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TOPICAL REVIEW — Spin manipulation in solids

Spin manipulation in semiconductor quantum dots qubit*

Ke Wang(L#), Hai-Ou Li(Z=##KK), Ming Xiao(H H),
Gang Cao(#NI|)7, and Guo-Ping Guo(5f[E )

CAS Key Laboratory of Quantum Information, University of Science and Technology of China, Hefei 230026, China

(Received 19 May 2018; revised manuscript received 18 June 2018; published online 28 August 2018)

Thirty years of effort in semiconductor quantum dots has resulted in significant developments in the control of spin
quantum bits (qubits). The natural two-energy level of spin states provides a path toward quantum information process-
ing. In particular, the experimental implementation of spin control with high fidelity provides the possibility of realizing
quantum computing. In this review, we will discuss the basic elements of spin qubits in semiconductor quantum dots
and summarize some important experiments that have demonstrated the direct manipulation of spin states with an applied
electric field and/or magnetic field. The results of recent experiments on spin qubits reveal a bright future for quantum

information processing.
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1. Introduction

The field of quantum information technology is rapidly
developing, and scientists are actively trying to implement ef-
ficient quantum gates in a variety of systems, particularly in
solid-state systems. Manipulating spin states in semiconduc-
tors is one of the most important avenues for constructing a
quantum gate, considering that electron spin is a reliable car-
rier of processed information and can be manipulated arbitrar-
ily with a relatively high reliability. The realization of elec-
trical or magnetic control of spin states in semiconductors has
provided compelling evidence of the potential computing ap-
plications.

Nearly three decades ago, research was initiated on quan-
tum dots which were known as artificial atoms.!'~3! In the be-
ginning, the exact number of electrons in the dots was uncer-
tain. The precise number was eventually confirmed in 1996.14!
Shortly thereafter, the proposal for a quantum computer archi-
tecture using electron spins in quantum dots (QDs) was de-
veloped. Later, the precise control of spin states was demon-
strated via electrical methods."> After a series of successful
experiments, scientists were able to characterize these systems
based on several parameters including 77 (relaxation time)
and T, (coherence time). At the same time, the Pauli spin
blockade phenomenon was discovered in double quantum dots
(DQDs).191 At present, one of the spin-to-charge conversion
strategies based on this phenomenon is widely used to initial-
ize and readout the spin states of electrons in QDs.!”]

The first demonstration of electrically controlled single-
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spin qubits was reported in 2005.8] Several years later, two-
spin qubits were realized as well as the entanglement of the
encoded spin states in GaAs QDs.[*!% In addition, single-
spin qubits and two-spin qubits are implemented in sili-
con metal-oxide semiconductor (Si MOS)!11-13] and Si/SiGe
systems.[!*18] Currently, it is possible to achieve a gate fi-
delity of 90% for different systems and occasionally, even
higher than 999%.119-211 However, further research is still re-
quired to improve the coherence time and fidelity.

This section summarizes the status of research in spin
qubits in a semiconductor quantum dot. Section 2 is an in-
troduction to the main concepts of QDs including a discussion
of the basic properties and detection of double quantum dots.
The methods for readout will be discussed in sections 3 and 4.
Section 5 is a review of spin qubits, and the effect of the envi-
ronmental influence will be highlighted in section 6. Section
7 will summarize the manipulation methods of spin states and
discuss the details of each method. Finally, section 8 is the
outlook and conclusion.

2. Developments and electronic properties of
gate-defined quantum dots

2.1. Evolution of semiconductor quantum dots

A quantum dot is a kind of ‘artificial atom.” It can be
filled with electrons (or holes) confined by a certain metal
gates structure. The dot is coupled with reservoirs via tun-
nel barriers and can be detected by applying a current and/or
voltage. Also, it is capacitively coupled to gates. By changing
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the gate voltage, the electrostatic potential can be tuned, and
properties of the dots can be controlled. The structures of typ-
ical lateral and vertical quantum dots are shown in Figs. 1(a)
and 1(b), respectively.

The initial focus of the application of quantum dots is
for device fabrication on GaAs/AlGaAs heterostructures. ']
In addition to the rapid improvement in technology,
high mobility GaAs/AlGaAs heterostructures, Si/SiGe
heterostructures, 29221 Si-MOS, 23231 graphene, 231 and

[31-36

other novel materials I have also been employed as host

materials. It should also be noted that the research focus
has transitioned from doped heterostructures to undoped

heterostructures, 3’1 since the coherence of spin states is

(a) ()

(b)

affected by the dopants around the electrons. Nuclear spin
plays an important role in the coherence of spin states. At
present, purified silicon is regarded as an excellent candidate
for spin qubits due to the absence of nuclear spins. [4>43]

The structure of quantum dots changes significantly. Fig-
ure 1(c) shows the lateral structure using doped heterostruc-
tures. There is also another accumulating-gate structure with

s [44-46

undoped heterostructure: ! Overlapping-gates have been

invented to define quantum dots with smaller sizes over the

5.147] These changes are aimed at defining quan-

last few year:
tum dots with smaller sizes in larger quantities. As such, it
may be possible to accomplish more complex operations on

chips.

Gate

GaAs et

Fig. 1. (color online) Schematic diagrams of (a) lateral dot and (b) vertical dot, (c) vertical dots fabricated on a GaAs heterostructure.

2.2. Electronic properties of electrons in double quantum
dots

Taking a double quantum dot as an example, if we ignore
the spin of an electron, the charge stability diagram (so-called
honeycomb diagram) shown in Fig. 2 can be used to describe
the electronic properties of double quantum dots. Usually,
the coupling between double quantum dots is considered as
Cn > 0, and Vg1, Vg represent the gate voltage on the gates
which control dot 1 and dot 2, respectively. (m,n) which corre-
sponds to the numbers of electrons in the dots as n (m), is the
electron number in dot 1 (2), also written as a left dot (right

dot) in the following section.[*®!

Two effects dominate the electronic properties of quan-
tum dots. One is the Coulomb repulsion between the electrons
in the dots, which results in additional energy cost for adding
one more electron. This leads to a Coulomb blockade in quan-
tum dots. Another effect is the confinement of dots that leads
to the discrete energy spectrum. As shown in Fig. 2(c), an ad-
ditional electron can only occupy the vacant level between the

Fermi levels of the source and drain.
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Fig. 2. (color online) Charge stability diagram of double quantum dots
acquired by scanning Vg 1, Vi 2. (a) Uncoupled and (b) coupled quan-
tum dots can be transformed reversibly into each other by tuning Cy,.
Cny is the cross capacitance between the dots. The lines in the diagram
are the current signals while sweeping the voltage. (c) Discrete energy
level of quantum dots (orbital states). (d) An electron can tunnel in
(or out) of the dot with a rate Iy (or Ij). Panels (a) and (b) are from
Ref. [48].
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To understand these properties more clearly, it is neces-
sary to investigate the dots with an appropriate measurement
method. There are two traditional ways to obtain informa-
tion. They include dc transport and charge sensing including
quantum point contact (QPC) transport measurement and QPC
modulation measurement.

2.3. Transport measurement

Transport measurement is the most direct method to re-
produce a charge stability diagram. In this process, a dc bias
and ammeters are directly linked to reservoirs of the double
quantum dots (source and drain). Using the dc transport sig-
nal, Ipy, a triangle-shaped stability diagram (Fig. 4) is de-
termined from Fig. 3. Certain parameters of these systems
could be extracted from the triangles, especially in systems

like nanowires, in which the signal is clear enough.#°-%]
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Fig. 3. (a) Measurement setup for transport and charge sensing. (b) The
upper right curve is the QPC conductance versus the QPC gate volt-
age while the cross indicates the highly sensitive position. The lower
left one is the transport signal of the QPC versus gate voltage V. (c)
The upper curve represents the transport signal of the double quantum
dots, and the lower one indicates the modulation signal of the QPC. The
figure is from Ref. [53].

2.4. Charge sensing technique

In addition to transport measurement, there is another
method called charge sensing.!>*! Superior to standard trans-
port measurement, charge sensing techniques can be used to

confirm the number of electrons in single!>>!

or double quan-
tum dots'33! and to extract some key parameters such as detun-
ing € and inter-dot coupling 2¢.1%-1) In addition, due to the
high sensitivity of charge sensors, charge sensing can be used
in the absence of a transport signal or for the devices with only
one reservoir. (0]

A charge sensor is formed by integrating the QPC beside
the quantum dots. In Fig. 3, there are two QPCs in this de-
vice. This type of sensor can be used to detect information
in two ways. One way is by measuring the transport signal
of the QPC. It reflects the charge distribution at a fixed to-
tal charge. The QPC sensor is most sensitive to the tunneling
of electrons in the steepest position (at G = ¢? /1) between two
plateaus of G.[%% Figure 3(b) shows the QPC transport current,
where each plateau of Igpc corresponds to an electron hopping
event. The other way is by measuring the modulation signals.
When a modulation or pulse signal is added to the gate which
controls the electron behavior, the QPC sensor can obtain in-
formation with a high signal-to-noise ratio (SNR). Even when
the transport current, Ipot, through the dot has fallen below the
noise level, this modulation conductance variation still can be
detected to confirm the change of the electron number. This
is why the QPC can be used to confirm the number of elec-
tron in the dots. Compared to the transport current in double
quantum dots in the upper panel of Fig. 3(c), the modulation
signals agree well with it. Such a technique is widely used
in GaAs quantum dot systems.5%>?%1] Single electron transis-
tors (SETs) were also fabricated as an electrometer. They were
first used in a resonant circuit operating at a frequency above
100 MHz.[%*! SETs have been integrated into quantum dots
and in various structure such as carbon nanotubes, [©>-%%1 Ge/Si
core-shell nanowires,’" graphene!”!-7?! and Si MOSFETs. 3]

It is notable that charge sensing greatly depends on the
tunneling rates (I"). If the tunneling time (1/I") is much longer
than the measurement time, no signal can be detected. In this
case, the change of the electron number cannot be observed
while sweeping the gate voltage. On the other hand, this phe-
nomenon can be used to detect the tunneling time by adding
short gate voltage pulses which draw electrons in and out. If
the gate pulse amplitude is suitable, it can change the elec-
trochemical potential and control the electron number to fluc-
tuate between N and N — 1. Monitoring the average current
of the dot electron versus the length of the gate pulse yields
information on the tunneling time. When the pulse length is
comparable to the tunneling time, the average current of the
electrons is sensitive to the change of the tunneling rate. So it
can be used to measure the charge dynamics in GaAs quantum
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dots.[o!! It has also been used to measure the spin lifetime of a
single electron in Si/SiGe®”-7# and Si-MOS quantum dots.[”>!

In addition, two pulses simultaneously added to different
gates are used to detect the spin states using a charge sensing
technique.!’®7” Finally, improved readout of the spin states
mediated by a metastable charge state has been developed,

which aids the signal enhancement.!’87%]

3. Pauli spin blockade

The Pauli spin blockade (PSB) plays an important role
in spin dynamics in quantum dots as indicated by the current
suppression. The key point is that one orbital state can only be
occupied by two electrons with different spin (so-called Pauli
exclusion principle). As illustrated in Fig. 4, the PSB occurs
when a negative source—drain bias is added. At a negative bias,
the electron state transits in the sequence (0, 1)—(1, 1)—(0,
2)—(0, 1). There is always an electron in the right dot. Due to
the Pauli exclusion principle, only a spin-down electron from
the left dot can be loaded into the right dot during the transition
(1, 1)—(0, 2) if the electron in the right dot is in the spin-up
state. Similarly, only another spin-up electron can transition
into the right dot if the first one is in the spin-down state. Us-
ing transport measurement, triangles which indicate current
signals can be mapped out, as illustrated in Fig. 4. When
each dot is occupied by one electron respectively, current sup-
pression occurs during the transition (1, 1)—(0, 2), shown in
Figs. 4(b) and 4(d). This is because of the energy difference
between S(0,2) = IN)\—fILT) and 7 (0,2) = |[11) (arrows indi-
cate the spin direction of electrons) is so large that the energy
level of the T (0,2) is above the Fermi level of the reservoir,
as shown in Fig. 5(a).

On the contrary, for a positive bias, charge transfer takes
place in the sequence (0, 1)—(0, 2)—(1, 1)—(0, 1). The first
electron in the right dot is either spin-up or spin-down, and
the second electron with an opposite spin direction can tunnel
through the right dot, leading to an observable current. This
is because the orbital states of each dot in the (1,1) regime are
different and the splitting between S (1,1) and 7 (1, 1) is com-
paratively small in the absence of the Pauli exclusion principle.

To clarify current suppression, a typical situation (nega-
tive bias) is considered. With an appropriate gate voltage, the
(1, 1) regime can be reached. In this regime, each dot is oc-
cupied by one electron. Assuming a spin-up electron in the
right dot is prepared as shown in Fig. 5(a), another electron
hopping to the left dot from the drain can be either spin-up
or spin-down. A spin-up electron can tunnel to the right dot
while a spin-down electron cannot, as illustrated in Figs. 5(b)
and 5(c). In the situation shown in Fig. 5(c), no additional cur-
rent can be measured, since no charge transition occurs. This

is why current suppression takes place.

The first PSB of quantum dots was observed in an exper-
iment on vertical double quantum dots®! and then in lateral
quantum dots. ! Mostly, this spin-to-charge phenomenon oc-
curs in a two-electron regime, but it has been discussed in a
three-electron regime as well.[3%]
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Fig. 4. (color online) The dc transport measured current by sweeping
VR and Vi, with a (a), (b) positive bias and (c), (d) negative bias. (a), (c)
In the one-electron regime, no spin blockade phenomenon is observed,
(b), (d) while it is obvious in the two-electron regime. The figure comes
from Ref. [59].
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Fig. 5. (color online) Schematics of electrochemical potential. (a) Ini-
tial state of double quantum dots. Each dot is occupied by one electron
and the electron in the right dot is spin-up while the state of the left elec-
tron is uncertain. Panels (b) and (c) represent two different situations.
When a spin-down electron transits to a dot, it can transfer to the right
one without restriction. However, a spin-up electron is forbidden from
crossing due to the Pauli spin blockade.
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4. Readout of spin states
4.1. Single-shot readout of electron spins

Due to the tiny magnetic moment of the electron spin, it
is difficult to measure the spin state directly. Thus, a spin-to-
charge conversion is needed to distinguish a single spin. Over
the course of numerous experiments, two methods have been
utilized for the readout stage. One is the energy selective read-
out (E-RO), where the energy difference between the differ-
ent spin states should be large enough to distinguish a sin-
gle spin.”! The other is tunneling rate selective readout (TR-
RO).18! By exploiting the different tunneling rates between
two spin states, spin-to-charge conversion is achieved. These
two approaches are both important for possible applications
in experiments. In both circumstances, the readout fidelities
are above 99%.13%! Such strategies are not only suitable for a
single spin, but also for two-spin states. Later, spin-state de-
tection of two individual electrons is demonstrated using two

independent QPC detectors at the same time. (3!

4.2. Energy selective readout

The first energy selective readout experiment was demon-
strated in 2004.1' As previously indicated, QPC works as an
electrometer. When Zeeman splitting is much larger than the
energy level broadening, E-RO can be achieved. In Fig. 6,
the measurement consists of three steps: 1) empty the dot; 2)
inject an electron with unknown spin; 3) measure the state.
These steps are controlled by gate voltage pulse applied to the
quantum dots in a finite magnetic field. Firstly, the dot should

( a ) Lyait tread

10
Inject & wait

Ve (MV)

o o

Empty Read-out

be empty which means both the spin-up and spin-down energy
level are above the reservoir. Secondly, the gate pulse changes
the energy until these two energy levels are below the reser-
voir. It should be mentioned here that the time interval of this
process is approximating I'~'. Then only one electron can
tunnel into the dot with either the spin-up or spin-down state.
Finally, the pulse pulls the energy again, and the Fermi level
of the reservoir is between the energy levels of the spin-up and
spin-down state. Only the electron with a spin-down state can
tunnel out of the dot because its energy is above [l.s. There-
fore, an additional current step can be observed. At the end of
the fread, the pulse ends and the empty stage starts again. In
this way, spin-up and spin-down states can be detected in real
time. Figures 6(c) and 6(d) are the experiment data.

4.3. Tunneling rate selective readout

The method mentioned here depends on the difference of
the tunneling rates of the different spin states. The first demon-
stration of this technique was an experiment for the singlet
state (|S)) and the triplet state (| 7p)).[®!1 Similar to the E-RO
method, a gate pulse is needed to realize the three steps of
measurement. Here we assume that the tunneling rate I'7 from
the | T) state to the reservoir is much larger than I from the
| S) state. For dots with more than two electrons, it is possible
to acquire different tunneling rates because the triplet state is
asymmetric and the wave function of the triplet state is more
extended than that of the singlet state, leading to a larger over-
lap with the reservoir.

Algpe

(b) p4

—
(o
S
N
T

Spin-down

1 " 1

0.0 0.5 1.0 15
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Fig. 6. (color online) Schematic diagrams of the E-RO single-shot readout progress. (a) The upper panel shows the gate voltage pulse, which
consists of three steps: empty, inject & wait, and readout. The lower panel shows the response of the QPC signals. The dashed line represents
the signal when spin-down is injected in. (b) Energy diagrams for spin-up and spin-down states for the different situations during the three pulse
steps. The upper panel is a spin-down injected diagram while the lower one is spin-up injected. Panels (c) and (d) represent the experimental
result of a single-shot readout of an electron spin for two different types of spin states: the upper panel corresponds to a spin-up electron and

the lower panel is a spin-down electron. The figure comes from Ref. [7].
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Like E-RO, TR-RO also starts with the empty stage where
no electron occupies the dot as shown in Fig. 7. Then both the
energy level of the triplet and the singlet states are pulled be-
low the reservoir and an electron with unknown spin tunnels
in. After the wait time fy.j (Fs_l > twait > I T_l), the elec-
tron with the triplet state is much more likely to tunnel out.
Then the spin state can be converted to a charge current and
precisely detected. This method is effective even when the en-
ergy difference between two spin states is very small.

A
(a) = preparation &
« | initialization | waiting time read out
iy S S
(b) 4 time
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: 1S) . ——
: % 1S)

Fig. 7. (color online) Diagrams of single-shot readout with TR-RO. (a)
Shape of gate pulses applied to the gate to control the measurement.
(b) Response of QPC signals corresponding to the pulses. (c) Energy
diagram of the three steps of the spin-to-charge conversion. The fig-
ure comes from Ref. [81].

5. Definition of spin qubits

A two-level system can be encoded as a qubit. We can
describe a qubit on a Bloch sphere. In Fig. 8, the north pole
of the sphere represents |0) and the south pole represents
| 1). Every point on this sphere represents an arbitrary state
|v) = a|0) +B]|1), with two complex number & and 3 sat-
isfying |a|* + |B|* = 1. On the Bloch sphere, the polar angle
0 represents the probability coefficient of the state, while the
azimuthal angle ¢ is the phase of the qubit.

¢ =sin 0 cos x +sin O sin oy +cos Oz, (1)

where @, y, and z are the unit vectors of the coordinate axis.
In quantum dot systems, one can encode qubits on both
the charge states and the spin states. However, noise distur-
bance severely limits the coherence of charge states, com-
pared to spin states. There are several types of spin qubits
determined by different encoding methods. Loss—DiVincenzo
qubits (LD qubits)!'%-1217:841 and singlet-triplet qubits (ST
qubits) 81 are primarily investigated. Usually, the basis states
for a LD qubit are two independent spin states without en-
tanglement, while that for ST qubits are the superposition

of states defined as |S) = (|1) —|I1))/V2 and |Tp) =
(|11) +141))/V/2 states. Most established researchers in the
field of quantum dots are focused on these two types. Be-
sides, exchange-only qubits,'®>! resonant-exchange qubits, (5]
and hybrid qubits'3"-1 are also investigated due to their indi-
vidual advantages. For example, a hybrid qubit could speed up
the implementation of gate operations and maintain a longer

coherence time. 1]

10)

Fig. 8. (color online) Bloch sphere corresponding to the state of an elec-
tron spin qubit. Any state| ) is a superposition state of |0) and |1)
represented as| y) = cos(0/2)|0) +¢'?sin(6/2)|1).

6. Spin interaction with the environment
6.1. Spin—orbit interaction

In quantum dot systems, the spin states are affected by the
environment.!”?! Spin—orbit interaction is one of the dominant
factors. Usually, this effect is treated as a small perturbation
as long as the size of the dot is much smaller than the spin—
orbit length Iso. In the case of GaAs (zinc-blend structure), it
is suitable to focus on the linear part of the D’yakonov—Perel
mechanism!®3! although a spin may flip via the Elliot—Yafet
mechanism!®¥ or the Bir—Aronov—Pikus mechanism.[”>! The

linear Hamiltonian is given by

Hso = & (pxGy — pyox) + B (px0x + py0y), (2)

which is the sum of the Rashba () and Dresselhaus () spin—
orbit interactions. Both of them mix up the spin and orbit
states.[°°] For a double quantum dot, singlet and triplet states
are also affected because they are involved with the orbital
states.

6.2. Hyperfine interaction

Nuclear-spin induced hyperfine interaction results in
some consequences.® Leakage current of the Pauli spin
blockade regime is one of these consequences which has
been experimentally demonstrated.[””-"%] Besides, it has been
proved that the electron spin could be flipped via hyperfine

interaction. %]
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7. Manipulation of electron spin
7.1. Single spin operation

As previously indicated, the spin states can be represented
by any point on the Bloch sphere, and | y) = o¢|0) + 3| 1)
could be written as | y) = cos(6/2)|0) + e!?sin(6/2)]1),
where 0 is the probability coefficient of the state and ¢ is the
phase of the qubit. The spin state could evolve to another ar-
bitrary state after a unitary operation U, which can be recog-
nized as an Euler rotation. Any Euler rotation around x, y, or z
is written as R (0) = exp(—i606/2), where o is any one of the
Pauli spin matrices and 6 is the angle of rotation. For example,
X = exp(—imoy/2) is the rotation around x, analogous to the
classical NOT gate from |0) to | 1) . Similarly, Z is the rotation
of a spin state around the z-axis and is related to the behavior
of an electron spin under a static magnetic field. The system
is described by the Hamiltonian H = E,0,/2, E, = ho, is the
Zeeman energy. This implies that the static magnetic field (B;)
drives an electron spin rotating around the z-axis at the Larmor
frequency @,. A rotation around the x-axis (or an axis in the
x—y plane) and another rotation around the z-axis make up the
universal single spin operation.

There are several methods for achieving this spin oper-
ation, which are divided into two categories. They are elec-
tron spin resonance (ESR) and electric dipole spin resonance
(EDSR), and they follow different mechanisms. For ESR, spin
operations are achieved by controlling an alternating magnetic
field while the EDSR is manipulated completely by electrical
means. Several experiments will be discussed in detail to clar-
ify the spin resonance dynamics.

7.1.1. Electron spin resonance

Driven coherent rotation of a single spin has been real-
ized in several solid systems using electron spin resonance
(ESR).[*>-1011 Tt was proposed by Engel and Loss in a single

Initialization Spin blockade

quantum dot,'9%1931 but was realized in GaAs double quan-
tum dots. The first ESR experiment in quantum dots was
demonstrated by Koppens et al.[8# Later, it was also demon-
strated in a single dot in Si-MOS.!'!) In the ESR technique, an
oscillating magnetic field Bac with an angular frequency ®
along the x-axis and a static magnetic field B, are applied along
the z-axis. Bac is used to achieve spin-flip while B, induces
the Zeeman energy E, = gugB, where ug is the Bohr mag-
neton and g is the electron g-factor. The rotation induced by
B, is described as the motion in a coordinate system rotating
around the z-axis with rotating frequency @, = gugB,/h, and
Y = exp(im.t0,/2) | v). Assum-
ing Bac = @Bac cos (of + @), we can obtain the Hamiltonian

the spin state becomes |y

UsgB; usgBac
2 2

When the Hamiltonian is reduced in the rotating frame

H= oy cos(wt+ ). 3)

o, +

followed by the rotating wave approximation, we have

MO =Z0) A osp—oysing], @)

H:
R 2 2

where @; = ugpgBac/(2h). The rotation of the spin state is
controlled by @, and ® around the z-axis. When the ac field
angular frequency ® = @,, there will be only rotation around
a fixed axis in the x—y plane controlled by ®;, which is known
as the Rabi oscillation. To simplify the situation, we usu-
ally adjust @ = 0 and the spin state rotates between |0) and
| 1) around the x-axis. Therefore, the Rabi oscillation realizes
a NOT gate when a & pulse is applied such that the length
of the pulse is Tmw = w/®,. In addition, if the frequency @
does not match wz, the spin will precess around the angle ¥ =
arctan[(@, — ®)/®;] with frequency @, = \/ 07 + (@, — )%
By changing the magnetic field pulses, it is possible to arbi-
trarily control the qubit.

Spin manipulation
(ESR or EDSR)
|

ARRN BN F
o rs B V’ H>'+s
W LWL
| P 18 ) |8 [

Projection Readout

Fig. 9. (color online) Schematic diagram of the energy level during the ESR or EDSR measurement. It consists of initialization, spin

blockade, spin manipulation, projection, and readout. Spin-flip is achieved in the spin manipulation step by hyperfine interaction, !

8,104]

spin—orbit interaction, 191 inhomogeneous magnetic field,'%! and g-factor tensor modulation.1%7}
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In the experiment, double quantum dots are tuned to a
spin blockade regime where each dot is occupied by one elec-
tron. Due to the Zeeman energy, triplet states split into 7,
T_, and T, states. Considering the lowest two energy states,
the S and T} as shown in Fig. 9, the 7. (1,1) state blocks the
current as soon as the double dot is occupied by two paral-
lel spins (one electron in each dot). To lift the blockade and
generate current, the spin in the left (right) should be flipped.
Both ESR and EDSR are able to achieve this requirement. In
Koppens’ experiment, (34 the alternating magnetic field Bac
works as an element of the spin-flip. During manipulation, a
RF burst (blue line in Fig. 10(a)) is used to generate the ac
magnetic field which can flip the spin states. Throughout the
transport measurement in Fig. 10(b), there is a clear ESR re-
sponse when sweeping the static magnetic field and the RF
frequency. Two oblique lines represent the resonant frequen-

a Spin Coulomb Spin
blockade blockade manipulation

TLLU}UM:T;L

Projection

S -6
E RF signal
=~
Gate pulse
| ——— e —————
0 Time 2us
Initialization Manipulation Read-out

(c)

=-10dBm, B, =
%, Mo

12mT

100 =-14 dBm, B, ~ 0.74 mT

0 200 400 600 800
Burst time (ns)

1,000

cies dependence on the magnetic field. In a state of resonance,
the spin state could change from up to down. Thus the electron
can tunnel out of the dot. This could only happen when one of
the electron spin rotates over (2n+ 1)x. The oblique lines are
the characteristic signatures of the ESR, and the slope of the
line can be used to fit the g-factor of the system.

In Fig. 10(c), the measured peak current oscillates peri-
odically with a RF burst length which verifies the Rabi os-
cillation, which can be used to fit the coherence time 7,". In
the inset of Fig. 10(d), the Rabi oscillation frequency linearly
depends on the RF burst amplitude. In this system, the coher-
ence time 7," was 10-20 ns and the fidelity reached 73%. In
order to create the ac magnetic field, the coils are conductive
with a current of approximately 1 mA. In this situation, the
high heating power and large-area coils limit potential future
applications and integrations.

(b) 400
600 B
o) k 300
I
= ) i
f? 400 ’ b i 200 §
£ =
-] >
4 100
w
€ 200
0
0
-150 -100 -50 0 50 100 150
Magnetic field (mT)
(d) Burst time (ns)
210
3
8
5 1605,
H >
8 S
w
4
110

0 3.5
Icps (MA)

Fig. 10. (color online) (a) Sequences of pulse and microwaves used to control electron spin. (b) Measured transport current of the
dots by sweeping the static magnetic field and RF burst frequency. (c) Coherent single spin rotation as a function of the RF burst time.
(d) Rabi oscillation of the ESR experiment. The inset of (d) shows evidence of Rabi frequency dependence on RF power. The figure

comes from Ref. [84].

7.1.2. Electric dipole spin resonance

To overcome the disadvantages of ESR, electric dipole
spin resonance (EDSR) was theoretically proposed with a
spin—orbit interaction (SOI)!'%! and an inhomogeneous mag-
netic field,['%’! as the medium to couple the electric field to
the electron spin while an ac magnetic field couples to the spin
states directly for ESR. In addition, hyperfine interaction!'*4!
and g-tensor modulation resonance (g-TMR)1%1 could be the
mediating mechanism in the experiment.

Spin-orbit interaction In an EDSR setup, a static mag-

netic field B; is applied to the device and an ac driving electric

field E (¢) is introduced to control spin. In contrast to ESR,
EDSR couples orbital states to spin states when SOI works as
a mediator. The effective Hamiltonian is given by!1%8]

H = Hpo + Hz + Hsor, )
1
Hy = EguBZ-a, (6)
1
Hsor = Eg.UBeff'Gy @)

where By is the effective SOI driving field caused by the elec-
tric field. Assuming the static external B, and electric field
E (t) are along [110] or [110], then the value of Beg can be
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written as

eE ()12
| Beft| = 2|BZ|—( ) dot (8)
lso - A

where the spin—orbit length is defined as Iy, = h/m* (o + f3),
lgot 18 the size of the dot, A is the orbital energy splitting, m* is
the effective mass, 7 is the reduced Planck constant, and o and
B are the Rashba and Dresselhaus spin—orbit coefficients. As
a consequence, E(t) could drive the spin rotating along the x-
axis through Hsor. The speed of manipulation depends on A.
In essence, it can be seen as the shift of center of the electron
wave function in the dot caused by an electric field. Shifting
Ax = (eE(t)I3,)/A, we can obtain

Ax

|Beff| :2|Bz| (9)

lS()

In the first EDSR experiment,['%] an ac electric field
E (¢) and B, are along the [110] direction where the SOI is
much more pronounced than the other directions. As shown in
Fig. 11(c), oscillations are observed. The frequency of the os-

microwave. It is the signature of the Rabi oscillation between
spin states, which confirms EDSR. It is worth mentioning that
with a certain device design, SOI is suppressed. Under this
circumstance, hyperfine interaction dominates the experiment,
resulting in the absence of Rabi oscillations.1%4!
Inhomogeneous magnetic field We can assume that the
static magnetic field By is applied in the x-direction, and the
inhomogeneous field is given by
By (x) = bgxz, (10)
where by is the slanting magnetic field gradient in the x-
direction. As previously indicated, the ac electric field causes
a shift of the center of the electron wave function: Ax =

(eE(t)I3,)/A, leading to an effective alternating magnetic
field Beff,

eE(1)I3
cillation increases linearly as a function of the amplitude of the Beii (1) = —bg - Tdmz' (11
0.25 ’q 15.79 GHz
<E: 02 N15.57 GHz
€ ﬂ 15.36 GHz
2o.15
3 \.15.14 GHz
5 0.1
3 " “\14.93 GHz
0.05 J\y.n GHz
0 ) \ 14.50 GHz
2.6 2.8 3
Bex (T)
(c) (d)
3
<
= N
E =
= S 2
5 o =
3 b _ _ Ve ~0.8 MV 2
g 0 200 400 600 800 e
r . r 1
o
o
60 ®" 4 0 0,.95°
4
g ' V,, ~3 MV
26— 500 1000 1500 2000 2500 20

Burst time (ns)

15
Vp, (V)

Fig. 11. (color online) (a) Scanning electron micrograph of the GaAs double quantum dots. The blue arrow indicates the electric
field and the green arrow is the direction of the static magnetic field. (b) Resonance of spin-flip by changing the amplitude of the
magnetic field and the RF frequency. (c) Rabi oscillation of the EDSR experiment. The period changes along with the amplitude of
the microwave. (d) Rabi frequency as a function of amplitude of the microwave (the square root of MW power). The figure comes

from Ref. [105].

090308-9



Chin. Phys. B Vol. 27, No. 9 (2018) 090308

Figure 12(a) shows the on-chip micro-magnet device.
The yellow part is the micro-magnet made of cobalt, on top
of GaAs double quantum dots. In Fig. 12(b), an illustration of
the schematic diagram of the micro-magnet is presented as it
creates the slanting field, as long as the magnet is in a mag-
netic field. In Figs. 12(c) and 12(d), the resonances of the
electron spins in both dots are detected simultaneously. If the
micro-magnet is properly designed, a large Zeeman splitting is
achieved to individually manipulate each electron spin.[1%-17]

Tensor modulation resonance (g-TMR) In the experi-
ment, the g-factor is designed to be anisotropic and depends
on the voltage so that it is treated as a gate-dependent tensor.
Then the Hamiltonian is

1
H; = 3guByo = 5- 2, (12)

where By is the magnetic field with angle 8 from the z-axis.
S = %o- are the Pauli spin matrices and 2 is the precession
vector. Since the g-tensor is designed to be dependent on the
position z in the growth direction, then the vector is expanded

along the z-axis

2(z) = 20+ 2||(z) + 92, (2),

500 nm

13)

(a)

Va.c.
139 @
= |hf=gugBy /" s 02 ~
r"’f/’l 0.1 9%
B e 0 = ¢
S go ol E
AW
13,6 1A M=0HBon
2.42 2.51
B, (T)

where §2q is the offset and time-independent term, §2|| and
£2, are the parallel and perpendicular parts of the first Taylor
series of the precession axis vector around z = 0, which is sta-
ble for electron. The components §2|| and §2, correspond to
the rotating frequency @y and @, respectively. The frequency
o, flips the spin state

9or — cos 0
0 = ‘;—BBOM sin 6 cos 6 0 , (14)
< —sin@

where g and go are the in-plane and out-plane parts of the
g-tensor. The first electric controlled g-TMR experiment was
demonstrated in 2001.1''1) Later, Gigahertz electron spin ma-
nipulation was achieved.!'%’! To date, no Rabi oscillations are
realized by this approach.

All the previously discussed were firstly demonstrated in
GaAs systems. By employing the same mechanisms, similar
experiments were also performed in other systems, such as Si-
MOS, 131 Si/SiGe quantum well, 14101 and so on.

(b)

V4
K x
y

06 3 40
0512 35
| w0 L
0.4 2 8 5 30 -
0.3 1 F25 B
o
021 - 20
0.1 u -15
0 . 10
2 3 4 5

By (T)

Fig. 12. (color online) (a) Scanning electron micrograph of the device made on a GaAs heterostructure. The yellow part is the cobalt
micro-magnet used to generate a slanting magnetic field. (b) The schematic diagram of the magnetic field generated by the colt
magnets. (c) Typical EDSR lines indicating the spin-flip mechanism. Two lines correspond to behaviors in the left dot and the right
dot. (d) Position of both resonance peaks in two dots by sweeping the magnetic field. The figure comes from Ref. [106].

7.2. Two-spin operations

CNOT, C-phase (control-phase), and swap operation are
basic two-qubit operations which are essential for universal
control of qubits.['%) The CNOT gate with relative high fi-
delities are achieved with Si-MOS and SiGe double quantum

dots.[1>18] One of the experiments is discussed here to clarify

the details.

In the experiment,!'”) a DQD is formed on a SiGe het-
erostructure with an on-chip micro-magnet. As shown in

Figs. 13(a) and 13(b), gates L and R are used to confine the
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dots. By sweeping the gate voltage, the few-electron regime
can be obtained with charge sensing. The manipulation works
at the point marked as ‘d’ in Fig. 13(b), with only one elec-
tron in each quantum dot. High-fidelity single qubit control is
demonstrated when the frequency of the microwave matches
the resonance frequency of the spin in the left (right) dot, as
shown in Fig. 13(c).

Considering two-spin operations, the time-dependent

Hamiltonian can be written as{!13]

1
H=J(t) (SL'SR - 4> + By-S1.+ Br-Sr, (15)

where J is the time-dependent exchange coupling between two
spins. SL(SR) is the electron spin in the left (right) dot. Then
the eigenvalues are written as

e(| 1)) = E.+ (B} + BR)/2, (16)
e(If1) = (-7~ \/J2+ (o8- (B2 —ngi;))z)/L (17)
e(111) = (-J+ \/Jz+ (s (B! —B;'j;;))z)/z, (18)

e(| 1)) =—E.— (B +BIR)/2, (19)
(=) ]le.,nnt
Bext L M R X
Qubits |
S

Chargef™

Sensor

0.2 04 06 08

200

400 600
T (NS)

800

where E; = (B + B! + B + B!Y) /2 and 8E, = (B +

0 0
By — B B}
on-chip micro-magnet creates B ) (f) = B:]LO(R) + BZ’E(R) (1)

). B! is the static magnetic field, and the

which consists of a static part and a time-dependent part. The
tilde represents the hybridization of | [1) and | 1).

Given the eigenvalues of the Hamiltonian, it is reasonable
to define the corresponding transition frequencies as

f=ry = le (L) —e (TW) 1, (20)
Fliny=ny = () —e(1 1)1, @1
Foo=n =le( L) —e (1)) 1, (22)
fry=in = e (IT1) —e(1 t)]. (23)

Figure 14(b) plots the eigenvalues (16)—(19) as a function
of the exchange coupling J and marks the transitions. In
Fig. 13(d), it is obvious that two resonances occur ( fleR>=| 0
and f‘LWR>:‘ T>) when sweeping with probe frequency f,. Rabi
oscillations of the left spin depend on the state of the right spin.

This is because the state of the right spin affects the frequency

of transition shown in Fig. 14(b).
(b) dgJ/dV, (a.u.) 04 -02 00
560 — """'"‘*_{
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Fig. 13. (color online) (a) Scanning electron micrograph of the SiGe double quantum dots. (b) Stability diagram of the DQD and

schematic of different steps during operations (marked by black

points). (c) Rabi oscillations between spin-up and spin-down state of

the electron in the right dot. (d) P% as a function of 7g and probe frequency f,. There are two resonances of the left qubit and their
frequencies are split by J. The response of the left spin qubit oscillates between these two frequencies as the right qubit oscillates
between spin-up and spin-down. The figure comes from Ref. [17].

The CNOT gate is achieved by tuning J and the frequency
of the microwave. Using appropriate gate pulses, J can be
tuned in a suitable range leading to the difference of the tran-

. . . L L
sition frequencies ( f| vR)=I1) and fWR)Z\ $>)' In CNOT gate
operation, it is assumed that the left spin is the target qubit and

the right spin is the control qubit. Microwaves with frequency

( flLWR>:| T>) that match the energy difference between | 1) and
|[{1) are applied. Figure 14(a) plots the spin-up probability of
both electrons (PTL and P%{) as a function of the microwave du-
ration Tp. When the control qubit is initialized to the spin-up
(spin-down) state, the left spin can (cannot) rotate between up

and down, as illustrated. This implies that a flip of the target
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qubit occurs only when the control qubit is initialized to the
up-state. The dashed vertical line which indicates the pulse
sequence with 7p = 130 ns represents the CNOT gate. Finally,
the CNOT gate must be able to operate on an arbitrary initial
state. In Fig. 14(c), the spin-up probability of both electrons
(P} and P}) are plotted at the working point indicated by the
dashed line in Fig. 14(a). The dependence between P%‘ and P$
is an indication of a CNOT operation with an arbitrary initial

Other spin operations, such as x rotation based on two

electron spins!!”! and a two-qubit operation using two ST

qubits in GaAs quantum dots have also been demonstrated. !

In addition, two-spin qubits in GaAs quantum dot operations

in other systems have also been performed. Recently, two-

qubits operation in Si-MOS!?! and Si/SiGe!'®! systems were

demonstrated. Future experiments may focus on inhomoge-

state. neous magnetic field to achieve spin manipulation.
tCNOT I .
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Fig. 14. (color online) (a) PTL and PTR as a function of 7p for different input states | y;,). The CNOT gate operation indicated by the
dash line. (b) Eigenvalues as a function of exchange coupling J. (c) CNOT gate with superposition input states. The response shows
that the target qubit follows the state of the control qubit. The figure comes from Ref. [17].
8. Outlook [8] PettaJ R, Johnson A C, Taylor I M, Laird E A, Yacoby A, Lukin M D,

Over the past few years, multiple qubits have been
demonstrated in quantum dot systems. Further breakthroughs
are needed to achieve entanglement of different states, quan-
tum error correction, and so on. The fidelity of qubits is one
of their key features, and the highest reported level approaches
90% of the Bell states''®! and 99% of a single-qubit gate.!'?!7]
In order to realize reliable quantum information processing
using quantum dot systems, it is necessary to improve their
fidelity and scalability in the next few years.
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