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We propose a spin-selective coherent electron transfer in a silicon quantum dot array. Oscillating magnetic fields
and temporally controlled gate voltages are utilized to separate the electron wave function into different quantum
dots depending on the spin state. We introduce a nonadiabatic protocol based on π pulses and an adiabatic protocol
which offer fast electron transfer and robustness against the error in the control-field pulse area, respectively. We
also study a shortcut-to-adiabaticity protocol which compromises these two protocols. We show that this scheme
can be extended to multielectron systems straightforwardly and used for nonlocal manipulations of electrons.
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I. INTRODUCTION

Spins in silicon-based quantum dots offer a promising
platform for fault-tolerant quantum information processing
[1]. Fidelities of readout and single-qubit control above the
surface code threshold [2] have been demonstrated, courtesy of
exceptionally long lifetimes [3–5] and coherence times [6–9].
These are two figures of merit that are highly desirable for
a scalable quantum computing architecture. Various types of
qubit operations have been demonstrated [10–12], including
two-qubit logic gates using the exchange interaction between
single spins in isotopically enriched silicon [13]. On the
other hand, single-electron pumps [14–20] and the shuttling
of single electron [21,22] in quantum dots have also been
demonstrated at metrological accuracy. In fact, single-spin
shuttling in a GaAs system quantum dot array has recently
been demonstrated using this shuttling operation, and has
been shown to preserve the spin coherence up to macroscopic
distances [22].

In cold atom systems, the coherent transport of neutral
atoms [23] and the creation of highly entangled states of
neutral atoms have been demonstrated by utilizing the hyper-
fine spin-dependent optical lattice potentials [24]. Two-qubit
gate operations employing such state-dependent potentials
have been studied theoretically [25–27]. To the best of our
knowledge, however, no spin-selective electron transfer which
offers nonlocal qubit operations in a quantum dot array has
been demonstrated.

In this paper, we propose a scheme for spin-selective coher-
ent electron transfer in a quantum dot array achievable using
the proven experimental techniques in single-spin shuttling
[21,22] in a silicon qubit architecture [11–13]. The gradient
of oscillating magnetic fields and controlled gate voltages are
utilized to separate the electron wave function into different
quantum dots in a spin-selective manner. This method can
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be used for quantum nondemolition measurement of electron
spin [28–30] if it is followed by a measurement of the
electron position without dissipating the electron. We propose
nonadiabatic and adiabatic protocols. A simple nonadiabatic
transfer based on π pulses is fast but also relatively sensitive
to the error in timing and amplitude of the control field. Our
adiabatic protocol is based on stimulated Raman adiabatic
passage (STIRAP) which is a well-known, efficient protocol
for state-to-state population transfer [31–33]. We introduce
the spin-selective STIRAP (spin-STIRAP) which provides
robustness against the errors although the operation time
is longer than that of the nonadiabatic protocol. We also
examine a nonadiabatic electron transfer based on a shortcut-
to-adiabaticity protocol [34,35] which is referred to as the
invariant-based engineering protocol [36]. It is faster than the
spin-STIRAP and more robust against the error of the control
field than the π -pulse protocol. Furthermore, we show that this
scheme can be extended to multielectron systems to implement
two-qubit gates. We propose nonlocal phase manipulations of
electrons as an example.

II. SPIN-SELECTIVE ELECTRON TRANSFER

We first consider a four-dot system shown in Fig. 1(a),
where three quantum dots align along the z axis, and a wider
quantum dot is located parallel to the array in the yz plane.
The heights of the potential barriers between the dots and
the depths of the potential wells are tunable. There is a
stationary uniform magnetic field Bz = (0,0,Bz) parallel to
the two-dimensional electron gas. A conducting lead carries
the ac currents Ik (k = p, S), which induce the ac magnetic
fields Bk = (Bk,0,0), perpendicular to the two-dimensional
electron gas. The conducting lead is separated from the center
of dot 4 by distance r0, and is tilted with respect to the dot array
by angle θ0 to enhance the influence of the spatial dependence
of the magnetic field Bk on the electron in the quantum dots.
This spatial dependence of the magnetic field plays an essential
role in our scheme.
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FIG. 1. (a) Schematics of the proposed system. The blue line
represents the conducting lead for the ac control currents Ik (k =
p, S) producing the magnetic fields Bk = (Bk,0,0). The conducting
lead is tilted with respect to the dot array by angle θ0. Here, r0 is
the distance of the lead from the center of dot 4. (b) Schematics of
the spin-selective transfer of a single electron. The top black curves
represent the potential profile of dot 4, and the bottom black lines
represent the potentials of the dot array. The blue color represents
the square of the amplitude of the wave function of the spin-down
electron. (c) Energy diagram of the system in step II. Here, |i,↑(↓)〉 is
the ith instantaneous eigenstate trapped in dot 4 with spin up (down).
The ac magnetic field Bp (pump field) couples |1,↓〉 and |2,↑〉, and
BS (Stokes field) couples |2,↑〉 and |3,↓〉.

We consider spin-selective electron transfer from dot 1 to
dot 3, in which only a spin-down electron is transferred, while
a spin-up electron returns to dot 1 in the end of the control. We
assume that the electron is initially trapped in dot 1 and that
the state of the electron is a superposition of the lowest-energy
spin-up state and the lowest-energy spin-down state.

The electron transfer protocol is illustrated in Fig. 1(b). It
consists of four steps: (I) adiabatic transfer of the electron to dot
4, (II) nonadiabatic or adiabatic spin-selective level transfer,
(III) adiabatic transfer of the electron to the in-line dots (dots
1, 2, 3), (IV) loading of the spin-down electron to dot 3.

In step I, the gate voltages of the in-line dots are gradually
increased, and the potential well of dot 4 is deepened so that the
electron is transferred to dot 4 without energy excitations. In
step II, the lowest-energy state with spin down is transferred to
the second spin-down excited state, while the spin-up electron
remains in the spin-up ground state. We use dot 4 for the level
transfer instead of dot 1 nor the combined dot composed of
the in-line dots in order to enhance the influence of the ac
magnetic fields to the electron and also to reduce the influence
of the fluctuation of the gate voltage at the in-line dots. Three
different methods for step II are introduced later. In step III, the
barriers of the in-line dots are lowered and the potential depth of

dot 4 is reduced so that the electron is adiabatically transferred
to the combined dot. In step IV, the barriers of the in-line dots
are gradually increased and the depths of the potential wells
are tuned so that the dot 3 has the highest potential among the
in-line dots. In the end of step IV, the spin-down electron is
adiabatically carried into dot 3 because the wave function of
the second excited instantaneous eigenstate with spin down is
located in dot 3. On the other hand, the spin-up electron returns
to dot 1. Note that the state of the electron is the superposition
of these two states. This method followed by a measurement
to determine the dot where the electron is trapped [37] can be
used for quantum nondemolition measurement of the electron
spin because a position measurement projects the electron state
to spin up or spin down.

The adiabatic transfer of electrons between quantum dots
has been routinely used. Therefore, we mainly discuss step II
in the following. The duration of step II is much longer than
the other steps. Thus, step II dominates the execution time of
the transfer process. Details of step II are analyzed in Secs. III
and IV A. Details of step IV are shown in Sec. IV B, while
details of steps I and III are given in Appendix E.

Simpler spin-selective electron transfers using only the in-
line dots without dot 4 might be possible if the fluctuation of the
gate voltages of the dots and barriers is negligible. However,
the fluctuation causes unwanted fluctuation of the separation
of the energy levels and thus lowers the transfer efficiency. On
the other hand, in our scheme, the electron is prepared in a
single dot for adiabatic loading to a selected dot. Thus, we can
restrain the influence of the potential fluctuation.

III. NONADIABATIC AND ADIABATIC SPIN-SELECTIVE
LEVEL TRANSFERS

In step II, the electron is trapped in dot 4. To detail the
schemes of step II, we use the energy eigenstates in dot 4
for Bk = 0 (k = p, S) as a basis of the system. The energy
diagram of the system is illustrated in Fig. 1(c). Here, |i,↓(↑)〉,
for i = 1,2,3, denote the first three lowest-energy levels with
spin down (up) in the z direction. The energy separations
of the levels are nonuniform because the potential of dot 4
is anharmonic. The stationary magnetic field Bz causes the
Zeeman splitting with energy difference gμBBz/h̄ between
spin-up and spin-down states, where g is the electron g factor
and μB is the Bohr magneton.

We aim at a spin-selective transfer in which only spin-down
electron is transferred from |1,↓〉 to |3,↓〉, while spin-up
electron is unaffected. The frequencies ωk of Bk are tuned
to be ωp = (E2,↑ − E1,↓)/h̄ and ωS = (E3,↓ − E2,↑)/h̄, where
Ei,↑(↓) is the energy eigenvalue of |i,↑(↓)〉, so that the pump
field Bp couples |1,↓〉 and |2,↑〉, and the Stokes field BS

couples |2,↑〉 and |3,↓〉. Note that |1,↑〉 is not coupled to the
other states by Bk .

We represent the effective Hamiltonian of the system using,
as a basis, the subset of states {|1,↓〉,|2,↑〉,|3,↓〉} coupled by
the resonant magnetic fields. The pulsed magnetic fields used
in step II are represented as

Bk(t,r) = B
(e)
k (t)η(r) cos(ωkt) (1)

with the envelope function B
(e)
k (t), which is the envelope of

the pump and the Stokes fields at the center of dot 4. Here,
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η(r) is the ratio of the intensity of the field at r to B
(e)
k . Thus,

η(r) characterizes the spatial dependence of the magnetic field.
Using the rotating frame and the rotating wave approximation
(RWA), the Hamiltonian of the three-level system can be put
in the form

HRWA(t) = h̄

2

⎛⎝ 0 �p(t) 0
�p(t) 0 �S(t)

0 �S(t) 0

⎞⎠, (2)

with the Rabi frequencies given by

�k(t) = B
(e)
k (t)gμBμk

2h̄
, (3)

and the overlapping factors defined by

μp =
∫

d r φ∗
1 (r)η(r)φ2(r),

μS =
∫

d r φ∗
2 (r)η(r)φ3(r), (4)

where φi(r) = 〈r,↓(↑)|i,↓(↑)〉 (see Appendix A for details
of the derivation of HRWA). If the magnetic fields Bk were
spatially uniform, they could not couple the energy levels
because the energy eigenvectors are orthogonal to each other.
The spatial dependence of the magnetic fields realizes the
coupling between the energy levels.

It has been demonstrated that the valley separation can be
tuned via electrostatic gate control of quantum dots providing
the splittings spanning 0.3–0.8 meV [38]. Thus, we assume that
other valley states are located sufficiently above |i,↑(↓)〉, and
multivalley relaxation effects are negligible. We also assume
that the relaxation rate from the excited states |2,↑〉,|3,↓〉 to
the lower-energy states induced by the interaction with other
electrons is small enough compared to the duration of step II.

A. Nonadiabatic spin-selective electron transfer
based on simple π -pulse control

One of the nonadiabatic schemes of step II is composed of
a π -pulsed pump field followed by a π -pulsed Stokes field that
are separated from each other in the time domain as depicted
in Fig. 2(a). The envelope functions are given as

B
(e)
k (t) =

{
B0

k for |t − Tk| � τk/2,

0 for |t − Tk| > τk/2,
(5)

where B0
k is the amplitude of the rectangular pulse and τk is

the pulse width. When the pulse areas are π , that is,

B0
k = 2πh̄

gμBμkτk

, (6)

the state is transferred from |1,↓〉 to |2,↑〉 due to the pump
pulse, and then transferred from |2,↑〉 to |3,↓〉 due to the
Stokes pulse. However, this scheme is sensitive to the error
in the pulse area compared to the adiabatic scheme discussed
below. Inaccuracy of the pulse area causes the imperfection
of the population transfer. Another method of wave-function
splitting depending on electron spin based on π -pulse control
is discussed in Appendix B.

 0

 0

 0

t [μs] Tp TS

TpTS

(a)

(b)

(c)

 0 15.7

t [μs]  0 396

t [μs]  0 62

 1

 1

 1

FIG. 2. Envelope function of the magnetic fields B (e)
p and B

(e)
S

normalized by B0
p and B0

S , respectively, for T1(= 0) < t < T2 for
(a) π -pulse control, (b) spin-STIRAP, and (c) invariant-based engi-
neering protocol. B0

k is the maximum intensity of the pulses. The
parameters used are shown in Table I.

B. Spin-selective STIRAP

Stimulated Raman adiabatic passage (STIRAP) has been
widely studied for population transfer of molecules [39–46],
transport of single atoms [47–52], electrons [53,54], and BECs
[55–58]. The remarkable properties of this protocol have
already been demonstrated in diverse areas such as chemical
reaction dynamics [59], laser-induced cooling of atomic gases
[60], light beams propagating in three evanescently coupled op-
tical waveguides [61–64], sound propagation in sonic crystals
[65], and control of a superconducting qubit [66]. In spin-based
quantum computing architecture, this protocol can be utilized
to transfer qubits coherently across large distances [67].
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Here, we introduce the spin-STIRAP of an electron in dot
4. The envelope functions of the pump and the Stokes fields
are represented as

B
(e)
k (t) = B0

k exp

[
− (t − Tk)2

2σ 2

]
, (7)

where σ is defined by

σ = FWHM

2
√

2 ln 2
(8)

with the full width at half-maximum (FWHM) and the maxi-
mum intensity B0

k of the peak centered at Tk . The separation
of the peaks is chosen as

Tp − TS = 3FWHM

4
√

ln 2
. (9)

Note that the pump pulse follows the Stokes pulse, Tp > TS,
as shown in Fig. 2(b).

A time-dependent, field-dressed eigenstate of the system,
which is a linear combination of the field-free states, is
represented as

|φ0(t)〉 = cos 
(t)|1,↓〉 − sin 
(t)|3,↓〉, (10)

where 
(t) is given by

tan 
(t) = �p(t)

�S(t)
. (11)

Because the Stokes pulse precedes the pump pulse, �p � �S

and |φ0〉 = |1,↓〉 at the initial time T1 of step II; �p 	 �S and
|φ0〉 = |3,↓〉 at the final time T2 of step II. The STIRAP control
is robust against the change in the profile of the B

(e)
k .

C. Shortcuts to adiabaticity

Assisted adiabatic transformation or shortcut-to-adiabati-
city (STA) protocols have been developed to generate the
same target state as reference adiabatic dynamics, with over-
all weaker driving fields and/or in a shorter time [34,35].
The STA protocols have been utilized for manipulations
of, e.g., isolated atoms and molecules [36,68–71], spin sys-
tems [72–75], Bose-Einstein condensates [76–83], and elec-
tron spin of a single nitrogen-vacancy center in diamond
[84,85]. Several STA protocols have been applied to STIRAP
systems, for example, Loop STIRAP [86], counterdiabatic
[36,68], fast-forward [87], and invariant-based engineering
protocols [36,88].

We show that the STA protocol can be used for the spin-
selective transfer faster than the STIRAP control and more
robust than the π -pulse control using the invariant-based
engineering protocol [88]. Using the result in Sec. III of
Ref. [88] and Eq. (3) of this paper, we can derive the magnetic
fields as

B (e)
p (t) = 4h̄(β̇ cot γ sin β + γ̇ cos β)

gμBμp
,

B
(e)
S (t) = 4h̄(β̇ cot γ cos β − γ̇ sin β)

gμBμS
, (12)

TABLE I. Parameters of the pulse fields for the spin-selective,
interlevel population transfer in step II. Other parameters are given as
B0

p = 0.1 mT, B0
S = 0.064 mT, fp = 47 GHz, and fS = 32 GHz. The

interval between the pump and Stokes pulses in the π -pulse control
was set to be 1.42 μs to avoid unwanted overlap of the pulses.

(a) π pulse control
T2 − T1 TS − Tp τp,S

15.68 μs 8.55 μs 7.13 μs

(b) Spin-STIRAP
T2 − T1 Tp − TS FWHM

396 μs 80 μs 88 μs

(c) Invariant-based engineering protocol
T2 − T1 δ ε

62 μs π/8 0.02

where

γ =
4∑

j=0

aj t
j ,

β =
3∑

j=0

bj t
j , (13)

with a0 = ε, a1 = 0, a2 = 16(δ − ε)/T 2
f , a3 = −32(δ −

ε)/T 3
f , a4 = 16(δ − ε)/T 4

f , b0 = b1 = 0, b2 = 3π/(2T 2
f ), and

b3 = −π/(T 3
f ). Here, Tf = T2 − T1 is the duration of the

control; we have γ (0) = γ (Tf ) = ε, β(0) = 0, and β(Tf ) =
π/2. Figure 2(c) shows the time dependence of B(e)

p and B
(e)
S

for the parameters in Table I(c).
A relevant dynamics of the system governed by HRWA in

Eq. (2) with B(e)
p and B

(e)
S in Eq. (12) is explicitly writen as

|ϕ0(t)〉 =
⎛⎝ cos γ (t) cos β(t)

−i sin γ (t)
− cos γ (t) sin β(t)

⎞⎠, (14)

which is an instantaneous eigenstate of the invariant

I (t) = h̄

2
�0

⎛⎝ 0 cos γ sin β −i sin γ

cos γ sin β 0 cos γ cos β

i sin γ cos γ cos β 0

⎞⎠,

(15)

which satisfies dI/dt = 0. �0 is an arbitrary constant with
unit of frequency. Importantly, if ε is sufficiently small, we
have |ϕ0(0)〉 
 |1,↓〉 and |ϕ0(Tf )〉 
 −|3,↓〉. Therefore, the
magnetic field in Eq. (12) can approximately drive the initial
state |1,↓〉 to target state |3,↓〉 up to overall phase. Because
|1,↓〉 and |3,↓〉 are not exactly |ϕ0(0)〉 and −|ϕ0(Tf )〉, the
fidelity of this control is slightly less than unity.

As shown in Sec. IV, Tf , ε, and δ determine the profile
of B

(e)
k ; ε also determines the fidelity when there is no noise;

δ determines the population of intermediate state during the
control and the fidelity of the control.

045418-4



SPIN-SELECTIVE ELECTRON TRANSFER IN A QUANTUM … PHYSICAL REVIEW B 97, 045418 (2018)

z [nm]

po
te

nt
ia

l /

862862-

0

1

FIG. 3. Potential of dot 4 normalized by V4. The colors show the
square of the amplitude of the wave functions of the three lowest levels
with either spin up or down. The vertical arrows depict the fluctuation
of V4 on the order of kBT .

IV. NUMERICAL RESULTS

The duration of step II is much longer than those of other
steps. Thus, it dominates the total duration of the process. We
first study the efficiency of step II, then show the numerical
results for step IV. The numerical results for steps I and III are
shown in Appendix E.

A. Step II

We examine the efficiency of the level transfer in step II
using a one-dimensional model for dot 4 illustrated in Fig. 3
with the Hamiltonian

H = p2

2m∗ + V (z) + gμB

h̄
B · S, (16)

where m∗ is the effective electron mass and S is the electron
spin. We assume that the confinement of the electron in the y

direction is at least twice stronger than the confinement in the z

direction. Then, the one-dimensional model can approximate a
few of the lowest-energy eigenstates of the dot that we utilize.
We take the potential of dot 4 as

V (z) =
{
V4 sin2 (πz/L4) for |z| � L4/2,

V4 for |z| > L4/2.
(17)

Here, L4 is the width of the dot, and the depth of the potential
well is V4. The squares of the amplitude of the wave functions
of the three lowest levels with either spin up or down are shown
in Fig. 3.

The dynamics of the system in step II is simulated using
the three-level model expanded by |1,↓〉,|2,↑〉,|3,↓〉 for T1 �
t � T2 without RWA. In the numerical simulation, we solve
the time-dependent Schrödinger equation with a fourth-order
Runge-Kutta integrator with the time step of approximately
1 ps. The frequencies of the ac magnetic fields are fp =
ωp/(2π ) 
 47 GHz and fS = ωS/(2π ) 
 32 GHz for g = 2,
L4 = 335 nm, V4 = 0.72 meV, Bz = 0.2 T, and m∗ = 0.28me,
where me is the electron mass. The overlapping factors are
μp = −0.05 and μS = −0.078 corresponding to r0 = 1.4L4
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FIG. 4. Time dependence of the populations in (a) π -pulse con-
trol, (b) spin-STIRAP, (c) invariant-based engineering protocol. The
parameters used are shown in Table I.

and θ0 
 π/3. The same value of B0
k is used for the three

protocols, where k = p,S. The eigenenergies are calculated
by using the Hamiltonian (16). Figure 4(a) shows the time
dependence of the populations in |1,↓〉, |2,↑〉, and |3,↓〉 in
the nonadiabatic spin-selective electron transfer with π -pulse
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fields, where the state is driven to |2,↑〉 and subsequently to
|3,↓〉. The parameters used are shown in Table I(a). The pulse
width τk is chosen so that the pulse area �kτk becomes π .
Figure 4(b) shows the populations under the spin-STIRAP for
the parameters in Table I(b). The population is almost directly
transferred to |3,↓〉. The finite population of |2,↑〉 around
t = (Tp + TS)/2 is due to the finite pulse area. The duration
of the control T2 − T1 for nonadiabatic transfer is 25 times
shorter than that of the spin-STIRAP. Here, the FWHMs of the
pulse fields were chosen so that the population of the target
state at the final time of step II is greater than 0.998. It was

shown that AST ≡ (Tp − TS)
√

(�(peak)
p )2 + (�(peak)

S )2 should be
sufficiently larger than 1 to satisfy the adiabatic condition
and should typically exceed 10 to provide efficient population
transfer [32,33], where �

(peak)
p and �

(peak)
S are the maximum

values of �p and �S, respectively. With our parameters, AST

is approximately 25. Figure 4(c) shows the populations in
the invariant-based engineering protocol. The population of
|2,↑〉 vanishes at the final time. The time dependence of the
populations, the envelope, and duration of the pulse fields
depend on δ. The duration of the control, T2 − T1, is six times
shorter than that of the spin-STIRAP for the parameters used
here. In Sec. IV the results for different values of δ are also
examined to show that the invariant-based engineering protocol
interpolates between the feature of the other two controls.

Nonadiabatic transfer schemes take shorter time than the
STIRAP transfer scheme. However, the STIRAP transfer is
much more robust against the error of the pulse envelope [32].
To examine the robustness of the controls against the error of
the pulse profile, we multiply the pump field and the Stokes
field by λp and λS, respectively. Figures 5(a)–5(c) show the
dependence of the fidelity defined by the population of |3,↓〉
at t = T2 on λk for the π -pulse control, the spin-STIRAP,
and the invariant-based engineering protocol, respectively. It is
seen that the spin-STIRAP and the invariant-based engineering
protocols are more robust against the error of the pulse area
compared to the π -pulse control. The spin-STIRAP shows its
robustness even when the pulse area is considerably large as
shown in Fig. 5(b). The invariant-based engineering protocol
is more robust than the π -pulse control, especially for the
case of λp 
 λS as shown in Fig. 5(c). Figure 5(d) shows
the dependence of the fidelity of the π -pulse control and
the invariant-based engineering protocol for λp = λS. The
robustness of the invariant-based engineering protocol depends
on the parameter δ. Note that the fidelity for λp = λS = 1 is
slightly less than unity in Figs. 5(c) and 5(d). This imperfection
of the fidelity is attributed to the fact mentioned in the last
paragraph of Sec. III C. Interestingly, the peak of fidelity
appears at slightly away from λp = λS = 1, and the value of
λp/S corresponding to the peak depends on δ as seen in Fig. 5(d),
although the detailed study of this dependence is beyond the
scope of this paper.

Now, we show the results of the invariant-based engineer-
ing protocol with shorter and longer duration than the ones
shown in Figs. 2(c) and 4(c) to show that the invariant-based
engineering protocol interpolates between the feature of other
two controls. We refer the invariant-based engineering protocol
with the duration of 31, 186, and 62 μs, as short STA, long
STA, and medium STA for ease of expression. The medium

(a)

 0.9

 0.95

 1

 1.05

 1.1

 0.9  0.95  1  1.05  1.1
 0.95

 0.96

 0.97

 0.98

 0.99

 1

fidelity

 0.9

 0.95

 1

 1.05

 1.1

 0.9  0.95  1  1.05  1.1
 0.95

 0.96

 0.97

 0.98

 0.99

 1(c)

fidelity

(b)

 0.9

 0.95

 1

 1.05

 1.1

 0.9  0.95  1  1.05  1.1
 0.95

 0.96

 0.97

 0.98

 0.99

 1

fidelity

 0.9  0.95  1  1.05  1.1

fid
el

ity

(d)

 0.95

 0.96

 0.97

 0.98

 0.99

 1

Π� pulse control

STA (δ=π/8) 
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FIG. 5. Dependence of the fidelity defined by the population of
|3,↓〉 at t = T2 on λk for (a) π -pulse control, (b) spin-STIRAP,
(c) invariant-based engineering protocol. In panels (a)–(c), contours
are shown for the values of fidelity, 0.9995 (solid curve), 0.999 (dashed
curve), 0.9985 (dashed-dotted curve), while the contour for fidelity
0.9995 is out of the range of panel (b). (d) The λp dependence of
the fidelity of the π -pulse control and the invariant-based engineering
protocol (STA), where λp = λS. The parameters used are shown in
Table I. The green dotted curve and the red solid curve correspond to
the STA with δ = π/4 and π/8, respectively. The blue dashed curve
corresponds to the π -pulse control.

STA corresponds to B
(e)
p,S in Fig. 2(c). We chose δ for short

and long STAs such that the maximum value of the envelope
functions is the same as Fig. 2(c), while ε is the same as
Fig. 2(c). Figure 6(a) shows the envelope functions of the
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FIG. 6. Envelope functions of the magnetic fields B (e)
p and B

(e)
S

normalized by B0
p and B0

S , respectively, for invariant-based engi-
neering protocol for (a) T2 − T1 = 31 μs, δ = 0.5π , ε = 0.02, and
(b) T2 − T1 = 186 μs, δ = 0.02π , and ε = 0.02. The other parame-
ters used are shown in the caption of Table I.

magnetic fields B(e)
p and B

(e)
S for short STA. The amplitude

of the pump (Stokes) field increases in the first (second) half
of step II, respectively, compared to those in Fig. 2(c). Note
that the order of these major peaks of B(e)

p and B
(e)
S is the same

as π -pulse control. Figure 6(b) shows the envelope functions
of the magnetic fields for long STA than Fig. 2(c). The profiles
of the envelope functions are similar to those of the STIRAP
control rather than the π -pulse control.

Figures 7(a) and 7(b) show the time dependence of popula-
tions corresponding to B

(e)
p,S in Figs. 6(a) and 6(b), respectively.

The feature of the populations in short STA is similar to that
in the π -pulse control in Fig. 4(a). On the other hand, in long
STA in Fig. 7(b), the population of state is directly transferred
from |1,↓〉 to |3,↓〉 as it is in the STIRAP control in Fig. 4(b).

To show the tradeoff between speed and robustness of the
invariant-based engineering protocol, we show the fidelity of
short, long, and medium STAs as function of λp,S in Fig. 8.
The robustness of short STA is similar to the π -pulse control,
while the robustness of long STA is considerably high as the
STIRAP control. It is even slightly higher than that of the
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FIG. 7. Time dependence of the populations in the invariant-based
engineering protocol for (a) T2 − T1 = 31 μs, δ = 0.5π , and ε =
0.02 and (b) T2 − T1 = 186 μs, δ = 0.02π , and ε = 0.02. The other
parameters used are shown in the caption of Table I.
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FIG. 8. The λp dependence of the fidelity of the invariant-based
engineering protocol for the durations indicated in the panel, where
λp = λS. The fidelities of the π -pulse control and the STIRAP control
corresponding to Figs. 2(a) and 2(b), respectively, are also shown as
functions of λp for comparison.
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STIRAP control because the effective duration of the STIRAP
with the used parameters, when the population transfer actually
occurs, is shorter than that of long STA. The fidelity of medium
STA is between short and long STA. Thus, the invariant-based
engineering protocol interpolates the feature of the π -pulse
and the STIRAP controls.

The fluctuation of the potential of dot 4 can degrade the
control efficiency of step II. We consider the fluctuation of
V4 in Eq. (17). The change in the energy-level intervals due
to the change in V4 is about one magnitude smaller than the
change in V4 (see Appendix C). To examine the influence of
the potential fluctuation, we introduce the fluctuation of the
energy levels δEi , where δEi is the modulation of the energy
from the value without potential fluctuation. We model the
fluctuation δEi as a noise with a Gaussian distribution with
the standard deviation σ = kBT/10 and time autocorrelation
function α. The fluctuations of the energy levels are assumed to
be independent of each other for simplicity. The time evolution
of the populations is calculated by solving the time-dependent
Schrödinger equation with a fourth-order Runge-Kutta inte-
grator with the time step of approximately 1 fs. The other
parameters used are shown in Table I. In the case with the
level fluctuations, the total population of the states decreases
to approximately 0.99 because of numerical error. The fidelity
is defined by the renormalized population of |3,↓〉. It is seen
that the fidelity of the three protocols is higher than 0.995 for
T = 100 mK and α = 1 ps.

B. Step IV

To simulate step IV, we consider the one-dimensional model
of the in-line dots with the rectangular potential illustrated in
Fig. 9(a). Here, Vbi , for i = 1,2,3,4, are the barrier heights,
and Vdj , for j = 1,2,3, are the potential depth of the dots. The
width of the dots Ld and the width of the barriers Lb are all
taken to be 30 nm. Here, we use rectangular potentials for the
dots for simplicity. Note that the details of the form of the
potential do not influence the result because this step is based
on adiabatic dynamics. At the initial time of step IV, t = T3, we
takeVb2,b3 = Vdj (=1,2,3) = 0 < Vb1 = Vb4 so that the three dots
are combined to form a single larger dot. The middle barrier
heights Vbi and dot potentials Vdi , for i = 2,3, are adiabatically
increased from 0 to V

(0)
bi and V

(0)
di , respectively, as

Vbi,di = V
(0)

bi,di[R(t − T3)], T3 � t � T4 (18)

with R(t) = [t − sin(ω4t)/ω4]/(T4 − T3) and ω4 = 2π/(T4 −
T3), while the other parameters are kept constant, Vb1,b4 =
V

(0)
b1,b4 and Vd1 = 0, where T4 is the final time of step IV.

R interpolates between 0 to 1 smoothly with R(T3) = 0,
R(T4) = 1, and R′(T3) = R′(T4) = 0, where a prime denotes
time derivative. Figure 9(b) shows the time evolution of the
square of the amplitude of the wave function for the initial
state |3,↓〉, which is the second excited state with spin down
in the combined in-line dots. It is seen that the wave function
is mostly localized at dot 3 at t = T4. The fidelity of step IV
defined by the overlap between the state at t = T4 and the target
energy eigenstate is higher than 0.9999 for T4 − T3 > 0.26 ns,
thus, unwanted nonadiabatic transitions are negligible.

Similarly to step IV, we estimated the duration of steps I
and III. The fidelity of steps I and III is higher than 0.9999 if
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FIG. 9. (a) Schematics of the one-dimensional model of the in-
line dots. The height of the potential barriers and the depth of the
potential wells are denoted by Vbi and Vdj , for i = 1,2,3,4 and j =
1,2,3, respectively. In this panel, the difference in Vdj is exaggerated
for ease of explanation. The inset schematically shows the square of
the amplitude of the wave function of the instantaneous eigenstates.
The purple, green, and blue colors correspond to φ1, φ2, and φ3,
respectively. (b) The time evolution of the square of the amplitude of
the wave function for the parameter set: Ld = Lb = 30 nm, V (0)

d1 = 0,
V

(0)
d2 = 179 μeV, V

(0)
d3 = 299 μeV, and V

(0)
bi = 3.6 meV. The initial

state is |3,↓〉.

the duration is longer than 2 ns (see Appendix E for details).
Thus, the duration of steps I, III, and IV is much shorter than
that for step II.

V. TWO-ELECTRON TRANSPORT AND NONLOCAL
OPERATION

We consider two-electron spin-selective transfer in the
system depicted in Fig. 10(a) to show that our protocol may be
applicable to implement two-qubit gates. We assume that an
electron is trapped in dot 1 and another electron is trapped in
dot 1′ at the initial time. The barrier potential between dots 3
and 3′ is sufficiently high so that the two electrons cannot pass
each other. We aim to transfer the right electron to dot 3′ only
when both electron spins are initially down.

The schematics of the spin-selective electron transfer is
shown in Fig. 10(b). We first transfer the left electron to
dot 3. We can use the method of the single-electron transfer
introduced above by taking into account the modulations of
the overlapping factors and the resonance frequencies of the
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Dot1 Dot2 Dot3

Dot4

t =T2

t =T1

t =T0

(a)

(b)

Dot3 Dot2 Dot1

Dot4

FIG. 10. (a) Schematics of the system. The conducting lead for
the ac current is not depicted here. Dots 4 and 4′ are used for transport
of the left electron and the right electron, respectively. (b) Schematics
of the two-qubit gate operation. The black lines represent the potential
of dots i and i ′ for i = 1,2,3. The blue and red colors represent the
square of the amplitude of the wave function of the spin-down and
-up electrons, respectively at the initial time t = T ′

0 , the end of the
transfer of the left electron t = T ′

1 , and the end of the transfer of the
right electron t = T ′

2 . The electrons take a superposition of spin-up
and -down states. The right electron is transferred to dot 3′ only if the
both electron spins are down initially. The arrows at dot 3′ represent
the modulation of the dot potential by pulsing the gate voltage.

pump and the Stokes fields caused by the interaction between
the electrons. The left electron is transferred only if the electron
spin is down.

Now, we consider the right electron transfer. First, the
right electron is adiabatically transferred to dot 4′. When the
left electron is trapped in dot 3 or equivalently if the left
electron spin is initially down, the effective potential for the
right electron is deformed due to the interaction with the
left electron in dot 3 more than the case in which the left
electron is trapped in dot 1 or equivalently its spin is initially
up. Thus, the resonance frequencies of the pump and the
Stokes fields depend on the initial spin of the left electron.
The resonance frequencies for population transfer of the right
electron in dot 4′ depend on the occupancy of the left electron
in dot 3. The resonance frequencies fp and fS for the right
electron in dot 4′ are modulated approximately by 900 and 700
MHz, respectively, for r0 = 1.4L4 and θ0 
 π/3 when dot 3
is 317 nm distant from the center of dot 4′. (See Appendix
D for this estimation.) The change of the overlapping factors
is approximately 3% compared to the case when the Coulomb
interaction is negligible. This property allows us to transfer the
right electron depending on the initial set of the spins. Again,
we can use either of the nonadiabatic and the adiabatic schemes
to transfer the right electron to dot 3′.

This multielectron transfer scheme can be used for nonlocal
operations of qubits. In the end of the control discussed above,
the right electron is trapped in dot 3′ only if both of the initial
electron spins are down. For example, pulsing the gate voltage

of dot 3′ can realize the nonlocal control of the phase of the
qubits’ state. The phase is tuned by the pulse intensity and the
duration. The electrons are brought back to the original dots
(dots 1 and 1′) by the inverse electron transfer process.

The spin-dependent phase in our scheme can be employed
to implement important two-qubit gates, including the CNOT
(controlled-NOT) gate and the CZ (controlled-phase) gate, for
quantum circuit design [89,90]. Let us denote |↑〉 and |↓〉 as
|0〉 and |1〉, respectively. The above protocol implements the
gate

Uϕ =

⎛⎜⎝
1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 eiϕ

⎞⎟⎠ (19)

up to an overall phase that we can safely ignore. Here, ϕ is the
phase acquired when both electrons are in the spin state |1〉,
and the basis vectors are arranged in the order of |00〉, |01〉,
|10〉, and |11〉. The phase is controlled by manipulating the
gate voltage of dot 3′. Suppose that we adjust the parameters
so that ϕ = ±π . Then, we obtain the CZ gate

UCZ = |0〉〈0| ⊗ I + |1〉〈1| ⊗ σz. (20)

The CNOT gate is obtained by applying the Hadamard gate
before and after the operation of the CZ gate,

UCNOT = (I ⊗ HHad)UCZ(I ⊗ HHad)

= |0〉〈0| ⊗ I + |1〉〈1| ⊗ σx, (21)

where

HHad = 1√
2

(
1 1
1 −1

)
(22)

is the Hadamard gate. We have demonstrated that our scheme
implements the universal set of gates.

VI. CONCLUSION

We have proposed the spin-selective, coherent electron
transfer in quantum dot array. The gradient of the oscillating
magnetic field and the gate voltage control are utilized to
separate the electron wave function into different quantum
dots depending on the electron spin. We have examined three
different protocols: the nonadiabatic π -pulse control, the spin-
STIRAP, and the invariant-based engineering protocol. The
π -pulse control offers fast transport, and the spin-STIRAP
offers a robust control against the error of the pulse area of
the control field although the manipulation time is longer than
the π -pulse control. The invariant-based engineering protocol
interpolates the other two protocols in the sense that it is faster
than the spin-STIRAP and is more robust than the π -pulse
control. We also studied the robustness of the controls to the
potential fluctuation. This spin-selective electron transfer can
be used for quantum nondemolition measurement of electron
spin if it is followed by a measurement of its position which
does not require absorption of the electron. This scheme can
be extended to multielectron systems offering the selectivity
of the transport with respect to the set of spins, and can be used
for nonlocal phase manipulation of the electrons including the
CZ gate and the CNOT gate.
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APPENDIX A: DERIVATION OF HRWA

Here, we show the derivation of HRWA in Eq. (2). We
consider an electron in dot 4 governed by the Hamiltonian

H = p2

2m∗ + V (r) + gμB

h̄
B(t,r) · S, (A1)

where m∗ is the effective electron mass, S is the electron spin,
V is the potential of dot 4, and the magnetic field is given by

B(t,r) = Bz + Bp(t,r) + BS(t,r). (A2)

We consider the subset of states {|1,↓〉,|2,↑〉,|3,↓〉} consisting
of the energy eigenstates for Bk = 0, where k = p,S. As
mentioned in Sec. III, Bk is space dependent, and their
frequency is tuned so that Bp couples |1,↓〉 and |2,↑〉, and
BS couples |2,↑〉 and |3,↓〉. The Hamiltonian of the reduced
system spanned by the subset of states is represented as

H ′ =
∑
s1,s2

|s1〉〈s1|H |s2〉〈s2|, (A3)

where s1 and s2 run over {(1,↓),(2,↑),(3,↓)}. Matrix elements
of H ′ are represented as

[H ′]s1,s2 = 〈s1|H ′|s2〉. (A4)

Now, we use a rotating frame by transforming the state as

|�R〉 = UR|�〉, (A5)

with UR defined by

UR =
⎛⎝eiE1,↓t/h̄ 0 0

0 eiE2,↑t/h̄ 0
0 0 eiE3,↓t/h̄

⎞⎠, (A6)

where |�〉 is the state evolving under H ′. The Schrödinger
equation of |�R〉 is represented as

ih̄
∂

∂t
|�R〉 = HR|�R〉, (A7)

with

HR = ih̄(∂tUR)U †
R + URH ′U †

R, (A8)

where ∂t denotes time derivative. Note that the diagonal
elements of HR cancel out due to ih̄(∂tUR)U †

R , and also that

〈s1|
[

p2

2m∗ + V (r) + gμB

h̄
Bz · S

]
|s2〉 = 0 (A9)

for s1 �= s2 because |s1〉 and |s2〉 are energy eigenstates for
Bk = 0. Thus, only Bk can contribute to HR . Using Eqs. (1),
(A4), (A8), and (A9), we can obtain an off-diagonal element

of HR as

[HR]1↓,2↑ = [H ′]1↓,2↑ei(E1,↓−E2,↑)t/h̄

=
∑

k

〈1,↓|gμB

h̄
Bk · S|2,↑〉ei(E1,↓−E2,↑)t/h̄

=
∑

k

gμBB
(e)
k (t)

2
cos(ωkt)e

i(E1,↓−E2,↑)t/h̄

×
∫

d r〈1,↓|r,↓〉η(r)〈r,↑|2,↑〉, (A10)

where the integral in the last line is μp defined in Eq. (4). Noting
that ωp = (E1,↓ − E2,↑)/h̄, we can approximate [HR]1↓,2↑
with the RWA to obtain a matrix element of HRWA as

[HR]1↓,2,↑ 
 B(e)
p (t)gμBμp

4
=: [HRWA]1↓,2,↑. (A11)

In the RWA, we neglected terms rapidly oscillating compared
to slowly changing elements due to the time-dependent enve-
lope function B

(e)
k assuming that the state is almost unchanged

during a single period of such fast oscillation of Hamiltonian
matrix elements, and the influence of the oscillations is can-
celed out. The other matrix elements of HRWA are obtained in
the same manner. Finally, we obtain the effective Hamiltonian
in Eq. (2).

The RWA is applicable when the ac magnetic fields are
sufficiently small, that is, the Rabi frequencies are much
smaller than δE/h̄ as in our case, where δE is the energy
interval between relevant levels (a few lowest levels in our
case). On the other hand, if external oscillating fields are too
strong, the above assumption is no longer valid. Degradation
of the control efficiency due to too strong fields was studied,
e.g, in Ref. [46].

APPENDIX B: ANOTHER METHOD OF
WAVE-FUNCTION SPLITTING

We briefly discuss a simpler method of wave-function
splitting using a single π pulse which couples |1,↓〉 and |2,↑〉,
in contrast with our protocol which uses two π pulses in order
to compare with the STIRAP and the shortcut to adiabaticity
protocols. Steps I, III, and IV are the same as those in the main
text. In step II, |1↓〉 is transffered to |2,↑〉 by a single pulse. In
step IV, the |2,↑〉 state is adiabatically carried to dot 2, while
|1,↑〉 is trapped in dot 1 in the end of the control. Thus, the
wave function is split into different dots depending on the initial
electron spin. Dot 3 is not used in this scheme. This method
can be also utilized for the two-qubit gates in the same manner
as discussed in the main text. Although this scheme is simple,
it does not enjoy robustness against error, which spin-STIRAP
and STA protocols offer.

APPENDIX C: INFLUENCE OF POTENTIAL
MODULATION TO ENERGY-LEVEL INTERVAL

We consider the modulation of V (z) from the original form
in Eq. (17). The modulated potential V ′ is represented as

V ′(z) =
{

V (z) for z < 0,(
1 + kBT

V4

)
V (z) for z � 0.

(C1)
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FIG. 11. Schematics of the profile of V ′/V4 defined in Eq. (C1).
The temperature dependence of the change of energy level intervals
normalized by kBT for a few of the lowest levels.

The potential wall of V ′ is kBT higher for positive z than the
other side as schematically depicted in Fig. 11(a). The interval
between energy levels change from the original one due to
the potential modulation. Now, we consider the change of an
energy interval from the original one defined by

�Ẽji = (E′
j − E′

i) − (Ej − Ei)

kBT
, (C2)

where E′
i and Ei are eigenenergies corresponding to V ′ and V ,

respectively. The change of an energy interval is normalized by
kBT . Figure 11(b) shows �Ẽji for a few of the lowest levels.
It is seen that �Ẽji < 0.1 for 10 mK < T < 200 mK. The
change of a level interval due to the change in V4 is about one
order of magnitude smaller than that of V4.

APPENDIX D: RESONANCE FREQUENCY MODULATION
DUE TO COULOMB INTERACTION

The resonance frequencies for population transfer of the
right electron in dot 4′ depend on the position of the left
electron (see Fig. 10). We consider the modulation of the
resonance frequencies due to the Coulomb interaction between
the electrons. We estimate the frequency modulation with a
simple one-dimensional model although the actual modulation
depends on the detail of device design such as the geometry
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z [nm]-268 268
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4

FIG. 12. The effective potentials normalized byV4 for the electron
in dot 4′. The solid curve and the dashed curve are for the case in
which the left electron is located at z = −lz and for the case in which
Coulomb interaction is negligible, respectively.

of electromagnetic components constituting the quantum dots.
We assume that the center of dot 3 is separated from the center
of dot 4′ by lz. The influence of the Coulomb interaction is
approximated by the modulation of the potential of dot 4′. Note
that the exchange interaction can be neglected because there is
no exchange of electrons across the center barrier which is set
to be sufficiently high. When the left electron is located at dot
3, the right electron is subjected by the additional potential

�V (z) = 1

4πεeff

e2

|z − lz| , (D1)

where εeff = 11.68ε0 and we take the center of dot 4′ as the
origin. We ignore the spatial distribution of the wave function
of the left electron for simplicity. On the other hand, the
additional potential can be set to zero when the left electron
is located in dot 1 because it is sufficiently far or it can be
carried to other dots which are sufficiently far from dot 4′ if
necessary. The effective potential V (z) + �V (z) is shown in
Fig. 12. When the left electron is in dot 3 and lz = 317 nm, the
resonance frequencies fp and fS for dot 4′, are approximately
900 and 700 MHz higher, respectively, compared to the case
when the Coulomb interaction is negligible. The parameters
for the dot and r0 and θ0 are the same as those used in
Fig. 4. When the left electron is in dot 3, the overlapping
factors μp and μS are approximately 3% larger and 3%
smaller, respectively, compared to the case when the Coulomb
interaction is negligible.

APPENDIX E: STEPS I AND III

In step I, we adiabatically transfer an electron to dot 4
from dot 1. Here, we show that the duration of step I can be
much shorter than that of step II. For ease of estimation of the
duration, we first make a combined dot composed of dots 1–3
by lowering the barriers between them. (The required duration
of this process is less than 1 ns as shown in Sec. IV B for the
opposite process.)
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Dot 4

combined dot
z

y

FIG. 13. Schematics of dot 4 (upper green square) and combined
dot (lower green square) in step I. The gray square represents potential
barrier between the dots. Ṽbi, for i = 1,2,3, is barrier potential, and Ṽd4

and Ṽc are the potentials of dot 4 and the combined dot, respectively.
L̃b and L̃d are the width of the center barrier and the dots in the
y direction. The potential profile along the dashed line is shown in
Fig. 14(a).

The electron is trapped in the combined dot now. Then, we
adiabatically transfer the electron to dot 4. We assume, for ease
of analysis, that the combined dot and dot 4 are rectangular
in the yz plane and of the same size as depicted in Fig. 13.
The barrier potential outside the colored region in Fig. 13 is
so high that the wave function is almost vanishing there. For
the transfer of the electron, we gradually change the potential
Ṽc of the combined dot, the potential Ṽd4 of dot 4 and the
barrier height Ṽb2 between them. The time dependence of the
potentials are assumed as

Ṽc(t) = Ṽ

2

[
1 − cos

(πt

T1

)]
,

Ṽd4(t) = Ṽ

2

[
1 + cos

(πt

T1

)]
,

Ṽb2(t) = Ṽ

2

[
1 + cos

(2πt

T1

)]
(E1)

with constant Ṽ for 0 � t � T1, where we redefined t = 0 as
the time when the combined dot is formed for ease of notation.

To simulate the dynamics of the electron for 0 � t � T1 we
use the one-dimensional model depicted in Fig. 14(a) because
this system is separable with respect to y and z directions, and
the z dependence of the system is unchanged. The potential
profile in Fig. 14(a) corresponds to the potential on the dashed
line in Fig. 13. Here, Ṽb1 = Ṽb3 are constant barrier height.
Figure 14(b) shows the time dependence of Ṽb2, Ṽc, and
Ṽd4. Figure 14(c) shows the time evolution of the square of
the amplitude of the wave function which distributes in the
combined dot initially. The initial state is the ground state of
the system. The wave function is gradually moved to the center
region as Ṽb2 is lowered and Ṽc is raised, then it is gradually
moved to dot 4 as Ṽb2 is raised and Ṽd4 is lowered. The fidelity
of step I, which is defined by the overlap between the state at
t = T1 (final time of step I) and the target energy eigenstate, is
higher than 0.9999 for T1 > 0.52 ns for parameters shown in
the caption of Fig. 14.
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FIG. 14. (a) Schematics of potential profile of the one-
dimensional model for dot 4 and the combined dot, where L̃b and
L̃d are the width of the center barrier and the dots in the y direction.
The thick solid and dashed lines are for the initial and final potential
profiles of step I, respectively, while the thin solid line indicates
the zero of potential. (b) Time dependence of Ṽb2, Ṽc, and Ṽd4

for 0 < t < T1 for the parameter set: Ṽb1 = Ṽb3 = Ṽ = 3.6 meV,
T1 = 0.52 ns, L̃b = 90 nm, and L̃d = 30 nm. (c) The time evolution
of the square of the amplitude of the wave function for the same
parameter set as (b).

Because step III is the opposite control to step I, the required
duration is the same as step I. The required duration for steps
I and III is more than three orders of magnitude shorter than
step II although the required duration depends on the detail
of the profile and the time dependence of the potential more
or less. Therefore, step II dominates the execution time of the
total process.

045418-12



SPIN-SELECTIVE ELECTRON TRANSFER IN A QUANTUM … PHYSICAL REVIEW B 97, 045418 (2018)

[1] D. Loss and D. P. DiVincenzo, Phys. Rev. A 57, 120 (1998).
[2] A. G. Fowler, M. Mariantoni, J. M. Martinis, and A. N. Cleland,

Phys. Rev. A 86, 032324 (2012).
[3] A. Morello, J. J. Pla, F. A. Zwanenburg, K. W. Chan, K. Y. Tan,

H. Huebl, M. Möttönen, C. D. Nugroho, C. Yang, J. A. van
Donkelaar et al., Nature (London) 467, 687 (2010).

[4] J. J. Pla, K. Y. Tan, J. P. Dehollain, W. H. Lim, J. J. L. Morton,
D. N. Jamieson, A. S. Dzurak, and A. Morello, Nature (London)
489, 541 (2012).

[5] J. T. Muhonen, J. P. Dehollain, A. Laucht, F. E. Hudson, R. Kalra,
T. Sekiguchi, K. M. Itoh, D. N. Jamieson, J. C. McCallum, A. S.
Dzurak, and A. Morello, Nat. Nanotechnol. 9, 986 (2014).

[6] B. M. Maune, M. G. Borselli, B. Huang, T. D. Ladd, P. W.
Deelman, K. S. Holabird, A. A. Kiselev, I. Alvarado-Rodriguez,
R. S. Ross, A. E. Schmitz et al., Nature 481, 344 (2012).

[7] M. Veldhorst, J. C. C. Hwang, C. H. Yang, A. W. Leenstra, B. de
Ronde, J. P. Dehollain, J. T. Muhonen, F. E. Hudson, K. M. Itoh,
A. Morello, and A. S. Dzurak, Nat. Nanotechnol. 9, 981 (2014).

[8] E. Kawakami, P. Scarlino, D. R. Ward, F. R. Braakman, D. E.
Savage, M. G. Lagally, M. Friesen, S. N. Coppersmith, M. A.
Eriksson, and L. M. K. Vandersypen, Nat. Nanotechnol. 9, 666
(2014).

[9] K. M. Itoh and H. Watanabe, MRS Commun. 4, 143 (2014).
[10] A. Noiri, J. Yoneda, T. Nakajima, T. Otsuka, M. R. Delbecq, K.

Takeda, S. Amaha, G. Allison, A. Ludwig, A. D. Wieck, and S.
Tarucha, Appl. Phys. Lett. 108, 153101 (2016).

[11] K. Takeda, J. Kamioka, T. Otsuka, J. Yoneda, T. Nakajima,
M. R. Delbecq, S. Amaha, G. Allison, T. Kodera, S. Oda, and S.
Tarucha, Sci. Adv. 2, e1600694 (2016).

[12] P. Harvey-Collard, N. T. Jacobson, M. Rudolph, J. Dominguez,
G. A. T. Eyck, J. R. Wendt, T. Pluym, J. K. Gamble, M. P. Lilly,
M. Pioro-Ladriére, and M. S. Carroll, Nat. Commun. 8, 1029
(2017).

[13] M. Veldhorst, C. H. Yang, J. C. C. Hwang, W. Huang, J. P.
Dehollain, J. T. Muhonen, S. Simmons, A. Laucht, F. E. Hudson,
K. M. Itoh et al., Nature (London) 526, 410 (2015).

[14] L. P. Kouwenhoven, A. T. Johnson, N. C. van der Vaart,
C. J. P. M. Harmans, and C. T. Foxon, Phys. Rev. Lett. 67, 1626
(1991).

[15] M. D. Blumenthal, B. Kaestner, L. Li, S. Giblin, T. J. B. M.
Janssen, M. Pepper, D. Anderson, G. Jones, and D. A. Ritchie,
Nat. Phys. 3, 343 (2007).

[16] X. Jehl, B. Voisin, T. Charron, P. Clapera, S. Ray, B. Roche, M.
Sanquer, S. Djordjevic, L. Devoille, R. Wacquez, and M. Vinet,
Phys. Rev. X 3, 021012 (2013).

[17] M. R. Connolly, K. L. Chiu, S. P. Giblin, M. Kataoka, J. D.
Fletcher, C. Chua, J. P. Griffiths, G. A. C. Jones, V. I. Fal’ko,
C. G. Smith, and T. J. B. M. Janssen, Nat. Nanotechnol. 8, 417
(2013).

[18] A. Rossi, T. Tanttu, K. Y. Tan, I. Iisakka, R. Zhao, K. W. Chan,
G. C. Tettamanzi, S. Rogge, A. S. Dzurak, and M. Möttönen,
Nano Lett. 14, 3405 (2014).

[19] J. Pekola, O.-P. Saira, V. F. Maisi, A. Kemppinen, M. Möttönen,
Y. A. Pashkin, and D. V. Averin, Rev. Mod. Phys. 85, 1421
(2013).

[20] T. Tanttu, A. Rossi, K. Y. Tan, K.-E. Huhtinen, K. W. Chan, M.
Möttönen, and A. S. Dzurak, New J. Phys. 17, 103030 (2015).

[21] K. W. Chan, M. Möttönen, A. Kemppinen, N. S. Lai, K. Y. Tan,
W. H. Lim, and A. S. Dzurak, Appl. Phys. Lett. 98, 212103
(2011).

[22] T. A. Baart, M. Shafiei, T. Fujita, C. Reichl, W. Wegscheider,
and L. M. K. Vandersypen, Nat. Nanotechnol. 11, 330 (2016).

[23] O. Mandel, M. Greiner, A. Widera, T. Rom, T. W. Hänsch, and
I. Bloch, Phys. Rev. Lett. 91, 010407 (2003).

[24] O. Mandel, M. Greiner, A. Widera, T. Rom, T. W. Hänsch, and
I. Bloch, Nature (London) 425, 937 (2003).

[25] D. Jaksch, H.-J. Briegel, J. I. Cirac, C. W. Gardiner, and P. Zoller,
Phys. Rev. Lett. 82, 1975 (1999).

[26] E. H. Lapasar, K. Kasamatsu, Y. Kondo, M. Nakahara, and T.
Ohmi, J. Phys. Soc. Jpn. 80, 114003 (2011).

[27] E. H. Lapasar, K. Kasamatsu, S. N. Chormaic, T. Takui, Y.
Kondo, M. Nakahara, and T. Ohmi, J. Phys. Soc. Jpn. 83, 044005
(2014).

[28] M. Sarovar, K. C. Young, T. Schenkel, and K. B. Whaley, Phys.
Rev. B 78, 245302 (2008).

[29] S. Puri, P. L. McMahon, and Y. Yamamoto, Phys. Rev. B 90,
155421 (2014).

[30] J. T. Muhonen, J. P. Dehollain, A. Laucht, S. Simmons, R. Kalra,
F. E. Hudson, D. N. Jamieson, J. C. McCallum, K. M. Itoh, A. S.
Dzurak, and A. Morello, arXiv:1702.07991.

[31] U. Gaubatz, P. Rudecki, S. Schiemann, and K. Bergmann,
J. Chem. Phys. 92, 5363 (1990).

[32] K. Bergmann, H. Theuer, and B. W. Shore, Rev. Mod. Phys. 70,
1003 (1998).

[33] N. V. Vitanov, T. Halfmann, B. W. Shore, and K. Bergmann,
Annu. Rev. Phys. Chem. 52, 763 (2001).

[34] E. Torrontegui, S. Ibáñez, S. Martínez-Garaot, M. Modugno,
A. del Campo, D. Guéry-Odelin, A. Ruschhaupt, X. Chen, and
J. G. Muga, Adv. At. Mol. Opt. Phys. 62, 117 (2013).

[35] S. Masuda and S. A. Rice, Advances in Chemical Physics (Wiley,
Hoboken, NJ, 2016), Vol. 159.

[36] X. Chen, I. Lizuain, A. Ruschhaupt, D. Guéry-Odelin, and J. G.
Muga, Phys. Rev. Lett. 105, 123003 (2010).

[37] J. M. Elzerman, R. Hanson, L. H. W. van Beveren, B. Witkamp,
L. M. K. Vandersypen, and L. P. Kouwenhoven, Nature (London)
430, 431 (2004).

[38] C. H. Yang, A. Rossi, R. Ruskov, N. S. Lai, F. A. Mohiyaddin,
S. Lee, C. Tahan, G. Klimeck, A. Morello, and A. S. Dzurak,
Nat. Commun. 4, 2069 (2013).

[39] G. W. Coulston and K. Bergmann, J. Chem. Phys. 96, 3467
(1992).

[40] J. Martin, B. W. Shore, and K. Bergmann, Phys. Rev. A 54, 1556
(1996).

[41] T. Halfmann and K. Bergmann, J. Chem. Phys. 104, 7068
(1996).

[42] V. S. Malinovsky and D. J. Tannor, Phys. Rev. A 56, 4929 (1997).
[43] M. N. Kobrak and S. A. Rice, Phys. Rev. A 57, 2885 (1998).
[44] V. Kurkal and S. A. Rice, Chem. Phys. Lett. 344, 125 (2001).
[45] T. Cheng, H. Darmawan, and A. Brown, Phys. Rev. A 75, 013411

(2007).
[46] W. Jakubetz, J. Chem. Phys. 137, 224312 (2012).
[47] K. Eckert, M. Lewenstein, R. Corbalán, G. Birkl, W. Ertmer, and

J. Mompart, Phys. Rev. A 70, 023606 (2004).
[48] K. Eckert, J. Mompart, R. Corbalán, M. Lewenstein, and G.

Birkl, Opt. Commun. 264, 264 (2006).
[49] T. Opatrný and K. K. Das, Phys. Rev. A 79, 012113 (2009).
[50] B. O’Sullivan, P. Morrissey, T. Morgan, and T. Busch, Phys. Scr.

T140, 014029 (2010).
[51] T. Morgan, B. O’Sullivan, and T. Busch, Phys. Rev. A 83, 053620

(2011).

045418-13

https://doi.org/10.1103/PhysRevA.57.120
https://doi.org/10.1103/PhysRevA.57.120
https://doi.org/10.1103/PhysRevA.57.120
https://doi.org/10.1103/PhysRevA.57.120
https://doi.org/10.1103/PhysRevA.86.032324
https://doi.org/10.1103/PhysRevA.86.032324
https://doi.org/10.1103/PhysRevA.86.032324
https://doi.org/10.1103/PhysRevA.86.032324
https://doi.org/10.1038/nature09392
https://doi.org/10.1038/nature09392
https://doi.org/10.1038/nature09392
https://doi.org/10.1038/nature09392
https://doi.org/10.1038/nature11449
https://doi.org/10.1038/nature11449
https://doi.org/10.1038/nature11449
https://doi.org/10.1038/nature11449
https://doi.org/10.1038/nnano.2014.211
https://doi.org/10.1038/nnano.2014.211
https://doi.org/10.1038/nnano.2014.211
https://doi.org/10.1038/nnano.2014.211
https://doi.org/10.1038/nature10707
https://doi.org/10.1038/nature10707
https://doi.org/10.1038/nature10707
https://doi.org/10.1038/nature10707
https://doi.org/10.1038/nnano.2014.216
https://doi.org/10.1038/nnano.2014.216
https://doi.org/10.1038/nnano.2014.216
https://doi.org/10.1038/nnano.2014.216
https://doi.org/10.1038/nnano.2014.153
https://doi.org/10.1038/nnano.2014.153
https://doi.org/10.1038/nnano.2014.153
https://doi.org/10.1038/nnano.2014.153
https://doi.org/10.1557/mrc.2014.32
https://doi.org/10.1557/mrc.2014.32
https://doi.org/10.1557/mrc.2014.32
https://doi.org/10.1557/mrc.2014.32
https://doi.org/10.1063/1.4945592
https://doi.org/10.1063/1.4945592
https://doi.org/10.1063/1.4945592
https://doi.org/10.1063/1.4945592
https://doi.org/10.1126/sciadv.1600694
https://doi.org/10.1126/sciadv.1600694
https://doi.org/10.1126/sciadv.1600694
https://doi.org/10.1126/sciadv.1600694
https://doi.org/10.1038/s41467-017-01113-2
https://doi.org/10.1038/s41467-017-01113-2
https://doi.org/10.1038/s41467-017-01113-2
https://doi.org/10.1038/s41467-017-01113-2
https://doi.org/10.1038/nature15263
https://doi.org/10.1038/nature15263
https://doi.org/10.1038/nature15263
https://doi.org/10.1038/nature15263
https://doi.org/10.1103/PhysRevLett.67.1626
https://doi.org/10.1103/PhysRevLett.67.1626
https://doi.org/10.1103/PhysRevLett.67.1626
https://doi.org/10.1103/PhysRevLett.67.1626
https://doi.org/10.1038/nphys582
https://doi.org/10.1038/nphys582
https://doi.org/10.1038/nphys582
https://doi.org/10.1038/nphys582
https://doi.org/10.1103/PhysRevX.3.021012
https://doi.org/10.1103/PhysRevX.3.021012
https://doi.org/10.1103/PhysRevX.3.021012
https://doi.org/10.1103/PhysRevX.3.021012
https://doi.org/10.1038/nnano.2013.73
https://doi.org/10.1038/nnano.2013.73
https://doi.org/10.1038/nnano.2013.73
https://doi.org/10.1038/nnano.2013.73
https://doi.org/10.1021/nl500927q
https://doi.org/10.1021/nl500927q
https://doi.org/10.1021/nl500927q
https://doi.org/10.1021/nl500927q
https://doi.org/10.1103/RevModPhys.85.1421
https://doi.org/10.1103/RevModPhys.85.1421
https://doi.org/10.1103/RevModPhys.85.1421
https://doi.org/10.1103/RevModPhys.85.1421
https://doi.org/10.1088/1367-2630/17/10/103030
https://doi.org/10.1088/1367-2630/17/10/103030
https://doi.org/10.1088/1367-2630/17/10/103030
https://doi.org/10.1088/1367-2630/17/10/103030
https://doi.org/10.1063/1.3593491
https://doi.org/10.1063/1.3593491
https://doi.org/10.1063/1.3593491
https://doi.org/10.1063/1.3593491
https://doi.org/10.1038/nnano.2015.291
https://doi.org/10.1038/nnano.2015.291
https://doi.org/10.1038/nnano.2015.291
https://doi.org/10.1038/nnano.2015.291
https://doi.org/10.1103/PhysRevLett.91.010407
https://doi.org/10.1103/PhysRevLett.91.010407
https://doi.org/10.1103/PhysRevLett.91.010407
https://doi.org/10.1103/PhysRevLett.91.010407
https://doi.org/10.1038/nature02008
https://doi.org/10.1038/nature02008
https://doi.org/10.1038/nature02008
https://doi.org/10.1038/nature02008
https://doi.org/10.1103/PhysRevLett.82.1975
https://doi.org/10.1103/PhysRevLett.82.1975
https://doi.org/10.1103/PhysRevLett.82.1975
https://doi.org/10.1103/PhysRevLett.82.1975
https://doi.org/10.1143/JPSJ.80.114003
https://doi.org/10.1143/JPSJ.80.114003
https://doi.org/10.1143/JPSJ.80.114003
https://doi.org/10.1143/JPSJ.80.114003
https://doi.org/10.7566/JPSJ.83.044005
https://doi.org/10.7566/JPSJ.83.044005
https://doi.org/10.7566/JPSJ.83.044005
https://doi.org/10.7566/JPSJ.83.044005
https://doi.org/10.1103/PhysRevB.78.245302
https://doi.org/10.1103/PhysRevB.78.245302
https://doi.org/10.1103/PhysRevB.78.245302
https://doi.org/10.1103/PhysRevB.78.245302
https://doi.org/10.1103/PhysRevB.90.155421
https://doi.org/10.1103/PhysRevB.90.155421
https://doi.org/10.1103/PhysRevB.90.155421
https://doi.org/10.1103/PhysRevB.90.155421
http://arxiv.org/abs/arXiv:1702.07991
https://doi.org/10.1063/1.458514
https://doi.org/10.1063/1.458514
https://doi.org/10.1063/1.458514
https://doi.org/10.1063/1.458514
https://doi.org/10.1103/RevModPhys.70.1003
https://doi.org/10.1103/RevModPhys.70.1003
https://doi.org/10.1103/RevModPhys.70.1003
https://doi.org/10.1103/RevModPhys.70.1003
https://doi.org/10.1146/annurev.physchem.52.1.763
https://doi.org/10.1146/annurev.physchem.52.1.763
https://doi.org/10.1146/annurev.physchem.52.1.763
https://doi.org/10.1146/annurev.physchem.52.1.763
https://doi.org/10.1016/B978-0-12-408090-4.00002-5
https://doi.org/10.1016/B978-0-12-408090-4.00002-5
https://doi.org/10.1016/B978-0-12-408090-4.00002-5
https://doi.org/10.1016/B978-0-12-408090-4.00002-5
https://doi.org/10.1103/PhysRevLett.105.123003
https://doi.org/10.1103/PhysRevLett.105.123003
https://doi.org/10.1103/PhysRevLett.105.123003
https://doi.org/10.1103/PhysRevLett.105.123003
https://doi.org/10.1038/nature02693
https://doi.org/10.1038/nature02693
https://doi.org/10.1038/nature02693
https://doi.org/10.1038/nature02693
https://doi.org/10.1038/ncomms3069
https://doi.org/10.1038/ncomms3069
https://doi.org/10.1038/ncomms3069
https://doi.org/10.1038/ncomms3069
https://doi.org/10.1063/1.461900
https://doi.org/10.1063/1.461900
https://doi.org/10.1063/1.461900
https://doi.org/10.1063/1.461900
https://doi.org/10.1103/PhysRevA.54.1556
https://doi.org/10.1103/PhysRevA.54.1556
https://doi.org/10.1103/PhysRevA.54.1556
https://doi.org/10.1103/PhysRevA.54.1556
https://doi.org/10.1063/1.471424
https://doi.org/10.1063/1.471424
https://doi.org/10.1063/1.471424
https://doi.org/10.1063/1.471424
https://doi.org/10.1103/PhysRevA.56.4929
https://doi.org/10.1103/PhysRevA.56.4929
https://doi.org/10.1103/PhysRevA.56.4929
https://doi.org/10.1103/PhysRevA.56.4929
https://doi.org/10.1103/PhysRevA.57.2885
https://doi.org/10.1103/PhysRevA.57.2885
https://doi.org/10.1103/PhysRevA.57.2885
https://doi.org/10.1103/PhysRevA.57.2885
https://doi.org/10.1016/S0009-2614(01)00779-5
https://doi.org/10.1016/S0009-2614(01)00779-5
https://doi.org/10.1016/S0009-2614(01)00779-5
https://doi.org/10.1016/S0009-2614(01)00779-5
https://doi.org/10.1103/PhysRevA.75.013411
https://doi.org/10.1103/PhysRevA.75.013411
https://doi.org/10.1103/PhysRevA.75.013411
https://doi.org/10.1103/PhysRevA.75.013411
https://doi.org/10.1063/1.4770053
https://doi.org/10.1063/1.4770053
https://doi.org/10.1063/1.4770053
https://doi.org/10.1063/1.4770053
https://doi.org/10.1103/PhysRevA.70.023606
https://doi.org/10.1103/PhysRevA.70.023606
https://doi.org/10.1103/PhysRevA.70.023606
https://doi.org/10.1103/PhysRevA.70.023606
https://doi.org/10.1016/j.optcom.2006.02.056
https://doi.org/10.1016/j.optcom.2006.02.056
https://doi.org/10.1016/j.optcom.2006.02.056
https://doi.org/10.1016/j.optcom.2006.02.056
https://doi.org/10.1103/PhysRevA.79.012113
https://doi.org/10.1103/PhysRevA.79.012113
https://doi.org/10.1103/PhysRevA.79.012113
https://doi.org/10.1103/PhysRevA.79.012113
https://doi.org/10.1088/0031-8949/2010/T140/014029
https://doi.org/10.1088/0031-8949/2010/T140/014029
https://doi.org/10.1088/0031-8949/2010/T140/014029
https://doi.org/10.1088/0031-8949/2010/T140/014029
https://doi.org/10.1103/PhysRevA.83.053620
https://doi.org/10.1103/PhysRevA.83.053620
https://doi.org/10.1103/PhysRevA.83.053620
https://doi.org/10.1103/PhysRevA.83.053620


SHUMPEI MASUDA, KUAN YEN TAN, AND MIKIO NAKAHARA PHYSICAL REVIEW B 97, 045418 (2018)

[52] T. Morgan, L. J. O’Riordan, N. Crowley, B. O’Sullivan, and T.
Busch, Phys. Rev. A 88, 053618 (2013).

[53] A. D. Greentree, J. H. Cole, A. R. Hamilton, and L. C. L.
Hollenberg, Phys. Rev. B 70, 235317 (2004).

[54] L. M. Jong, A. D. Greentree, V. I. Conrad, L. C. L. Hollenberg,
and D. N. Jamieson, Nanotechnology 20, 405402 (2009).

[55] E. M. Graefe, H. J. Korsch, and D. Witthaut, Phys. Rev. A 73,
013617 (2006).

[56] M. Rab, J. H. Cole, N. G. Parker, A. D. Greentree, L. C. L.
Hollenberg, and A. M. Martin, Phys. Rev. A 77, 061602 (2008).

[57] V. O. Nesterenko, A. N. Novikov, F. F. de S. Cruz, and E. L.
Lapolli, Laser Phys. 19, 616 (2009).

[58] M. Rab, A. L. C. Hayward, J. H. Cole, A. D. Greentree, and
A. M. Martin, Phys. Rev. A 86, 063605 (2012).

[59] P. Dittmann, F. P. Pesl, J. Martin, G. W. Coulston, G. Z. He, and
K. Bergmann, J. Chem. Phys. 97, 9472 (1992).

[60] S. Kulin, B. Saubamea, E. Peik, J. Lawall, T. W. Hijmans,
M. Leduc, and C. Cohen-Tannoudji, Phys. Rev. Lett. 78, 4185
(1997).

[61] S. Longhi, G. D. Valle, M. Ornigotti, and P. Laporta, Phys. Rev.
B 76, 201101 (2007).

[62] Y. Lahini, F. Pozzi, M. Sorel, R. Morandotti, D. N.
Christodoulides, and Y. Silberberg, Phys. Rev. Lett. 101, 193901
(2008).

[63] R. Menchon-Enrich, A. Llobera, V. J. Cadarso, J. Mompart, and
V. Ahufinger, IEEE Photonics Technol. Lett. 24, 536 (2012).

[64] R. Menchon-Enrich, A. Llobera, J. Vila-Planas, V. J. Cadarso, J.
Mompart, and V. Ahufinger, Light: Sci. Appl. 2, e90 (2013).

[65] R. Menchon-Enrich, J. Mompart, and V. Ahufinger, Phys. Rev.
B 89, 094304 (2014).

[66] K. S. Kumar, A. Vepsäläinen, S. Danilin, and G. S. Paraoanu,
Nat. Commun. 7, 10628 (2016).

[67] L. C. L. Hollenberg, A. D. Greentree, A. G. Fowler, and C. J.
Wellard, Phys. Rev. B 74, 045311 (2006).

[68] M. Demirplak and S. A. Rice, J. Phys. Chem. A 107, 9937
(2003).

[69] S. Masuda and S. A. Rice, J. Phys. Chem. C 119, 14513
(2014).

[70] Y.-X. Du, Z.-T. Liang, Y.-C. Li, X.-X. Yue, Q.-X. Lv, W. Huang,
X. Chen, H. Yan, and S.-L. Zhu, Nat. Commun. 7, 12479 (2016).

[71] S. An, D. Lv, A. del Campo, and K. Kim, Nat. Commun. 7,
12999 (2016).

[72] M. Berry, J. Phys. A: Math. Gen. 42, 365303 (2009).
[73] A. del Campo, M. M. Rams, and W. H. Zurek, Phys. Rev. Lett.

109, 115703 (2012).
[74] M.-A. Fasihi, Y. Wan, and M. Nakahara, J. Phys. Soc. Jpn. 81,

024007 (2012).
[75] K. Takahashi, Phys. Rev. E 87, 062117 (2013).
[76] S. Masuda and K. Nakamura, Proc. R. Soc. A 466, 1135 (2009).
[77] J. G. Muga, X. Chen, A. Ruschhaupt, and D. Guéry-Odelin,

J. Phys. B: At., Mol. Opt. Phys. 42, 241001 (2009).
[78] J.-F. Schaff, X.-L. Song, P. Capuzzi, P. Vignolo, and G. Labeyrie,

Europhys. Lett. 93, 23001 (2011).
[79] M. G. Bason, M. Viteau, N. Malossi, P. Huillery, E. Arimondo, D.

Ciampini, R. Fazio, V. Giovannetti, R. Mannella, and O. Morsch,
Nat. Phys. 8, 147 (2011).

[80] S. Masuda, Phys. Rev. A 86, 063624 (2012).
[81] E. Torrontegui, S. Martínez-Garaot, A. Ruschhaupt, and J. G.

Muga, Phys. Rev. A 86, 013601 (2012).
[82] S. Deffner, C. Jarzynski, and A. delCampo, Phys. Rev. X 4,

021013 (2014).
[83] S. Masuda, K. Nakamura, and A. del Campo, Phys. Rev. Lett.

113, 063003 (2014).
[84] B. B. Zhou, A. Baksic, H. Ribeiro, C. G. Yale, F. Joseph

Heremans, P. C. Jerger, A. Auer, G. Burkard, A. A. Clerk, and
D. D. Awschalom, Nat. Phys. 13, 330 (2016).

[85] J. Zhang, J. H. Shim, I. Niemeyer, T. Taniguchi, T. Teraji, H.
Abe, S. Onoda, T. Yamamoto, T. Ohshima, J. Isoya, and D. Suter,
Phys. Rev. Lett. 110, 240501 (2013).

[86] R. G. Unanyan, L. P. Yatsenko, K. Bergmann, and B. W. Shore,
Opt. Commun. 139, 48 (1997).

[87] S. Masuda and S. A. Rice, J. Phys. Chem. A 119, 3479
(2015).

[88] X. Chen and J. G. Muga, Phys. Rev. A 86, 033405 (2012).
[89] M. A. Nielsen and I. L. Chuang, Quantum Computation and

Quantum Information (Cambridge University Press, Cambridge,
2000).

[90] M. Nakahara and T. Ohmi, Quantum Computing: From Linear
Algebra to Physical Realizations (CRC Press, Boca Raton, FL,
2008).

045418-14

https://doi.org/10.1103/PhysRevA.88.053618
https://doi.org/10.1103/PhysRevA.88.053618
https://doi.org/10.1103/PhysRevA.88.053618
https://doi.org/10.1103/PhysRevA.88.053618
https://doi.org/10.1103/PhysRevB.70.235317
https://doi.org/10.1103/PhysRevB.70.235317
https://doi.org/10.1103/PhysRevB.70.235317
https://doi.org/10.1103/PhysRevB.70.235317
https://doi.org/10.1088/0957-4484/20/40/405402
https://doi.org/10.1088/0957-4484/20/40/405402
https://doi.org/10.1088/0957-4484/20/40/405402
https://doi.org/10.1088/0957-4484/20/40/405402
https://doi.org/10.1103/PhysRevA.73.013617
https://doi.org/10.1103/PhysRevA.73.013617
https://doi.org/10.1103/PhysRevA.73.013617
https://doi.org/10.1103/PhysRevA.73.013617
https://doi.org/10.1103/PhysRevA.77.061602
https://doi.org/10.1103/PhysRevA.77.061602
https://doi.org/10.1103/PhysRevA.77.061602
https://doi.org/10.1103/PhysRevA.77.061602
https://doi.org/10.1134/S1054660X09040148
https://doi.org/10.1134/S1054660X09040148
https://doi.org/10.1134/S1054660X09040148
https://doi.org/10.1134/S1054660X09040148
https://doi.org/10.1103/PhysRevA.86.063605
https://doi.org/10.1103/PhysRevA.86.063605
https://doi.org/10.1103/PhysRevA.86.063605
https://doi.org/10.1103/PhysRevA.86.063605
https://doi.org/10.1063/1.463271
https://doi.org/10.1063/1.463271
https://doi.org/10.1063/1.463271
https://doi.org/10.1063/1.463271
https://doi.org/10.1103/PhysRevLett.78.4185
https://doi.org/10.1103/PhysRevLett.78.4185
https://doi.org/10.1103/PhysRevLett.78.4185
https://doi.org/10.1103/PhysRevLett.78.4185
https://doi.org/10.1103/PhysRevB.76.201101
https://doi.org/10.1103/PhysRevB.76.201101
https://doi.org/10.1103/PhysRevB.76.201101
https://doi.org/10.1103/PhysRevB.76.201101
https://doi.org/10.1103/PhysRevLett.101.193901
https://doi.org/10.1103/PhysRevLett.101.193901
https://doi.org/10.1103/PhysRevLett.101.193901
https://doi.org/10.1103/PhysRevLett.101.193901
https://doi.org/10.1109/LPT.2011.2180519
https://doi.org/10.1109/LPT.2011.2180519
https://doi.org/10.1109/LPT.2011.2180519
https://doi.org/10.1109/LPT.2011.2180519
https://doi.org/10.1038/lsa.2013.46
https://doi.org/10.1038/lsa.2013.46
https://doi.org/10.1038/lsa.2013.46
https://doi.org/10.1038/lsa.2013.46
https://doi.org/10.1103/PhysRevB.89.094304
https://doi.org/10.1103/PhysRevB.89.094304
https://doi.org/10.1103/PhysRevB.89.094304
https://doi.org/10.1103/PhysRevB.89.094304
https://doi.org/10.1038/ncomms10628
https://doi.org/10.1038/ncomms10628
https://doi.org/10.1038/ncomms10628
https://doi.org/10.1038/ncomms10628
https://doi.org/10.1103/PhysRevB.74.045311
https://doi.org/10.1103/PhysRevB.74.045311
https://doi.org/10.1103/PhysRevB.74.045311
https://doi.org/10.1103/PhysRevB.74.045311
https://doi.org/10.1021/jp030708a
https://doi.org/10.1021/jp030708a
https://doi.org/10.1021/jp030708a
https://doi.org/10.1021/jp030708a
https://doi.org/10.1021/jp507923s
https://doi.org/10.1021/jp507923s
https://doi.org/10.1021/jp507923s
https://doi.org/10.1021/jp507923s
https://doi.org/10.1038/ncomms12479
https://doi.org/10.1038/ncomms12479
https://doi.org/10.1038/ncomms12479
https://doi.org/10.1038/ncomms12479
https://doi.org/10.1038/ncomms12999
https://doi.org/10.1038/ncomms12999
https://doi.org/10.1038/ncomms12999
https://doi.org/10.1038/ncomms12999
https://doi.org/10.1088/1751-8113/42/36/365303
https://doi.org/10.1088/1751-8113/42/36/365303
https://doi.org/10.1088/1751-8113/42/36/365303
https://doi.org/10.1088/1751-8113/42/36/365303
https://doi.org/10.1103/PhysRevLett.109.115703
https://doi.org/10.1103/PhysRevLett.109.115703
https://doi.org/10.1103/PhysRevLett.109.115703
https://doi.org/10.1103/PhysRevLett.109.115703
https://doi.org/10.1143/JPSJ.81.024007
https://doi.org/10.1143/JPSJ.81.024007
https://doi.org/10.1143/JPSJ.81.024007
https://doi.org/10.1143/JPSJ.81.024007
https://doi.org/10.1103/PhysRevE.87.062117
https://doi.org/10.1103/PhysRevE.87.062117
https://doi.org/10.1103/PhysRevE.87.062117
https://doi.org/10.1103/PhysRevE.87.062117
https://doi.org/10.1098/rspa.2009.0446
https://doi.org/10.1098/rspa.2009.0446
https://doi.org/10.1098/rspa.2009.0446
https://doi.org/10.1098/rspa.2009.0446
https://doi.org/10.1088/0953-4075/42/24/241001
https://doi.org/10.1088/0953-4075/42/24/241001
https://doi.org/10.1088/0953-4075/42/24/241001
https://doi.org/10.1088/0953-4075/42/24/241001
https://doi.org/10.1209/0295-5075/93/23001
https://doi.org/10.1209/0295-5075/93/23001
https://doi.org/10.1209/0295-5075/93/23001
https://doi.org/10.1209/0295-5075/93/23001
https://doi.org/10.1038/nphys2170
https://doi.org/10.1038/nphys2170
https://doi.org/10.1038/nphys2170
https://doi.org/10.1038/nphys2170
https://doi.org/10.1103/PhysRevA.86.063624
https://doi.org/10.1103/PhysRevA.86.063624
https://doi.org/10.1103/PhysRevA.86.063624
https://doi.org/10.1103/PhysRevA.86.063624
https://doi.org/10.1103/PhysRevA.86.013601
https://doi.org/10.1103/PhysRevA.86.013601
https://doi.org/10.1103/PhysRevA.86.013601
https://doi.org/10.1103/PhysRevA.86.013601
https://doi.org/10.1103/PhysRevX.4.021013
https://doi.org/10.1103/PhysRevX.4.021013
https://doi.org/10.1103/PhysRevX.4.021013
https://doi.org/10.1103/PhysRevX.4.021013
https://doi.org/10.1103/PhysRevLett.113.063003
https://doi.org/10.1103/PhysRevLett.113.063003
https://doi.org/10.1103/PhysRevLett.113.063003
https://doi.org/10.1103/PhysRevLett.113.063003
https://doi.org/10.1038/nphys3967
https://doi.org/10.1038/nphys3967
https://doi.org/10.1038/nphys3967
https://doi.org/10.1038/nphys3967
https://doi.org/10.1103/PhysRevLett.110.240501
https://doi.org/10.1103/PhysRevLett.110.240501
https://doi.org/10.1103/PhysRevLett.110.240501
https://doi.org/10.1103/PhysRevLett.110.240501
https://doi.org/10.1016/S0030-4018(97)00099-0
https://doi.org/10.1016/S0030-4018(97)00099-0
https://doi.org/10.1016/S0030-4018(97)00099-0
https://doi.org/10.1016/S0030-4018(97)00099-0
https://doi.org/10.1021/acs.jpca.5b00525
https://doi.org/10.1021/acs.jpca.5b00525
https://doi.org/10.1021/acs.jpca.5b00525
https://doi.org/10.1021/acs.jpca.5b00525
https://doi.org/10.1103/PhysRevA.86.033405
https://doi.org/10.1103/PhysRevA.86.033405
https://doi.org/10.1103/PhysRevA.86.033405
https://doi.org/10.1103/PhysRevA.86.033405

