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High-fidelity quantum logic gates are essential in quantum computation, and both photons and electron spins in
quantum dots (QDs) have their own unique advantages in implementing quantum computation. It is of critical significance
to achieve high-fidelity quantum gates for photon-QD hybrid systems. Here, we propose two schemes for implementing
high-fidelity universal quantum gates including Toffoli gate and Fredkin gate for photon-QD hybrid systems, utilizing the
practical scattering of a single photon off a QD-cavity system. The computation errors from the imperfections involved in
the practical scattering are detected and prevented from arising in the final results of the two gates. Accordingly, the unity
fidelity of each quantum gate is obtained in the nearly realistic condition, and the requirement for experimental realization
is relaxed. Furthermore, the quantum circuits for the two gates are compact and no auxiliary qubits are required, which
would also be the advantages regarding their experimental feasibility. These features indicate that our schemes may be

useful in the practical quantum computation tasks.
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1. Introduction

Quantum information processing (QIP) is accomplished
based on quantum mechanics and can surpass classical devices
in terms of speed, efficiency, and security.!!! Quantum com-
putation, one of the most important branches of QIP tasks,
can use superposition to achieve evaluating a function f(x)
for many different values of x simultaneously rather than se-
quentially, which is parallel computing.!') Quantum compu-
tation utilizing its capability of parallel exhibits a fascinat-
ing performance, such as largely speeding up large number
factorization”! and unsorted database search.>* The ultimate
aim of quantum computation is realizing quantum comput-
ers, and the key elements in quantum computers are quan-
tum logic gates. Many investigations have been focused on
the two-qubit controlled-NOT (CNOT) gate or its identical
controlled-phase-flip (CPF) gate.[>®! In the domain of three-
qubit gates, Toffoli and Fredkin gates have attracted much at-
tention and both of them are universal quantum gates. To-
gether with Hadamard gates, they can realize unitary manipu-
lation for a multi-qubit system.!”#] Moreover, they are critical
in phase estimation, !l complex quantum algorithms, > error
correction,®] and fault tolerant quantum circuits. (101

Nowadays, quantum logic gates have been implemented
with many physical systems, which can be classified into mov-
ing systems and stationary systems. Photon is a natural fly-
ing physical architecture and an ideal candidate as an infor-
mation carrier for its high transmitting speed, weak interac-
tion with the environment, and easy and accurate manipula-

tion. By far, many efforts have been made to implement-
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ing quantum gates utilizing photonic system in one degree of
freedom (DOF) or multiple DOFs.!''-23] Stationary systems
are suitable for processor and local storage, and several sta-
tionary systems have been used to implement quantum gates,
such as nuclear magnetic resonance,”*2"! superconducting
qubits,?8-33 quantum dots (QDs),**38] diamond nitrogen-
vacancy (NV) centers, 311 and atoms or ions.[*?>~*8] Hybrid
systems composed of flying photons and stationary systems
allow exploiting different physical systems at the best of their

(491 and the quantum gates for hybrid systems hold a

potentials,
great promise for quantum communication and computation,
especially for quantum repeaters, distributed quantum com-
putation, and blind quantum computation. Some interesting
schemes of quantum gates for hybrid systems have been pro-
posed. For example, in 2005, Liang and Lil proposed a
theoretical scheme of a two-qubit SWAP gate on a photon and

a trapped atom or ion. In 2013, Wei and Deng[sn

proposed
some schemes for universal hybrid quantum gates. In 2014,
Reiserer et al.) realized a quantum CPF gate between a fly-
ing photon and a single trapped atom in experiment. In the

L [52

same year, Wang et al.’% proposed some interesting schemes

for universal hybrid hyper-controlled quantum gates. In 2018,

1.131 demonstrated the experiment to achieve the

Bechler et a
photon-atom qubit swap operation. Recently, Song et al.!>*]
constructed heralded quantum gates for hybrid systems.
Trapping atoms or artificial atoms (such as QD, super-
conductor, diamond NV center, Josephson junction) in mi-
crocavities forms an attractive stationary system since cav-

ity quantum electrodynamics (QED) can enhance the inter-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

030303-1


http://dx.doi.org/10.1088/1674-1056/ac8734
wangguanyu@buct.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 32, 030303 (2023)

action between a single photon and an (artificial) atom. The
electron spin in a GaAs-based or InAs-based charged QD
trapped in a microcavity has attracted much attention. The
electron spin in a charged QD owns long coherence time,

which can maintain 3 us,[55’56] and its relaxation time can

57,58

reach the order of ms7>8! through the spin-echo technique.

Meanwhile, fast preparation of the superposition state of the

59,60

electron spin, %01 fast manipulation,®'=%4 and detection of

the electron spin state!® have been demonstrated. Fur-

thermore, researchers have realized embedding a QD in a

66.67] and the interaction between a photon and

68,69
. [68.

microcavity, L
a QD trapped in a cavit | The scattering of a single pho-
ton off a cavity with a QD is viewed as a promising platform
for implementing universal quantum gates,!’%! and it has been
used to realize a QD photon-sorter!”!! and a spin-photon quan-
tum phase switch.[7?!

Under the ideal scattering condition, the photon will be
perfectly reflected or transmitted by the (artificial) atom-cavity
system depending on the state of the photon and that of the
(artificial) atom, and the desired result of the quantum gate
can be obtained via this perfect photon scattering. However,
when it turns into realistic condition, the practical scattering
becomes imperfect, which would lead to computation errors
appearing in the result of the quantum gate in company with
the reduced fidelity!”3! and may accordingly reduce the qual-
ity of the entanglement distillation accomplished with quan-
tum gates.!”#73] That is to say, the performance of the quan-
tum gates is restricted by the realistic condition such as cou-
pling strength, cavity leakage and frequency difference. For
improving the performance of quantum gates in the realistic
condition and relaxing the requirement for experiment, it is
worthy to seek ways for implementing quantum gates work-
ing with fewer computation errors and higher fidelity in the
realistic condition via different methods.[7376-911

Resorting to the practical scattering of a single photon
off a QD-cavity system, we present two schemes for imple-
menting high-fidelity universal quantum gates including Tof-
foli gate and Fredkin gate for photon-QD hybrid systems. In
the Toffoli gate, the flying photon and the electron spin in the
QD act as control qubits and the electron spin in the other
QD acts as the target qubit, and in the Fredkin gate the flying
photon and two electron spins in the QDs respectively act as
the control qubit and the target qubits. The imperfect scatter-
ing arising from the realistic condition such as weak coupling
strength, cavity leakage, and frequency difference is taken into
account in our schemes, and the computation errors from the
imperfect scattering are detected and prevented from appear-
ing in the final result of the two gates. Accordingly, the fidelity
of each quantum gate is robust to the realistic parameters of
practical scattering, and the requirement for its experimental
realization is relaxed. Meanwhile, these two schemes are im-

plemented without auxiliary qubits, which further improves
the experimental feasibility. These interesting features may
make our schemes more useful in practical quantum computa-
tion tasks.

2. The practical scattering of the photon off the
QD embedded in a double-sided microcavity

We consider a singly charged electron In(Ga)As QD or a
GaAs interface QD embedded in an optical resonant double-
sided microcavity with two of the same mirrors partially re-
flective in the top and the bottom, as shown in Fig. 1(a). When
an excess electron is injected into a QD, optical excitation can
create a negatively charged exciton X, which is composed of
two electrons bound to one heavy hole. There are two kinds
of optical transitions between the exciton X~ and the electron.
The polarized photon with spin s, = +1 (|L*) or |R")) cou-
ples to the optical transition | 1) <> | 141), and the polarized
photon with spin s, = —1 (JR*) or |L")) couples to the opti-
cal transition | ) <> | 1), as shown in Fig. 1(b). Here, | 1)
and | J) represent the states of the excess electron spin in a
QD with projections +1/2 along the quantization axis (z di-
rection); | T41) and | [T{) denote the states of the exciton,
where | 1) and | |}) are the heavy-hole states with projections
+3/2 along the quantization axis, respectively. |R) and |L)
represent the states of the right- and left-circularly polarized
photon, respectively, and the superscript arrows 1 and | indi-
cate the photon propagating along and against the quantization
axis, respectively.
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Fig. 1. (a) Schematic diagram for an electron spin in a QD embedded
in an optical resonant double-sided microcavity. (b) Schematic descrip-
tion of the relevant exciton energy levels and the spin selection rules
for dipole transitions of negatively charged excitons. The optical tran-
sitions | 1) <> | T41) and | ) «> | J1{) are resonantly coupled to the
polarized photons with s, = +1 (L) or [R")) and s, = —1 (JRY) or
|LTY), respectively.
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The process of a single-photon scattering off a QD-cavity
system can be represented by the Heisenberg equations of mo-
tion for the cavity field operator d and the dipole operator 6_

along with the input—output relations®?!

a_ i(o —a))—i—ic—i—E i—gb
dr ¢ 2 |47 8%
- \/E(a’\in’ + &in) +I:I7
dé_ . Y] A A A
a4 = —[1((»X—w)+2]6_—gcza+a
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ar = aAin—i_\/EaAa
Gy = iy + /¥4, (1)

where diy, 4y, ar, and d; are the input and output field oper-
ators; g is the coupling strength between the electron X~ and
the microcavity; @, @, and wy- are frequencies of the photon,
the microcavity, and the X~ transition, respectively; 7, K, and
ks represent the X~ dipole decay rate, the microcavity decay
rate, and the microcavity leaky rate, respectively; H and G are
noise operators.

In the limit of a weak incoming field, the charged QD is
predominantly in the ground state in the whole process, that
is, (6;) &= —1. The reflection coefficient r(®) and the trans-
mission coefficient 7(®) of the single-photon scattering off a

QD-cavity system can be expressed as!’%%3!

r(o) =1+1w),

tHw)=—

—xli(oy- —w)+7]
[i(ox- — o)+ Y[i(0 — )+ k+ 5]+ g2

(@)

When the circularly polarized photon is scattered off a cold
microcavity, that is, the photon is uncoupled to the dipole tran-
sition (i.e., g = 0), the specific reflection and transmission co-
efficients can be simplified to

rO(w) =1 +IO((D>7
K
tO(a)):_i((Dc—(D)—f—K'—F%. (3)

Here, the reflection and transmission coefficients are the func-
tions of the realistic parameters of the practical scattering, such
as the coupling strength g/(2k + k;), cavity leakage k;/x, and
the frequency difference A = @ — @,. Therefore, the evolu-
tion rules for the practical scattering of the photon off the QD-
cavity system can be detailedly written as

R 1) = r(0) LY 1) +1(w) [R 1),

LY 1) = r(@) [RT 1) +1(@) L' 1),

[RY 1) = 10(@) [RY 1) +ro(@) [LT 1),

LT 4) = to(@) LT 1) +ro(@) [R" 1),

R" 1) = r(@)|LT ) +1(0) |RY 1),

L") = r(@) [RY 1) +1(@) LT 1),

R" 1) = to(@) [R" |) +ro(@) | 1),

L") = to(@) LY 1) +ro(@) [RT 1) )

3. High-fidelity Toffoli gate on a three-qubit hy-
brid system

A Toffoli gate on a three-qubit hybrid system is used to
perform a NOT operation on a target qubit (encoded on an
electron spin in a QD) or not, depending on the states of the
control qubits (respectively encoded on a flying photon and an

electron spin in the other QD). For obtaining the Toffoli gate
without computation errors coming from the imperfect scatter-
ing (i.e., obtaining the Toffoli gate with a high fidelity robust
to the realistic parameters of the practical scattering), we let
the circularly polarized photon interact with the basic block
based on the practical scattering off the QD-cavity system.
The basic block is shown in the inset of Fig. 2. Here,
TR is an optical switch, which can be controlled exactly as
needed to reflect or transmit a photon. BS is a 50:50 beam
splitter completing a Hadamard operation [|i;) — %(| Ji)+
172)),i2) — %(|]1> —|j2))] on the spatial-mode DOF of a
photon. HWP represents a half-wave plate performing a
Hadamard operation [|R) — %(\R) + L)), |Ly — %(|R> —
|L))] on the polarization DOF of a photon. R is a fully re-
flective mirror and D is a single-photon detector. Suppose that
the injected photon is in the right-polarization state |R), and
the electron spin in the QD is initially prepared in the arbitrary
normalized state |@s) = a| 1)+ | |). After the injected photon
being transmitted by the TR and experiencing the Hadamard
operations in the spatial-mode and polarization DOFs respec-
tively by the BS and HWPs, it interacts with the QD-cavity
system according to the rules for the practical scattering of the
photon off the QD-cavity system as described in Eq. (4). Then
the photon passes through the HWPs and BS again, and the
final state of the system composed of the photon and the elec-

tron spin in the QD becomes ¥

| @)1 = DIR)i, (] 1)+ Bl 1)+ T[L)iy (| 1) = B[ 1)), (5)

where D = J(t+r+1ty+r9) and T = J(t +r—1t9—ro) are
the reflection and transmission coefficients of the basic block,
respectively. The first term of the Eq. (5) corresponds to the
termination of the following process. In this case, the photon
is reflected out of the basic block by TR with the probability
of |D|? and then triggers the single-photon detector, and the
polarization state of the photon and the state of the electron
spin in the QD would not be changed. Conversely, the second
term of the Eq. (5) corresponds to the desired outcome, where
the photon is transmitted out of the basic block from path i, to
the following circuit with the probability of |T|?. Accordingly,
the polarization of the photon is flipped from |R) to |L), and
the state of the electron spin in the QD is changed from |¢) to
100) = al 1) — B| 4)-

Utilizing the optical elements and the basic blocks, we
propose the scheme for our high-fidelity Toffoli gate on a
three-qubit hybrid system. Suppose that the control photon,
the control electron spin in QDy, and the target electron spin
in QD are prepared in arbitrary normalized states |Y), |W)e,,
and |y).,, respectively, where

[W)p = 0p|R) + Bp|L),
|w>61 = ael| T>1 +B€1|~L>17
|w>ez = O‘ez| T>2+ﬁe2| ~L>2 (6)
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The Toffoli gate completes the task that when the control pho-
ton and the control electron spin in QD are in the states |L)
and | |), respectively, the state of the target electron spin in
QD is flipped; otherwise, the state of the target electron spin
is unchanged. The quantum circuit for the high-fidelity Toffoli
gate is shown in Fig. 2. Here, CPBS is a circularly polariz-
ing beam splitter which transmits the right-circularly polarized
photon component |R) and reflects the left-circularly polarized
photon component |L). WFC denotes a wave-form corrector
which can modify the intensity of the photon passing through
it with a coefficient, and it can be achieved by employing an
unbalanced beam splitter.[*>%! WEC; and WFC, 3 4 introduce
coefficients T and T, respectively, on the photon. QWP rep-
resents a quarter-wave plate realizing the polarization bit-flip
operation o, = |R)(L| + |L){R| on a photon. P is a phase
shifter contributing a 7 shift to the incident photon. The de-
tailed principle of the high-fidelity Toffoli gate is given in the

following.
CPBS, CPBSs
In L_j ———» Out
9 WFC;, QWP - 13
= HWP, HWP ==
WP N
Q I CPBS, £ CPB$,
P [_ 4 WFC4 e
. 3 QWP 10
TR | ~| CPBS
11
B, T WFC
5
12 6 I HWP
HWP, = B, ol 3
QWP )
CPBS, | (& 1" CPBS;

Fig. 2. Schematic diagram for the high-fidelity Toffoli gate on a three-
qubit hybrid system. Here, CPBS is a circularly polarizing beam split-
ter.  WFC denotes a wave-form corrector and WFC; and WFCy 3 4
modify the intensity of the incident photon with coefficients T3 and
T, respectively. HWP represents a half-wave plate, QWP represents
a quarter-wave plate, Pr denotes a phase shifter, and TR is an optical
switch. B represents a basic block consisting of QD-microcavity system
as shown in the inset, in which BS is a 50:50 beam splitter, R is a fully
reflective mirror, and D is a single-photon detector.

First, the injected photon from the input port “In” passes
through CPBS;. The transmitted photon component in state
|R)| passes through WFC; and arrives at CPBSg, and the re-

flected photon component in state |L), passes through HWP;
and CPBS,. After the above process, the state of the hybrid
system is changed from [¥)) = |Y¥)p, @ [W)e, @ |W)e, to 1),
where

(W) = T2 R) 1 (O, | 1) + Bey | 1) 1(0ey| 1) + Bey | 1)2
\%[IRM%I )4 Bey | 1))1(Gey | 1)+ Bey| 1))z
— L) a0ty | 1)+ Bey | 1)1 (Gley| 1)+ Bes | 1))2). (D)

For the component of the photon in state |R)3, it passes through

+

WFC, and arrives at CPBS3. For the photon component in
state |L)4, it experiences optical elements QWP; and Py in
sequence, and then it is transmitted by TR (transmit) for in-
teracting with By, where the electron spin in QD; is set. In the
circuit of By, if the photon triggers the single-photon detec-
tor, the process of the high-fidelity Toffoli gate is terminated.
Otherwise, the process of the gate continues, where the emit-
ting photon component will be reflected by TR, (reflect) to
path 5 and unites with the component from path 3 to path 6
by CPBS3. Now, the state of the photon together with the two
electron spins evolves into

195) = T30ty R) 1 (0y | 1)+ Bey | )1 (Ges| 1)+ Bes | 1))
+\%Bpuk>6<ae. 1) 4 Bey | 49010y | 1)+ Bes | D)2
+ ‘L>6(O‘e1| T> _ﬁel | \|r>)l((xe2| T> +ﬁe2| ‘I(>)2] (8)

Next, after the photon components in path 6 experience
the operation performed by HWP,, CPBS4 transmits and re-
flects the photon components to path 7 and path 8 according
to the polarization. For the photon component in state |R)7,
it passes through WFC3 and arrives at CPBSs directly. For
the photon component in state |L)g, it passes through QWP,
and interacts with B,. Note that, before and after the inter-
action between the photon and B, two Hadamard operations
are performed on the electron spin in QD», which is set in B,.
Similarly, if there is a click of the single-photon detector in B,
the process of the high-fidelity Toffoli gate is terminated. Oth-
erwise, the process continues, and the whole system collapses
into the state |¥)3, where

'¥5) = T 0p|R)1 (e, | 1)+ Bey | 1))1(tes] 1) + By | 4))2
+T2[3p[|R>7(0‘61 e, | 1) + O, ey | T4))12
FIL)8(Be; Oey | 11) =+ Bey Be, | 11))12]- ©)
Then, the photon components in state |R)7 and in state |L)g
unite with each other to path 9 by CPBSs5 for passing through

HWP3 and CPBSg. By this time, the state of the whole system
evolves into | ), where

[¥4) = T2 0 R)1 (0, | 1)+ Bey | 1))1(Gey| 1) + Bey| 1))2

2
+ %ﬁpnmm(ael ey | 1) + ey Bey| T))12

FR)10(Be; Oy | 1) + Bey Bey [ 11))12
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L)1 (0, Oy | 1) + Oy Bey | T1))12
_|L>11(Belaez‘ ¢\L>+.Belﬁez| \LT>)12] (10)

Finally, the photon component in state |R)jy passes
through WFC,4 and arrives at CPBS7. However, the photon
component in state |L);; passes through QWP3 and TR (re-
flect) for interacting with B again. After the interaction, if
there is a click of the single-photon detector in By, the pro-
cess of the high-fidelity Toffoli gate is terminated. Other-
wise, the photon component emitting from B is transmitted
by TR; (transmit) for uniting with the |R);p component by
CPBS;. After the Hadamard and bit-flip operations performed
by HWP4 and QWP on the photon components in path 13,
CPBSg lets the photon move out of the circuit, and the final
state of the whole system that is composed of the flying photon
and the two electron spins in two QDs is obtained as follows:

¥s5) = T[0|R) 0| 1)1(es| 1) + ey | 1))z
0 |R)Be, [ 1)1(0 | 1)+ Be, | 1))2
+BplL) e, [ 1)1 (e, [ 1)+ Bey | 4))2
FBplL)Bey [ 1)1(0ey | 1)+ Bey[ 1))2]. (1D

By comparing the realistic final state |¥5) with the initial
state |Fp), one can see that the state of the target qubit (i.e., the
electron spin in QD») is flipped only when the control qubits
(i.e., the flying photon and the electron spin in QD;) are in
states |L) and | |}, respectively. Through further comparing
the realistic final state |¥5) with the ideal output state of the
Toffoli gate, one can find that there are no error items appear-
ing in state |¥), that is, in our Toffoli gate, the computation
errors which come from the imperfect scattering do not hap-
pen. Based on the definition of fidelity F = |(‘¥|'¥)
|¥) and |¥;) are the ideal output state and the realistic final

2 where

state, respectively, one can see that the fidelity of our Toffoli
gate approaches unity in the nearly realistic condition. That is,
the fidelity of our Toffoli gate is robust to the realistic scatter-
ing parameters such as coupling strength, cavity leakage, and
frequency difference. Overall, the compact quantum circuit
shown in Fig. 2 implements a high-fidelity Toffoli gate on a
three-qubit hybrid system.

4. High-fidelity Fredkin gate on a three-qubit
hybrid system

A Fredkin gate on a three-qubit hybrid system is used to
perform a swap operation on two target qubits (encoded on two
electron spins in two QDs) or not, depending on the states of
the control qubit (encoded on a flying photon). For obtaining
the Fredkin gate without computation errors coming from im-
perfect scattering process (i.e., obtaining the Fredkin gate with
a high fidelity robust to the realistic parameters of the practi-
cal scattering), we utilize the optical elements and the basic
blocks to construct the quantum circuit, as shown in Fig. 3.

Tln
I 2

HWP,
! —
f‘cpBs, I TR, SE

=
53|
L

“I" WFC,

CPBS; CPBSg
1 ] | i |

13 10 9
HWP, WFCy HWP; CPBS;

CPBSs

V¥ Out
Fig. 3. Schematic diagram for the high-fidelity Fredkin gate on a three-
qubit hybrid system. WFC; and WFC; 3 4 modify the intensity of the
incident photon with coefficients 7 and T2, respectively.

Suppose that the control photon and two target electron
spins in QD and in QD; are prepared in arbitrary normalized
states |9)p = plR) + BylL), |9)e, = ey 1)1+ Bey | )1, and
|@)e, = O,y | )2+ Pe, | 1)2, respectively. The Fredkin gate re-
alizes the function that when the control photon is in the state
|L), a swap operation is performed on the states of the two tar-
get electron spins in QD and QD;; otherwise, the states of the
target electron spins are unchanged. Let us discuss the detailed
principle in the following.

First, the photon enters the quantum circuit from the in-
put port “In” and passes through CPBS;. The right-circularly
polarized photon component is transmitted to path 1 for pass-
ing through WFC; and arriving at CPBSg, whereas the left-
circularly polarized photon component is reflected to path 2,
which will successively pass through HWP; — TR; (trans-
mit) — CPBS,. After these operations, the state of the hybrid
system is changed from [Q)o = |@)p, ® |@)e, @ |P)e, to [2)1,
where

1)1 = T80} (G| 1)+ ey | 1)1 (0] 1) + Bl 102
53[|R>3<ael|¢>+ﬁel|¢>>1<aez| 4Bl )2
140 | 1) 4 B )1 (G 1)+ s 1))2]- (12)

For the photon component in state |R)3, it passes through

+

WFC, and arrives at CPBS3. For the photon component in
state |L)4, it experiences operations performed by the optical
elements QWP; — TR, (transmit)— By — QWP — B, in
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sequence. If either of the single-photon detectors in B or B,
clicks, the process of the high-fidelity Fredkin gate is termi-
nated. Otherwise, the photon component emitting from B,
is transmitted by TR3 (transmit) and TRy (transmit) for com-
bining with the photon component in state |R)3 with CPBSs.
After the photon components in path 5 pass through HWP;,
the hybrid system evolves into state |Q),, where

Q)2 = TO0|R)1 (0| 1) +Bey | 1))1(0te, | 1)+ Bes| 1)
+T2ﬁp[‘R>5(aelﬁez‘ /N> +ﬁ61 O‘e2| $T>)12
Jr|L>5(O‘e|0682| TT>+ﬁe1ﬁe2| \L\L>)12] (13)

Secondly, CPBS4 reflects the photon component in state
|L)s, which subsequently passes through WFC3 in path 7 and
arrives at CPBSs. Meanwhile, CPBS, transmits the photon
component in state |R)s, which is reflected by TR, (reflect)
to path 4 for experiencing a series of operations performed by
B; — QWP; — B, in sequence. Notably, before and after the
photon component interacting with B (B,), Hadamard opera-
tions are performed on the electron spin in QD; (QD3). Simi-
larly, if either of the single-photon detectors in By or B, clicks,
the process of the Fredkin gate is terminated. Otherwise, the
photon component emitting from B, will be reflected by TR3
(reflect) to path 8 for passing through QWP3 and units with
the photon component from path 7 by CPBSs. Now, the hy-
brid system collapses into the state

Q)3 = TO0|R)1 (0| 1) + Bey | 1))1(0tey | 1)+ Bes| 1)
+T4ﬁp[|R>9(a61ﬁez| ¢T> +ﬁ€1 aezl T¢>>12
+ |L>9(ae| O‘ez| M)+ ﬁel ﬁe2| W)zl (14)

Thirdly, the photon components emerging in path 9 pass
through HWP3 and CPBS¢, which transmits the photon com-
ponent in state |R)g to path 10 for passing through WFC,4 and
arriving at CPBS;. However, the photon component in state
|L)g is reflected by CPBSg to path 11, and then it is suc-
cessively reflected by TR (reflect) and CPBS; to path 4, in
which it experiences the operations performed by QWP; —
TR, (transmit) — By — QWP,; — B; in sequence.
larly, if either of the two single-photon detectors in By and

Simi-

B, clicks, the process of the Fredkin gate is terminated. Oth-
erwise, the photon component emitting from B is transmitted
by TRj3 (transmit) and reflected by TRy (reflect) to path 12.
Then the state of the whole system is changed into

Q)3 = TO04|R)1 (0, | 1)+ Bey | 1)1 (0 | 1)+ Bey | 1))2

6
+%ﬁp[|R>1o<aelﬁez| )+ Bey Oy T4)12

+[R)10(0e, O, [ T1) + Be; Bey | 112
- |L>12(a61ﬁ62| ¢T> + ﬁel 0562‘ T\L>)12
— L) 12(0te, G, | T1) + Bey Be, | 14))12]- (15)

After the photon components in state |R) o and in state |L);»
unite with each other by CPBS; and pass through HWPy,
CPBSg performs the last operation which combines the two
photon components from path 1 and path 13 to the output port
“Out”. The final state of the whole hybrid system is obtained
as

Q)4 = TOp|R) (G, [ 1) +Bey | 1)1(0ey | 1) + Bes| )2
+BolL)(0tey | 1) + Bey| 1)1 (0tey [ 1) + Bey [ 1))2]- (16)

From Eq. (16), one can see that, compared with the initial
state |£p), the states of the two target qubits (i.e., the electron
spins in QD; and QD;) are swapped when the control qubit
(i.e., the flying photon) is in the state |L), whereas they are
not swapped when the control qubit is in the state |R). Mean-
while, one can see that there are no error items appearing in
the realistic final state |2)4 as described in Eq. (16). That is
to say, even though we use practical scattering to construct our
Fredkin gate, no computation errors, which come from the im-
perfect photon scattering process, is happening. Accordingly,
the fidelity robust to the realistic scattering parameters is ob-
tained. Overall, the compact quantum circuit shown in Fig. 3
realizes a high-fidelity Fredkin gate based on the practical pho-
ton scattering.

5. Discussion

We have presented two schemes for implementing high-
fidelity Toffoli gate and Fredkin gate via the practical scatter-
ing of a photon off a QD-cavity system. In what follows, we
evaluate the performance of the quantum gate, which can be
described by fidelity and efficiency. Efficiency is defined as
the ratio of the number of the outputting photons to the in-
putting photons, and the efficiencies of the Toffoli gate and
Fredkin gate can be obtained as

nr=1T% ne=|T|"%, (17)

which both vary with the parameters g/(2x + k;) and &/ as
shown in Fig. 4. The high-quality AIAs/GaAs micropillar cav-
ity with coupling strength as g/(2k + k) = 2.4 (g = 80 peV,
2Kk + ks = 33 peV) was reported by Reitzenstein ez al.,”’! and
the cavity leaky rate k;/k = 0.05 could possibly be achieved
as illustrated by Hu er al.1® For a practical scattering con-
dition with g/(2x + k) = 2.4 and k;/x = 0.05, the efficien-
cies of the Toffoli gate and Fredkin gate can be obtained as
Nt =77.77% and ng = 60.48%. It should be pointed out that
the efficiency is sacrificed for high fidelity since the possi-
ble computation errors are converted into detectable photon

losses, which is advantageous for quantum computation.
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Fig. 4. (a) The efficiency of high-fidelity Toffoli gate vs g/(2x + k) and
Ks/%. (b) The efficiency of high-fidelity Fredkin gate vs g/(2k + ki)
and k;/k. Here, the X~ dipole decay rate y/k = 0.1 and the resonant
condition @ = @, = wy- are used.

Fidelity indicates the difference between the realistic final
state and the ideal output state. We have shown that compared
with the ideal output states, there exist no error items in the re-
alistic final states of the Toffoli gate and the Fredkin gate, even
though the practical scattering of a photon off a QD-cavity sys-
tem is utilized to construct the scheme, as shown in Egs. (11)
and (16). That is to say, the fidelities of these two quantum
gates are robust to the realistic scattering parameters, such as
the coupling strength g/(2k + k), cavity leaky rate k;/k, and
the frequency difference A = @ — .

In a more generally realistic condition, some other fac-
tors which would have effects on the performance should be
taken into account. Hu et al.!’%! pointed out that the intrin-
sic electron-spin decoherence in a realistic QD can decrease
the fidelity of the photon scattering off the QD-cavity by a
factor [1+exp(—At/T, )] /2, where At is the time interval be-
tween incident photons and T2e is the electron-spin coherence
time. This effect can reduce the fidelity by few percents,
since T2e > 3 us can be achieved through spin echo tech-
niques and A7 ~ ns can be achieved in experiment®® which
can also guarantee the weak excitation approximation.!’"! On
the other hand, the fidelity can also be reduced by amount of
[1 —exp(—1/T>)], which is caused by exciton dephasing ef-
fect including the optical dephasing and the spin dephasing of
X~. Here, 7 is the cavity photon lifetime and 75 is the exciton
coherence time. The optical coherence time can be ten times
longer than the cavity photon lifetime, [**-1°! which results in

slight reduction of the fidelity by a few percents. The spin co-
herence time is at least three orders of magnitude longer than

[102-104] therefore it is safe to ne-

the cavity photon lifetime,
glect this kind of dephasing effect. Meanwhile, Hu er al.!”!
pointed out that the heavy-light hole mixing and the nuclear
spin fluctuations can reduce the fidelity slightly. The mixing
can be improved by engineering the shape and the size of QDs
or choosing different types of QDs,!'%! and the nuclear spin
fluctuations can be effectively suppressed via utilizing spin

33,1061 or dynamical decoupling techniques.'%”! More-

echol
over, the influences coming from the optical switch and single-
photon detector need to be considered. Our schemes can be
heralded by single-photon detectors in basic blocks, and the
click of the single-photon detector breaks up the the process of
the schemes. If the single-photon detector is perfect enough,
no click of the single-photon detector marks the success of the
scheme. Therefore, the detectable errors would lower the effi-
ciency of the single-photon detector finitely. The loss, delays,
and the destruction on photons of the optical switch would
affect the scheme quality. Fortunately, the suitable ultrafast
optical switching device has been demonstrated, which ex-
hibits minimal loss, high speed performance, and high con-
trast without disturbing the quantum state of photons.[!98-110]
In addition, some inevitable experimental imperfections in lin-
ear optical elements, such as the balancing of CPBSs and BSs,
and imperfections in spin state preparation and manipulation

would contribute to affecting the fidelity.!'!!]

6. Conclusion

We have proposed two protocols for implementing high-
fidelity Toffoli and Fredkin gates for hybrid systems by uti-
lizing the practical scattering of the photon off the QD-cavity
system. We convert the undesired computation errors from the
imperfect scattering induced by weak coupling strength, cav-
ity side leakage, and frequency difference into the detectable
photon loss by single-photon detectors. Therefore, with our
schemes, the desired computation results without computation
errors of the two gates can be obtained under a nearly real-
istic condition, robust fidelity with some practical scattering
parameters can be guaranteed, and the requirement for high-Q
microcavity can be relaxed. Meanwhile, the accomplishment
of these two gates requires no auxiliary qubits and the circuits
are compact, which further relax the experimental realization.
We believe that the present theoretical schemes will be useful
for their advantages in the quantum computation.
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