[Elmn

Fm S RE B Detection of Angular
Momentum Transfer from a Single Photon

to a Single Electron Spin in a Lateral
Double Quantum Dot

(R —EHET Ry MBI AE—F®t
NELE—EBF A ~DAEREIEEDEI)







Abstract of the Dissertation

Detection of Angular Momentum Transfer from a Single Photon to
a Single Electron Spin in a Lateral Double Quantum Dot
by
Takafumi Fujita

The information transfer from a photon to an electron spin in semiconductors
is predicted to forward the realization of quantum computation. Gate defined
lateral quantum dots is an attractive platform in this sense since the electrical
single and two quantum bit (qubit) gate operations have been demonstrated
only in this system. However, realization of quantum media conversion is limited
up to the single photon to charge conversion due to the large disturbance of
electrostatic potentials by the irradiation of light. It is still challenging to
achieve high visibility of single-shot photoelectron spin measurements and the
detection of angular momentum transfer from a single photon polarization to a
single photoelectron spin.

This work presents the detection of single photoelectron spins excited by
single circularly polarized photons and confirm the optical selection rules asso-
ciated with the conversion. Double heterostructure GaAs quantum wells (QWs)
were prepared to selectively excite electron spins from the discrete heavy and
light hole bands. The QWs are also designed to meet the requirement of the co-
herent transfer scheme. The out of plane electron g-factors were measured from
resistively detected electron spin resonance experiments and we determined the
well width implying the near zero in-plane electron g-factor.

To overcome the disturbance due to light irradiation, a double quantum
dot (DQD) was formed on the chosen QW. DQDs are preferable for high vis-
ibility detection of spin states using Pauli spin blockade. Additionally, under
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a resonant condition the repetitive signal of inter-dot electron tunneling offers
non-destructive single photoelectron detection. Tuning the DQD to the few
electron regime with lowered tunneling rates realizes real-time charge sensing
and observation of single charge and spin dynamics within the DQD. The ro-
bust detection scheme helped the detection of single photoelectrons that were
selectively excited from the heavy hole band.

Distinguishing between two electron spin signals in real-time measurements
is necessary in order to combine our scheme of photoelectron trapping in a res-
onant condition. However, the magnetic field dependence of the real-time inter-
dot tunneling has not been investigated before. We measured the (1,1)—(0,2)
inter-dot tunneling times and obtained characteristic time constants represent-
ing the parallel and anti-parallel spin configurations in a finite magnetic field.
We outline the possible mechanisms that determine the spin dependent tun-
neling times and elucidate that the electron g-factors can be quantitatively
discussed in this tunneling regime. With sufficient gate voltage tuning, high
distinguishability of the spin states is realized.

Finally we combine our techniques of photoelectron trapping in a QW and
the spin detection in a DQD. Two distinct photoelectron spin signals are re-
solved between subsequent inter-dot tunneling or blocked tunneling upon single
photoelectron trapping corresponding to the up- or down-spin detection depend-
ing on the magnetic field direction. By varying the incident photon polarization
and taking the statistics of measured spins for each polarization, we confirmed
that the conversion to electron spins correspond to the selection rules. Our
result verified the classical angular momentum transfer between single quanta.
The detection of angular momentum transfer to a single electron spin is a promi-
nent step in this field towards future realization of the coherent transfer and

the study of photon-spin entanglement physics.
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Chapter 1

Introduction

1.1 General introduction

Theory of quantum mechanics has played a roll in the advancement of semicon-
ductor electronics that is vital to the modern society. In research fields these
technologies can be utilized to control single quanta of fundamental particles.
Detailed studies on the quantum mechanical features of these fundamental par-
ticles have revealed their potential to further advance the existing technologies.
Among many of the offered physical systems, electron systems and photon sys-
tems have an advantage on the possible compatibility to the present nanoscale
electronics. As the investigation of these particles has further advanced, a more
fundamental physical quanta has been focused on, namely their angular mo-
mentum: the spin of an electron and the polarization of a photon.

As electronic devices become smaller down to nanoscales, the effect of in-
dividual spins becomes crucial in the function of magnetic elements. Optical
measurement, of this magnetism is currently applied in memories or sensors.
When we consider integration of both optically and electrically accessible de-
vices, faster and more accurate measurement of electron spins as well as photon
angular momentum is preferable. For instance silicon has a well established
fine structure fabrication process, however, the optical response tends to be

slow compared to the spin relaxation rate due to its indirect optical transition.
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Electrical spin detection could offer measurement times mainly determined by
the electronics. Therefore electrical measurement of the photon angular mo-
mentum is an advantage towards adopting the well established Si-based fine
structured electronics that is crucial for scalability and future industrial appli-
cation. Furthermore, these fundamental particles present another application

towards the development of quantum information technology.

The next extension of information technology is believed to be the quan-
tum information where a quantum system stores and encodes the information.
Electron spin and photon polarization allow the simplest quantum system con-
sisting a natural two level system that represent the information unit of a so-
called quantum bit (qubit). Since the respective qubit systems have the distinct
physical properties they have their own specialties and shortcomings. Photons
have weak interaction with the environment and are therefore suitable for long
distant transport of information, however, for the same reason they are diffi-
cult to be stored and processed effectively within a desired time frame. On the
other hand electron spins confined in semiconductors have excellent capabil-
ity for information processing because they strongly interact with each other.
Quantum information transfer from photon qubits to electron spin qubits is one
way for utilizing both advantages of transportability and operation ability of
qubits. Detection of a single spin created by a polarized photon is a primary

step towards verification of quantum information transfer.

Detecting single polarized photons is also an essential ingredient in cer-
tain functional devices in quantum communication. For instance, a quantum
repeater was proposed to extend the distance of a single photon carrying infor-
mation. Due to the no cloning theorem in quantum mechanics, amplification of
a single qubit is not possible. However, using a chain of entangled photon pairs,
loss of photons could be avoided and single qubit information could be sent
over longer distances. A quantum repeater creates the needed entanglement
by manipulating and detecting the electron spin qubits that were transformed
from photon qubits. This kind of technical requirement further motivates the

study on the detection of a single polarized photon that is transferred to a single
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electron spin.

1.2 Purpose of this study

Electron spins in semiconductor quantum dots (QDs) are of interest in current
research partly because of their possible application to classical information sys-
tems [1] and quantum information systems [2|. Especially, the electron spins
confined in GaAs based quantum dots have been extensively researched and
the usefulness of spins for quantum information has been revealed such as suf-
ficiently long coherence time as a quantum memory [3] and full single qubit
manipulation [4,5] along with two qubit gate operations [6,/7]. In addition,
semiconductors are optically active materials subject to certain selection rules
that have already been extensively studied [8].

In terms of using the photon to spin conversion for absolutely safe quantum
communication [9], a quantum repeater was proposed [10,/11] to extend the
current limitation of photon information transmission length [12]. Up to now
several experiments demonstrated entanglement of optical qubits with trapped
ions [13], atoms [14,|15], solid state systems such as InAs self-assembled QQDs
[16-19] and NV centers [20-22]. However they suffer from the time needed to
create the entanglement through post selection of photons which make them
unsuitable for quantum repeaters. Compared to these devices, laterally defined
QDs are suitable types of devices that are capable of concentrating and scaling
up the desired functions by suitable fabrication [23]. Indeed, this is the only
system in which two electron spin entanglement and spin qubit operations have
been demonstrated. For this purpose GaAs based lateral QDs are suitable
for combining its optically active properties and functionality of operations on
electron spins [24]. Research in the physics of electron-photon entanglement
generation is also interesting.

Regarding these backgrounds, our group has been investigating a fundamen-
tal technology for transferring quantum states from individual photon polariza-

tion to individual electron spin in lateral QDs. Coherent angular momentum
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transfer was previously demonstrated between ensembles of photons to ensem-
bles of spins in a quantum well (QW) [25,26]. The two dimensional system
that they used is suitable for combining with the lateral QDs. Several demon-
strations of single photoelectron trapping have been reported [27,28] towards
transfer between single quanta, imperative for future quantum information net-
work, but these electrons have still not been detected in a controlled manner.
The control of the trapped photoelectrons is an important ingredient for stor-
age and operation of the transferred quantum information [29]. Viewing these

preceding studies we set the following steps to accomplish the transfer.
(i) Energy transfer from a single photon to a single electron

(ii) Angular momentum transfer from a single photon polarization to a sin-

gle electron spin

(iii) Superposition state transfer from a single photon polarization to a sin-

gle electron spin

The first step was earlier realized by A. Pioda et al. [30] here in a controlled
manner, and the second step was partly demonstrated by T. Asayama et al [31].
Both preceding works have been done using a conventional single heterostruc-
ture that are not adaptable for the coherent transfer. This dissertation shows
detailed research continued from this progress, starting from the sophistication
of the first step to straightforward verification of the second step using both
single and double heterostructures (QW). The latter is suitable for the third

step. Additional discussion is made foreseeing the third step.

1.3 Dissertation outline

This dissertation discusses backgrounds and experiments towards the detection
of angular momentum transfer from single circularly polarized photons to single

electron spins.



1.3 Duissertation outline

Chapter [2|introduces the theoretical background on the optical transitions of
spins in a GaAs heterostructure. Chapter 3| provides the background on lateral
QDs with the recent progress towards single shot electron spin detection. Chap-
ter [] shows preceding experiments of single photon detection measurements in
lateral QDs that may be helpful in understanding the experiments described in
the following chapters.

Chapter [f| briefly summarizes the measurements on GaAs QWs partly about
the selective spin excitation and partly about g-factor engineering towards fu-
ture coherent transfer demonstration. Chapter [6] discusses measurements of
single photon detection using a new scheme with a double QD (DQD), which
is more reliable than preceding measurements with single QDs. Chapter [7] ex-
plains our newly developed single-shot spin detection scheme utilizing real-time
measurement of spin blockade. Chapter |8 presents our main results on the pho-
toelectron spin detection. By combining the arguments in the previous chapters,
we discuss the evidence of angular momentum transfer from a single circularly
polarized photon to a single electron spin. Chapter [9] summarizes and discusses
the future prospects of the study.

Additional information on the electron g-factor evaluation in QDs are de-
scribed in Appendix [A] Simulation on the photon propagation through the

sample structures are shown in Appendix [B]






Chapter 2

Theoretical background of

angular momentum transfer

The research of III-V semiconductors, especially GaAs has attracted great in-
terest in terms of both optical and transport properties of electron and hole
systems. In comparison with Si-based semiconductors, GaAs-based semicon-
ductors have several striking features such as direct band gap at £ = 0 in
Brillouin zone, bulk inversion asymmetry with zinc blende crystal structure,
and the presence of ensemble nuclear spins originating from certain amount of
Ga and As isotopes with 3/2 spin. Further studies and applications of these
features can be promoted for low-dimensional carrier systems as prepared using
crystal growth techniques such as Molecular Beam Epitaxy (MBE), and nano-
lithography. One of the most commonly used approaches for investigating the
low dimensional electron system in semiconductors is to play with the quantum
well (QW) structures made by MBE. GaAs QWs are typical systems consisted
of three neighboring layers in a sandwiched structure (AlGaAs/GaAs/AlGaAs).
The wider band gap of the AlGaAs barriers compared to the GaAs layer in be-
tween leads to the confining potential for electrons and holes, and well-designed
wafer structures provide high mobility two-dimensional electron/hole systems.

The confinement of carriers is not only of importance for the fundamental

study of quantum mechanics in semiconductors, but also for the engineering
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of physical quantities such as spin-orbit coupling constant and g-factor which
play crucial roles for future optical and electrical applications with spin or an-
gular momentum degrees of freedom. On the other hand, QWs are suitable
for optical measurements focusing on exciton dynamics. For future application
of spintronics and quantum information networks, QW systems provide basic
tools for optical spin manipulation, since the confining effect lifts the degener-
acy of the heavy hole (HH) and light hole (LH) bands with different selection
rules, and therefore pure up- and down-spin states of electrons can be readily

prepared by circularly polarized light with 100% certainty.

2.1 Optical selection rules of GaAs

2.1.1 Band structures of GaAs

The band structure of GaAs consists of two-fold degenerate conduction bands
with s-type orbital, four-fold valence bands (the LH and HH levels) and two-
fold split-off valence bands with p-type orbital. As shown in Figure the
conduction band minimum and the valence band maximum exist at the I' point
of the Brillouin zone, and the split-off band is separated from the LH and HH
bands by energy A. This splitting is explained as follows. In the vicinity of
the T" point, the electron wave function of the valence bands forms a p-type
orbital with finite angular momentum [ = 1. Taking the spin-orbit interaction
term (Hgo o<l - s) into account, the additional term I - s is decomposed in the

following way:
_ 1 2 22 Lo o o
l-s—é[(l+s) l s]—é(g I©—s%), (2.1)

where j is a total angular momentum operator. As I - s commutes with j°
and j,, six-fold p-type bands split into four-fold bands |j = %, Jm = :I:%> and
7 = %, Jm = j:%) corresponding to the HH and LH bands, and the two-fold
split-off bands |j = %, j,, = £3). Note that the energy splitting width directly
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Electron (+1/2)
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Heavy Hole (£3/2)
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Figure 2.1: A schematic picture of the band structure of GaAs. The conduction
band is separated from the top of the valence band by the band gap Ey, and the HH
and the LH bands are degenerate at k = 0. The split-off band is below the heavy and
LH bands, and their energy spacing is defined by the spin-orbit energy Ay.

represents the spin-orbit coupling strength and is about 0.34 eV and 0.30 eV
for bulk GaAs and AlAs respectively [32].

The major difference between the LH and the HH bands is seen in the
effective mass near I' point. Furthermore, due to the size quantization effect, the
confinement in one direction lifts the degeneracy of the LH and the HH bands at
k = 0. The separation of these bands is critical for opto-electrical application,
since optical orientation for either the LH excitation or the HH excitation should

be independently accessible by tuning the incident laser wavelength.

2.1.2 Optical selection rules

One of the most effective methods to excite spin-polarized carriers in semi-
conductors is to use the selection rules [8]. The selection rules determine the
excitation or recombination probability of electron-hole spin states. In the ex-
ample of GaAs, s-type orbital of the conduction band and p-type orbital of
the light and HH valence bands can be expressed using the following Bloch
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functions:

’ 1
U = Upe®T m = :i:§, (2.2)

Ty = @* Y xRl g = 172,432, (2.3)
n

where uyq/o corresponds to £1/2 spin, and j, = £3/2, and j. = £1/2 corre-
sponds to the HH, and LH bands, respectively. By expressing the wave function
with the symmetry of s, py, py, . as S, X, Y, Z, u is explicitly presented as

follows,

U2 = S Ta U_1/2 = S \1/7

3/2 1

W2 = VR i) 4, 24
ug?}/;) _ %\/g [_%\/E(X +iY) | +V2Z T] ;

u®l) = éx/ﬁ {—%\/i(x —iY) |} +v2Z 4 .

Here the correspondence principle is a useful tool for calculating the direct in-
terband transition probability with circularly polarized photons transferring an-
gular momentum of [, = £1. The correspondence between a quantum transition
from state a to state b and a classical dipole with frequency w,, = (Ey — E,)/h
indicates that the amplitude of the dipole moment is equal to the transition

matrix element
Dy, = (b|Dla), (2.5)

where D is the dipole moment operator. To deduce the excitation probability,
one needs to bear the following things in mind; (i) the angular momentum

needs to be conserved in the transition, (ii) the only non-zero matrix elements
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11/2,-1/2). 11/2,1/2)¢

13/2,-3/2)y

13/2,=1/2),

13/2,1/2)y 13/2,3/2)y

11/2,-1/2), 11/2,1/2),

Figure 2.2: A schematic view of the selection rules in GaAs. Blue and red arrows
depict the permitted transition with polarized light o* and o~ respectively. The
relative excitation probabilities for different light polarizations are noted in blue and

red circles.

are (5D, |X) = (S|Dy|Y) = (S|D-|Z).

Table 2.1: Matrix elements of the dipole moment. *A,u are the unit vectors per-
pendicular to the propagation axis. v is the unit vector along the propagation axis.

ConductionBand|(c)
Valence Band(v) 1/2 —1/2
hh 3/2 —V/1/2(A +ip) 0
~3/2 0 1/2(\ — ip)
i 12 VB VIR i)
12 oA —im) 2/

Degree of polarization

Assume that one excites the electron from the degenerate light and HH bands

with o circularly polarized photons. The dipole operator can be expressed as

oc (X £4Y) oc V¥ where Y™ is the spherical harmonic function. With o+

11
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polarized light the ratio of excitation probabilities from the LH and the HH

bands is calculated as:

Pane _ [{1/2,=1/2Y;1[3/2, =3/2)?
Pue (172, 1/21Y0[3/2,~1/2)P

=3, (2.6)

which implies three times larger probability of creating electron spin -1/2 states
compared to 1/2 states. The relative excitation probability for the respective
valence bands is summarized in Figure [2.2]

Similarly we can calculate the degree of electron-spin polarization Pg. For

instance for ot polarized light Ps is calculated as:

N, — N_
Py = —Ni+N‘ (2.7)
1 3 1 1 _1 1 3 _§ 2
2’2|Y1 7_§>| +‘<27_"Y1 §>‘

where N, (N_) is the number of electrons with spin up (down), respectively.

2.2 Quantum wells

2.2.1 Selective spin excitation with polarization

We have seen that the optical excitation of bulk GaAs with circularly polarized
light can create spin polarized electrons in the conduction band in a degree of
polarization Ps = 0.5. When the system becomes two-dimensional such as in
QWs, the HH and LH state degeneracy is lifted due to the difference of effective
mass, which can be used to selectively excite individual hole states. The benefits
of using the HH excitation is that it has a larger absorption efficiency and, since
it is the ground state, no mixing occurs with other bands. This results in Pg ~ 1
for large range of QW parameters. On the other hand, the LH states can create
a superposition state of electron spins, needed for coherent transfer that is

currently not possible with the HH states as explained later on.



2.2 Quantum wells

The electron spin polarization created from various hole states were exten-
sively studied in QW structures. The various origins of polarization effects were
studied by tuning the well widths to vary the confinement strength. Tuning the
well width is also a conventional strategy to control the g-factor as an important

parameter in spintronics.

i B = -
IIIT I T
227 0 & 160 164 168 172
oer ' ' ' ] 0.9f7 ! ' —
06 Ay @ 1 0.8
] _{m ==
o° 03} i W% . 0.3¢ %"
S 0ol S oo y g
= El
§ o3 g 03 g
% 0.6} 1 -0.6f w=714A
2 09t . X ) . 0.8¢ : . —
Yy
o 0,97 ' (I:;} i 1 0.9 T i pE—
ot =
0 06 ] [ ]
° - D1D2 4 03 13
T 0.0 3 00 &
T 03} 18§  -0a3f U <
06+ E 0.6
0.9 : . . : 0.8} | ) : '
152 156 160 164 168 160 164 168 1.72
Excitation energy (eV) Excitation Energy (eV)

Figure 2.3: (a) Measured and (b) calculated initial degree of spin polarization Py
as a function of excitation energy of the 198-A-wide GaAs/AlAs QW. The vertical
lines label the resonances in (a) and (b) according to the dominantly contributing
electron (E) and hole (LH or HH) subbands. (Right) Degree of spin polarization in
a well width of 71 A [33].

The optically excited spins from the HH state can be polarized with a degree
of spin polarization over 0.9 [33,[34] (Fig. [2.3). The reason of reduction from
1 mainly comes from spin relaxation before the detection which is merely an
artifact of the detection scheme. For the excitation from teh LH state, additional
reduction is observed originating from the exciton continuum that could have

an opposite effect on the spin polarization [35]. The latter is a crucial matter for

13
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pure spin injection however tuning is possible with variation of well width [36],
magnetic field |37] and electric field [38] to suitable avoid the effect of exciton
states. Furthermore, in lower-dimensional systems such as in a quantum dot,
holes can be extracted under an intense electric field to leave only the electron

inside the dot with its spin conserved [39).

2.2.2 Landé g-factor in quantum wells

The Landé g-factor is one of the most important material parameters to charac-
terize spin-related phenomena in semiconductors. The value of the g-factor in
II1I-V semiconductor systems often differs from that of a free electron in vacuum,
where g, = 2. For example bulk GaAs, AlAs, InAs and InSb show the electron
g-factor value of -0.44, 1.52, -14.9 and -51.56, respectively. The deviation from
the free electron value was theoretically explained by L. M. Roth et al. [40]
using k - p perturbation theory. The authors deduced the general formula of
the electron g-factor as a function of energy band gap F, at the I' point:

E,A

E,(E, +A)’ (2.9)

922—g

¢ 3

where E, is the energy of interband momentum matrix element and A the spin-

orbit energy splitting. This equation implies that the g-factor of conduction

band electrons are indirectly affected by the spin-orbit interaction via orbital

interband mixing with the valence band, and narrower band gap and stronger

spin-orbit interaction result in a larger negative correction to the g-factor from
2.

The electron or hole g-factor is also strongly influenced by the quantum
confinement effect in low-dimensional electron systems. A typical example is the
QW structure in which the g-factor is determined by material composition and
confinement energy. Intuitive understanding of the g-factor modulation in a QW
is explained in the following way. In the case of a typical AlGaAs/GaAs/AlGaAs

QW, the wave function of the confined electron or hole is not only in the GaAs



2.2 Quantum wells

layer but also penetrates into the AlGaAs walls which has a positively larger
g-factor compared to GaAs. Owing to this penetration of wave function, the
averaged effective g-factor of carriers is the admixture of the g-factor values in
the well and wall materials. Furthermore, in lower-dimensional systems such
as a quantum dot, further deviation of the g-factor would appear due to three
dimensional confinement. The degree of deviation can be qualitatively discussed

by comparing dot size with magnetic length [41].

Electron g-factor engineering in quantum wells

The g-factor engineering in semiconductors is an essential technique for applica-
tion of spintronics and quantum computation because it directly determines the
operability of carrier spins. As mentioned in the previous section, qualitative
explanation for the g-factor modulation in a QW is given by considering the
penetration of electron wavefunction into barrier layers. However, G. Lommer
et al. [42] argued that the realistic probability of finding the subband electron
on the AlGaAs layers is too small to reproduce the g-factor change observed
in experiments. The authors proved that this discrepancy is compensated by
taking into account the nonparabolicity of the bulk conduction band structure.
The behavior of the g-factor in semiconductor systems expressed in equation
by L. M. Roth et al. is extended to a QW structure by E. L. Ivchenko
and A. A. Kiselev [43]. Their work focused on the QW width dependence of
the electron g-factor confined in a well structure using second-order k - p per-
turbation theory, and further predicted the anisotropy of the g-factor values
originating from reduced symmetry of two-dimensional electron system.
Experimental demonstrations were later reported in various methods, such
as electron spin resonance, Hanle effect, and spin quantum beats (QB). In par-
ticular P. Le Jeune et al. first experimentally showed the anisotropy of the
electron g-factor in GaAs/AlGaAs QWs using QB method [44]. Figure
shows assembled data of the electron g-factor in GaAs/AlGaAs QWs as a func-
tion of QW width. They observed the crossing of the g-factor from negative

through zero to positive values by reducing well width and hence increasing
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Figure 2.4: The longitudinal and transverse electron Landé g-factors in

GaAs/Aly35GagesAs QWs deduced from spin quantum beats [44]. The index L
and || indicate the perpendicular and parallel directions to the growth direction, re-
spectively. The curves are guides for the eye (the error bars for the g-factor values
are smaller than the symbol size). (Inset) Dependence of the calculated longitudinal
and transverse g-factor components on the QW width according to Ref. [43].

the confinement energy. In GaAs/Aly33GaggerAs QW a g-factor near zero is
realized at the well width of 6.2 nm for magnetic field parallel to the growth
direction. They also depicted the larger anisotropy of the g-factor in narrower
wells, while negligible anisotropy in wider wells up to 12 nm. The discrepancy
between experiment and theory in the g-factor for magnetic field parallel to the

growth direction (shown in the inset) is due to coupling with the HH band.

g-factor of holes

In contrast, theoretical study of the g-factor of the valence bands is much more
complicated, since nonparabolicity and anisotropy of the Hamiltonian play cru-
cial roles. The Zeeman interaction of a bulk hole is written by the following

4 x 4 matrix operator:

Hy = —2pusls(J - B) + q(J; By + J, B, + J.B.)], (2.10)
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Figure 2.5: The electron (g.), heavy-hole exciton (ge,), and heavy-hole (gp) g-
factors in GaAs/AlGaAs QWs. The dashed curve is the difference of the two solid
curves to guide the eye [45].

where J is the total angular momentum vector, and x and ¢ are band structure

parameters, named Luttinger parameters.

First, the HH g-factor in a QW for in-plane magnetic field shows the strong
dependence on crystal growth direction. For high-symmetric growth direction
such as [001] and [111], a dominant term of the HH g-factor is known to vanish.
In contrast, low-symmetric growth direction leads to the finite HH g-factor. In

a specific case of growth direction [nn(2m)] where n and m are integer, the HH

g-factor anisotropy is given as follows:
HH
Yinn@m)] V4 —3sin?6

S 2.11)
HH ' ’ (
90, sin 6

where 6 is the angle between [100] and [mmn]. Experimental reports for the
in-plane HH g-factor in [001] QWs show values less than 0.05 [46-48].

Second, the HH g-factor for magnetic field parallel to the growth direction

usually has a finite value given by gy, = 6k + 13.5¢ using Luttinger parameters.

17
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M. J. Snelling et al. reported a systematic investigation of the HH g-factor in
GaAs/AlGaAs QWs with various well widths, using the Zeeman splitting of
luminescence line at low temperature [45] (Fig. [2.5)). Similar to the electron g-
factor in QWs, the HH g-factor ranged from positive to negative with decreasing
QW width. The authors mentioned that the origin of well-width dependence of
the HH g-factor cannot be explained solely by the nonparabolicity of the bulk
conduction band structure, indicating that the above Luttinger parameters are
also well-width dependent.

On the other hand, systematic investigation of the g-factor of the LH sub-
band in both theoretical and experimental works is not yet completed. One
reason for this is the smaller effective mass compared to the HH subband, re-
sulting in higher quantization energies. The LH g-factor for in-plane magnetic
field is discussed by A. A. Kiselev et al. [49], in which the authors focus on
unstrained and strained InGaAs/InP QWs. In contrast, the theoretical study
of the LH g-factor for out of plane magnetic field is reported only recently [50].
In this study they took into account the proximity of the second HH subband
and ground LH subband, and predicted the giant Zeeman splitting of the LH
subband where the g-factor is enhanced by several orders of magnitude. Still

there are only few experimental data for the out of plane LH g-factor [51},52].

2.2.3 Towards coherent transfer between quantum bits

Up to these days, many physical forms of quantum information media have been
investigated intensively. Each quantum system has its own advantages not to
mention its drawbacks. For instance, a quantum bit (qubit) based on a photon
can transmit information through long distances. There are several proposals
for establishing all optical quantum networks [53-56], however they might be
unsuitable for effective gate operations. Whereas a quantum bit based on a
stationary electron spin in semiconductors has its strength on quantum infor-
mation processing and storage. The significant synergy effect is expected by

establishing a state-preserving quantum media conversion technology between
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different quantum systems. From this perspective, demonstration of coherent
transfer, the transfer of quantum mechanical superposition state, between dif-
ferent types of media will be a milestone for constructing a future quantum

information network.

Photon quantum bit Electron spin quantum bit
(Poincaré sphere) (Block sphere)
Unitary |T)
transformation
1N —ill) =Y
|DF) 1Ty + ) 1Ty + i|)

Figure 2.6: A schematic view of the coherent transfer from photon to electron
spin with the unitary transform. The left figure is the Poincaré sphere for photon
polarization states, and the right shows the Bloch sphere for electron spin states.

Let us focus on a photon polarization qubit and electron spin qubit as a
representative of flying qubits and stationary qubits. Both qubits are basically
described by a two-level system, i.e. |oF) and |o~) for photon polarization,
and |1) and ||) for electron spin. Figure [2.6(left) exhibits the Poincaré sphere,
where each point on the surface corresponds to a superposition of the above two
states, whereas Figure (right) shows a Bloch sphere for electron spin super-
position states. Significantly, both the Poincaré sphere and the Bloch sphere
can be expressed by an identical Hilbert space SU(2), allowing us to perform
the unitary transfer between these two qubit systems as long as energy and
angular momentum are conserved during the transformation process. In this
section, the principle of the unitary transformation from photon polarization to

electron spin in a g-factor engineered QW is introduced.
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Scheme of coherent transfer

A coherent transfer scheme of quantum states from photon polarization qubit to
electron spin qubit was proposed by R. Vrijen and E. Yablonovitch in 2001 [11].
In this proposal, they claimed that transfer of superposition states from photon
polarization to electron spin can be performed in a QW system under magnetic

field by utilizing selection rule. Figure[2.7)is the schematic view of the V-shaped

Electron AFE; = geupB

Figure 2.7: The schematic of V-shaped three level system for the coherent transfer
from photon polarization to electron spin. The HH bands are assumed to be separated
from the LH bands, and the in-plane magnetic field splits the two-fold degenerate LH
energy levels, while the energy splitting of the conduction band remains within the
range of incident laser bandwidth.

three-level system required in the above coherent transfer scheme. The authors
assume a QW system based on III-V semiconductor, and the advantages of

using QW structure are given as follows,

(i) The LH bands and the HH bands are energetically separated

20
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(ii) The electron g-factor can be tuned considerably smaller than the LH

g-factor,

however both are usually difficult to achieve in a single heterostructure.

When polarized photons are irradiated to bulk GaAs, electrons in both the
LH and the HH bands are simultaneously excited, and the ratio of generated
electron up- and down-spin is no better than 3:1 even with circularly polarized
light. Thus, quantum state transfer is imperfect unless the light and HH bands
are intentionally separated. The problem is solved by making use of a quantum
confinement effect with which the degeneracy of the valence bands with different
effective masses is lifted.

Still, excitation of either the light or HH bands does not preserve any phase
information of polarized photons. For instance, when an electron is excited
from the HH band by a polarized photon |¢),, = a|c™) + Slo~), the state of

the electron-hole pair created is given by the following expression.
[0) = al =3/2)n ® | = 1/2)e + BI3/2)n @ [1/2)e. (2.12)

Here, the photo-generated electron and hole are obviously entangled, and the
lifetime of the electron-hole state is limited by the shorter of the two individ-
ual relaxation times. In GaAs the electron spin coherence time is known to be
several us, whereas that of the hole spin is much shorter, of the order of 10 ps.
The significant difference of spin coherence time arises from the fact that the
conduction band consists of an s-type orbital with orbital angular momentum
L = 0 leading to no entanglement between spin and orbital parts of the wave-
function, while the valence band consists of a p-type orbital with L = 1 which
suffers considerably from the spin-orbit coupling effect.

The immediate spin decoherence due to electron-hole entanglement is avoided
by applying a magnetic field to completely separate electron and hole states.
The HH has an almost zero g-factor for the (001) GaAs QWs as explained in
the previous section, therefore the HH excitation is unsuitable for the coherent

transfer scheme that we are going to discuss. In the following discussion, the
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HH band is assumed to be energetically separated from the LH and can be

neglected. The two-fold degenerate LH states are written by:

2 1

4 W), = \/;m, —0,m, = 1/2) + \/;ml L= —1/2),  (2.13)
2 1

| = P)in = §|ml:07ms:—1/2>+ glml:—l,mszl/Z). (2.14)

With in-plane magnetic field applied, the degenerate LH states form bonding

and anti-bonding states. The anti-bonding state is expressed as follows.

|>Zh—\/7[|+w>h—|—
\/7[\/7]01/2 \[u ~1/2) — \[m —1/2) — \/7\—11/2]

(2.15)

Assume that the laser wavelength is tuned to excite only the |—);, state. Since
a polarized photon |oc7) (|o~)) excites an electron from the m; = —1 (m; = +1)
state to the conduction band, a superposition state of the polarized photon

|#)pn creates the electron-hole superposition state:
[P)en = |=)n © []0,1/2) + 3]0, —1/2)], (2.16)

where electron and hole states are separated from each other. In this condition,
decoherence of a hole spin does not affect the electron spin state, and thus
coherent transfer from photon polarization to electron spin with one-to-one

correspondence is realized.

Experimental verification of the proposed coherent transfer scheme discussed
above was reported by H .Kosaka et al. in 2008 [25]. In this work, the authors
prepared a Ti:sapphire laser with bandwidth 0.38 nm as a photon-source, and
GaAs/AlGaAs QW as a photo-detector. They evaluated the electron and the
LH g-factors about -0.21 and -3.5 under in-plane magnetic field, which satisfy
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Figure 2.8: (a) (blue) PL and (red) PLE spectra of a g-factor engineered
GaAs/AlGaAs QW detected at HH exciton emission under B, = 7 T [25]. The
broken lines show the spectra of the (red) pump and (blue) probe lights. (b) Pump
power dependence of the Kerr rotation angle with D+ under B, = 7 T at t = 12 ps.
(¢) Temporal evolution of the Kerr rotation angle with six basis polarizations under
B, = 7 T. (d) Large-timescale view of (c). (e) HH-excitation case for comparison.

the requirement of the transfer scheme. As described in Fig. [2.8|(a), excitation
wavelengths of the HH and the LH are extracted from the photoluminescence
(PL) and photoluminescence excitation (PLE) spectrum. Photo-generated elec-
tron spins are detected by Kerr rotation measurement, in which the polarization
angle of the probe light is modified by electron spin polarization created by the
pump light.

Figure [2.§)(c) is the temporal evolution of Kerr rotation angle #; with six
basis polarizations, where electrons are excited from the LH band under in-
plane magnetic field B = 7 T. Noticeably, each of the consecutive phase shifts
in the cyclic order of |¢7) — |D*) — |07) — |D™) — |ot) in 7/2 steps,

strongly indicating the superposition state transfer on a meridian of the Poincaré
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sphere to that of the Bloch sphere. In contrast to the LH excitation, the HH
excitation only demonstrates the considerable spin polarization with |o™) and
|o~), showing that created spins are always projected along the z-axis. Note
that in this experiment, spin readout is performed only in the y-z plane of
the Poincaré and Bloch spheres. Further verification of state transfer in the
x-z plane is later reported by the same group with tomographic Kerr rotation

measurement [20].



Chapter 3

Basics of Quantum dots

Recent development of semiconductor fabrication techniques allows us to con-
struct an artificial nanostructure which has gained much interest in the context
of industrial application for nanoscale devices and fundamental study of quan-
tum mechanics in solids. Especially quantum dots, often referred to as “artificial
atoms”, are epoch-making technology to access charge and spin states of carri-
ers confined in nano-scale region. Charge and spin states of carriers are readily
detected with electrical transport measurement, as well as optical methods. To
be concrete, quantized energy states and the behavior of individual carriers are
resolved by only weakly coupling quantum dots to reservoirs via tunnel barriers.
In such a device structure, but having stronger dot-reservoir couplings, carrier
spin is often affected by other carrier spins in reservoirs, the example of which is
the Kondo effect observed in single quantum dot. Furthermore, scalable systems
are achieved by coupling more than one dots through tunnel barriers, which act
as “artificial molecules”. In this section, fundamental properties of single and
double quantum dots which are helpful in understanding the experiments in

this work are outlined.
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3.1 Single quantum dots

The quantum state of charge carriers trapped in a three-dimensional confine-
ment potential can be investigated with various transport measurements. The
constant interaction (CI) model is a well established model to describe experi-
mental results of carrier transport through single and multiple quantum dots,
such as Coulomb oscillation and Coulomb blockade. This model is based on the

following two assumptions:

(i) The Coulomb interactions of an electron on the dot with all other elec-
trons, both inside and outside the dot, are parametrized by a constant

capacitance C.

(ii) The discrete, single-particle energy spectrum, calculated for non-interacting

electrons, is unaffected by the interactions.

In the first assumption, the capacitance C is given by C' = Cs+Cp+ Cg, where
Cs, Cp, and Cg are the capacitance between dot-source, dot-drain, and dot-
gate respectively. The ground state energy of a quantum dot with N electrons

is represented as follows:

—lel(N — N, CsVs + CpVp + CaVg]?
[—lel( 0) + CsVs + CpVp + CaVi] +ZEn(B),

UN) = 2C

(3.1)
where Nyle| is a background charge of ionized donors in a semiconductor, Vi,
Vp and Vi are the voltage applied to source, drain and gate, respectively. The

chemical potential for the quantum dot can be defined by:

u(N) = U(N) = U(N - 1)
1 E
= (N — Ny — §)Ec — Fj(CSVS + CpVp + CGvg) + Ey, (32)
with Ec = ¢?/C being a charging energy. The corresponding addition energy,

the difference of electrochemical potential between neighboring ground state
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Figure 3.1: Quantum dot in the regime of low bias [23]. (a), (b) Schematic diagrams
of the electrochemical potential levels of a quantum dot in the low-bias regime. (a)
If no level in the dot falls within the bias window set by ug and pp, the electron
number is fixed at N — 1 due to Coulomb blockade. (b) The p(N) level is in the bias
window, so the number of electrons can alternate between N —1 and N, resulting in a
single electron tunneling current. (c¢) Schematic plot of the current Ipor through the
dot as a function of gate voltage Viz. The gate voltages where the level alignments of
(a) and (b) occur are indicated.

energy level, can then be written by:
Eoaa(N) = (N +1) — u(N) = Ec + AE. (3.3)

Note that addition energy is equivalent to charging energy when two spin de-

generate electrons are added in the same orbital level.

The transport characteristics of electrons through a quantum dot are deter-
mined by the relative position of energy levels to source and drain electrochem-
ical potentials. With a finite bias voltage, electrons can tunnel through the dot
only when one or more discrete energy levels are present in the bias window.

As energy levels are linearly modulated by gate voltage, the relative position of
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levels are accessed by probing dot current from source to drain. In particular,
in the low-bias regime (|eVsp| > E¢, AE) a finite dot current is expected only
when one energy level is aligned in the bias window, and hence the Coulomb

oscillation, the oscillation of dot current, should be observed by sweeping the
gate voltage (see Figure [3.1)).

3.2 Double quantum dots

Considering application of quantum dots in the context of a scalable electron
spin-qubit system, double quantum dots are essential devices to achieve spin
initialization, spin manipulation, high-fidelity spin readout, and quantum en-
tanglement. We use double quantum dots as well in the photoelectron trapping

experiments.

3.2.1 Charge transport in a double dot
Honeycomb structure in a stability diagram

First of all the charge state of double quantum dot is briefly discussed. As-
sume that two dots are connected in series with a center tunnel barrier and the
energy levels of each dot are independently modified by gate voltages Viz; and
Vo When two dots are not capacitively coupled, the charge states of a double
quantum dot is expected to be a grid pattern as in Figure (a), where each
separated rectangle region corresponds to a different charge state and each line
to a charge state transition line. This diagram is called the charge stability
diagram. If we take finite capacitive coupling between the two dots into con-
sideration, the stability diagram deforms into a so-called honeycomb structure,
which can be seen in Figure [3.2(b). In this condition each crossing point of
charge transition lines splits into two “triple points” where three charge states
are degenerate, since change of the electron number in one dot affects the en-
ergy levels of the other dot via capacitive coupling. The capacitive coupling

between two dots is simply deduced by measuring the distance between neigh-
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Figure 3.2: Charge stability diagrams for (a) uncoupled and (b) coupled double dots,
depicting the equilibrium electron numbers (N1, N2) in dots 1 and 2, respectively [23].
The lines indicate the gate voltage values at which the electron number changes. In
(b), a finite cross capacitance between gate 1(2) and dot 2(1) is taken into account.

boring triple points. Note that in the low-bias condition, finite dot current is
observed only near a triple point and any other condition is in blockade, while
all the transition lines including inter-dot transitions are visible with the charge
sensing technique.

In the few-electron double quantum dot, electron numbers trapped in two
dots are counted from the (0, 0) charge state where no more charge transition
lines are found in negatively larger gate voltage condition. Figure [3.3| shows
the stability diagram of a few-electron lateral double dot taken with the charge
sensing method. In the left-bottom region, no charge transition lines are ob-
served, which indicates that the double dot is emptied, with the (0, 0) state.
Charge state transition with total electron number constant, i.e. between (n,

m+1) and (n+1, m) are distinguished in light color near the triple points.

Bias triangle on a triple point

As discussed previously for the single dot case, excited states as well as ground
states of a double dot contribute to electron transport in the high-bias regime.

With higher bias voltage, triple points develop into a triangle shape “bias tri-
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Figure 3.3: Charge sensing data on a double dot in the few-electron regime .
Dark lines signal the addition of a single electron to the double dot system. The
absolute number of electrons in dots 1 and 2 is indicated in each region as Ny, No.

angle”. The schematic diagram of a bias triangle is shown in Fig. [3.4 The
bottom apex of the left triangle corresponds to a condition that the (1, 0) and
(0, 1) ground states are energetically aligned to the Fermi level of the source,
and the right apex of the left triangle to a condition that they are aligned to
the Fermi level of the drain. These two points are linked with a resonance line,
on which two energy states are aligned. In a dot current measurement, current
can flow only within the triangle region, and conductance is often enhanced
when any tunneling events through excited states are permitted. The effect of
excited states is reflected on triangles in the form of additional lines parallel to
the charge transition lines or resonance lines. It should be noted that the left
triangle in a diagram is fully explained by single electron transport. In con-
trast, one needs to consider a state that two electrons exist in the double dot in
the right triangle. However, the discussion is much simplified when regarding
the situation as a single hole transport from the drain to the source, which is
symmetrical with a single electron transport in the left triangle. In this sense,
the left and the right triangles are often called “electron triangle” and “hole
triangle”, respectively.

To obtain characteristic energy scales from experiment, gate voltages Vi
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Figure 3.4: (a) A sketch of the triple points for an applied source-drain bias Vsp

with the drain kept at ground. A triangle is formed from each triple point. Within

this bias triangle charge transport through the dot is energetically allowed. Gray lines

and regions in the triangles illustrate the gate voltages at which transitions involving

excited-state levels play a role. (b) Level diagrams for different detunings ¢ between
dot 1 and dot 2 (dotted line in the bias triangle).

and Vgo must be converted to the unit of energy. In double quantum dots
the detuning energy e, giving the energy difference between the two levels in
each dot, is often used to discuss certain phenomena occurring through tunnel
coupling between the dots. The detuning remains constant along lines parallel
to the resonance line on the diagram, and especially on zero detuning, the
energies of the focused electron states of the two dots are energetically aligned.
In contrast, by sweeping two gate voltages along a dashed line in Figure (b),
the energy difference between the two states can be tuned. Since the size of the
bias triangle is set by the applied bias voltage on the dot, energy scales inside
the triangle can be easily calculated. In this way certain excited state energies

can be obtained from the resonance line separations.
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Two electron spin states

Next the electron spin states of two electrons in a double quantum dot, often
referred to as “artificial hydrogen molecule”, is introduced. When two electrons
are both stored in one dot, i.e. (0, 2) state, four states can be formed. The spin

part of the wavefunction for each state is written as:

S(0,2) = ([T2d2)— [a12))/V2,
T.(0,2) = [t21s), (3.4)
75(0,2) = ([t2l2)+ [Hat2))/V2,
T(0,2) = [2l2),

where the spin index depicts the dot in which electrons are confined. Triplet
states T, Ty, and T_ are degenerate without magnetic field, and the singlet
state S is lower than the triplet states by Egr. The energy difference £, between
Ty and Ty, which is equivalent to the Zeeman splitting energy, is modified by
both perpendicular and in-plane magnetic field, whereas Fg¢r is changed only

by the perpendicular magnetic field.

Similar to the (0, 2) state, the (1, 1) state consists of a singlet state and
three-fold degenerate triplet states.

S(1,1) = ([Tida)— 1)/ V2,
To(1,1) = [111a), (35)
To(1,1) = (Trda)+ [at2))/V2,
T_(1,1) = [{12).

The energy difference J between singlet and triplet states is dependent on inter-
dot tunnel coupling t. and single dot charging energy Ec. The Hubbard ap-
proximation gives a relation of J = 4t?/E¢ at the zero-detuning point. In
Figure [3.5a), two electron states in a double quantum dot with a weak tunnel

coupling as a function of detuning € is described. A finite tunnel coupling hy-
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Figure 3.5: Energies of the two-electron spin singlet and triplet levels in a double
dot as a function of detuning e between the levels in the two dots for (a) B = 0 and
negligible tunnel coupling t., (b) B = 0 but significantly high ¢., and (c) finite B and
significantly high ¢..

bridizes the (1, 1) and (0, 2) states. Without taking the spin degree of freedom
into account, avoided crossing between the (1, 1) and (0, 2) states characterized

by a tunnel splitting 2v/2¢, is expected. In reality, the (1, 1) singlet and triplet
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states only couple to the (0, 2) singlet and triplet states respectively, since spin
should be conserved. Therefore the ground state singlets are only hybridized
(Fig. B.5(b)). At a zero magnetic field, Esy, which is the order of 0.4-1 mV
in GaAs lateral dots, pushes the avoided crossing of the triplets far away from
that of the singlets. With a finite magnetic field the triplet states split by the
Zeeman energy as mentioned above. The schematic diagram is shown in Fig.
3.5(c). A large magnetic field results in the separation of T, and T_ from T,

state, and one can confine the relevant state space to S and Tj.

3.2.2 Pauli spin blockade

In a series coupled quantum dot, transport current is rectified under a specific
condition of Pauli exclusion. This is called Pauli spin blockade (PSB), and is
applicable to a high-fidelity electron spin readout in multi-quantum dots. First
observation of spin blockade is reported in a vertical double quantum dot [5§],
and further investigated in lateral quantum dots in terms of both transport and
charge sensing measurement [59}/60]. Figure shows the dot current through
a double quantum dot as a function of bias voltage. The double dot is adjusted
to achieve transition from the (1, 1) to (0, 2) states via inter-dot tunneling. In
the main I-V curve, electron transport through the singlet states in the linear
transport regime is observed at |V| < 1 mV. For nonlinear transport in larger
bias, the spin blockade suppresses the dot current at 1 < V < 7 mV, while
finite current flows for negative side. In the spin blockade regime, both up-
and down-spin electrons can come into the left dot, and down-spin electron
tunnels to the right dot within a time scale determined by inter-dot coupling.
In contrast, current is blocked as soon as an up-spin electron comes into the left
dot and forms a triplet state. The blockade condition lasts for a spin relaxation
time 77 which is typically much longer than the inter-dot tunneling time of a
singlet state, and thus the averaged current is greatly suppressed.

At B = 0 T, the spin blockade in a double quantum dot is found to be
lifted by random nuclear field fluctuation [59]. Figure 3.7(1A) and (1B) are
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Figure 3.6: [-V curve showing electron transport through the singlet states in the
linear response region for V"< 1 mV [58|. For nonlinear transport in forward bias, the
spin blockade region associated with the formation of the (1, 1) triplet is for V' from
1 to 7 mV. The two potential diagrams illustrate the situations for spin blockade in
forward bias and continuous electron transport via the singlet states in reverse bias.
The upper left figure is the device structure of the vertical double quantum dot.

color-scale plots of dot current showing bias triangles where tunnel coupling is
small and spin blockade is expected to occur. The dotted region indicates spin
blockade. In the absence of an external magnetic field, leakage current is seen
along resonance line (Fig. [3.7[(1A)). Furthermore, the leakage current is strongly
reduced under a finite magnetic field. The existence and suppression of leakage
current is a direct consequence of the hyperfine interaction between electron
spins and nuclear spins, which hybridizes the singlet and the triplet states and
hence lifts the spin blockade. Figure [3.7(2A) and (2B) show the magnetic
field and detuning dependence for leakage current at weak and strong inter-dot
couplings. Since the external magnetic field separates two triplet states T, and
T out of the energy scale of hyperfine mixing, spin blockade occurs when the
above two triplet states are formed, and suppression of leakage current results.
The authors further deduced the magnitude of the inhomogeneous field \/@
= 1.73 £ 0.02 mT. The inhomogeneous field is interpreted as the fluctuation of
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Figure 3.7: (1A) Bias triangle measured in a lateral double quantum dot for smaller
inter-dot tunnel coupling, where spin blockade is expected to occur . A marked
increase of leakage current is seen in the lower part of the Pauli blockaded area (the
green and yellow band). (Inset) One-dimensional trace along the solid gray line, with
Coulomb blockaded, resonant, and inelastic transport regimes. (1B) Analogous data
for the same tunnel coupling as in (1A), but for B,y = 100 mT. The leakage current
from (1A) is strongly suppressed. (2A) Leakage current as a function of detuning
and magnetic field for small tunnel coupling (< Ey). Both the resonant and inelastic
leakage currents drop monotonically with B.,;. Inset: Magnetic field dependence of
the inelastic current along the dotted line (Arr = 40 meV). (2B) For larger ¢ (>

En).

the nuclear spin field difference between the two dots.

It is clearly proved in charge sensing measurements that the current rectifi-
cation originates from a blocked inter-dot charge transition. Figure [3.8| shows
the charge sensor conductance measured as a function of two gate voltages V7,
and Vjx in the one- and two-electron regimes. Plotted gray-scale color directly
reflects the time-averaged occupation probability of electrons in two dots. In
contrast to the transition between (1, 0) and (0, 1), the transition between (1,
1) and (0, 2) is not symmetric for the opposite bias case. With positive bias in

the latter case, charge states evolve in the order (0, 1)—(0, 2)—(1, 1)—(0, 1),



3.2 Double quantum dots

S S

mol T, %
&

T, g’—‘*—S
S
...

e o
0 20 0 10

Gsz (107 /) e o Gsz (107 &) s
B\-2. 01T

-1.035  -1.030 ' -0.96 -0.95
V, (V) V, (V)

Figure 3.8: Charge sensor signal measured in a lateral double quantum dot .
A plane is subtracted from each panel to remove direct gate-QPC coupling. Inset
shows the corresponding simulation result using a rate equation model. The charge
transitions for several gate voltage conditions are illustrated at the top of the figure.
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where the electron spin from the source is filtered so as to form a singlet state
and always enables tunneling to the left dot. On the other hand, both up- and
down-spin can enter the right dot at negative bias, and once the triplet state is
formed, a trapped electron can neither tunnel to the right dot nor return to the
lead. As a result, the charge sensing signal in the spin blockade region coincides
with that of the (1, 1) state, strongly suggesting that current rectification is
mostly attributed to a transition process of (1, 1)—(0, 2).

3.3 Charge sensing and spin detection tech-

niques

Fast and sensitive single electron charge sensing allows deep investigation to
detect dynamical response of charge and spin states of quantum dots. The
technology of charge sensing was earlier developed using SETSs in supercon-
ductors [61]. They applied the concept of driving a small current beside the
measured structure to create electrometers that could sense down to a single
electron. The technique is then applied to gate defined GaAs nano-structures
such as QDs with tunable electron charge states. The tunneling of single elec-
trons and the related spin dependent tunneling in QDs are observable with the
charge sensor. The physical properties such as spin relaxation mechanisms are
identified through measurement of the spin dynamics with combined techniques
of charge sensing and spin to charge information conversion. Additionally, fast
spin measurement can offer an ingredient to realize error correction or telepor-
tation in quantum information processing. Here, the basics of charge sensors

and techniques to measure single spin information are introduced.
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Figure 3.9: Conductance through a gate-defined point contact as a function of gate
voltage after subtraction of the lead resistance [62]. The conductance shows plateaus
at multiples of 2¢2/h.

3.3.1 Charge sensing
Quantum point contact charge sensor

The conductance in a ballistic one-dimensional quantum wire is given by:

2 2
G = NC%, (3.6)

with N¢ the number of subbands below the Fermi energy. One can interpret
this relation as a quantization of one-dimensional conductance since N¢ is an
integer, and the one-dimensional system showing the quantized conductance
is called a quantum point contact (QPC). Figure is the first experimental
observation of conductance quantization through a QPC in a two-dimensional
electron gas [62]. As shown in the inset, two gates are fabricated on a high
electron mobility transistor (HEMT) to deplete the two-dimensional electron

gas, and with further applying negative gate voltage, a series of conductance
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steps with a unit of 2e?/h is observed. This result indicates that as the gate

voltage is made more negative, N decreases one by one.
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Figure 3.10: (left) SEM image of a double quantum dot with QPC charge sensors
on left and right sides [57]. (a) Conductance through QPC sensor with sweeping gate
voltage. (b) (top) Coulomb oscillation in dot current and (bottom) the corresponding
QPC signal. Sharp peaks in numerical derivative of QPC conductance indicate charge
state transitions in the quantum dot.

The current through the QPC is insensitive to change of background electro-
static potential if the voltage is set at a conductance plateau, while it is highly
sensitive to the outside environment at a gate voltage between the plateaus.
Therefore, with this gate voltage setting the QPC is a high-sensitivity meso-
scopic electrometer. The left picture in Fig. [3.10 is a scanning electron mi-
croscope (SEM) image of a gate-defined double quantum dot [57]. Two QPC
charge sensors are fabricated at the right and left side of the dot. The center
figure is the first conductance step, and the gate voltage Vi gpc is set at a point
halfway to the plateau. The right figure depicts the Coulomb peaks in the dot
current in the upper panel, and the corresponding QPC signal or a numerical
derivative dIgpc/dVe in the lower panel. Because charge state transition in the
quantum dot changes the electrostatic potential at the QPC, the QPC signal
shows peaks when the electron number in the dot changes, as identified by the

Coulomb peak.
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Quantum dot charge sensor

By constraining the charge sensor current in a lower dimension, a more sophis-
ticated type of charge sensor is realized with higher sensitivity and better signal
to noise ratio. Here, a charge sensor consisted of a three-dimensionally confined
QD is introduced. An additional sensor QD can be placed near the target QD
(Fig. . Conductance of the QD sensor shows peaks as a function of
gate voltages. The greater slope of the peak, compared to the slope of the QPC
sensor, indicates the higher sensitivity as a charge sensor. Reduced screening
and small characteristic energy needed to change transmission in the quantum

dot are responsible for the improved performance.
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Figure 3.11: (a) Micrograph of a double quantum dot sample with an additional
sensor dot on the right. Gate voltages VL. and VR control the double-dot charge.
Plunger gate VD can also be operated as a point contact. (b) Single QD measured
by rf reflectometry.

Real-time charge sensing

In addition, charge sensing is useful for a real-time measurement of the change
of electron number in quantum dots. The first demonstration of the real-time
detection was reported by W. Lu et al. using an integrated radio-frequency
single-electron transistor charge sensor . Later, a similar experiment was
performed using a QPC charge sensor [65]. Figure m(a) shows an atomic
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force microscope (AFM) image of a quantum dot fabricated with surface probe
lithography. In Fig. [3.12(b), top left shows the time-dependent trace of a
typical charge sensing signal near the charge transition point, and the histogram
is seen in the top right figure. The QPC conductance fluctuates between two
values corresponding to Ny and Ny + 1 electron states, indicating the real-time
observation of electron tunneling. The authors further showed the change of
averaged electron number occupied in a quantum dot by sweeping gate voltage

across the charge transition point (Fig. [3.12(b) bottom).
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Figure 3.12: (a) Atomic force micrograph of the structure with designations of
gates created by surface probe lithography [65]. (b) Single oscilloscope trace of the
QPC conductance vs time (top left). The dot was tuned to a point near a step in
the QPC conductance. Histogram of the data and 19 similar sweeps is shown at top
right. Changing the voltage Vg1 modifies the electrochemical potential of the dot and
allows a transition from the N electron state to the N + 1 electron state (bottom).

3.3.2 Single-shot readout of electron spins

A difficult task in quantum information processing and spintronics is the direct
measurement of a single electron spin. Single-shot readout implies that the mea-
surement must have high fidelity (ideally 100%) since only one copy of the state
is available and no averaging is possible. Readout of single spin states has been
achieved using optical techniques in 1988 |66]. Several ideas for electrical single

electron spin measurement was proposed using various spin-dependent energy
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terms |67-70]. The first demonstration of electrical single-shot measurement of
the state of an individual electron spin in a semiconductor quantum dot was
reported in Reference [71]. Each electron spin is first influenced directly by an
external magnetic field via the Zeeman energy Ey = S,gugB, where S, is the
spin z component. This generally leads to a spin state with a different energy.
By correlating the spin states to different charge states and subsequently mea-
suring the charge on the dot, the spin state can be determined. This way, the
measurement of a single spin is replaced by the measurement of a single charge,
which is a much easier task. Until now, various kinds of spin readout have been
demonstrated using single and double QDs. Some of the general techniques are

introduced in this section.

First demonstration of spin readout

The first demonstration of spin detection in Referece [71] uses a difference in
energy between the spin states for spin-to-charge conversion. In this energy-
selective readout, the electrochemical potential of the reservoir is positioned
between the Zeeman substates in the dot (Fig. [3.13(a)). The Zeeman splitting
is larger than the thermal broadening in the reservoir. One electron can tunnel
off the dot from the spin excited state (ES) and then tunnel in the ground
state (GS), whereas in the GS it cannot tunnel off the dot. This difference of
temporal charge movement can be detected by the charge sensing to determine
the initial electron state, either ES or GS.

A gate voltage pulse procedure was used here to, (i) empty the dot, (ii)
inject one electron spin, and then (iii) measure its spin state. Experimental
traces of the pulse response show spin detection at an in-plane field of 10 T (Fig.
3.13[(b)). When the electron is in GS (spin-up), its energy level is below fiyes, SO
the electron remains on the dot (red line region in Fig. [3.13(b)(top)). When the
electron is in ES (spin-down), its energy level is above e, S0 the electron tun-
nels to the reservoir after a typical time ~ 7. Then an extra electron can tunnel
onto the dot leaving a step signal (red line region in Fig. [3.13|(b)(bottom)).

This scheme is simple but it has some drawbacks.

43



3.

Basics of Quantum dots

44

b 2- ; Spin=up

a Energy-selective readout \

E Sﬁ I ES = [ | j,"\»\"u"\.“m,w/'w*ﬁr-.ﬂl
—— = 0 b tyat —f troad _>‘ "
Gs " es Gs N
E L i
~ — 2 Spin-down

I

)
P

Algpg (NA)

i |
% Vs S
g || | .
0 — 01 g TRERTE
3 I| | N, M \II
-e B — o fota —] L
> |
Time Time Y
C 1 1
0.0 0.5 1.0 1.5
Time (ms)

Figure 3.13: (a) Energy diagrams explaining the scheme for spin-to-charge conver-
sion. Tunneling is energetically allowed from ES, but not from GS. (b) Single-shot
read-out of one electron spin. Typical time-resolved measuremnts of the QPC current
in response to a two-level pulse. In the top panel, an electron is injected during tyait
and is declared ‘GS’ during t;eaq. In the lower panel, the injected electron is declared
‘ES’ by the characteristic step which crosses thethreshold (red line) during t,eaq.

(i) The Zeeman splitting must be larger than the thermal energy of electrons
in the reservoir. Thus single spin readout is only effective at very low

electron temperature and high magnetic fields (kpr < AEy).

(ii) The positioning of the spin levels with respect to the reservoir is very
sensitive to fluctuations in the electrostatic potential. Background charge
fluctuations induced electrically or optically can easily degrade the readout

configuration.

(iii) High-frequency noise can spoil the measurement, because photon-assisted
tunneling can induce transition from the spin ground state to the reser-
voir [72]. In addition, since the QPC is a source of shot noise, this limits
the current through the QPC and thereby the bandwidth of the charge

detection.
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These constraints have motivated the search for a different method for spin-to-
charge conversion, and have led to the demonstration of the tunnel rate selective

readout.

Tunneling rate selective spin readout

Spin-to-charge conversion can be achieved by exploiting the difference in the
tunneling rate of the different spin states to the reservoir. Similarly, the different
tunneling rates can be achieved for inter-dot tunneling to the discrete levels of a
second dot. The concept of the tunnel rate selective spin readout is outlined in
this section. The first demonstration of this technique uses the tunneling rate
difference between ES and GS to the reservoir (Fig. |3.14(a)).

Here, spin dependent tunneling was demonstrated for a two-electron dot,
where GS is the spin-singlet (S), and ES is the spin-triplet state (7). Since the
wave function in this excited orbital has more weight near the edge of the dot,
the coupling to the reservoir is stronger than for the lowest orbital. Therefore
the tunneling rate from the triplet state to the reservoir I'z is much larger than
the rate from the singlet state ['g, i.e., 't > I's. The spin readout was tested
experimentally by applying gate voltage pulses as depicted in Fig. [3.14{(b).
Figure m(c) shows the expected response of Igpc to the pulse. During the
readout process either of the electron spin can leave the dot giving an additional
step in Igpc as indicated by an arrow in Fig. [3.14(c). Tunneling rates were
tuned such that the tunneling event of S is clearly visible but most of the
tunneling events of T" are not resolved. In order to discriminate between S
and 7', the number of electrons on the dot is determined at the readout time
(vertical dashed line in Fig. [3.14(d)). If Iqpc is below the threshold, it means
N=2 and the state is declared ‘S’. If it is above the threshold, it follows that
N=1 and the state is declared “T".

A major advantage of the tunneling rate selective readout scheme is that
it does not rely on a large energy splitting between spin states. Furthermore,
it is robust against background charge fluctuations, since these cause only a

small variation in the tunneling rates. Finally, photon-assisted tunneling is not
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harmful since tunneling is energetically allowed regardless of the initial spin
state. Thus, the tunneling rate selective readout overcomes several constraints
of energy selective readout. In general, the best choice of readout method will

depend on the specific demands of the experiment.
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Figure 3.14: (a) Tunnel rate selective readout. One electron is allowed to tunnel off
the dot, regardless of the spin state, but the tunnel rate depends strongly on the spin
state: I'pg > I'gs. If a charge measurement after a time 7, where F(_;é >T> ngl,
indicates that one electron has (not) tunneled, the state is declared ‘ES’(‘GS’). (b)
Pulse waveform applied in Reference [73]. (c) Response of the QPC current to the
waveform of (b). In the readout stage, spin is converted to charge information due to
the difference in tunneling rates for states GS and ES. (d) Real-time traces of Algpc
during the last part of the waveform (dashed box in the inset). At the vertical
dashed line, N is determined by comparison with a threshold (horizontal dashed line
in bottom trace) and the spin state is declared ‘ES’ (“I”) or ‘GS’ (‘S’) accordingly.
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Degree of spin measurement accuracy

For application in quantum information processing it is important to know the
accuracy, or fidelity of the single-shot spin readout. The measurement fidelity
is characterized by two parameters, o and [ (inset of Fig. |[3.15)), where a (53)
corresponds to the probability of measuring ‘ES’ (‘GS’) though the initial state

is GS (ES). This kind of readout error is caused by for instance, thermally acti-

Figure 3.15: Visibility of the tunneling rate selective readout as a function of the
spin relaxation time 77 and the ratio I'gs/I'gs, for 'qs=2.5 kHz. The diamond
corresponds to the readout parameters of Reference [73]. Inset: definition of the
error rates o and B. If the initial state is GS, there is a probability « that the
measurement gives the wrong outcome, i.e., ‘ES’ (5 is defined similarly).

vated tunneling or electrical noise, similar to dark counts in photon detectors.
An ES electron can relax to GS before the spin measurement which is modeled

by a rate 1/7}. Analytically this gives,

a = 1—etosT (3.7)
(1/Th)e "™ + (Ps — Dgg e Mest/T
Ips +1/T1 — Tas
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where 7 is the threshold time. The optimal value of the threshold is obtained
for which the ‘visibility’ 1 — a — 8 is maximal. Figure plots the visibility

as a function of T} and the ratio of the tunneling rates I'es/T'gs.

3.3.3 Non-destructive spin state measurement

It is interesting to think about a measurement protocol that would leave the spin
state unaffected, a so-called quantum quantum non demolition (QND) measure-
ment. QND measurement is known for a possibility to realize a partial Bell-state
measurement that can consist in a measurement-based quantum computation.
With this, two-qubit gates could be replaced with the measurement, so it sim-
plifies the realization of a scalable quantum computer [74]. In terms of single
spin measurement, QND measurement can give repeated spin state signals with
the same output, offering a higher accuracy of the spin measurement [68].

The usage of the term ‘demolition’ has different interpretations depending
on the measurement one is focusing on, for example losing the spin quantum
state or losing the particle. Charge measurements that may not have an effect
on the spin state can be non-demolishing for spin states. On the other hand,
spin measurements inevitably demolishes the spin state by its projection mea-
surement but can still conserve the electron number or the spin state projected
onto some eigenstate. The measurement we focus in this study is the spin mea-
surements in double dots that preserves the total electron number in the dot. If
the measurement is faster than 77, spin readout is possible after spin manipula-
tion. To emphasize this fact, we would like to use the term ‘non-destructive’ for
indicating the conservation of the measured electron within the dot structure,
and not the spin state.

With the readout schemes that make use of tunneling to a reservoir, non-
destructive measurements are not possible because the electron is lost after
tunneling. In single dots, though non-demolishing measurement of spins by
re-initializing the dot spin state is possible [75], further manipulation such as

partial Bell-state measurement is not possible. By making the electron tun-
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nel not to a reservoir but to a second dot, the electron can be preserved and
non-destructive measurements are in principle possible. Additionally, the non-
destructiveness is crucial in the photon to spin conversion. The converted elec-
tron spin in the dot must be measured or manipulated after electron detec-
tion thus requires the non-destructiveness subsequent to photoelectron trap-
ping. Non-destructive detection is realized in optical measurements [76},77] but

subsequent manipulation is yet to be realized.
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Figure 3.16: (a) Two-electron energy levels as a function of detuning ¢ from (0,2)-
(1,1) degeneracy. Markers indicate gate voltages used in single-shot mode. Prepara-
tion of (0,2) singlet (P); separation for S — Tp mixing (S) and S — T}y mixing (I);
measurement (M ); operating point with 0 V pulse amplitude (D). (b) Pulse sequence
of ¢, controlled by Vi and Vi, cycling through the points P, S, M. Sensor signal v¢
indicates triplet (green, marked T') or singlet (blue, marked S) outcome.

An important example of a non-destructive spin detection scheme is the
readout of singlet and triplet states in a DQD using Pauli spin blockade. Mea-
surements of the two electron spin state is utilized to measure spin qubits op-
erating in a singlet-triplet basis [78]. The singlet and triplet spin states are
mapped to (1,1) and (0,2) charge states which are measured by a QPC. Recent
reports demonstrate rapid single-shot measurements that can also give access
to the dynamics of the environment, for instance the nuclear spin field environ-
ment [79].

Figure |3.16| shows an example of such single-shot measurement. Energy
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levels of the system as a function of detuning, ¢, from the (1,1)-(0,2) charge
degeneracy are shown in Fig. m(a). A pulse cycle (Fig. [3.16{(b)(top)) first at
P where a spin singlet in (0,2) is prepared and then to S changes the detuning
point, where S and Ty (S and T',) are nearly degenerate. Finally the system is

max

brought to the measurement point M for a time 73;**. If the separated electrons
are in the singlet configuration of (1,1) at M, the system will return to (0,2),
which will be detected by the QPC. If the two electrons are in the triplet state,
they will remain in (1,1) at M, and detected accordingly (Fig. [3.16(b)(bottom)).

Replacing the single-shot measurement with a continuous real-time mea-
surement of S and T can give similar information. Utilizing the spin blockade
in a resonance condition has a possibility of continuous real-time spin measure-
ments. This could serve as a reliable readout mechanism, currently implemented

in optical spin measurements, for the purpose of quantum computing [80].



Chapter 4

Preceding studies on single

photon detection

The experiment explained in §2.2.3]is undoubtedly an innovative achievement
demonstrating the applicability of the coherent transfer scheme based on V-
shaped three level systems. Still, in the context of practical use of quantum
media conversion and construction of a quantum information network there
remains another critical issue to be solved, that is, the information transfer
between a single photon and a single electron spin. The preceding works by
Kosaka et al. employed a two-dimensional system where incident light creates
a large amount of electron-hole pairs. As a consequence, one can only observe
the ensemble spin state instead of individual electron spin states. For direct
measurement of single electron spin states in semiconductors, a QD with three-
dimensional confining of electrons is a promising system.

Natural extension of the method on the above two-dimensional system is a
lateral QD fabricated on a QW, in which individual electron spin states can be
detected. There are several advantages of utilizing a lateral QD. First, imple-
mentation of a QPC charge sensor enables the real-time non-destructive readout
of charge and spin states of photo-excited electrons. Next, established electri-
cally driven spin manipulation methods can be directly applied to the photo-

electron spins. In addition, separation of optically created holes is expected to
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be relatively easy since in a plane perpendicular to the growth direction, the
electrostatic potential for the holes gives a local-maximum at the dot region,

resulting in the escape of holes from simultaneously generated electrons.
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Figure 4.1: (a) Graphical superposition of two scanning electron microscopy images
of a lateral QD device taken before and after the deposition of the metal mask [30].
(b) Measured Igpc traces when a photo-generated electron is trapped.

For the first step toward the verification of coherent transfer from single
photons to single electron spins, A. Pioda et al. realized the real-time detection
of a single photo-generated electron using a QPC charge sensing technique [30].
In this work, they fabricated a single QD on a GaAs HEMT wafer, with the
important part of the dot covered by an insulator and a metal mask with an
aperture just above the dot. The SEM image of the device is seen in Fig.
4.1(a). The change of electron number is monitored by a nearby QPC, and
the tunnel rate is modulated by gate voltage, and a laser pulse is irradiated
from the top side of the sample to selectively excite electrons in a QD region.
Note that in this scheme electrons generated in the buffer layer of GaAs are
attracted to the GaAs/AlGaAs interface due to the internal built-in electric
field, while created holes move to the back of the wafer. Figure [4.1b) depicts
the photo-response of the QPC current with gate voltage set in the Coulomb
blockade regime. The downward signal jump at ¢ = 0 suggests the photo-excited

electron trapping, followed by an upward signal jump originating from escape



of the trapped electron. The authors proved that the electron trapping time
is tunable by gate voltage from shorter to longer time range than the spin-
flip time T7. Further discussion about spin dependent tunneling caused by the
spin-resolved edge states under finite magnetic field implies the possibility of
photoelectron spin readout in this system.

The upper experiment showed the trapping and resetting of single photoelec-
trons using a GaAs HEMT wafer. Disadvantage of this scheme is the discrimi-
nation strongly relies on the low noise and stable charge sensing, which depends
on sample to sample and sometimes difficult to control. where the absorption
of photons occur in the GaAs buffer layer. Moreover, though conduction band
electrons are confined in the triangular potential, the buffer layer is assumed as
a bulk-like property for a photo-excitation. GaAs bulk states do not satisfy the
coherent transfer scheme. Nevertheless selective electron spin excitation is not
perfect since LH and HH states are degenerate, therefore double heterostructure

QWs are preferable for spin excitation experiments.
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Figure 4.2: (a) Time dependence of the QPC current with and without the light ex-
posure. The QPC current suddenly decreases due to a change in the electron number.
(b) The detection rate of the photocreated electrons and the PLE spectrum of the
same QW structure as a function of incident photon wavelength. Single photoelectron
trapping efficiency obeys the two dimensional nature of absorption.

Evidence of trapping the photoelectron excited from a QW structure is re-
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ported in Reference [28]. In this work, they fabricated a single QD on a QW
wafer, and photons were irradiated continuously in the order of seconds. The
experimental response of the QPC current while irradiation is shown in Fig.
M(a) where single photoelectron trapping is eventually observed as a step de-
crease in the current. They took the statistics of the photoelectron trapping
events and plotted with respect to the incident laser wavelength (Fig. 4.2(b)).
Plots are also shown for photoluminescence excitation measurements done on a
QW describing the selective absorption at the HH and LH states. The rough-
ness of the plot differs but these two traces have similar dependence with two
peaks around A =735 nm. The result shows that absorption properties for
exciting the lateral dot would also obey the bare QW nature. This implies
that the coherent transfer scheme explained by the QW structure modulation
is applicable to the lateral dots, an additional support towards single photon to
single electron spin coherent transfer. However, using a cw laser cannot control
the timing of the photoelectron trapping and the reset of photoelectrons has
not been demonstrated in their experiments. Towards the high fidelity coherent
transfer between single quanta, pulsed measurement, more accurate and electri-

cally controllable single photoelectron spin detection has to be developed using
QD devices based on the QW.



Chapter 5

Experimental conditions

5.1 Characterization of quantum wells

One of the most crucial issues in this study is to design and characterize QW
wafers which are suitable for the coherent transfer experiment. In general,
the wafer profiles should be investigated in terms of g-factor engineering, QD
fabrication, and optical properties. First, the electron g-factor in the QW has
to be small enough, ideally zero, compared to the light hole g-factor, but a
too small g-factor is not desirable since a finite Zeeman splitting is practically
required for spin readout and manipulation. Second, the 2DEG in the QW
should be well-designed and clean enough to form lateral QDs. In particular,
the carrier density and mobility are important parameters to form QDs having
just a few electrons. Third, it is necessary to estimate the excitation energy
of electrons from the heavy and light hole bands to the conduction band in
the QW. In this section, systematic characterization of QW wafers by means
of magnetotransport measurement,fabrication of DQDs, and setup for photon

irradiation onto the QD are introduced.
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5.1.1 Wafer structures and band calculations

Double heterostructure wafers with various QW widths are grown by molecular
beam epitaxy (MBE) by the NRC-CNRC group (N-J63, N-J65, N-J67, N-J107,
N-J108, and N-J109) and Ruhr-University Bochum group (B-14155). Figure
shows the structure of these wafers and the corresponding band profile calcu-
lated by a self-consistent 1D-current Poisson method using Nextnano++ (Wal-

ter Schottky Institut). A GaAs capping layer is deposited on top of the wafers,

(@) Material Thickness (A) (b)
i GaAs 50 0.8
n Al .Ga, As 650
i Al,.Ga, As 300 0.6
i GaAs w
< 04
i Al,Ga,_As d @ Bochum
i GaAs 8300 w 0.2 /’
i GaAs
0.0 !
i Al Ga,_ As 2 167 ¥ "NRC-CNRC
i GaAs 1000 0250 100 150 200 250 300
GaAs substrate [001] Depth (nm)

Figure 5.1: (a) A schematic view of the wafer structure for the g-factor engineered
QWs. Thickness of each layer is listed in the right side of the figure. (b) The calculated
band profiles of each designed wafer with QW thichness w = 7 nm, where the depth
is measured from the surface of the wafers. The barrier layer d was made thicker to
reduce the tunneling of photoelectrons created at the GaAs buffer layer .

in order to avoid oxidization of the AlGaAs layer. A Si-doped AlGaAs layer
with thickness of 65 nm is spatially separated from the AlGaAs/GaAs/AlGaAs
QW by a 30 nm intrinsic AlGaAs layer. Underneath the well structure are an
intrinsic GaAs layer, a GaAs/AlGaAs superlattice structure, and another GaAs
layer on top of a semi-insulating [001] GaAs substrate.

The varied parameters of each wafer are summarized in table 5.1l In the
wafers from NRC-CNRC the QW width dependence of the electron g-factor

for both two-dimensional electron gas and QD is systematically studied. Espe-
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cially in the QD measurement, the designed wafers are found to suffer from fre-
quent charge noise which causes a serious difficulty in performing spin-readout
measurements. For this reason, we decreased the Si doping concentration and
increased the aluminum content for the Bochum wafer to suppress tunneling
of electrons from the top gates to the two-dimensional electron gas. We also
found in the magnetotransport measurement and 1D-band calculation that some
wafers from NRC-CNRC showed parallel conduction at the interface between
the AlGaAs barrier layer and the GaAs buffer layer. As in Fig. [5.1|(b), the
conduction band at depth = 130 nm is below the Fermi level, leading to unin-
tentional accumulation of a considerable amount of charge. To avoid this we
made the bottom well barrier thicker, which also resulted in the improvement

of the photon irradiation experiments as discussed in Ch. [0}

Table 5.1: Summary of wafer parameters

Si dope conc. [em™3] Al content w [nm] d [nm]

NRC-CNRC 2x1018 0.265 4.8 ~ 13 20
Bochum 1x10'8 0.34 7.3 100

5.1.2 2DEG electron spins

Several important parameters characterizing a 2DEG in the QW wafers are
extracted from magnetotransport measurement. The samples are prepared by
etching the wafers into a Hall-bar pattern of size 300 pum x 90 pym. The following
measurements were performed in a variable temperature cryostat and Heliox
SHe insert (Oxford) which can apply perpendicular magnetic field up to 10 T.
Magnetoresistivity is measured by a conventional four-probe method, and the
sample is inserted at the end of a cavity waveguide to enable resistivity-detected
electron spin resonance measurements [82].

Figure|5.2(al) shows the longitudinal and transverse magnetoresistivity (pz.

and p,,) for wafer N-J65 (w = 7 nm) at various temperature conditions. Typical
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Figure 5.2: (al) Measured transverse and longitudinal resistivity for wafer N-J65
as a function of magnetic field for several temperatures. Shubnikov-de Haas (SdH)
oscillations and quantum Hall effect are clearly observed. (a2) The corresponding
Fourier transform of the SdH signals. (bl) SdH oscillations measured for wafer N-
J109. (b2) The corresponding Fourier transform of the SAH signals, showing the clear
peak splitting with increasing intensity of light illumination.

Shubnikov-de Haas (SdH) oscillations with period proportional to 1/B are ob-
served in the longitudinal resistivity. The peaks correspond to different Landau
levels, and clear peak splitting emerges as magnetic field is increased and the
temperature is decreased. A step-like structure can be seen in the corresponding
transverse resistivity coming from the quantum Hall effect. Resistivity plateaus
at h/e?* = 25.8 kQ at B > 7 T, where we can determine the filling factor v =
1. The Fourier transform of the longitudinal resistivity with 1/B is plotted in
Fig. [5.2(a2). At low temperature, there is a small peak at the carrier density
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ns = 2.1 x 10! cm™2, originating from the total population of electrons in the
QW. The populations of both up- and down-spin electrons are ny, = 1 x 10!
cm~2, which can be seen as a large peak at the corresponding carrier density.
Furthermore, the mobility p is calculated from the conductivity o,,(B = 0) and

carrier density using the Drude model (0,,(B = 0) = nseu).

Although the carrier density for most of the wafers are correctly determined,
wafers with well width about 6 nm (N-J63 and N-J109) showed two neighbor-
ing peaks in the Fourier transform of longitudinal resistance (Fig. [5.2b1) and
(b2)). This unexpected result infers the contribution from two distinct types
of carriers. We speculated that an electron channel exists not only in the QW
but also at the deeper AlGaAs/GaAs heterostructure. As can be seen in Fig.
5.1|(b), the conduction band at depth = 130 nm is below the Fermi level, in-
dicating the possibility of an unintentionally formed 2D electron system. We
further performed 1D Schrodinger-Poisson band calculation using Nextnano++
for various well widths, and found the considerable electron accumulation at
the deeper heterointerface for well widths less than 7 nm. Especially for much
thinner wells, most electrons are confined at the heterointerface instead of the
QW region, which agrees with the case of wafer N-J108 where only a single
peak in the Fourier transform is observed. The calculation also suggests that to
avoid parallel conduction, the bottom AlGaAs barrier should be designed thick
enough to lift the conduction band above the Fermi surface at the heterointer-

face.

Next, electron spin resonance measurements are carried out to deduce the
electron g-factor in QWs with various well widths. The electron g-factor calcu-
lated from spin splitting of Landau subbands is known to be largely enhanced
by the exchange interaction [83]. Instead, the “bare” g-factor of electron is
accessible by the above ESR technique. Figure top is the magnetoresis-
tivity difference between the cases with and without microwave excitations for
various frequencies. To see the electron spin flip excitation, the magnetic field
is swept in the odd number filling factors, where a peculiarity in the conduc-

tivity is expected at the condition hfyw = gupB, where fyw is the excita-
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Figure 5.3: (Top) Difference of magnetoresistivity with and without applying mi-
crowave in the wafer N-J65. Small peak in the up sweep originates from the electron
spin resonance. The up and down sweep shows the hysteresis, indicating the dynam-
ical nuclear polarization. (Bottom) Extracted spin splitting energy from the electron
spin resonance signal as shown in the upper figure. To evaluate the electron g-factor in
the perpendicular magnetic field, measured splitting energy values for three different
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wafers are fitted with the equation introduced in the main text.

tion microwave frequency and ppg is the Bohr magneton. One can see small
peak structures in the up sweep (black curves), indicating that the spin flipped

electrons are scattered to the opposite edge channel and hence suppress the
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conductivity. The existence of microwave excitation involving electron spin flip
process is more clearly seen from the hysteresis between up and down sweeps,
since the ESR signal measured in the downward sweep suffers from dynami-
cally polarized nuclear spins, which is known as the Overhauser effect. The
magnetic field dependence of resonant frequency, Zeeman splitting energy is
plotted in Fig. bottom. Here, solid lines are fitting curves with an ex-
pression hfyw = [go + ¢(N + 1/2)Blup B, where g is the bare g-factor, c is a

parameter depending on heterostructure, and N is the Landau level index [84].

5.1.3 Summary of wafer profiles

The extracted parameters for each wafer are listed in Fig. [5.4(a). As discussed
above, two values of carrier density are obtained for N-J63 and N-J109, one
of which corresponds to the unintentionally accumulated carriers at the deeper
heterojunction. For these wafers, we could not find any ESR signal under
microwave excitation. For wafer N-J108 with thinner well, the obtained g-factor
is consistent with the typical g-factor in a GaAs/AlGaAs heterostructure [82].
This supports the hypothesis that the contribution from electrons in QW is
negligibly small compared to the unintentionally formed electron system because
the lowest electronic state in the thin well could be above the Fermi energy, and
thus the g-factor value reflects the single-heterostructure case rather than the
double-heterostructure case.

In Fig. [5.4](b), the estimated g-factor values for wafers N-J65, N-J67, N-J107
and B-14155 are plotted in comparison with experimental data reported in Ref.
[44]. With the well width of 13 nm, the g-factor value is similar to that of the
conventional HEMT case, and the g-factor decreased down to 0.12 in narrower
QWs. Note that although it may be difficult to experimentally determine the
sign of the electron g-factor in an electrical measurement, one can readily deduce
it by referring to the previous study demonstrating the monotonic change of the
g-factor with decreasing well width performed in optical measurements. The

behavior of the g-factor is in good agreement with the previous results and
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Figure 5.4: (a) Summary of the extracted parameters for the QW wafers. Two val-
ues of carrier density are shown for N-J63 and N-J109, due to the parallel conduction.
(b) Comparison of the measured g-factors with a previous study .

theoretical calculation if one assumes that all the obtained g-factor values are
negative. The offset from the previous study may come from the difference
of wafer structure particularly the Al content. It should be emphasized that
the g-factor is measured for an out of plane magnetic field, while the coherent
transfer experiment must be performed in an in-plane magnetic field. As in
Ref. , the g-factor for in-plane magnetic field is anticipated to be positively
larger. By taking the anisotropy into consideration, we can expect that the

in-plane electron g-factor is less than 0.1, which should be small enough to
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perform the coherent transfer in V-shaped three-level systems. Quantitatively,
in the QW with electron g-factor of 0.1, the Zeeman splitting energy g.upB at
B =6 T is 35 peV, which is about 20 times smaller than the bandwidth of the

wavelength-tunable Ti:Sapphire laser.

5.2 Lateral quantum dot devices

In this section, the design of the QDs and the experimental setup for detection
of single photon response in the QD is briefly introduced. Using the same wafer
profiles as in the magnetoconductance measurement, we initially fabricated sin-
gle QDs to estimate the electron g-factor in a QD, which may differ from that
of a 2DEG due to additional confinement. The results are summarized in Ap-
pendix [A] Simultaneously, we designed and made DQD devices to see the single
photon response and construct an electron spin-readout scheme. The combi-
nation of these two techniques enables us to perform the real-time detection of

transfer from single photon polarization to single electron spin.

Double quantum dots

In high-mobility two-dimensional electron systems with carrier density about
101 —10'2 em ™2 and mobility about 10°—10° cm?/Vs, the long Fermi wavelength
and large screening length allows us to locally deplete electrons by applying
voltage to the top gates. From this point of view the gate structure should
be carefully designed based on the depth and the carrier density of the 2DEG.
We performed an electrostatic potential calculation for various gate designs to
optimize the dot structure, and one of the results for two types of the DQDs
are demonstrated in Figs. [5.5(a) and [p.5c). Although this calculation does
not give quantitative results for e.g. pinch-off voltage between two gates, it is
still instructive to check whether the confinement potential to make the QD is
formed in the intended position. Figures [5.5(b) and [5.5(d) show the scanning
electron micrograph pictures of fabrication test samples. The device shown

in Fig. [p.5|(b) is fabricated on a single heterojunction wafer from Sumitomo
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Figure 5.5: (a) A 2D and (c) a 3D contour plot of the electrostatic potential calcu-
lation for a designed DQD, corresponding to the SEM images of fabricated DQDs on
(b) a HEMT wafer (S-72) and (d) a QW wafer (B-14155).

Denko (S-72) for the initial measurements on the single photon detection using
resonance inter-dot tunneling. The current through the dot is monitored using
Ohmic contacts, and a QPC charge sensor is fabricated for electron number
counting. The device in Fig. [5.5(d) is made on wafer B-14155 to carry out
the real-time spin blockade and photoelectron spin detection experiments. In
these devices a QD charge sensor is implemented instead of a QPC charge

sensor, which is revealed to achieve higher sensitivity to electron charging in
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the measured QDs [63].

The schematic view of the DQD device structure is depicted in Fig. [5.6
Calixarene resist acting as an insulating layer is coated on top of the wafer, and
a 300 nm thick Ti/Au metal aperture mask with a 400 nm diameter hole is put
such that light irradiated from the top side can only reach the QD region. The
combined SEM image of the DQD and aperture mask are shown in Figs. [5.6(a)
and (b) Transmission rate of 780 nm wavelength light through the 400 nm
diameter aperture to the 2DEG is ~1/3, derived by FDTD calculation.

In the following experiments a bias-cooling technique is effectively utilized
to reduce charge noise. In this technique a positive voltage is applied to each
metal gate during sample cooling such that carriers flowing from the 2DEG to
the gates are gradually trapped by DX centers or other trap sites making these
noise sources inactive [85]. Furthermore, the metal aperture mask is used as a

capping gate, which is also crucial for noise reduction [86].

5.3 Electronic and optical measurement sys-

tems

Electronics setup

Electrical transport measurement and real-time photon detection in lateral QD
samples are executed in a setup shown in Fig. Most experiments including
photon irradiation measurement are performed in a cryogen free *He/*He dilu-
tion refrigerator ‘Triton 200’ (Oxford Instruments) with an optical window on
the bottom and base temperature of 25 mK. The exception is the irradiation
measurement of a DQD on wafer S-72 for which we used a ‘Spectromag’ with a
top loading *He insert (Oxford Instruments). The voltage applied to Schottky
gates and Ohmic contacts are controlled by voltage sources in an ‘IVVI-DAC2-
Rack’ (Delft University of Technology), and current signals through the dots
and QPC charge sensors are translated into voltage by current amplifiers ‘model
1211’ (DL Instruments) and are read out by voltage meters in ‘HP 4142B’ (Ag-
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Figure 5.6: (a) A schematic of the DQD for photon irradiation measurements. 100
nm thick insulating layer is coated to avoid electrical short circuit between aperture
mask and fine gates forming the dot. (b) An SEM picture taken for the S-72 wafer
sample after the fabrication of the top most metal optical mask. The diameter of
the aperture is 400 nm centered on the double dot. (c) A synthesized image for the
B-14155 wafer of a DQD with a metal aperture mask.
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Figure 5.7: Experimental setup for electrical and optical measurement of DQDs.

ilent). In parallel, the transformed voltage signal from the QPC current can
be monitored by a digitizer ‘PXI-4462’ (National Instruments) for fast data ac-
quisition. The real-time QPC signal is measured on an oscilloscope ‘DP04032’
(Tektronix) or the digitizer. It should be noted that the minimum rise time is
limited by a circuit inside the current amplifier. The rise times are 40 ps and
250 s for the mainly used gains 108 A/V and 10° A/V respectively.

Single-shot irradiation measurements are triggered by a pulse pattern gen-
erated from a Data Generator ‘DG2040’ (Tektronix). The trigger pulse is sent
to the laser source and to the digitizer/oscilloscope simultaneously so that the

real-time response of before and after pulse irradiation is acquired. Note, the
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laser pulse width is in the scale of picoseconds which is unresolvable to the elec-
tronics. Finally the single-shot time resolved voltage data is sent to the PC with

the desired data length and resolution permitted by the digitizer/oscilloscope.

Optics setup (0.3 K fridge)
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Figure 5.8: Optics setup for the photon irradiation experiment. (a) A setup with
a semiconductor laser. (b) A setup with a wavelength-tunable Ti:Sapphire laser. A
pulse picker and shutters are used to enable single-shot irradiation.

Next, two types of optics setup are illustrated in Fig. [5.8] Figure (a) is
adopted for the photon-charge conversion experiment. In this setup, a pulsed
semiconductor laser ‘Pilas’ (Advanced Laser Diode Systems) with wavelength
A = 780 nm and a near infrared laser diode ‘ML925B45" (Mitsubishi electric)
with wavelength A = 1550 nm are aligned to focus on a GaAs QD sample loaded
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in a *He cryostat. The position of the laser beam spot is directly monitored on
a TV display by either a Si or InGaAs CCD camera (Hamamatsu Photonics)
through a Questar extender QM100. Beam spot diameters of the semiconductor
laser and the near infrared laser diode are the order of 300 pm and 1 mm on
the sample. The photon irradiation experiment is performed by generating a
single pulse of width of 34 ps, and the laser power is adjusted by the controller.
The near infrared laser diode is used not only for rough alignment of the laser
beam with InGaAs CCD camera, but also for resetting excited charges from

DX centers inducing persistent photo-conductivity in GaAs systems [87,88].

Optics setup (wavelength-tunable)

Figure [5.8(b) depict a specialized setup in a polarized photon irradiation ex-
periment using a wavelength-tunable laser. In this setup, picosecond-pulses
are generated by a mode-locked Ti:Sapphire laser ‘MIRA Model 900-P Laser’
(Coherent) and a single pulse is extracted by ‘Model 9200 Pulse Picker’ (Co-
herent). However due to the finite on-off ratio of 500 : 1 of the pulse picker,
a weak leakage pulse train of 72 MHz is present. To cut off the leakage light
from the pulse picker two mechanical shutters are prepared. The first shutter
is ‘normally on’ and the second is ‘normally off” state. Just before a laser pulse
is picked the second shutter is opened, and after the pulse emission the first
shutter closes. Consequently the time duration with both shutters opened is
tuned to be roughly 10 us, avoiding unintentional passage of laser pulses. The
laser power is tuned by ND filters integrated into a wheel filter selector ‘FW102’
(Thorlabs). Again, the near infrared laser diode is aligned to the wavelength-
tunable laser beam. The linear polarization of the laser beam is created by
a polarizer (Thorlabs) and tuned by a A/4 quartz waveplate ‘WPQ-7800-4M’
(Sigma Koki). The focused position of the laser beam spot is finely controlled
by a fast steering mirror ‘OIM202 FSM’ (Optics In Motion) placed on bottom
of the cryostat.

The alignment of the laser beam is achieved by measuring the photocurrent

while scanning the laser beam by sweeping the angle of the steering mirror. Ob-
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Figure 5.9: (a) An image of the photocurrent measured while scanning the laser
beam. The current was measured through the electrode of the mask gate. The
dashed rectangle shows the area of the mask gate. The arrow shows the direction of
the connected electrode. (b) Similar plot with the photocurrent measured through
one of the Ohmic contacts. The dashed line outlines the MESA. The arrow is the
path towards the connected Ohmic contact.

servation of the photocurrent of the sample does not affect the sample quality as
long as it is performed at room temperature. However at low temperatures some
of the photo-generated carriers would freeze in the doping layer and change the
intrinsic electrostatic potential from the initial condition. Therefore reducing
the area of irradiation to the MESA structure is crucial for our low temper-
ature irradiation measurements. The sample is irradiated with a continuous
wave mode laser beam after sufficient beam focusing to resolve the gate pat-
terns. Figures[5.9(a) and [5.9(b) are the images taken while scanning the laser
beam over an aspheric lens with effective focal length of 2.75 mm ‘C390TME-B’
(Thorlabs). The lens is mounted on a sample holder and fixed at a distance
slightly offset from the focal length. With this offset we can tune how far the
beam spot can be moved laterally on the sample. The beam is moved by chang-
ing the angle of the steering mirror. The laser spot on the sample surface is
focused below 10 pm width, checked using a beam profiler in advance. The

figures showed the gate electrodes with width of 2 um at laser intensities over a
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few 100 uW. From the positions and shape of the obtained photocurrent images,

we align the beam at the center of the mask gate.
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Chapter 6

Single photoelectron trapping in

a double quantum dot

In this chapter we demonstrate one and two photoelectron trapping and the sub-
sequent dynamics associated with inter-dot tunneling in DQDs over a time scale
much smaller than the typical spin relaxation time. Photoelectron trapping in
single QDs has been demonstrated using a nearby charge sensor [27.28}30,89]
but progress in spin detection was limited due to the destructiveness of the
photoelectrons. Although charge sensing is accurate enough to detect the spins
in a single-shot manner, photo-irradiation has non-negligible influence on dot
energy levels as well as signal to noise level. Irradiation can induce additional
current fluctuations on the charge sensor signal due to persistent photoconduc-
tivity that would reduce the fidelity of charge and spin detection. In order to
overcome this difficulty, non-destructive spin detection with double quantum
dots (see could offer a better detection scheme. The first step towards
this goal is to observe the single photoelectron trapping and its subsequent

inter-dot tunneling in a double quantum dot.
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6.1 Photoelectron trapping process

Two types of wafers are discussed in this chapter. The first is the single hetero-
junction wafer (referred as a ‘HEMT” wafer). The single electron-hole pair ex-
citation mechanism and photoelectron trapping in a single QD is well explained
in Reference [30]. To compare the improvements made for a DQD, we initially
measured photoelectron trapping on a DQD fabricated on the HEMT wafer.
The second is the double heterostructure wafer (referred to as ‘QW’ wafer). By
following this measurement technique previously developed the HEMT sample,
we can confidently search the appropriate excitation wavelength and absorption
efficiency in the QW wafer. A double heterojunction has a non-uniform photon
absorption spectrum due to additional confinement of holes. Therefore, inves-
tigation of photoelectron trapping by varying the incident photon wavelength
to selectively excite the HH and LH states is important compared to the single
heterostructure case. A HEMT wafer (S-72) and a QW wafer with well width
of 7.3 nm (B-14155) was used for the measurements. The wafer specifics and

each of the used electronics and optics setups are explained in Ch. [5]

In the HEMT sample, photons are mainly absorbed in the GaAs buffer
layer under the DQD, and then the built-in electric field of the heterostructure
separates the electron-hole pair [30]. The potential drives only the electron into
the DQD, resulting in a single photoelectron trapping in the DQD. On the other
hand, for a QW sample, after an electron-hole pair creation in the DQD (Fig.
6.1(a)) the hole would move laterally towards the negatively biased electrodes
since surface gates efficiently separate the electron-hole pair [90]. This would
also result in a single photoelectron trapping in the DQD. After trapping the
photoelectron, non-destructive photoelectron detection is achieved by setting
the DQD on a resonance condition so that the electron tunnels between the
dots from either side (Fig. [6.1[(b)). The inter-dot tunneling signal is detected by
the nearby charge sensor in a real-time manner. The detection resolution of the
single inter-dot tunneling is determined by the band width of the setup, however,

repetitive inter-dot tunneling provides a more favorable detection signal since
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Electron

resonance §
tunneling

Figure 6.1: (a) A schematic representing the photo-excitation of a QW using the
band energy profiles. Filled and open circles represent the excited electron and hole
respectively. (b) After an electron-hole pair is created the hole is removed (dashed
black line) and only the electron is trapped in the QD due to the external electric
field created by the electrodes. Our scheme if photoelectron trapping is to detect the
resonance tunneling of a photo-excited electron in a real-time manner.

it offers step signals for multiple times. As we will see, this detection scheme
does not only improve the signal visibility against current fluctuations but also

reveals the spin dynamics while trapped in the DQD.

6.2 Non-destructive photon detection in a dou-

ble quantum dot

Measurement condition (S-72 sample)

First, the DQD is tuned to a tunneling condition where the inter-dot tunneling is
observed in real-time. The charge states in the DQD were measured with a QPC
charge sensor which has sufficiently higher sensitivity to the charge occupation
in the right dot compared to the left dot. The electron number in each dot was
counted by analyzing the QPC transconductance Gqpc = dlgpc/dVi,, where
Igpc is the QPC current and V4, is the voltage applied to gate L. A lock-in
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Figure 6.2: (a) Stability diagram of the DQD. The dot was initialized to state
A(0,4) before light irradiation. (b-d) Real-time charge sensing traces of the DQD
measured at the resonance points B(0,4)-(0,5), C(1,4)-(0,4) and D(1,4)-(0,5). The
0.5 nA step height in (d) indicates the inter-dot tunneling event of a single electron
charge. Measurements were done at 0.4 K

technique with a modulation frequency of f,, = 223 Hz was used to obtain
the charge stability diagram in Fig. [6.2(a). The (0,0) state was confirmed
by applying sufficiently large negative voltages to the gates to ensure that no
further lines appeared. Then the tunneling rates were tuned to be lower than the
bandwidth of our setup so that real-time charge transitions were measurable.
The QPC sensitivities were 2.5% x e€/h (0.5 nA in Fig. [6.2(b)) for the right dot-
lead tunneling, 0.5% x e?/h (0.15 nA in Fig. [6.2)(c)) for left dot-lead tunneling,
and 2.0% x e?/h (0.45 nA in Fig. [6.2(d)) for the inter-dot tunneling . Note
that the signal amplitude of the inter-dot tunneling is mainly important in this
study.

The initial charge state was set in the center of the (0,4) Coulomb blockade
region ((A) in Fig. [6.2(a)) before laser irradiation. The inter-dot tunneling

rate was adjusted ranging from I'c = 10 Hz to 1 kHz and the tunneling rate of
the left (right) barrier was tuned to I', & 0.1 Hz (I'r ~ 1 Hz) which is slower
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than the inter-dot tunneling rate. This prevents the photoelectrons to escape
from the DQD before the inter-dot tunneling is observed. After tuning the
tunneling rates, the charge state was only able to be tuned to the (0,4) charge
state. Here we set the (1,4) and (0,5) excited states on resonance (A in Fig.
6.2(a)). The number of electrons inside the DQD is not a fundamental matter in
the measurements discussed in this chapter. Laser pulses are irradiated at this
condition and, the charge number will increase to either (1,4) or (0,5) state by
trapping a photoelectron. Inter-dot tunneling of this photoelectron is expected

after a time depending on the inter-dot tunneling rate.

Non-destructive single photon detection

Figure shows the the temporal charge sensor current (Igpc) response upon
laser pulse irradiation. The average incident photon flux was ~1.03 photon/pulse
on the QD. Therefore, we expect the number of trapped photoelectrons varying
from zero to one or two electrons upon a single pulse irradiation. When no pho-
toelectrons are trapped, the irradiation response would only show a background
shift (Fig. [6.3(a)). This is a persistent photoconductivity effect observed af-
ter every pulse irradiation that will be neglected from the irradiation response
hereon. Figures [6.3(b) and [6.3(c) show the single photoelectron trapping by
the left dot (b) and by the right dot (c), respectively. Single photoelectrons can
be trapped by either dot because the aperture extend over both dots. After
the initial increase of photoconductivity upon photon irradiation we observe
an abrupt decrease of Igpc by 0.5 nA at ty.,, = 4.1 ms in (b) and an Igpc
increase by 0.5 nA at ty.pr = 4 ms in (¢). The Igpc change is almost the same
as observed in Fig. [6.2(d). Therefore the former is assigned to the charge state
change from (1,4) to (0,5) and the latter to that from (0,5) to (1,4).

Figure displays the single photoelectron trapping signal over a longer
time range until the photoelectron escapes from the DQD. Upon laser pulse
irradiation at time ¢ = 0 the Iqpc abruptly increases and simultaneously starts
to oscillate between two levels 0.5 nA apart. The first abrupt increase in the

current is due to the addition of the persistent photoconductivity. The oscillat-
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Figure 6.3: (a) Typical irradiation response with no electron trapped in the dot.
(b, c) Real-time single-shot measurement of a single photon detection. The electrons
are trapped initially (b) in the left dot or (c¢) in the right dot. The trapped electron
resonantly tunnels non-destructively to the right dot with a given inter-dot tunneling
rate. The captured position is inferred by the sign of the subsequent tunneling after
irradiation. The average incident photon flux was ~1.0 photon/pulse on the QD.

ing signal represents the repetitive inter-dot tunneling of the photo-generated
electron between the (1,4) and (0,5) states on resonance. Since the side barriers
are made opaque enough, the photoelectron can repeatedly tunnel between the
dots in the DQD for over 100 times before it is escapes from the DQD. Thus the
single photoelectron trapping measurement is non-destructive while the 0.5 nA
fluctuation is observed. In the end, the dot is re-initialized to (0,4) state when
the electron escapes from the DQD, leaving a 0.15 nA increase on the current.
Note that the Igpc fluctuation due to resonant tunneling between ¢ = 0 and
tuap 1s clearly larger than the noise fluctuations in Igpc for ¢ < 0 before the

light irradiation and ¢ > ty,,, after the escape of the photo-generated electron
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Figure 6.4: Single photoelectron trapping signal in a longer time range. The excess
single electron shows repetitive inter-dot tunneling between (1,4) and (0,5) state as
a large fluctuation in the QPC current. The electron escapes from the dot with a
tunneling rate respective to either side of the barriers.

to the leads.

In a single QD, the photoelectron trapping was determined from the ampli-
tude of a single step in the real-time signals. Persistent photoconductivity and
low signal to noise ratio made the condition of this destructive detection very
complicated. Here, the demonstrated non-destructive photoelectron trapping
signal shows current fluctuation larger than the back ground noise, making the

distinction between single photon detection and additional noise much easier.

Two photoelectron trapping

The fluctuation signal of single photoelectron trapping can be applied to in-
vestigate two photoelectron dynamics as well. Figures [6.5(a) and [6.5(b) show
different types of Igpc traces of two photoelectron trapping in the DQD. The
traces were obtained in the same irradiation condition as in the previous sec-
tion, but the detection rate of two photoelectrons was an order of magnitude
lower than that of single photoelectrons. We see here that the inter-dot tun-
neling of photoelectrons were affected by the additional Coulomb interaction.

For the two photoelectron trapping, the resonant fluctuation of Iqpc appears
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Figure 6.5: (a) Signal indicating two photon detection. After the irradiation, two
photoelectrons fill each QD upon pulse irradiation. The sensor current starts to
fluctuate after one of the two photo-generated electrons escapes from the DQD. (b)
Signal when two photo-generated electrons were trapped both in the right dot. One
of the trapped electron subsequently tunnels to the left and recovers an analogous
signal to (a).

after an interval at a constant current. Considering that Igpc is more largely
reduced by charging of the right dot than that of the left dot, the region after
irradiation in (a) is assigned to the (1,5) state (other possibilities of expected
electron numbers are represented by the dashed lines). The two photoelectrons
would occupy both of the resonant states and prevent the inter-dot tunneling
due to Coulomb repulsion. As soon as one of the two photo-generated electrons
tunnels off the DQD, the resonant tunneling is resumed. The rest of the signal
is similar to the indication of single photoelectron trapping. Figure (b) shows
a trapping event of two photoelectrons both trapped in the right dot. One of
the two photoelectrons subsequently tunnels to the left, and then an analogous
signal to Fig. |6.5(a) is recovered. Again the repetitive signal is only seen for

the last photoelectron, since the first tunneling would be an inelastic process
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that will not be repeated unless an additional energy is provided to overcome
the Coulomb repulsion.

We performed 595 single-shot irradiation measurements and the resulting
trapping rates of a photoelectron on the left dot, the right dot and two pho-
toelectrons were 14.1 %, 19.3 % and 2.7 %, respectively. From these rates,
the average rate of photons trapped in the dot is calculated as 0.39 per shot.
The average photon flux was 1.03 photons per pulse on the dot, which gives
the quantum efficiency of trapping a single photoelectron in the DQD as 38 %.
We compare the trapping rate results with the expected statistics of a Poisson
distribution, Vo
P(X =k) = :! ,
where P(X) is the probability of detecting X photons in the DQD, k is the
detected photon number and A is the average trapping probability. When \ =
38 %, the probabilities are { P(0), P(1), P(2), P(3)} = {0.68,0.26,0.049,0.006}.

Compared to the calculation, the measured probability of the two photoelectron

(6.1)

trapping is lower than expected. The decrease in efficiency implies that the
intrinsic efficiency of two photoelectron excitation is lower and/or anti-bunching
effect decreased the rate of trapping of two photoelectrons in a single event. We
also compare with the trapping efficiency in a single QD of 15 % obtained in
Reference [30]. The efficiency of single photon detection became almost twice
for the DQD, indicating that the in-plane area of the dot could contribute on
the trapping efficiency.

6.3 Photoelectron trapping in a double het-

erostructure device

Measurement conditions (B-14155 sample)

The photoelectron trapping measurements were next done in a double het-

erostructure QW based DQD. The wafer specifics, measurement electronics and
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optics setups were explained in Ch. [f] The laser beam alignment and focusing
was first tuned at room temperature (see §5.3). The position was later fine
tuned onto the dot after cooling down the sample. With an improved design,
the DQD was successfully tuned to the (0,0) electron number, with tunable
tunneling rates in the kHz to Hz range for each barriers. In this section, the
(0,1) and (1,0) excited states were tuned on resonance. The charge states were
measured with a sensor on the left side that was preferentially formed as a QD
rather than a QPC to improve the signal to noise ratio by increasing the charge
sensitivity.

The single photon detection response is only obtained by tuning the ex-
citation laser wavelength and laser pulse power. The wavelength needed for
HH excitation was estimated numerically from band calculations (A = 791 nm)
and experimentally from photoluminescence measurements (A = 788 nm). The
expected absorption efficiency of the QW was estimated as ~1 % using the ab-
sorption coefficient o = 10* em™!. Single-shot irradiations were first carried out
at various excitation wavelengths around the expected wavelength to observe

the photoelectron trapping signals.

6.3.1 Single photon detection

Figure shows the typical single pulse responses of no photon detection (top)
and single photon detection (bottom) around wavelength A = 785 nm. In the
presented condition, the laser power was considerably high as compared to the
previous condition, and obtained a trapping rate of ~30 %. Persistent photo-
conductivity is greatly reduced owing to the better focused laser beam. In the
case of no photoelectron trapping in Fig. [6.6] the increase in the sensor current
at t = 0 is much smaller than those obtained in the previous experiment (Fig.
6.3(a)). Experiments with larger beam widths showed no such reduction, there-
fore this improvement is nothing to do with any inherent differences between
the current and previous wafers. When irradiated outside the metal mask with

the focused laser beam, induced photoconductivity varied with sign, amplitude
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Figure 6.6: Typical photon irradiation signals in a QW based DQD. The initial
condition is in the (0,0) electron number Coulomb blockade region. The (0,1) and
(1,0) excited states are on resonance. The bottom signal shows single photon detection
in a reduced effect of persistent photoconductivity.

and relaxation times depending on the beam position. The physical background
behind the different responses are partially explained by various trapping and
hopping mechanisms of photo-induced carriers in the deep donor levels (DX
centers) spreading over the mesa area ,. However, external potential in-
duced by the gate voltages makes it difficult to infer the actual response respect
to beam position. The beam alignment is completed by measuring the beam
position dependence of the single photoelectron trapping efficiency.

The repetitive inter-dot tunneling is not always clearly observed for every
photoelectron trapping. The inter-dot detuning can suddenly change upon light
pulse irradiation due to a non-uniform charging of the impurity states. The shift
usually occurs after a few 100 shots identified by a lack of resonant tunneling.
In addition, fast escape of the photoelectron from the DQD can influence the
photoelectron trapping signal. We have set the side tunneling rate in the order

of Hz but since electron tunneling is a probabilistic process, the escape can
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Figure 6.7: Plots of counts of photon detections as a function of laser beam posi-
tion respect to maximum trapping efficiency position. Counts are normalized to the
maximum count rate.

happen faster than the inter-dot tunneling time.

Beam positioning with photon detection

Figure [6.7] is a plot of the measured photon detection rate by taking multiple
signals of pulse irradiation signals for different beam positions. The beam posi-
tion coordinates are calculated from the aspect ratio between the voltage swept
on the steering mirror and the actual length scale obtained by laser scanning.
Notably, each point is obtained after hundreds of single-shot measurements with
an intensity of 200 photons per pulse on the dot. Stable conditions with such
an intense power suggest the robustness of this photon detection scheme. From
a Gaussian fitting of the plot, the beam diameter (2\/50, o: standard devia-
tion) at the mask position can be derived as 7.3 pm and 6.4 pm for the x and
y directions respectively. The resolution of the beam scanning is roughly 300
nm which is restricted by the resolution of the voltage source. The broad peak
could come from the optics, and more improvement may be done if we adjust

the sample closer to the focal length of the aspheric lens.
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6.3.2 Wavelength selectivity of photon response

The distinctive photoresponse of the double heterostructure compared to the
single heterostructure should appear in the spectrum of the photon absorption
efficiency. We measured the photon detection rate as we varied the wavelength
of the laser. The result is shown in Fig. [6.8] The gray curve represents the initial
rough measurement taken for the search of distinct peaks in the spectrum. The
statistics were taken from approximately 100 single-shots with the previously
mentioned laser condition. The error bars are a standard deviation of a Gaussian
distribution estimated solely from the measured counting probability. We see
that this approximation does not hold for probability near 0 % where the error
bars are unrealistically zero. The result shows a large peak in the trapping rate
near 1.58 eV (A = 785nm). Below the energy of this peak, photoelectrons were
hardly observed. Whereas at higher energies there were finite trapping rates for

which it was hard to resolve a distinct peak in this rough measurement.

The red and blue traces were obtained from a high-resolution measurement
around the expected wavelength of HH and LH excitation, which was addition-
ally measured in a *He setup with a sample from the same fabrication batch [81].
Comparing with the band calculation for the HH and LH excitation energies
(Fig. [6.8(inset)), the photon energy was varied nearby the largest peak and
the energy 0.025 eV higher. Results show peaks of the counting probability
centered at 1.579 eV (A = 785.5 nm) and 1.602 eV (A = 774 nm) attributed to
the HH and LH excitation, respectively. The measured quantum efficiency at
the highest peak is of the order of 1 %, which is consistent with our estimation
for the absorption rate in a QW. The efficiency of the lower peak is about 1/3 of
that of the larger peak, which can also be explained in terms of the absorption
rate difference between the HH and LH excitation with the selection rules. Both
peaks have a broadening of 2-3 nm in a wavelength scale, which is relatively
larger than the typical broadening of the GaAs HH and LH photoluminescence
excitation spectrum at low temperature [93,94]. A monolayer fluctuation of the

QW layer might be one of the origins of the peak broadening. In addition, volt-
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Figure 6.8: Incident photon wavelength dependence of photon detection count rate
for several hundred single-shot irradiations. The red trace was taken with 100-200
shots and the blue trace was taken with 200-300 shots. The gray trace was taken
with ~100 shots for a rough search of peaks.

age applied to the surface metal gates induce a non-uniform electric field near
the dot region, which might give a spatial distribution of the excitation energy
in the QW [95]. The perpendicular electric field applied to the sample could
cause additional peak shift towards higher energy [96], causing the difference
from previous photoluminescence measurements [81].

The origin of the finite absorption rate outside the HH, LH excitation peak
is still under discussion. Direct excitation of the QD states formed in the QW
layer could have just a few % contribution which is significantly smaller than
the peaks in Fig. [97]. The absorption tail in the higher energy of the
peak could be explained by this, but the discrete levels of the QD in the meV
order were not resolved in this measurement. The first excited state of the HH
could contribute to the absorption above an energy near the LH resonance [94].

An absorption peak could be present at higher energy to the LH excitation,
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where the impurity states in the AlGaAs doping layer comes into effect [98].
More detailed measurements with higher spectral resolution and efficiency will

be needed to determine the origin of these additional absorptions.

6.3.3 Initial evidence of photoelectron spin detection
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Figure 6.9: Single photoelectron trapping in (0,1) initialized charge state with (1,1)
and (0,2) excited states on resonance measured at (a) B =0 T and (b) B = 50 mT.
Photoelectrons are initially trapped in the left dot and resonantly tunnel into the
right dot after ¢ = 2.3 ms and ¢ = 12.0 ms respectively. The elongated tunneling
time at finite magnetic field indicates the observation of electrons with parallel spin
excited into the spin blockade configuration.

Finally we briefly show that our scheme for detecting the resonant inter-dot
tunneling of photoelectrons provides a fast enough performance to extract its
spin information. Figure shows the typical single photoelectron trapping
signals for a (0,1) initialized charge state with the (1,1) and (0,2) excited states
on resonance, where we expect the spin blockade effect to appear at a finite
magnetic field. Figure shows the measured Igpc at B = 0 T in (a) and
B = 50 mT in (b). The photons were linearly polarized so parallel and anti-
parallel spins are created with equal probability. In both measurements a single
photoelectron was initially trapped in the left dot seen as a 30 pA downward
step at t = 0 ms. All data of photoelectron trapping at B = 0 T showed
instant resonant tunneling as in Fig. [6.9(a) whereas at B = 50 mT some data

showed that the first inter-dot tunneling appeared at a delayed time such as
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t = 12.0 ms in Fig. [6.9(b). The elongated inter-dot tunneling time indicates
that a parallel spin configuration was instantly established. The lifetime of the
blockade here is determined by the hyperfine interaction with nuclear spins in
the low magnetic field region, but more details on the spin dependent tunneling
will be later discussed in Ch. [l This result shows that our time scale used
to resolve the real-time inter-dot tunneling events is small enough to trace the
dynamics of photoelectron spins. This further motivated us to investigate the

photoelectron spins created by circularly polarized photons, explained in Ch.

Bl

6.4 Conclusions

In this chapter we demonstrated single photon detection in a DQD formed in
a double heterostructure QW which is an extension of our previous work in a
single dot. A double dot can detect the trapping of a single photoelectron in a
non-destructive manner through the resonant inter-dot tunneling of the photo-
electron. Multiple photon detection is possible by using this resonance as the
indicator of a single excess electron. The characteristics of measuring in a QW
was revealed by observing distinct peaks in the spectrum of the photoelectron
trapping rate. Each of the peaks were assigned to the HH and LH excitation
by comparing with the band energy calculation and the absorption rates from
selection rules. Finally, the detection of trapping is completed faster than the
typical spin flip rate. This photon detection scheme provides the possibility of
trapping electron spins created by selective excitation from the hole states with

subsequent manipulation or measurement procedures.



Chapter 7

Spin dependent tunneling in a

double quantum dot

In this chapter we discuss the spin dependent tunneling from (1,1) to (0,2)
charge states obtained from time resolved measurements for the DQD in Pauli
spin blockade. The electron tunneling event is distinguished between the parallel
and anti-parallel spin states in a single-shot measurement. Deeper analysis
of the spin relaxation mechanisms as demonstrated from observation of two
tunneling rates for up and down spin. In this measurement condition, spin
measurement is also possible while sitting on a resonance condition of the (1,1)
and (0,2) states.

7.1 Pauli spin blockade

Spin blockade in kHz tunneling rates (stability diagram)

Initial confirmation of Pauli spin blockade is performed by taking conventional
stability diagrams around the two electron state regions, as explained in §3.2.2
When the over all tunneling rate exceeds GHz, measurements can be done
observing the dot current. When the tunneling rate is lowered down to the

order of MHz, current through the dot is not visible, but charge sensing signals
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are still observed. We used a DQD made in a QW structure (B-14155) to
measure the stability diagram in a dilution fridge setup and confirmed the spin

blockade in both dot current and charge sensor currents.
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Figure 7.1: (a, b) Charge stability diagrams around (1,1) and (0,2) inter-dot charge
transition regions with the inter-dot tunneling rate in the order of kHz. In conditions
when tunneling rates are comparable to the sweeping time, electron tunneling appears
in the diagram as a large current fluctuation. At B = 1T tunneling through the
ground state (inside trapezoidal region) is suppressed by spin blockade.

When the tunneling times become larger than the order of ms comparable
to the voltage sweep rate, single electron tunneling events start to appear in
the diagram. Figure shows stability diagrams in such a condition. Each
of the electron tunneling events are now visible as large fluctuations in the
sensor current, seen in the inner region of the bias triangles in Figure [7.1a).
When the magnetic field is turned on, the tunneling signal in the trapezoidal
region in orange, indicating the ground state tunneling, is suppressed due to
spin blockade [7.1|(b). The decreased hight of the trapezoid in (b) is due to the
decreased energy of the first excited state in a perpendicular magnetic field.
The whole region where spin blockade is expected is now visible in the diagram.
Difference of the tunneling times between the zero and finite magnetic field can

be roughly estimated from the density of fluctuation in the diagram. Here, the
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difference is over 10 times, inferring a good distinguishability of the spin states
in this region.

To observe spin blockade at a more reduced tunneling time requires time
resolved measurements. From hereon the real-time charge sensing is used to
detect the electron tunneling events and the single electron tunneling time is

obtained by analyzing the change of the charge sensing current.

7.2 Real-time measurement of spin blockade

Here we introduce several regimes of electron tunneling in a DQD observed
in a real time manner. Different types of sensor current signals are obtained
for tow dots out of or on resonance. The most deeply studied condition was
in the resonance condition of an unbiased DQD where we observed repetitive

transition between parallel and anti-parallel spin states.

Real-time charge sensing in a biased double dot

In order to observe an electron that tunnels through the DQD, we sit inside the
region of a bias triangle and continuously measure the sensor current. Figure
[7.2] show the typical real-time traces at the given positions in the diagram but
now the tunneling times are of the order of 10 ms. Inside the bias triangle,
sequential single electron tunneling is observed (Fig. [7.2|(a)). The the electron
occupation in the left or right dot is well distinguished in the different sensitivity
by a factor of 4 to 5. This helps for detection of the inter-dot tunneling which
is of our main concern. The inter-dot tunneling is directly observed as the steps
indicating transition from the (1,1) to (0,2) state in Fig. [7.29(a). The tunneling
observed here can vary with the position inside the triangle as discussed in
Reference [99] and this was indeed observed as for example reduction of the
inter-dot tunneling rate as a function of detuning energy ¢. Depending on the
dot level respect to the Fermi level, another electron can tunnel into the left dot
from the left side with one already in the right dot. This tunneling condition is

sometimes referred to as a ‘hole’ tunneling and could offer an additional photon

91



7.

Spin dependent tunneling in a double quantum dot

92

detection condition [81]. These tunneling signals are distinguished from the

next mentioned on resonance condition.
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Figure 7.2: (a) Sequential single electron tunneling through the DQD from the left
side to the right. (b) Electron tunneling in a resonance condition of (1,1) and (0,2)
state. The inter-dot tunneling rate is set faster than the side barriers.

When we trap an additional electron inside the (0,1) DQD, we can repeatedly
observe the inter-dot tunneling of the (1,1) and (0,2) states on resonance (Fig.
7.2(b)). Here the side barrier tunneling time is made longer than the inter-dot
tunneling time. This resonance tunneling presents a similar signal shown for the
single photon detection. Such bidirectional tunneling was previously studied in
Reference but with a different electron number.

One technical care that must be taken here is to sufficiently reduce the volt-
age bias applied to the charge sensor. It is known that nearby charge sensors
can induce opposite or enhanced tunneling due to back-action on the dot state
through shot-noise energy which is dependent on the sensor bias and conduc-
tivity ,. The effect can be seen in stability diagrams and therefor can
influence the tunneling time analysis [103]. The sensor was used under the con-
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dition of a bias voltage of 500 ©V and a current around 1 nA and then no sign

of back-action was observed in the stability diagram.

Real-time measurement of spin blockade in a biased dot

Applying a magnetic field under the above conditions reveals spin related tun-
neling events. In a finite magnetic field, the triplet states (7.) are energetically
separated from the singlet state (S) by Zeeman energy g.upB. The spin effect
first appears when this energy exceeds the nuclear spin field fluctuation (Byy),
because the triplet states become decoupled from the S(0,2) |104]. In our con-
dition, the tunnel coupling is weak, of the order of neV, therefore the Ty(1,1)
and S(1,1) states are assumed as being hybridized by the inhomogeneous nu-
clear spin field. As a consequence mainly two configurations are expected to
be distinctly resolved: the parallel spin configuration ({T%} or {| 1™1),| J4)})
suppressing the inter-dot tunneling and the anti-parallel configuration ({7}, S’}
or {| 14),| 1) }) not suppressing the inter-dot tunneling.

Figure (a) shows the typical real-time charge sensor data for the two
electron DQD at B = 1.5 T with a finite detuning or under the off resonance
condition. For the parallel spin configuration of (1,1), the inter-dot tunneling is
suppressed and a long residing time is observed as in the red region. The signal
afterwards shows that the electron eventually escapes from the DQD through
the right dot. The other (1,1) state with residing times are in the anti-parallel
spin configuration.

To examine the difference of the tunneling time between the two spin config-
urations real-time traces on resonance was measured for the biased DQD under
the (1,1)-(0,2) resonance condition. We detected signals that are mainly divided
into two cases as in Fig. [7.3|(b). The first shows resonant inter-dot tunneling as
soon an additional electron enters the (0,1) dot, which is similar to the zero field
signals in Fig. No blocked region is observed so this signal can be inter-
preted as a creation of anti-parallel spin state that is preserved while a number
of inter-dot tunnelings occur before the electron escapes from the DQD. The

other shows a long stable current at the (1,1) state before an electron starts
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Figure 7.3: (a) Typical real-time signals representing anti-parallel and parallel spin
configuration in a biased condition. (b) A real-time trace in the resonance condition.
The left trace is a resonance tunneling similar to that in zero magnetic field whereas
the right curve has a stable region at (1,1) state. (b) Schematics of the electron
dynamics respect to spin configurations corresponding to the colored traces.

to tunnel resonantly between the two dots. This signal represents a formation
of the parallel spin state in (1,1) state that subsequently transits to the anti-
parallel configuration. Figure (c) illustrates these situations schematically.
Under the biased condition we can clearly observe that the two spin config-
urations are created upon two electron spin state formation. Such a situation
of adding an electron from the reservoir is analogous to adding a photoelectron,
thus presenting us an expectation that we would obtain for a photoelectron
spin measurement. The technique using resonant transitions for spin detection

was originally proposed for optical measurement of spin states in atomic sys-
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tems [105,[106]. This was eventually utilized for optical spin detection in self
assembled quantum dots aiming for all optical single-shot measurements to-
wards quantum computing [80,(107]. Unlike optical measurements, where high
photon collection efficiency is needed, electrical spin measurements have enabled
a high fidelity read-out in a single dot |71]. However, as discussed in Ch. @ the
lateral dot is not completely stable to photon irradiation to perform this precise
measurement because electrons can eventually tunnel out to the leads. There-
fore we introduce this spin detection in a resonant condition to obtain higher
distinguishability of the single-shot photoelectron spin measurements. This way

of measurement has never been performed for electrically gated double dots.

7.3 Analysis of real-time spin blockade

The tunneling rate in GaAs based lateral DQDs has been theoretically studied
including the spin relaxation mechanisms [108] but they were not in the range
of tunneling rates that we discuss here. We analyzed our real-time data by
comparing several theoretical and experimental results and found some robust
dependences on the applied magnetic field which are governed by nuclear field
fluctuation. Over the ranges where hyperfine interaction dominates, the tran-
sition rate between the two spin configurations is largely different. We ovserve
that the condition holds for a wide range of magnetic field which indicates the

feasibility of our spin detection technique for single photogenerated electrons.

7.3.1 Evaluation of spin dependent tunneling times
Spin blockade in an unbiased condition

When the side tunneling barriers between the leads and dots are thick enough
or when no bias is applied on the dot, an electron can be trapped in the DQD
on resonance for a sufficiently long time to observe the spin dynamics in real-
time. Figure [7.4(a) shows such an example for repeated inter-dot tunneling

measured at zero bias for 7¢ = 1.34 ms and B = 80 mT. Two distinct regions,
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the repetitive inter-dot tunneling region and the stable region, are observed.
Figure (b) shows spin blockade for a different condition, 7¢ = 15 ms and B
= 1.5 T. We observe that the blocked time increases by an order of magnitude
and the counts of inter-dot tunneling events under resonance also increases. The
difference of these two conditions implies that the time of transition between the
two spin configurations (depicted in Fig. [7.4|c)) may depend on the inter-dot
tunneling time as well as magnetic field. We well analyze and discuss the real-
time signals to reveal the dominant source of the changes in the spin transition

times.

Tunneling time evaluation

The characteristic tunneling times were extracted from the real-time traces
by first taking a histogram of the tunneling times. We directly measured the
tunneling times in the time domain by an appropriate thresholding on the sensor
current, Isensor [109]. We plot histograms of the (1,1) state residing time to
unveil the different time constants. Figure[7.5shows examples of the histograms
at a zero magnetic field (a) and a finite magnetic field of B = 80 mT (b). A
single exponential histogram is observed for the B = 0 case showing that the
tunneling is governed by a single time constant. This is expected from the
fact that the two different spin states are hybridized. On the other hand in
(b), the hybridization of spins is lifted due to the magnetic field and two time
constants with a fast one (77) and a slow one (7;) appear as represented by
the biexponential histogram (Fig. [7.5[b)). We extract the 74 representing the
anti-parallel spin tunneling and the 7, representing the parallel spin lifetime.
The most sharp feature that we noticed in the time constants, when varying
several conditions, is that even though 7; and 7, easily varied respect to the
inter-dot tunneling time 7¢, the ratio of those two constants 7,/7; did not
easily vary. This implies that instead of observing solely the relaxation time of
a two electron spin flipping, as we can measure the single spin relaxation time
in single dots, we can observe a transition time that can range below ms to

over 100 ms that implicitly includes the effect of the inter-dot coupling. We will
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Figure 7.4: (a) Real-time measurement of resonant inter-dot tunneling in B =
80 mT. Two distinct regions with a repetitive inter-dot tunneling and a suppressed
tunneling repeatedly appears in a single trace. (b) Resonant inter-dot tunneling tuned
to conditions with longer tunneling times using inter-dot tunneling rate and magnetic
field. (c) Schematics of spin states in (blue) an anti-parallel and (red) a parallel
configuration expected in each corresponding regions. The two spin configurations
exchange by an abrupt spin-flip.
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Figure 7.5: (a) Histogram of the residing time in (1,1) state at zero magnetic field.
(b) Histogram at finite magnetic field. Distinct slopes with two different tunneling
rates appear.

more deeply examine the dependence of the measured ratio 7,/7 in the next

part.

Magnetic field dependence of tunneling time constant ratio

Figure plots the magnetic field dependence of 7,/7;. The plot of B < 100
mT shows a clear dependence on B. For example the two data points at 40 mT
have a similar value of 7,/7p = 21.9 ms/4.7 ms = 4.6 and 7,/7; = 148 ms/29.3
ms = 5.1 but 7¢ is differed by an order of magnitude. The plots above 100
mT deviate from the low magnetic field region and saturated at certain values
depending on the dot conditions (red, orange and blue points in Fig. . The
different conditions are realized when the voltages of gate TL and TR (see Fig.
are tuned relatively different. The maximum ratio of 7,/7; obtained is 132
(= 656 ms/5.0 ms) at B = 1.9 T. For a more higher magnetic field, the first
excited state starts to overlap with the ground state, due to the wavefunction
shrinking in a perpendicular magnetic field. Parallel spins are no longer blocked
in this case, so both spin configurations show similar tunneling times, making

75 /Tp ~ 1.
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Figure 7.6: Tunneling time ratio plotted as a function of magnetic field. Fast and
slow tunneling rates are derived from the biexponential histogram. The plot under
B = 100 mT is fitted with Eq. giving By = 25 mT. Over 100 mT the different
colored symbols show measurement at different dot conditions. Gate voltages are
shown for the possible effect to the dot asymmetry.

We compare the region B < 100 mT with theoretically deduced equations
for a hyperfine-driven decay reported in the supplementary of Reference [110].

The corresponding tunneling rates of the parallel and anti-parallel spin config-
_ L B2 ]
| = —in 1 nuc ,

. . im B2
urations are given by, I'y1 1 = Lin pz gz and Iy oo

1 and I';, are the spin flipped, spin preserved and bare

2 o 2(Br2uuz+B2)
where Fi%,i%? Fi%}

inter-dot tunneling rates, respectively. B,,. is the root-mean-square magnitude
of an effective magnetic field due to the randomly fluctuating nuclei. The calcu-
lation of I' +1 41 and I’ +1 51 being proportional to I';, supports our observation
of the variation of blockade lifetimes. We can apply these decay rates to our

result by I'y1 41 =1/7, and I'yy 21 = 1/7;, and calculate the ratio 7,/7; as,

2
Ts
= =142
Tf +B2 ’

nuc

(7.1)
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showing no dependence on inter-dot tunneling time. Our data is fitted by this
equation (dashed curve in Fig. [7.6) with B,,. = 25 mT as the only fitting

parameter.

In Reference [110] the parameter B,,. used for the GaAs QD is B, =
18mT % where Aw is the single particle level spacing and [ is the thickness
of the wavefunction. The coefficient is inversely proportional to the g-factor by
definition (the formula used |ggaas| = 0.44). Inserting our estimation of fuww =
1 meV, [ = 7.3 nm and B,,. = 25 mT, we can expect our g-factor to be g.
= 0.12. This value is consistent with the value of 0.12 obtained from the ESR
measurement performed on a 2DEG in the same configuration of perpendicular
magnetic field. Our result still has an ambiguity in Aw due to the asymmetry of
the dot. If more evidence can be collected to confirm the correspondence, this

analysis of spin dependent tunneling time could offer a novel way to determine
the QD g-factor.

There are still no measurements above the magnetic fields where hyperfine-
driven decay dominates. Therefore we show a possible formula for 7,/7 due to
the contribution of spin-orbit interaction [111]. When we assume that the charge
noise or phonon drives the two electron spin states via spin-orbit interaction,
the transition of 7% (1,1) <+ S(0,2) can occur because the effective spin-orbit
magnetic field is perpendicular to the external magnetic field. We compare the
calculated transition rate with the bare tunneling of S(1,1) <> S(0,2) and we

get the following formula,

T o <ZS—O>2 (7.2)

¢ d )’ '
where [go is the spin orbit length and 2d is the separation between the two
dots. This equation gives a constant value independent of the magnetic field that
could explain the saturation we observed in Fig. lso is in the order of a few
pum [112] and d could be in the order of a few 100 nm. We see that the obtained

7s/T¢ is in the expected order varying from a few tens to hundreds. Different

tunneling rates can give a different d and in addition the shape of the dot with
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respect to the crystallographic direction can give a different lgo [113]. This
could account for the different mean values of data points shown with different
color plots in Fig. [7.6] but a more systematic study of the used parameters is

needed to reach a clear conclusion for the validity of this equation.

Additionally, measurement at higher magnetic field is desired to investigate
how far our assumptions hold. Measurement in an in-plane magnetic field could
realize higher magnetic field, since the excited states would not affect the ground

state tunneling.

7.3.2 Distinguishability of electron spins

Here we show that the spin dependent tunneling rate ratios are tuned by a factor
of 2, resulting in a high distinguishability of the spin state measurement. The
accuracy of our spin detection scheme is evaluated in terms of ‘distinguishabil-
ity’. Distinguishability is the lower bound of the visibility of the measurement.
This can be calculated from the fast and slow time constants when assum-
ing an equal probability of the measured spin states. We set this assumption
here because we lack the initialization process needed to evaluate the ‘visibility’
(termed in Ref. [71]).

The spin states are determined in a single-shot by setting a threshold time
Ty, on the first tunneling time ¢. If ¢ < ¢, the state is determined as an anti-
parallel spin configuration and if t > t;, the state is determined as a parallel
configuration. Due to the exponential behavior of tunneling time, the statistics
of the measurement would give unavoidable errors. From the time constants 7
and 7, measured in advance we calculate the best thresholding time to minimize
the error probability « (probability of measuring ‘slow’ though it was originally
‘fast’) + [ (probability of measuring ‘fast’ though it was originally ‘slow’). To

minimize o + 3, the thresholding time t;, is set at,

tn = —In (T—) (7.3)
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Figure 7.7: (a) Distinguishability as a function of 7,/7¢. (b) Distinguishability
calculated from the fitted hyperfine mediated region. Plots are taken from the lower
magnetic field region of Fig.

in an equal spin injection assumption. This ¢;, is inserted to the error rates,
and then the distinguishability (D(7,/7;) =1 — a — ) is calculated as,

D(1,)77) = r~ V=D —pmr/r=l) (r = :—;) : (7.4)
The result is plotted in Fig. [7.7(a). The distinguishability starts from D(1) = 0
% at 7,/7; = 1 and increases with 7,/7; exceeding 90 % for 7,/7; > 50. The
best realized condition was 7,/7; = 132, D(132) = 96 %. Figure [7.7(b) shows
the distinguishability calculated from the fitted 7,/7; function to the plots in
the low magnetic field region. The obtained distinguishabilities are less than 80

% in the hyperfine dominating region.

7.4 Conclusions

In this chapter we observed the spin blockade in a real-time manner through
the inter-dot tunneling from the (1,1) to (0,2) state in a DQD formed in a

QW. A short and a long tunneling time constant was obtained from the double
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exponential histogram, and attributed to the anti-parallel spin tunneling time
and the parallel spin tunneling time. One characteristic of the blocked tunneling
time is that it can be tuned with the inter-dot tunneling time so that it becomes
longer than the measurement bandwidth. By taking the ratio of the long and
short tunneling times we could reveal the underlying spin flip mechanisms such
as hyperfine mediated tunneling. Under the higher magnetic field conditions
the certainty of spin detection is tunable to some extent. The accuracy of spin
detection was discussed in terms of distinguishability. At the best condition,
the distingguishability became 96 %. Especially in a resonance condition it is
possible to implement the analogy of quantum jump technique to detect the dif-
ference of two electron spin configurations, parallel and anti-parallel, with high
visibility in a real-time manner [80,/107]. The resonance condition is indeed a
compatible condition with the high resolution photoelectron detection scheme
discussed in Ch. [} Combining these schemes would realize photoelectron trap-

ping and subsequent spin detection.

103



104



Chapter 8

Transfer of single photon
polarization to single electron

spin

We show in Ch. [f that the single photoelectrons were detected in a non-
destructive manner and in Ch. that the electron spin configurations are
measured by observing the spin blockade in a real-time manner. Combining
these techniques, we can measure a single photoelectron spin if we can initial-
ize an electron spin in the (0,1) state as a reference spin. Furthermore, HH
excitation can create polarized spins following the selection rules. Therefore,
detecting the single photoelectron spin created from a circular polarized pho-
ton will provide the verification of angular momentum transfer between single
quanta i.e. single photons and single electrons. This is an indispensable step
towards coherent transfer from single photon polarizations to single electron

spins.
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8. Transfer of single photon polarization to single electron spin

8.1 Single photoelectron spin detection

Preparation

The measured sample and measurement condition are the same as written in
the previous chapter. Here the DQD is tuned around the (1,1) and (0,2) inter-
dot transition region (Fig. [8.1fa)). The photon irradiation measurements are
mainly done at the triangle point of (0,1) state (A in Fig. [8.1fa)). At the
square point of (1,1)-(0,2) state (M in Fig. [8.1(a)) single photon detection with
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Figure 8.1: (a) A stability diagram around the (1,1) and (0,2) inter-dot charge
transition line. The position on the white diagonal line corresponds to (1,1) and (0,2)
states on resonance. (b) Typical photoelectron trapping signals at zero magnetic field.
Gate voltages are initialized on A and M in figure (a). Initialization at A gives the
same signal as the(0,0) initialized condition. The signal initialized at M shows (1,2)
state subsequent to irradiation which is distinguished from spin blockade signals. (c)
The procedure to detect a single photoelectron utilizing real-time spin blockade.
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8.1 Single photoelectron spin detection

an additional electron is performed for comparison. Figure [8.1(b) shows the
typical pulse irradiation responses of Iqpc at B = 0 T, similar to those shown
in Ch. [6] Single photon detection at the square point is shown in the bottom
figure. The Igpc starts with a stable current slightly lower than that due to
the subsequent resonance tunneling.

The scheme of detecting a single photoelectron spin at the triangle point in
Fig. B.1f(a) is as follows (Fig. B.Ij(c)):

(i) Initialization: The DQD is initialized at the (0,1) state with the (1,1)
and (0,2) photogenerated states on resonance. The prepared spin will

point towards the applied perpendicular magnetic field.

(ii) Irradiation and trapping: A single laser pulse is irradiated and photo-

electron trapping is detected by the real-time charge sensor signal.

iii) Spin detection: Observation repeated resonant tunneling in Iopc is an
(i) Sp p gin Iq
indication of down-spin trapping, whereas that of a no fluctuation in Igpc

in an indication of up-spin trapping.

The dot will be initialized again by the tunneling of the excess electron to
the leads in a sufficiently long waiting.

In Ch. [7] we show that at higher fields the distinguishability of spins can be
tuned by changing the gate voltages. We apply the distinguishability for the
photoelectron spin measurement here. Single photoelectrons are generated by
the HH excitation with incident photon wavelength of A = 785 nm and a laser

intensity giving one photoelectron trapping per ~ 20 shots.

Photoelectron spin detection

Figure shows the typical single photoelectron spin detection signals in Iqgpc
obtained from the condition explained above. Figure [8.2(a) is the detection of
a down-spin photoelectron. The resonant tunneling is observed immediately
after irradiation, inferring an anti-parallel spin configuration created between

the photoelectron spin and the prepared up-spin. The Igpc signal becomes
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Figure 8.2: Typical real-time traces of single photoelectron spin detection signals
measured at B = 1.65 T. (a) Resonant tunneling signal is immediately observed after
irradiation indicating a down spin detection of the photoelectron. (b) The other type
of spin signal with a stable current observed at (1,1) state subsequent to irradiation
indicating an up spin detection of the photoelectron. Both spin configurations even-
tually flipped to the other spin configuration and reinitialized by a single electron
escaping from the DQD.

stable at the (1,1) state when the configuration transits to the parallel spin
configuration, that would be spin-blocked. An electron finally escapes from the
left dot, and then the (0,1) state is recovered. Figure [8.2(b) shows the up-spin
photoelectron detection which a stable Iqpc at the (1,1) state subsequent to
the photon irradiation. The first blocked signal of Igpc indicates formation of
the parallel spin configuration of the photoelectron spin and the prepared spin.

This parallel spin configuration can also transit to the anti-parallel configuration
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after 7. In either case we observe the transition of the spin configuration in a
sufficiently long time indicating the robustness of the detection of photoelectron

spins.

8.2 Angular momentum transfer between sin-

gle quanta

Verification of angular momentum transfer

We irradiated over 1000 shots of laser pulses for each polarization and magnetic
field. The achieved photon trapping rate was ~50 out of 1000 shots. We ana-
lyzed the statistics of the single photon detection signals, expecting a weighting
in the detected number of spins if one of the spin states is created preferentially
by the photon polarization. All the other signals for no trapping, two photon
trapping, and so on are excluded from the counts.

Figure shows the photon polarization dependence of the blocked Igpc
signal rate. The polarization is varied from left circular polarization |0~) to the
right circular polarization |o") via horizontal polarization |H) by rotating the
A/4 plate angle 6 from —x /4 to w/4. The error bars are the standard deviation
of the counted spin measurements. The two different color plots are taken for
the opposite magnetic field directions. For example, for the positive magnetic
field the blocked probability is the maximum (minimum) for the [07) (Jo*))
excitation. This indicates the up-spin creation by the |o~) irradiation and the
down-spin creation by the |o") irradiation. The two plots obtained for the
opposite magnetic field directions are independently fitted using the expected
sine functions of Eq. discussed in the next part. The good fitting to both

plots indicate the successful measurement of the photoelectron spins.

Expected spin polarization

The laser source is linearly polarized in the plane of the optics table (|H)).
We rotated a A/4 plate to change the incident photon polarization from the
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Figure 8.3: Polarization dependence of parallel spin detection probability. Red and
blue dots show results for positive and negative magnetic field where the detected
spins would be opposite due to opposite prepared spins. Points are fitted to a sine
function.

left circular polarization (Jo~)) to the right circular polarization (Jo™)) in the
experiment of photon-electron angular momentum transfer. We will discuss
the intermediate polarizations and the expected spin signals by expressing the

polarization of light, propagating in the z direction, in a Jones vector,

[H) = <(1)> V) = (2) Jot) = % (_11) o) = % <;> . (81)
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The Jones matrix M(6) for rotating the fast axis of the A\/4 plate from the |H)

direction by an angle @ is expressed as,

M(0) = R(O)MR(—0) (8.2)

B cosf —sinf 10 cosf sind (8.3)
B sinf cos6 0 1 —sinf cos@ .

where M is the matrix of the A/4 plate with the fast axis in the |H) direction

and R() is the rotation matrix. The resulting polarization is thus,

M) |H) — cos? 0 + isin® 0 (8.4)
B (1 —4)cosfsinf .
o [1+sin20 ., [1—sm26, _

The probability of detecting |o*) is represented by the square of the respective
coefficients in Eq. 8.5 The selection rules of the HH excitations are, [oF) — |)
and |07) — [1). Therefore, the expected probability of detecting the up- or

down-spin for the HH excitation is,

1 —sin 260 1 in 260
% for 1) and % for []), (8.6)

respectively.

8.3 Discussions on single photon polarization

detection

The total fidelity of spin detection obtained in Fig. is about 60% for the cir-
cular polarized irradiation. The possible sources of the deviation from an ideal
curve could be (i) statistical errors, (ii) degradation of photon polarization and
(iii) insufficient initialization of the reference electron spin. Here, the resulting

fidelity below unity and the slight shift of the spin detection rates from 0.5 are
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discussed.

An un-avoidable error comes from the statistical property of the tunneling
times. The tunneling time constants measured in advance was 74 = 20 ms and
75 = 500 ms. The calculation of distinguishability gives 92 % and a threshold
of 67 ms. A spin detection fidelity of 96 % is expected in this condition if the
electron spins are perfectly injected by the circularly polarized photons. This
is the maximum amplitude of the curve that we expect and other contribution
of errors will further degrade the signal. As explained in §6.3 the escape of
photoelectrons to the reservoir and sudden dot potential shift can additionally
affect the statistics. The procedure of excluding photoelectron trapping data
during the restoration of the DQD condition can be a reason for the vertical
shift from 0.5.

The silver coated steering mirror placed after the wavelength plate can dis-
tort the polarization by a few % in the used wavelength range. Additionally,
photon polarization can be distorted through the 400 nm diameter aperture
of the metal mask and onto the sample structure with the fine gate patterns.
We simulated the light propagation using a FDTD method and derived the

polarization distortion of about 1 %, which is negligibly small.

On the other hand a larger influence on the spin detection fidelity can arise
from the temperature. While waiting for the initialization longer than the spin
relaxation time, the reference electron spin would distribute between the two
spin states in a Boltzmann distribution [114]. We calculate the error rate of

having the reference electron in the Zeeman split excited state by,

gepp B
exp (— *,;BT )

e (1)

(8.7)

Error =

The expected blocked probability as a function of incident photon polarization is
plotted in Fig. .4 The parameters of g. = 0.12 and 7' = 130 mK in Eq. are
used to compare with the experimenta data at B = 1.65 T. The estimate of the

effective electron temperature in the dot T here is an upper bound. If we include
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8.8 Discussions on single photon polarization detection
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Figure 8.4: Calculation of the expected polarization dependence of the blocked
probability of photoelectron spin detection. The probability is calculated from the
error rate from the Boltzmann distribution. The distinguishability in our condition,
ge = 0.12 and T' = 130 mK is included in the calculation.

the factors that contribute to the degradation other than thermal effect, the
estimate of T" will decrease but a more systematic investigation is required. In
this figure we see that the blocked probability or spin distinguishability increases
as the magnetic field increases simply because the Zeeman energy increases to
decrease the error in Eq. However, the out of plane magnetic field in our
setup restricts the maximum field of observing spin blockade (Ch. . If we use
an in-plane magnetic field, which is also appropriate for the coherent transfer
scheme, the magnetic field could be further increased exceeding B = 1.65 T.

Then the spin detection probability > 90 % can be obtained at B =7 T .
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8. Transfer of single photon polarization to single electron spin

8.4 Conclusions

In this chapter, we combined the photoelectron detection technique mentioned
in the previous chapters and the photoelectron spin readout technique in a
single-shot manner. The DQD, formed in a near zero electron g-factor QW, was
tuned to the (1,1)-(0,2) transition point when photoelectron is newly trapped by
the DQD. Then spin blockade, or repeated inter-dot tunneling occurs depend-
ing on which of the two-electron spin configurations, parallel or anti-parallel is
established by the photon trapping. By tuning the incident laser wavelength
to the HH excitation, we successfully trapped a single photoelectron in the
DQD and measured its spin state in terms of the instant inter-dot tunneling
signal upon photon irradiation. Large distinguishability between the parallel
and anti-parallel spin configurations made possible the accurate determination
of photoelectron spin orientation, up or down. We finally confirmed the detec-
tion of single angular momentum transfer from circularly polarized photons to
electron spins by the polarization dependence of the statistically derived elec-
tron spin states. We found the fidelity of photon polarization to electron spin
conversion is limited by the thermal effect on the reference spin. This can be
greatly improved by using an in-plane magnetic field instead of an out of plane
magnetic field used here. It can open a way towards the manipulation of the
stored photon information using the existing techniques in DQDs, therefore it
can be useful in quantum information processing combining the photon polar-

ization and the electron spin.
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Chapter 9
Summary and future prospects

In summary, we have developed a scheme using a gate defined GaAs DQD with
a g. ~ 0 QW for detecting single photoelectron spins and finally achieved the
angular momentum transfer from a circularly polarized photon to an electron
spin. Firstly, we characterized the g-factor several QW wafers with different
well widths to derive the g vs. well width. Single and double quantum dots
were fabricated on the QW structure to confirm the electronic transport and
spin related phenomena associated with the g-factor. Then single photon re-
sponses were investigated in the DQDs made in these QWs. Here we devel-
oped a new technique of real-time observation of resonant inter-dot tunneling
to increase the photoelectron detection accuracy compared to that previously
obtained with single dots. We applied this technique together with the scheme
of spin blockade to distinguish between the parallel and anti-parallel spin con-
figuration formed by the addition of a single photoelectron to the one-electron
DQD. Distinguishability of the two spin configurations was adapted to the sin-
gle photoelectron trapping measurements. We measured the photoelectron spin
in a finite perpendicular magnetic field and observed two distinctive signals
of blocked and repeated inter-dot tunneling signals indicating detection of up
and down photoelectron spins. Finally we confirmed the correctly transferred
angular momentum from circularly polarized single photons to single electron

by varying the circular polarization of incident photons and then observing the
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9. Summary and future prospects

cosine like curve in the measured statistics of electron spins.

To improve the fidelity of photoelectron spin detection we proposed that
the Zeeman splitting of the reference single spin in the DQD must be increased.
This contradicts to the need of g. =~ 0 for implementing the coherent photon to
spin transfer. Though, we could have the electron g-factor or Zeeman energy as
large as the laser light bandwidth with keeping the LH spin split larger than the
laser light bandwidth. Another option is to decrease the electron temperature
by additional thermal filtering in the cryostat or further reducing the irradiation
effect to reduce the probability of exciting impurity states.

The trapping efficiency of a single photon through the aperture is currently
~1% and this can be increased by embedding the QW in a cavity structure.
By growing alternating GaAs/AlGaAs layers, a dielectric Bragg reflector can
be placed underneath the 2DEG. Evaporating thin metals on the surface can
act as the other side of the cavity. This could give an intensity of orders of
magnitude higher at the 2DEG. Calculations of electro-magnetic field in such
cavity was made for the application to QWs, but whether we can use the new
structure to form QDs is still under discussion. Another merit that we could
obtain from a cavity structure is that impurity states could be spatially avoided
by placing the node of the resonant light on that depth.

Increasing the absorption efficiency including all the irradiated photons out-
side the aperture, currently < 0.01 %, is important for actual application for
information transfer. The efficiency can be increased for instance by creating
a solid immersion lens directly on top of the sample to focus the laser beam
below the diffraction limit [17]. This way most of the photons could transmit
through the aperture and with a cavity structure embedded we expect ~ 10 %
of an overall absorption efficiency in our QWs. However after the increase of
photon to electron coupling can also increase excitation of the impurity states.
We need the mentioned node in the cavity structure or we could ultimately use
an un-doped structure that has negligible impurity states.

Once the coherent transfer is realized, we can think of various applications

and additional requirements related to the photoelectron spin measurement.
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To finally apply the quantum dot to a quantum repeater, entanglement cre-
ation of two photoelectron spins and subsequent Bell state measurement will
be necessary. In principle the measurement here must be completed within the
coherence time. The fast detection could also be preferable for the investigation
of electron spin and entangled photon-spin physics. The shortest time neces-
sary for the present photoelectron spin detection is less than 100 us, shorter
than the decoherence time of 200 to 300 us [3]. Currently we are developing
a radio frequency reflectometry setup for fast charge sensing and single photon

detection that can possibly be performed within a usec.
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Appendix A

g-factors in quantum dots

A.1 g-factor evaluation from Kondo effect

The Kondo effect

In order to evaluate the electron g-factor in a quantum dot, the Kondo effect
in the many electron regime is investigated. We fabricated a sample of single
quantum dot on a wafer N-J65. The Kondo effect in single quantum dots is
expected to emerge when the tunnel coupling to the right and left leads are
strong. In such a condition, we observed pairing of Coulomb peaks, which is
shown in Fig. [Adja). The enhanced conductance in the Coulomb blockade
regions at N = 21 and N = 23 suggests the presence of the Kondo effect
in odd number electrons with half-integer spin. The even-odd parity of the
electron occupation is more conspicuous in temperature dependence of the valley
conductance. For instance, conductance at the N = 23 Coulomb blockade
region decreases with increasing temperature from 140 mK to 800 mK, while
conductance at the N = 22 and N = 24 increases with increasing temperature.
The conductance measured at a local minimum point in the N = 23 region
as a function of temperature is depicted in the inset, showing a logarithmic
increase with cooling electron temperature. This logarithmic behavior of valley

conductance is a positive proof of the Kondo effect in this electron number
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A. g-factors in quantum dots
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Figure A.1: (a) The temperature dependence of the Coulomb oscillations in a strong
coupling regime. The even-odd parity of the electron occupation strongly indicates
the existence of the Kondo effect. Inset is the differential conductance at the center

of

N = 23 valley. The black solid line indicating the logarithmic behavior of the

conductance is a guide to eye. (b) The typical Coulomb diamonds measured at the
same gate voltage condition as (a). (¢) The detailed plots of the Coulomb diamonds

at

0.1 K, 0.4 K, and 0.7 K.

regime. A similar increasing behavior of valley conductance is observed at N

21, but the temperature dependence is much weaker compared to N = 23,

seemingly due to a relatively weaker tunnel coupling to leads, leading to a lower

Kondo temperature in this region.
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A.1 g-factor evaluation from Kondo effect

tent with the above Coulomb oscillation, enhancement of differential conduc-
tance is found at the center of Coulomb diamonds for N = 21 and N = 23.
The observed zero-bias anomaly of differential conductance is further strong ev-
idence of the Kondo effect. It should be mentioned that the zero-bias anomaly
at N = 23 becomes unclear by vertical inelastic cotunneling lines at Vsp = 0.2
mV. The FWHM of the Kondo zero-bias anomaly is known to be of the order
of 4kpTk /e |115]. From this expression, the Kondo temperature at N = 21 is
estimated to be about 0.1 K, which is in good agreement with the weak tem-
perature dependence in this electron number. Figure (c) is the Coulomb
diamond measured at 0.1 K, 0.4 K and 0.7 K. As temperature increases, back-

ground conductance increases and zero-bias anomalies fade.

g-factor evaluation in a single dot

To confirm that the electron g-factor in a fabricated single quantum dot is
considerably small compared to the GaAs bulk value -0.44, we investigated
cotunneling spectroscopy and the Kondo effect under perpendicular and in-
plane magnetic field. The Kondo peak splitting and cotunneling spectroscopy
are widely used methods to measure precisely the electron g-factor in quantum
dot systems. Systematic study of the g-factor evaluation methods in a few
electron quantum dots is reported in Ref. [116,[117]. As shown in Fig. [A.2{a),
differential conductance under finite magnetic field shows a dip structure around
zero-bias point of width 2gug|B|. Inelastic spin-flip cotunneling event via the
Zeeman split two levels in a quantum dot with odd electron number is allowed to
occur when source-drain bias exceeds the splitting width, i.e. e|Vsp| > gus|B|.
As a result, step-like structure of differential conductance is observed for both
positive and negative bias, with the width of twice as much as the Zeeman

splitting energy.

In detail, the step-like structure in differential conductance coming from
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A. g-factors in quantum dots
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Figure A.2: (a) Differential conductance through a single quantum dot as a function
of Vgp in the N = 1 diamond for in-plane fields Bx = 0, 0.4, 0.6, 0.8, 1 T, (top to
bottom, curves offset) [116]. Dashed gray lines are guides to the eye showing the
cotunneling gap. (b) A zero-bias peak in the N = 3 valley that splits in an in-plane
field By = 0, 0,25, 0.45, 0.7, 0.95 T (top to bottom, curves offset). (c), (d) splitting
energies versus magnetic field as in (a) and (b) with linear fits. Insets: angular
dependence of the g-factor in the plane of the 2DEG indicating isotropic behavior.

inelastic cotunneling is expressed by the following equation:

dl eV + A —eVg+ A
=A A |F| ———— Fl ————— Al
T { ( kT )+ ( T ﬂ (4.1)

where A, is the conductance from elastic cotunneling, A corresponds to the Zee-
man splitting energy, and F is given by F(z) = [14(z—1) exp(z)]/[exp(z) —1]%.
The voltage difference between the center of the steps is given by AV, = 2A /e,
and the temperature broadening of this step is 5.4kgT/e. This method is be-
lieved to achieve more precise evaluation of the electron g-factor than the con-

ventional electron addition spectroscopy for the following two reasons. First,
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A.1 g-factor evaluation from Kondo effect

the cotunneling spectrum is independent of the chemical potential of the dot,
and is not affected by small charge fluctuations near the measured quantum
dot. Second, resolution to probe Zeeman splitting width in this method is lim-
ited only by temperature, while that in electron addition spectroscopy method
is determined by both temperature broadening and charging peak width, or

coupling to the leads.
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Figure A.3: (a) Typical Coulomb diamond under the perpendicular magnetic field B
= 4 T, where the inelastic cotunneling effect is observed. (b) 1D traces of differential
conductance at B = 3.6, 4, 5 T. As the magnetic field increased, the spacing of the
step structure monotonically increased. (c¢) The splitting energies extracted from (b)
as a function of magnetic field. Linear increase implies that the inelastic cotunneing
effect arises from the Zeeman splitting of the degenerate energy levels.

Figure[A.3|(a) is a Coulomb diamond at N = 25 measured under perpendic-
ular magnetic field B = 4 T. We observed a step-like structure in differential
conductance, indicating the contribution from inelastic cotunneling events. The

energy scale of the broadening of the step is roughly 0.05 meV, which is con-
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A. g-factors in quantum dots

sistent with the expected broadening width 5.4kgT = 0.06 meV in the experi-
mental setup. The cotunneling curves at B = 3.6, 4 and 5 T are plotted in Fig.
A.3(b), offset by 1 uS. At B = 3.6 T, relics of the Kondo peak are seen at the
top of the step structure, and the small peaks disappear at larger magnetic field.
The energy splitting width is estimated at the marked point, assuming that the
Kondo effect still exists at B = 3.6 T, but completely suppressed at B = 4
and 5 T, where only cotunneling steps are detected. The splitting widths are
plotted in Fig. M(c) as a function of magnetic field. One can see that splitting
energy is proportional to the applied magnetic field, giving a strong evidence
that the observed cotunneling signals come from inelastic spin-flip cotunneling.
From linear fitting, the electron g-factor for the perpendicular magnetic field is
estimated to be gt = 0.20 4 0.05, which is in good agreement with the value
0.18 deduced from electron spin resonance technique for the same wafer in Sec.
b1l

Attention should be paid to the fact that the evaluated g-factor in a per-
pendicular magnetic field includes the effect of the splitting of Landau levels,
resulting in the formation of edge channels. The spin split edge channels in
the leads cause the asymmetry of the tunnel rate for up- and down-spins. A
revolutionary idea is that in a single quantum dot with exactly zero g-factor un-
der perpendicular magnetic field, interplay between the Kondo effect and edge
states accompanied by asymmetric spin screening can be experimentally stud-
ied, while the Kondo effect is completely suppressed in such a high magnetic
field in the case of conventional HEMT.

Similar measurements are performed for the in-plane magnetic field in a 0.3
K cryostat. We fabricated a different sample with a double quantum dot gate
design on the same wafer N-J65 (see Fig. |5.6(c)). Again the Kondo zero-bias
anomaly is observed in the Coulomb diamond measurement, and we found no
splitting of the Kondo peak with the in-plane magnetic field up to 6 T. Figure
A.4(a) is a Coulomb diamond at B = 6 T, and the corresponding zero-bias
anomaly is plotted in Fig. [A.4{(b). The zero-bias peak has the FWHM of 130
peV. It should be noted that the Kondo effect in quantum dots under such a
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Figure A.4: (a) Typical Coulomb diamond measured under an in-plane magnetic
field B = 6 T, where the Kondo zero-bias anomaly is observed. (b) 1D trace of the
differential conductance. The absence of splitting of the zero-bias anomaly in a high
magnetic field is strong evidence of the small electron g-factor. (c) Calculation result
of a splitting of two identical Lorentzian peaks. The energy scales are normalized by
the FWHM of the peak.

high magnetic field has not been reported so far.

From the fact that energy splitting 2g.ug B is within the range of observed
peak width, we can determine the upper bound of the electron g-factor for the
in-plane magnetic field. Figure[A.4|c) shows a simulation result of the Kondo
peak splitting, where we assumed the congruent Lorentzian peaks splitting by
2g.ppB. For simplicity, the energy scale is normalized by the FWHM of the
peak at B = 0. Two peaks start to be resolved when 2g.ugB exceeds 1, or the
FWHM. In other words, two peaks are not resolved when 2g.upB is less than
the FWHM. Based on the obtained relation 2g.ugB < 130 peV, we estimated
an upper bound of the electron g-factor, | ggl < 0.19, which is considerably small

compared to the g-factor for bulk GaAs.
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A. g-factors in quantum dots

Note that in the above simulation the Lorentzian peak shape is assumed,
but one can also deduce an upper bound of the g-factor relying on some pre-
ceding works. For instance, T. A. Costi [11§] theoretically predicted the critical
magnetic field B, to see the splitting of the Kondo peak as g.ugB. = 1.06kgTk
in the limit of zero-temperature. In GaAs lateral quantum dot systems, the
value of B, is deduced to be g.ugB. = kgTk. Using the relation FWHM =
4k jrm BT, we can get an even lower value of 0.10 for the upper bound of the
electron g-factor in our system. Comparably small in-plane g-factor compared
to the value in ESR measurement can be explained by anisotropy of the g-factor.
In Ref. [44] the in-plane g-factor in a GaAs/AlGaAs quantum well with well
width 7 nm is smaller than the perpendicular g-factor by 0.07, which gives us a
prospect that the in-plane g-factor in our quantum well system is roughly 0.10.
To obtain the upper limit of the g-factor more precisely, we need to focus on
the Kondo effect with the considerably higher Kondo temperature compared to
electron temperature, while keeping Tk smaller than the desired resolution of

the peak splitting.

A.2 Nuclear spin effect in double quantum dots

The suppression of nuclear field by magnetic field is further examined. We set
the voltage condition on a zero-detuning line, and probed the leakage current
with sweeping magnetic field from negative to positive side. The characteristic
of leakage current is significantly dependent on the sweep rate of magnetic field.
With a higher sweep rate dB/dt > 3 mT/s, the leakage current was found
unstable and hysteretic, whereas leakage current became relatively stable with
lower sweep rate dB/dt < 1 mT/s. Typical magnetic field dependence of the
leakage current with sweep rate of 1 mT/s is exhibited in Fig. . A current
peak is clearly observed at B = 0, which result from interaction between electron
spin and nuclear spins as introduced above.

Noticeably, the peak width of the leakage current is broader than that mea-
sured in conventional GaAs/AlGaAs HEMT [59] with its width AB ~ 15 mT.
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A.2  Nuclear spin effect in double quantum dots

We set the inter-dot tunnel coupling weaker compared to the coupling to leads.
To discuss the origin of peak broadening, we fitted the experimental data with

the following equation:

<I>/e=T,S(V3B/By),
S(zx) = 4/2% — 6/2* + V2rerfi(x/V2)(6/2° — 2/2°) (A.2)
x exp(—z?/2) — 3merfi?(z/v/2)exp(—z?)/2°,

where erfi(x) is the imaginary error function, I';, is the inter-dot tunnel rate, and
By is the effective magnetic field arising from random configuration of many
nuclear spins . We performed fitting with three fitting parameters I';,, By
and the constant background current C'; and the curve fitted with the above
equation is plotted as a black solid line in Fig. [A.5] giving good agreement with

the experimental result. The obtained fitting parameters are I';, = 1.95x 107

3.0

Isp (PA)
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Figure A.5: The leakage current near zero-detuning line as a function of magnetic
field. The current peak at B = 0 T is due to the mixing of the singlet and triplet
states by random nuclear field fluctuation. The black solid line is the fitted curve

using an equation in Ref. [104].
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A. g-factors in quantum dots

Hz and By = 21.5 mT. Here, we note that the effective magnetic field formed

by nuclear spins is defined as follows,

N
) AL)-S = gusBy - S. (A.3)
k

When we assume that the number of nuclear spins interacting with the electron
spin in our quantum well system is identical to that in the HEMT case and
(27 AgL) is equal for both systems, the effective nuclear field By scales as
1/g.. We compared the value of By in our system to the value introduced in
Ref. [104] for HEMT, and the estimated electron g-factor in the quantum well
is 0.09 for in-plane magnetic field, which is slightly smaller than the value 0.12
for perpendicular magnetic field deduced by the ESR technique. Based on these
values of the in-plane and perpendicular g-factors, the anisotropy of the electron
g-factor in this system is not significant compared to the previous report, which
may be due to additional electrical confinement in the 2DEG plane, since it
reduces the anisotropy of confinement effect. We have to note that the energy
of inter-dot coupling that came out from the fitting could be comparable with
hyperfine interaction. In that case a formula for the opposite condition must
be fitted, but the ones shown in Reference [104] cannot be fitted to our data

before knowing the side tunnel coupling.
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Appendix B

Calculation of photon absorption

The aperture diameter used in this study, which is 400 nm, is smaller than
the wavelength of the incident photon, around 780 nm. Photon transmission
through such small apertures should be carefully treated for the evaluation of
photon absorption rates [119]. Change in shape, thickness and surface pat-
terns could greatly influence the transmission efficiency and the polarization.
The ability to modify light using nanostructured patterns leads to many useful
applications for photonic devices. However, undisturbed polarization transmis-
sion is needed for accurate transfer of photon polarization information to the
electron spins in QDs, while reducing unwanted irradiation outside of the QD.
A circular aperture is a simple enough structure for our purpose. We have
simulated light propagation to the heterostructure through a circular aperture

opened on a metal mask.

FDTD calculation

A conventional simulation method of finite-difference time-domain (FDTD)
method was used for the numerical analysis. FDTD modeling offers fast and
reliable calculation depending on the domain size in time and space. Various
dielectric and magnetic materials can be specified for the computational do-
mains. The gridded domain must be sufficiently fine to resolve the smallest

structures, but computational resource was sometimes limited for our calcula-
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B. Calculation of photon absorption

tion. We finely simulated for structures near the aperture but outer structure
were sometimes rough, therefore quantitative analysis in outer regions are not
considered in this section. Commercial software that are specialized for op-
tics purposes, ‘Poynting’ (Fujitsu) and ‘FDTD Solutions’ (Lumerical Solutions

Inc.), were used to run the simulations.

Mask thickness dependence
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Figure B.1: (a) Plot of the transmission rate through a metal thin film. Calculation
shows exponential decay whereas the measured transmission shows an additional off-
set. (b) Schematic of the simulated structure of a metal mask on a GaAs heterostruc-
ture. (¢) An example side view plot of the calculated power at a plane including the
aperture center. (d) Plot of the calculated peak transmission rate to the 2DEG. Solid
line plot includes the GaAs heterostructure.

The easily tunable parameters, considering fabrication of the metal mask
with a small aperture, are the thickness of the metal and the diameter of the
aperture. Making the metal mask thicker increases the reflectivity of light,
reducing photon propagation outside the dot with exponential behavior (Fig.
B.1j(a)). The measured transmission through a thin metal film showed a devia-

tion from the calculation, however at least over 150 nm we can reduce the light
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propagation by a factor of 4. However a thick metal would also decrease the
light transmission through the aperture. We see how the center transmission
rate of light varies with the metal thickness. Fig. [B.1{(b) is a picture of the calcu-
lated structure. Light propagates from the top plane and irradiated on a metal
mask with a 400 nm diameter aperture. Underneath are a 120 nm Calixarene
insulator (refractive index: n = 1.56), 5 nm GaAs capping layer (n = 3.571), 95
nm Alg 265Gag 735As layer (n = 3.395) and a GaAs buffer layer. The calculation
was performed for a single heterostructure but it also gives a good estimate for
a double heterostructure owing to the small difference in the refractive index of
the AlGaAs barrier layer. We assume that the 2DEG exists at the interface of
the AlGaAs and GaAs buffer layer, therefore we calculated the light intensity
at 100 nm below the GaAs surface (black horizontal line in Fig. [B.1fc)). We
focused at the peak intensity and plotted as a function of the mask thickness or
the aperture depth (Fig. [B.1(d)). The initial increase of transmission around
100 nm depth may come from a resonance condition of propagation through a
metal tube, inferred from the similar dependence calculated from the bare metal
mask structure. The plot is followed by an exponential decay of transmission
rate. A mask thickness of 250 nm gives an estimation of ~25 % transmission

through the aperture.

Aperture diameter dependence

The diameter of the aperture would give a large dependence on the transmission
rate, which is estimated to be proportional to (d/\)* when the aperture diameter
is smaller than half of the incident wavelength (2d < ) [120]. The power
dependence holds for d < 390 nm in our experiments. Aiming for a higher
transmission rate we simulated for a larger aperture, here with the surface gate
patterns included (Fig. [B.2|(a)). Figure [B.2(b) plots the calculated results for
the peak transmission for each aperture diameter. The dashed curve is a trace
proportional to (d/ /\)4, assuming that the dependence fits near the 400 nm data.

The effect of the surface fine gate patterns can be observed in the in-plane
pattern of the transmitted light. Figure B.2)c) plots the light intensity from
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Figure B.2: (a) A picture of the simulated sample structure with fine gate patterns
(thickness: 60 nm) taken into account. (b) A plot of transmission rate as a function
of aperture diameter. The dashed curve is the estimated dependence of power of 4
from a theoretical formula. (c) A top view 2D plot of the light power at 100 nm
below the GaAs surface. The saturation of the beam diameter is seen due to finite
reflection at the surface gates.

a top view at the 2DEG depth with different aperture diameters. At 400 nm
the power distribution is relatively close to the cylindrical shape of the aper-
ture. As the aperture diameter is increased, the shape of the transmitted beam
starts to differ from a circular shape. At 800 nm, although the peak intensity is
maintained, the power under the gate patterns becomes lower. Here, the distri-
bution of light intensity in the in-plane direction must be taken into account to
calculate the total laser power transmission. However, the patterns in this scale
could possibly vary on each fabrication process which is difficult to include in
the calculation. The surface gates irradiated by a pulsed laser could also largely
affect the measurements by inducing additional photoconductivity with decay
time of the order of 10 ms, reducing the distinguishability of charge trapping

events |30]. As a consequence, the optimal diameter of the aperture was set
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between 400 nm and 500 nm for maximizing the photon collection rate while

keeping the sample stable to irradiation.
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