the contribution due to the σxkx(k2
y−k2

z) term in the Dresselhaus

Hamiltonian. By combining positive and negative m terms and simplifying, we find

|M↑↓|2 =
2γ2~
ρωq,α

|eAq,α|2
∣∣∣∣∣ ∑
m=1,−3
ν=1,2,...
πz=1

〈1s|eiqr|ν, πz,m〉〈ν, πz,m|kx(k2
y − k2

z)|1s〉Gν;m

∣∣∣∣∣
2

(A.2)

where Gν;m = (∆Eν,πz ,m − gµB)−1 − (∆Eν,πz ,−m + gµB)−1 and πz = 1 by symmetry. By
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integrating over phonon modes, we find the general expression

1

T1
= Fph

γ2

2π2~2ρ

∑
α

∑
m=1,−3

|gµB|
s3
α

∫
dΩq|eAq,α|2·∣∣∣∣∣∑

ν

[
〈1s|eiqr|ν, πz,m〉

]
q=qα

〈ν, πz,m|kx(k2
y − k2

z)|1s〉Gν;m

∣∣∣∣∣
2

,

(A.3)

where the phonon matrix element is evaluated at a wavevector q magnitude corresponding to

the Zeeman energy q = qα ≡ |gµB|/~sα. In the following sections, we will evaluate Eq. (A.3)

using numerically calculated functions and an analytic approximation for the hydrogenic

wavefunctions in a magnetic field.

A.3.2 Numerical calculation of admixture spin-relaxation rate

For the two matrix elements in Eq. (A.3), the integrals over the azimuthal angle of the

position vector r can be performed analytically. This greatly speeds the evaluation time

and improves the accuracy of the numerical calculation. The wave functions are written in

cylindrical coordinates as 〈r|ν, πz,m〉 = Φν,πz ,m(ρ, z)eimφ, where ρ is the radial coordinate,

z the axial coordinate and φ the azimuthal angle. By transforming the differential operators

into cylindrical coordinates and integrating over φ, we find

〈ν, πz,±1| kx(k2
y − k2

z) |1s〉 = −π
4

∫
ρ dρ dzΦν,πz ,±1

[
1

ρ2
∂ρ −

1

ρ
∂2
ρ − ∂3

ρ + 4∂ρ∂
2
z

]
Φ1s,

〈ν, πz,±3| kx(k2
y − k2

z) |1s〉 = −π
4

∫
ρ dρ dzΦν,πz ,±3

[
3

ρ2
∂ρ −

3

ρ
∂2
ρ + ∂3

ρ

]
Φ1s, (A.4)

and that the matrix element is zero for any other excited state magnetic quantum number,

as it must be by symmetry.

Similarly, for the matrix element 〈ν, πz,m|eiqr|1s〉, we note that aligning the φ = 0 plane

along q results in multiplying the integrand by a phase exp (−imφq), where φq is the az-

imuthal angle of the phonon wavevector q. The φ integral can then be performed analytically

with the help of a Bessel function identity. Using a few additional simplifications involving
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the z-parity of the wave functions, the matrix element becomes

〈ν, πz,m|eiqr|1s〉 = 4π e−imφq
∫ ∞

0
ρ dρ

∫ ∞
0

dz · (A.5)

Φν,πz ,mΦ1s cos(z q cos θq)Jm(ρ q sin θq),

where θq is the polar angle of the wavevector q, and Jm is the mth Bessel function of the

first kind.

Lastly, we evaluate the integral over the phonon azimuthal angle φq in Eq. (A.3). We

additionally note that m = ±1 states cannot interfere with m = ±3 states due to the e−imφq

factor in Eq. (A.5). We thus arrive at the expression for T1 via the admixture mechanism,

1

T1
= Fph

γ2|gµB|
2π~2ρ

∫
sin θqdθq

∑
α

∑
m=1,−3∣∣∣∣∣

∞∑
ν=1

[
〈1s|eiqr|ν, πz,m〉

]q=qα
φq=0

〈ν, πz,m| kx(k2
y − k2

z) |1s〉
∣∣∣∣∣
2

Pα(θq) ,

(A.6)

where the phonon matrix element is evaluated at the wavevector corresponding to the

Zeeman energy and at φq = 0 1. The functions Pα(θq) describe the contributions of different

phonon modes and different electron-phonon interaction mechanisms. We take into account

both the piezoelectric interaction with longitudinal and transverse modes, Eq. (3.10), as well

as the deformation potential interaction. The latter is described by the Hamiltonian [96, 98]

U
(dp)
ph (r) =

√
~

2ρωqα
eiqrq(ξiêi)Db

†
qα + c.c., (A.7)

where D is the deformation potential constant and involves longitudinal phonons only. As

a result, disregarding the interference of piezo and deformation potential interactions, we

1Since φq just adds a phase, the expression is valid for any choice of φq.
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have

P1(θq) =
9e2h2

14

s3
l

cos2 θq sin4 θq ,

P2(θq) =
e2h2

14

8s3
t

(27 + 28 cos 2θq + 9 cos 4θq) ,

P3(θq) =
2(gµB)2D2

~2s5
l

.

(A.8)

The simplified matrix elements Eq. (A.4), (A.5) are calculated numerically using standard

procedures. The scripts have been made readily available 2.

A.3.3 Admixture mechanism in moderate magnetic fields

In the regime of moderate fields, when lb ∼ a∗B, we take into account the modification of

the excited state wavefunctions by the magnetic field. In this regime, admixture with the

lowest energy excited states (p-shell states) is allowed and we will further take into account

only these two states assuming a Gaussian form of the wavefunctions:

ψ1s =
1

π3/4lρ
√
lz

exp

(
− x

2 + y2

2(lρ,1s)2
− z2

2(lz,1s)2

)
, (A.9)

ψ2p± =
(x± iy)

π3/4χ5/2l2ρ
√
lz

exp

(
− x

2 + y2

2(lρ,2p)2
− z2

2(lz,2p)2

)
.

Further, for simplicity, we will assume a proportionality lρ,2p = χlρ,1s and lz,2p = χlz,1s for

the analytic wavefunctions. Here lρ,1s = [1/(a∗B)2 + 1/(2l2b )]
−1/2 and lz,1s = a∗B are the wave

function effective sizes in the (xy)-plane and the z-direction, respectively. At zero field, lρ,1s

is just the Bohr radius and both lengths coincide. A non-zero magnetic field shrinks the

wave function in the (xy)-plane leading to anisotropy of the 1s-state with lρ,1s < lz,1s. In the

limit of very strong fields lρ,1s =
√

2lb, in agreement with the free-electron wave function in a

magnetic field in the symmetric gauge. The exact numerical wavefunctions (Appendix A.2)

are used to determine the value of χ for the analytic wavefunctions, Eq. (A.9). To determine

the best value of χ, we numerically optimized the overlap integral between the analytic

wavefunctions, Eq. (A.9), and the numerical ones. The ratio of the wavefunction size for

2See supplemental materials at https://link.aps.org/doi/10.1103/PhysRevB.94.125401 for analysis
scripts.

https://link.aps.org/doi/10.1103/PhysRevB.94.125401
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the 2p−1 and 1s states are shown in Fig. A.3. In the figure we have also shown the limiting

values of β for which the experimental high-field dependence is observed. By averaging over

the ratio of lengths for ρ and z directions, we obtain a best-choice χ of 1.5, 1.7 and 2.2 for

GaAs, InP, and CdTe respectively.
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Figure A.3: The overlap integral between the Gaussian approximation for the wavefunction,
Eq. (A.9), and the numerical solution was maximized as a function of β. The ratio of the
radial and axial Gaussian sizes is plotted as a function of B. Also shown are the experimental
limits of the “high-field” regime where T1 goes as B−ν for the three different materials.
Using these limits, reasonable choices of χ are 1.5, 1.7 and 2.2 for GaAs, InP, and CdTe
respectively.

To obtain the matrix element M↓↑ given by Eq. (3.8), we need to calculate

〈2p±|∂x(∂2
y − ∂2

z )|1s〉 and 〈1s|eiqr|2p±〉. Utilizing the Gaussian wave functions we assumed,

Eq. (A.9), the results for the integrals are

〈2p±|∂x(∂2
y − ∂2

z )|1s〉 =

√
2χ5/2

(1 + χ2)7/2l2b lρ
, (A.10a)

〈2p±|∂y(∂2
z − ∂2

x)|1s〉 = ± i
√

2χ5/2

(1 + χ2)7/2l2b lρ
. (A.10b)
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and

〈1s|eiqr|2p±〉 = i2
√

2

(
χ

1 + χ2

)5/2

(qx ± iqy)lρ · exp

(
− χ2

2(1 + χ2)
[(q2

x + q2
y)l

2
ρ + q2

z l
2
z ]

)
.

(A.11)

Note that nonzero matrix elements in Eq. (A.10) are proportional to B, so that they vanish

in the limit of low fields (this regime is considered below in Appendix ??). As the magnetic

fields in our experiments are not very strong, the change of the characteristic length is small

and we can neglect the difference between lρ and lz in the exponential part of Eq. (A.11)

by setting lz,1s = lρ,1s = l. In fact, the wavefunction size l is important only when the long-

wavelength approximation for the electron-acoustic phonon interaction fails, in which case

the result may be quite sensitive to the overall shape of the wave function, and, additionally,

the deformation-potential interaction may be important.

Substituting these into Eqs. (3.7),(3.8), the relaxation rate is

1

T1
=

32

π~ρ
χ10

(1 + χ2)12

γ2(eh14)2

l4b

(
1

∆ER
− 1

∆ER + ~ωc

)2

· Fph
∑
α

q3
α

s2
α

exp

(
− χ2

1 + χ2
q2
αl

2

)〈
sin2 θqa

2
q,α

〉
Ω
. (A.12)

The quantity ∆E = E2p− −E1s. Numerically we find that ∆E = 3/4E∗Ry is a good approx-

imation across the entire experimental range of fields (see Fig. A.2).

For longitudinal phonons we have

〈
sin2 θqa

2
q,l

〉
Ω

=
8

35
, (A.13)

while for transverse modes 〈
sin2 θqa

2
q,t

〉
Ω

=
32

105
. (A.14)

Substituting these integrals into the Eq. (A.12), the final result for the spin relaxation rate
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is

1

T1
=

256χ10

35(1 + χ2)12

γ2e4h2
14(gµ)3B5

πρ~6

(
1

∆ER
− 1

∆ER + ~ωc

)2

Fph

·
[

1

s5
l

exp

(
−χ

2q2
l l

2

1 + χ2

)
+

4

3s5
t

exp

(
−χ

2q2
t l

2

1 + χ2

)]
,

(A.15)

in agreement with Eq. (3.13) of the main text.

We note that in the limit of very strong magnetic fields where lb � a∗B and ~ωc � ∆ER

one has to take into account the modification of the separation between the ground and

the excited states by the magnetic field. As a rough estimate one may replace ∆ER in

Eq. (A.15) by ~ωc, in which case, within the LWA, one has T1 ∝ B3. Our estimates show

that this limit is not fulfilled in any sample for the magnetic fields under study.

Finally, we briefly analyze the deformation potential interaction in which case instead of

Eq. (3.10) one has Eq. (A.7). It follows from Eq. (A.7) that transition can be assisted by the

logitudinal acoustic phonons only. Making use of the analytical form of the wavefunctions,

Eq. (A.9), and the matrix elements of the Dresselhaus spin-orbit interaction, Eq. (A.10), as

well as Eq. (A.11) we obtain

1

T1
=

64χ10

3π~ρ(1 + χ2)12

(
gµB

~sl

)5 γ2D2

s2
l l

4
b

Fph ·
(

1

∆ER
− 1

∆ER + ~ωc

)2

exp

(
−χ

2q2
l l

2

1 + χ2

)
.

(A.16)

The angular integrations over the phonon wavevectors has been carried out, as before,

neglecting the difference between lρ,1s and lz,1s in the exponent and using the expression

〈(ξiêi)2(ξ2
x + ξ2

y)〉Ω = 2/3. The analysis shows that the deformation potential contribution

is much smaller than the piezo-interaction, Eq. (A.15) for the relevant magnetic fields. The

contribution from the deformation potential interaction is more important than the piezo-

interaction at high fields due to its stronger B-field dependence. The crossover field for GaAs

is about 40 T, which is much larger than the magnetic fields in this study. The crossover

fields for InP and CdTe are 9.1 T and 3.9 T. Although deformation potential interaction

for these two materials is comparable to the piezo-interaction at the fields achievable in our

experiment, it is still much weaker than the direct spin-phonon interaction.
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A.4 Spin relaxation via the direct spin-phonon mechanism

A.4.1 General expression for the direct spin-phonon spin-relaxation rate

The direct spin-phonon interaction Hamiltonian [94, 177, 85] is

Udir =
~v0

2
[σx(uxyky − uxzkz) + σy(uyzkz − uxykx)], (A.17)

where we ignore the σz term because it does not contribute to spin relaxation,

k = −i∇− (e/~)A, and we use the symmetric gauge A = (−By/2, Bx/2, 0). The deforma-

tion tensor uij due to phonon q, α is

uq,αij =

√
~

2ρωq,α
ei(qr−ωq,αt)

i(ê
(q,α)
i qj + ê

(q,α)
j qi)

2
b†q,α + c.c. (A.18)

where eα is the polarization of phonon mode α:

el = q−1[qx, qy, qz],

et1 = (q2
x + q2

y)
−1/2[qy,−qx, 0],

et2 = q−1(q2
x + q2

y)
−1/2[qxqz, qyqz,−(q2

x + q2
y)].

(A.19)

Subscripts t1 and t2 denote two degenerate transverse modes. The relaxation rate Γ↓↑ is

found from Eq. (3.8) using

M↓↑ = 〈1s, ↓ |Udir| 1s, ↑〉 . (A.20)

According to the general principles of quantum mechanics, the momentum operator and

deformation tensor in Eq. (A.17) must be symmetrized, i.e. uijkl → {uij , kl}, where

{a, b} = (ab+ ba)/2 [50, 178, 179]. Due to this symmetrization and the fact that the ground

state is a localized state, all terms with kz integrate to zero. Further simplifications yield

〈1s, ↓ |Udir|1s, ↑〉 = i
~v0

4

√
~

2ρωq,α

(
ê(q,α)
x qy + ê(q,α)

y qx

)
×

[〈1s|{exp(iqr), ky}|1s〉 − i〈1s|{exp(iqr), kx}|1s〉] ,
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〈1s|{exp(iqr), kx}|1s〉 =
eB

2~
〈1s| exp(iqr)y|1s〉 , (A.21)

〈1s|{exp(iqr), ky}|1s〉 = −eB
2~
〈1s| exp(iqr)x|1s〉 .

Substituting Eq. (A.20) into Eq. (3.7) and taking the phonon factor Fph into considera-

tion, we obtain the general expression for the spin-relaxation rate

1

T1
= Fph

v2
0e

2B2

29π2~ρ
∑
α

q3
α

s2
α

∫
dΩq

∣∣ (êq,αx ξy + êq,αy ξx
)
· 〈1s| exp(iqαr)(x − iy)|1s〉

∣∣2 , (A.22)

which can be evaluated either numerically or using an analytic approximation.

A.4.2 Numerical calculation of direct spin-phonon spin-relaxation rate

Similar to Appendix A.3.2, the azimuthal part of the integral 〈1s| exp(iqαr)(x− iy)|1s〉 can

be calculated analytically to simplify the numerical calculation. We introduce the notation

for this matrix element:

κα(θq) = eiφq〈1s|eiqαr(x− iy)|1s〉,

and obtain

κα(θq) = 4π

∫ ∞
0

ρ2 dρ

∫ ∞
0

dzΦ2
1s(ρ, z) · cos(z qα cos θq)J1(ρ qα sin θq). (A.23)

The simplified expression for the spin-relaxation rate is

1

T1
= Fph

ν2
0e

2B2

29π~ρ

∫ π

0
dθq sin3 θq ·

[
sin2 θq

q3
l

s2
l

|κl|2 + (1 + cos2 θq)
q3
t

s2
t

|κt|2
]
, (A.24)

which can be calculated numerically using standard procedures.
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A.4.3 Analytic calculation of direct spin-phonon spin-relaxation rate

To derive an analytical result we use trial wavefunctions of a Gaussian or exponential form.

First, we approximate the ground state wave function by a Gaussian

ψ1s =
1

(
√
πl)3/2

e−r
2/(2l2), (A.25)

with l = [1/(a∗B)2 + 1/(2l2b )]
−1/2. The matrix element can be found analytically,

〈1s| exp(iqr)rj |1s〉 =
1

2
iqjl

2e−q
2l2/4 , (A.26)

where j = x, y.

Using Eqs. (3.7), (A.20) we obtain the relaxation rate assuming that the spin-up state

has a higher energy as compared with the spin-down one

Γ↓↑ =
(Nph + 1)v2

0

256πρ~
(eBl2)2

∑
α

(gµB)5

~5s7
α

Iαe
−q2

αl
2/2, (A.27)

Iα =
〈(
êq,αx ξy + êq,αy ξx

)2
ξ2
x

〉
Ω
. (A.28)

The integrals over phonon angle for the longitudinal and both transverse modes are Il = 4/35

and It = 16/105. Taking into account the phonon factor Fph, the final result for the relax-

ation rate by the direct spin-phonon process is

1

T1
=

1

2240π

(ev0l
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·
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e−q

2
l l

2/2

s7
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2
t l

2/2

3s7
t

)
Fph. (A.29)

Another possible choice of wave function for the donor-bound electron is an exponential

ψ1s =
1√
πl3

e−r/l. (A.30)

For this wave function,

〈1s| exp(iqr)rj |1s〉 =
i l2qj

(1 + q2l2/4)3
. (A.31)
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The relaxation rate using an exponential wave function is the same as Eq. (A.29) with

exp (−q2
αl

2/2) replaced by 4/(1 + q2
αl

2/4)6, in agreement with Eq. (3.15) of the main text.

We note that in the presence of a magnetic field the form of the donor-bound electron

functions depends on the gauge, which calls for special care in evaluating the matrix elements

in Eq. (A.21). Particularly, Eqs. (A.25) and (A.30) are valid in the symmetric gauge. For

instance, in the Landau gauge, where A = (0, Bx, 0), Eqs. (A.25) and (A.30) acquire extra

phase factors exp [ieBxy/(2~)]. Taking these phase factors into account one can readily

check that Eqs. (A.21) and, correspondingly, Eqs. (A.27), (A.29) and (3.15) are gauge

invariant.
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Appendix B

TWO ROUTINES TO MAKE ZNO THIN FILM USING FIB

B.1 Routine 1: top milling

For the first routine, the ZnO sample is milled from the top side using FIB. In chapter 5,

we use this method to prepare two different ZnO thin films. The first one is from a Tokyo

Denpa substrate with 0.7 µm epilayer and the second one is from a bare Tokyo Denpa

substrate.

ZnO substrate

Mill from top

ZnO epilayer

Figure B.1: Illustration of the top milling.
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The fabrication procedure is shown below. The sample used here is the Tokyo Denpa

substrate with 0.7 µm epilayer. The pits seen on the surface of the ZnO crystal are due

to defects during the epitaxial growth, shown in Fig. (a). Before milling, an ∼1 µm thick

platinum layer is deposited on top of the surface for protection from ion damage. Though

this platinum layer can protect the ZnO from ion damage in the latter steps, the first several

µm region below the platinum has already been directly exposed to ions as the platinum

deposition requires ion exposure. Then, two trenches are cut on the two sides of the platinum

layer (Fig. (b)). The thin ZnO film left in the middle is the part we want to transfer to a

metal grid.

platinum

SEM images taken during the fabrication process

(a) (b)

Trenches

Then, a transfer pin is inserted and attached to the edge of the ZnO film using platinum

deposition. The surrounding of the thin film is cut so that it can be detached from the bulk

ZnO crystal (Fig. (c)). The thin film is then picked up and ready for transferring to the

metal grid (Fig. (d)).

(c) (d)
platinum
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The thin film is transferred and attached to a metal grid with platinum deposition

(Fig. (e)). The transfer pin is detached using FIB. Then both sides of the ZnO film are

attached to the metal grid with platinum (Fig. (f)).

(e) (f)

platinum

The thickness of the thin film can be further reduced by ion milling with low current

beam (Fig. (h)). The surface damage on the two sides is reduced by this final polishing

process. We note that the top ∼1 µm region in the thin film is platinum.

(h)

platinum
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B.2 Routine 2: side milling

For the second routine, the ZnO sample is milled from the side surface using FIB. In

chapter 5, we use this method to prepare two different ZnO thin films. Both of them are

from a Tokyo Denpa substrate with 3 µm epilayer. With this side milling, we extract ZnO

thin films purely from the epilayer region. The first ZnO thin film is transferred to a Si

substrate and the second thin film is transferred to a metal grid similar as the first routine.

In this two thin films, we can directly observe the PL signals from donors in the epilayer.

ZnO substrate

Mill from side

ZnO epilayer

Figure B.2: Illustration of the side milling.
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The fabrication procedure is shown below. The sample used here is the Tokyo Denpa

substrate with 3 µm epilayer. Before milling, an ∼1 µm thick platinum layer is deposited on

the side surface of the crystal for protection from ion damage. Similar as the first routine,

though this platinum layer can protect the ZnO from ion damage in the latter steps, the

first several µm region below the platinum has already been directly exposed. A trench is

then cut on the side surface of the crystal. Figure (a) and (b) are the SEM images taken

at different tilting angles of the crystal.

(a) (b)

platinum

Top surface

side surface side surface

trench

Then, a transfer pin is inserted and attached to the edge of the ZnO film using platinum

deposition. The surrounding of the thin film is cut so that it can be detached with the bulk

ZnO crystal (Fig. (c-d)).

(c) (d)

This part is milled after the 
transfer pin is attached
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After detached from the bulk crystal, the thin film is transferred and attached to a

silicon substrate with platinum deposition (Fig. (e)). Then the transfer pin is detached

using FIB (Fig. (f)). We are not able to do a final polishing for the thin film attached to

a Si substrate. The advantage to put the ZnO film on a silicon substrate is the ease for

further treatments such as etching or annealing.

(e) (f)

platinum

In this section, we only show the procedure to transfer the side-milled thin film to a Si

substrate. The procedure to transfer it to a metal grid is similar as the first routine so we

do not show it here.
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