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TOPICAL REVIEW — Slid-state quantum information processing
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Superconducting quantum bits (qubits) and circuits are the leading candidate for the implementation of solid-state
quantum computation. They have also been widely used in a variety of studies of quantum physics, atomic physics, quantum
optics, and quantum simulation. In this article, we will present an overview of the basic principles of the superconducting
qubits, including the phase, flux, charge, and transmon (Xmon) qubits, and the progress achieved so far concerning the
improvements of the device design and quantum coherence property. Experimental studies in various research fields using
the superconducting qubits and circuits will be briefly reviewed.

Keywords: superconducting qubit, superconducting quantum computing, quantum physics, quantum optics,

quantum simulation
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1. Introduction

Quantum phenomena in Josephson junctions and super-
conducting quantum interference devices (SQUIDs), such as
macroscopic quantum tunneling, energy level quantization,
resonant tunneling, photon-induced transition, and population
inversion, have been actively investigated since the 1980s.!-]
In 1999, the NEC group successfully observed the quantum
coherent oscillation of a charge-type superconducting quan-
tum bit (qubit) in the time domain with a period of roughly
100 ps for about 2 ns.*! Quantum coherence was soon demon-
strated also in other types of devices such as the phase
qubit, 31 the flux qubit,!%! and certain hybridizations like the
quantronium qubit. 7!

Quantum coherence is a fundamental property of the su-
perconducting circuits and qubits, which provides the basis for
a number of quantum physics studies and the ultimate imple-
mentation of quantum computing. Over the past years, quan-
tum coherence times have been improved steadily, roughly by
an order of magnitude every three years, to the present time
scale of 10 us—100 ps and beyond. In addition to this, studies
of the coupled qubit systems are also progressing. Quantum
coherence and entanglements have been demonstrated in cou-
pled systems of around ten qubits or more. Systems with the
coupled qubit number up to a thousand or two have been built
for implementing the quantum annealing algorithm. These
achievements have enabled many interesting studies in quan-
tum physics, atomic physics, quantum optics, quantum simu-
lation, and quantum computation, using the superconducting
circuits and qubits as an effective platform.

Extensive and comprehensive reviews in this rapidly ad-

DOI: 10.1088/1674-1056/27/2/027401

vancing field can be found in Refs. [8]-[14]. Here we will
briefly review the basic principles behind different types of su-
perconducting qubits, their recent developments, and the on-
going research works in various aspects.

2. Superconducting circuits and qubits

Superconducting circuits, like the usual electrical circuits,
contain capacitors, inductors, and (effective) resistors, and
have the Josephson junctions and resonators as their key ele-
ments. Their fabrications also employ many similar processes
in the semiconductor planar technology. In contrast to the
usual electrical circuits, the superconducting circuits, which
work at milli-Kelvin temperatures, behave quantum mechan-
ically on a macroscopic scale due to the macroscopic nature
of the condensed superconducting Cooper pairs and an energy
gap separating the dissipative quasiparticles from the conden-
sate.

The central part of the superconducting qubits is the
Josephson junction which obeys the Josephson equations:

I=Ising, ¢=2eV/h, (1)

where I., ¢, and V are the junction’s critical current, phase
difference across the two electrodes, and the voltage drop, re-
spectively. 7 is the Planck’s constant. When the qubit is built
up with a superconducting loop containing Josephson junc-
tions, the following flux quantization condition holds:

¢ =27n(l—-®/d), )

in which [/ is an integer and @ is the flux quantum. @ is the
total flux enclosed in the loop.
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2.1. Phase qubits

The phase qubit features a single Josephson junction bi-
ased with a current /, as shown in Fig. 1(a). From the resis-
tively and capacitively shunted junction (RCSJ) model!">! and
considering Eq. (1), it is easy to find that the system is gov-
erned by

+(m/RC)¢ = —dU(¢)/d ¢, A3)
U(p) = —E;(@I/I.+cos Q). “)

Here C and R are junction’s capacitance and effective resis-
tance, and m = (®y/27)>C, E; = ®yl./2%. Equation (3) de-
scribes a fictitious particle with mass m moving in a potential
U(¢) with damping coefficient m/RC. The Hamiltonian of
the system can be written as H = Q?/2C + U (¢) with charge
Q = 2en. The Cooper pair number operator n = —idy is the
quantum-mechanical conjugate to ¢.!!

The qubit has a washboard-like potential U (¢), which is
depicted in Fig. 1(b) together with the energy levels in a se-
lected well. Experimentally one can tilt the potential by chang-
ing I so that the barrier height and the level spacing can be
tuned. The bottom two states are used for the qubit states,
which can be initialized when the barrier is set sufficiently
high and manipulated with microwave pulses. The state read-
out is accomplished by setting appropriate barrier heights at
which tunneling out of the potential well from the ground and
excited states can be distinguished. Tunneling results in the
switching of the junction from the zero to finite voltage state
which is then detected.!!

Ie,C & Ie,C
1)
1) ) |0)
|0)
)

Fig. 1. (color online) (a) Current-biased Josephson junction as a phase qubit
and (b) its potential and energy levels. (c) and (d) Corresponding ones of the
rf-SQUID-type phase qubit, which can also be operated as a flux qubit.

One can also use the magnetic flux @ as the experimen-
tally controllable parameter instead of / by using an rf-SQUID
type configuration shown in Fig. 1(c). In this case, when the
flux quantization condition Eq. (2) is taken into account, the

system is then governed by

mé + (m/RC)§ = —9U(9)/09, Q)
U(¢) = (5/2L)[(9 — 9e)* — (B/27%) cos(279)], (6)

in which ¢ = @ /Py and ¢, =
and external fluxes, respectively, and m = ®3C, = 2xLI. / Py
with the loop inductance L. It can be verified that when 8 > 1,
the two lowest potential wells are symmetric when @,=1/2,

@, /Dy are the normalized total

which correspond to the two circulating currents of opposite
directions in the loop. Changing ¢, away from 1/2 will tilt the
potential wells, and also the barrier height and level spacing.
Figure 1(d) shows the case when ¢, # 1/2, in which the bot-
tom two states in the left well can be used as the phase qubit
states. The state manipulation is similar to the situation dis-
cussed above but the state readout is realized by a SQUID de-
tector which monitors the circulating current direction change
upon tunneling out from the left to the right potential well.
The rf-SQUID type phase qubit has been developed and stud-

ied extensively by the UCSB group. [16-19]
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Fig. 2. (color online) Optical microscope image of an rf-SQUID-type phase
qubit. The red open square and circles enclose the shadow evaporated junc-
tions of the qubit and detector SQUID, respectively. The bar at the bottom-
right corner indicates a length of 100 um. (Figure reproduced with permis-
sion from Ref. [20]).

Figure 2 shows the photograph of an rf-SQUID-type
phase qubit fabricated using the multilayer process.>’! The
device layout is similar to the design developed in Refs. [18]
and [19] but the fabrication process is changed to include the
shadow evaporation of the Josephson junctions. The design
looks a bit complicated largely due to the effort to minimize
In the

design, the SQUID detector contains three Josephson junc-

the crosstalks among different parts of the circuits.

tions, where a small junction is in parallel with two larger ones
connected in series whose critical current is 1.7 times that of
the small one. The advantage of the 3-junction dc-SQUID
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is that it requires no external flux bias for the operation as
a magnetometer. One is able to modulate the flux sensitiv-
ity and turn on (off) the coupling during qubit measurement
(operation). 18]

It can be seen from Fig. 1(d) that the qubit can be operated
as a flux type device if the two bottom states | 1) and | |) in
two different potential wells are used./?!! The two states cor-
respond to the currents circulating in the qubit loop with dif-
ferent polarity. This rf-SQUID type flux qubit, which differs
from the persistent-current flux qubit, is the key component in
the quantum annealer built by the D-Wave Systems Inc., which
we will discuss in further detail below.

2.2. Charge and transmon qubits

Figure 3(a) shows the schematic of a charge qubit.
Clearly, the Hamiltonian of the system can be written as
H = (Q—CV,)?/2(C+C,) — Ejcos @, with Q = 2en being
the charge on the island separated by the tunneling barrier and
the capacitor C,, where C; and V;; are the gate capacitance and
gate voltage, respectively. Denoting the charging energy scale
Ec = €?/2(C +C,), the Hamiltonian becomes

H:4Ec(nfng)27EJcos(p, @)

where ny = CyV,/2e. The charge qubit works in the regime
Ec > Ej so the charging energy dominates. Figure 3(b) shows
the energy versus 7, in this case, calculated using the approach
given in Ref. [22]. It can be seen that the main feature in the
large scale is a series of parabolas for different integers of n. At
the (half) integers of ng, the energy of the neighboring parabo-
las is degenerate so the Josephson tunneling mixes the states
resulting in the lifting up of degeneracy. The lowest two hy-
bridized states near a given half integer n, with level separa-
tion ~ Ej are used as the qubit states. Quantum oscillations
in the qubits were first observed by Nakamura et al. with a
coherence time of the order of ns."!

In the opposite regime where Ec < Ej, the energy spec-
trum is quite different and becomes almost flat, as can be seen
in Fig. 3(c). Koch et al. proposed a new type of qubit operating
in this regime, which was termed “transmon”.>3-23] The trans-
mon qubit has an obvious advantage that it is much less sensi-
tive to the charge noise due to the flat spectrum and therefore
has a longer coherence time as compared to the charge qubit.
A flat spectrum also means that one does not need to tune ng as
in the case for the charge qubit. The lowest two energy levels
are used as the qubit levels as is depicted in Fig. 3(d). Exper-
imentally, the transmon qubit can be built by simply connect-
ing a capacitor in parallel with a Josephson junction, namely
by shorting the voltage source V, in Fig. 3(a). In this case,
the transmon qubit is similar to the phase qubit in Fig. 1(a)
with identical Hamiltonian when / = 0 and the junction is con-
nected in parallel with a capacitor.
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Fig. 3. (color online) (a) The charge qubit schematic. The transmon
qubit can be derived by shorting the gate voltage source (Vg = 0). En-
ergy spectra in the cases of Ec > Ej (b) and Ec < Ej (c). (d) Potential
well and energy levels of the transmon qubit.
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Fig. 4. (color online) Optical microscope images of three-dimensional (3D)
(a) and two-dimensional (2D) (b) transmon qubits. Figures reproduced with
permission from Refs. [26] and [27], respectively.

Figure 4(a) shows a transmon qubit imbedded in three-
dimensional (3D) cavity resonator.!”®! The enlarged part is
the qubit with a shadow evaporated junction at the center
and the two large pads being the capacitor electrodes on one
hand and making the coupling to the resonator on the other.
The resonator coupled with the qubit is used to detect the
qubit states and also protect the qubit from the environmen-
tal electromagnetic noises (see below). Coherence times as
long as 71 = 60 ps, T» = 20 ps, and Techo = 25 ps were mea-
sured in the energy relaxation, Ramsey, and spin-echo exper-
iments, respectively. Figure 4(b) shows a recently reported
two-dimensional (2D) transmon qubit,[*’! where the two large
horizontal pads are the capacitor electrodes with the junction
located at the center. Two smaller pads at the bottom are used
for the capacitive couplings to the other qubits, while the small
pad at the top is leading to a resonator that is used for both
the microwave excitation and qubit state measurement. Co-
herence times of 77 and T.cho around 30 ps and 20 ps were
demonstrated experimentally. (8]

A new qubit design named Xmon!?"! was developed
by the UCSB group based on the earlier planar transmon
qubit.[>>251 As can be seen in Fig. 5, the Xmon qubit has a
cross shape with its four arms connected to XY control, Z con-
trol, coupling to other qubit, and the resonator, which is used
for the qubit state readout. The extreme flexibility makes the

027401-3



Chin. Phys. B Vol. 27, No. 2 (2018) 027401

Xmon qubit suitable for various studies of the coupled qubit
system. The energy relaxation time 77 above 40 ps was exper-
imentally demonstrated in these devices.

@ readout line

readout
_D_ J_resonator

readout
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; : | self Cap“
)EI bus
control ;
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Fig. 5. (color online) (a), (b) Optical micrographs of an Xmon qubit. (c)
The electrical circuit of the qubit. Figure reproduced with permission from
Ref. [29].

The qubit state measurement of the transmon and Xmon
devices is realized by coupling them to a resonator, e.g., to a
3D resonator as shown in Fig. 4(a) or to a 2D coplanar waveg-
uide (CPW) resonator as shown in Figs. 4(b) and 5(a). This
qubit-resonator circuit quantum electrodynamics (QED) archi-
tecture enables the quantum nondemolition measurement for
the qubit state, 33?2 which will be discussed in Section 3.

2.3. Persistent-current flux qubits

The persistent-current flux qubit was first proposed by
Mooij et al., which had its original structure as shown in
Fig. 6(a) in the absence of the shunting capacitor Cs.!33341
The qubit is formed with a superconducting loop interrupted
by three Josephson junctions, with one junction a factor of o
smaller in area than the other two. The junctions contribute
much inductance and a small loop with negligible inductance
is used, making it less sensitive to the external noise. Con-
sidering the energy of the form 1 — cos ¢ stored in the each

junction, '] the qubit potential can be written as:

U(o1,92) = E;(2—cos @ —cos @)
+OE/[1—cos2nf+ o1 —g)],  (8)

in which @y > are the phase differences across the two larger
junctions, and f is the magnetic flux frustration defined by
Q1 — @2+ @3 = =27 f with @3 being the phase difference of
the smaller junction.

The general feature of U(¢,@,) is plotted in Fig. 6(b).
A double-well potential can be seen more clearly in panel (c),
which results from a cut along the red line in panel (b) and ap-
pears asymmetric as the external flux bias &, # Py/2. The

barrier height separating the two wells can be adjusted by
changing a. Usually, ¢ is in the range of 0.5-0.7 or below
so that quantum tunneling occurs leading to the hybridiza-
tion of the | 1) and | |) states near their degeneracy point of
@, = Py/2. The | 1) and | ]) states correspond to the currents
circulating in the qubit loop with opposite directions and the
two hybridized states are used as the qubit states.

(a)

Io,C

Cs

alc,aC . —

Io,C

M
! ®, )

Fig. 6. (color online) (a) A persistent-current flux qubit schematic. (b) A
contour plot of the potential in Eq. (8). (c) The potential along the direc-
tion indicated by a red line in panel (b) when @, # @y /2. States in the two
potential wells correspond to the currents circulating in the qubit loop with
opposite polarities.

The probability of observing | 1) or | |) state is different
in the qubit ground and excited states when it is not biased at
degeneracy point. Hence one may detect the qubit states using
a dc-SQUID that monitors the loop flux difference between
the two states.[®! At the degeneracy point, the probability of
observing the two basis states is the same and there is no net
current difference between the ground and excited states. In
this case, it is possible to determine the qubit state by apply-
ing a fast flux bias pulse to adiabatically shift the qubit to a
non-degeneracy point. It is also possible to detect the quan-
tum state using the inductive method similar to that used for

[35-37] This method, which can work at

transmon and Xmon.
the degeneracy point, has the advantage of avoiding the volt-
age state of readout dc-SQUID so its back action to the qubit
is minimized.

One can replace the small junction with a dc-SQUID,
called & loop, which allows the modulation of the critical cur-
rent and the qubit level spacing (or gap) by external flux. This
type of gap tunable flux qubit has been demonstrated by sev-
eral groups.*3~% Using this design, Fedorov et al. observed
macroscopic quantum coherence oscillations*!! and Zhu et al.
coherently coupled a flux qubit to the nitrogen—vacancy (NV)
centers. (%]

Compared with the phase and transmon (Xmon) qubits,
the flux qubit is advantageous in that it has a much larger an-
harmonicity. On the other hand, You et al.'*3! proposed a de-
sign to increase the qubit coherence time by shunting the small
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junction with a capacitor Cgs to suppress the charge noise, as
is shown in Fig. 6(a). Systematic works by the MIT and UC
Berkeley groups showed a significant increase in the coher-
ence times, with 77 reaching 40 pus—50 ps and 75 approaching
2T; ~ 80 us.!*#! The devices also showed strong anharmonic-
ity of 500 MHz-700 MHz and the improved sample repro-
ducibility.

One important feature of the flux qubits reported in
Ref. [44] is the reduced « value. It is shown that for o greater
than 0.5 the coherence time is much shorter. When o is de-
creased below 0.5, the double well feature of the qubit po-
tential weakens with decreasing barrier height and the flux
qubit becomes similar to the transmon qubit. It is reported
that the flux qubits with the modified design eliminating the
quadratic term show the 7; values around 80 s (see the device
in Fig. 7).%1 Recent work also shows that by implementing a
pumping sequence to reduce the number of unpaired quasipar-
ticles in close proximity to the device, a threefold enhance-

ment in qubit relaxation times and a comparable reduction in
[46]

coherence variability can be achieved.

Fig. 7. (color online) (a), (b) Microscope images of a persistent-current qubit.
The horizontal A /2 CPW resonator at the bottom in panel (a) couples to the
qubit for the qubit state measurement. Figure reproduced with permission
from Ref. [45].

3. Quantum nondemolition measurement

The transmon qubit was derived from the charge qubit
by the Yale group,!>>~>>! along with the technique of quan-
tum nondemolition measurement of the qubit state based on
the circuit QED architecture.3*3?] In the circuit QED frame-
work, the Hamiltonian of the coupled qubit-resonator system
has the Jaynes—Cummings form

H = hax(a'a+1/2) + (hwy/2)0" +hg(a’ 6™+ ota), (9)

where @;, @y, and g are the resonator frequency, qubit transi-
tion frequency, and resonator-qubit coupling strength, respec-
tively. a' and a are the photon creation and annihilation op-
erators, 6= = (6* +10”) /2 are the qubit raising and lowering

operators defined by the Pauli matrices in the usual sense, and
we have ignored the cavity decay and qubit decoherence terms.
An interesting result is that by performing a unitary transfor-
mation H can be reduced to

UHU' = hlo + (82 /A)o%a a+ (h/2)[wg+ (2/A)]0%, (10)
in which A = @y — @; is the resonator-qubit detuning and
U = expl(3/A)(ac™ —a'o™)].

This result indicates that the qubit level spacing is influenced
by the number of photons in the resonator: The Stark shift
term 2a’ag? /A and the Lamb term g?/A. The result can also
be viewed as a dispersive shift of the resonator frequency by
x 0% with y = g?/A.

Hence the qubit state will influence the resonator fre-
quency. In other words, one is able to detect the qubit state by
measuring the resonator transmission (or reflection) property.
In a further analysis, Gambetta et al. considered the cavity de-
cay rate K, the qubit energy relaxation rate ¥, and dephasing
rate Y. Under certain approximations, the master equation
can be solved analytically to obtain the steady-state solutions

of the photonic coherent states in the cavity: 3!

o) = —igg/(K/2+ iy +i4), (11)

where & is the amplitude of the measurement microwave in
the cavity and A; = o, — oy is its detuning with respect to the
resonator frequency. The stationary average number of pho-
tons in the cavity is thus

iy =| o |*=ef/[K*/4+ (At x)7). (12)

In Egs. (11) and (12), the “~” and “+” correspond to results
when the qubit is in the ground and excited states, respectively.
Since experimentally one usually has ) >> K, equation (12) in-
dicates that the cavity response will exhibit two peaks located
at @, + ¥ corresponding to the qubit ground and excited states.
Figure 8 shows the experimental results measured from a cou-
pled transmon qubit-resonator system.*”! At low microwave
power (near the bottoms of the two panels), peaks at differ-
ent locations can be clearly seen in panels (a) and (b) with the
qubit states prepared in the ground and excited states, respec-
tively.

The qubit states can also be detected by the phase differ-
ence of the cavity coherent states given in Eq. (11). Namely
one can apply the measurement microwave with frequency
s = o such that A, = 0. In this way, the states a} have
the phases of -6 = +tan~!(2y /x), which tend to £90° when
x> K.

The quantum nondemolition measurement of the qubit
state can be realized using the above technique if the mi-
crowave power is kept low so that the average photon number

fix is small.’% On the other hand, we can see in Fig. 8 that
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as the measurement microwave power increases, the peaks de-
veloped with the particular qubit state become stronger and
widen at the same time. If we look at the frequency ;s =
@ = 9.07 GHz, the cavity response or transmission becomes
extremely high above certain critical microwave power that
depends sensitively on the qubit state. The inset shows the re-
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sponse versus the microwave power when the qubit is in the
ground and excited states. This result is due to the nonlin-
earity of the Jaynes—Cummings interaction of the qubit and
cavity,[*84%1 which can be used conveniently for the qubit state
measurement!*’! provided the state demolition is not a con-
cern.
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Fig.8. (color online) Cavity responses for qubit ground (a) and excited (b) states. Inset: Response at 9.07 GHz versus input power. Figure

reproduced with permission from Ref. [47].

The quantum nondemolition measurement for the qubit
state based on the circuit QED setup is advantageous in many
ways compared to that using a de-SQUID. It does not destroy
the quantum state of the qubit and the single-shot measure-
ment can be realized using the quantum-limited Josephson
parametric amplifiers.’%-33! The technique is also applied for
the phase!*®! and flux[*>-3743] qubit devices.

4. Improving qubit coherence

Raising the quantum coherence time is among the key
issues in the superconducting qubit studies, and enormous
efforts considering various possible mechanisms causing the
qubit decoherence have been made.>”! One continuous effort
has been to reduce the dielectric loss from the qubit surround-
ing materials that are always present, such as the substrate,
the insulation layers, and the oxidized tunnel barrier or metal
surface.!'”] Dielectric loss at low temperature is believed to
arise from the two-level states (TLS), which can always be
seen in the phase qubit with large-area Josephson junctions.
TLS can be greatly reduced or absent when the junction size
is reduced down to the submicron regime,[zo] which may re-
sult from the annealing of the defects by stress relieving of the
small-sized junctions, or can be understood from the simple
statistical point of view.l>”] Smaller junctions combined with
shunt capacitors are therefore used for the phase qubit. It is ex-
perimentally demonstrated that parallel plate capacitors with
low dielectric loss can lead to the improvement of the energy
relaxation times by a factor of 20.!'7!

Early experiments of the charge qubits only demonstrate
ns-scale coherence times. As discussed above, a significant
progress is from the charge qubit derived transmon, %3 which
is immune to the 1/f charge noise thus removing the leading
source of dephasing resulting in increased ps-scale coherence

times.[>®! A further important improvement comes from the
understanding of the resonator in modifying the qubit electro-
magnetic environment.>>3° The idea behind this is the so-
called “Purcell effect”. Namely, the qubit spontaneous emis-
sion can be effectively suppressed by coupling it to a resonator
which greatly modify the modes and density of states of the
electromagnetic field in the external circuitry.[>”! The reduced
spontaneous emission effectively enhance the qubit energy re-
laxation times.

Transmon (Xmon) and persistent-current flux qubits only
need modest shunt capacitance compared to the phase qubit.
In Fig. 4, Fig. 5(a), and Fig. 7(a), the shunt capacitors are
formed by two electrodes with the substrate as the insulation
layer between them. This makes it easier to reduce the di-
electric loss if the low-loss substrate is used and the substrate
surface is carefully treated. Dielectric losses of the 2D res-
onators, together with the qubits as a whole, have been care-
fully studied in the past decade.[®>7%1 A convenient concept,
called “participation ratio”,[>>% is often used. The participa-
tion ratio is defined as the electric field energy stored in the
lossy material divided by the total electric field energy stored
in the entire device. It is found that the participation ratio
and dielectric loss decrease with the increasing device feature
size (footprint),[60:61.66.671 which provides evidence that the
loss is interface or surface limited.[%") Some experiments in-
dicate that the dominant loss comes from the substrate—air and
substrate—metal interfaces while the metal—air interface plays
a lesser role.[®®7! The 3D transmon is advantageous in this
respect since the sizes of the devices are larger, thus lowering
the participation ratio and loss from interfaces. The partici-
pation ratio in 3D transmon is carefully studied in Refs. [71]
and [72].

In addition to the advances discussed above, namely re-
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ducing the dielectric loss, designing qubits immune to the ex-
ternal noises, and modifying the electromagnetic environment,
we mention also the other efforts such as improving materials
and fabrication techniques,[6%6%676%1 and improving filtering
and shielding against stray radiation that causes quasiparticle
dissipation. 3! All these efforts have incrementally and collec-
tively raised qubit coherence times up to the present level of
10 us—100 ps and beyond, in the devices such as those shown
in Figs. 4, 5, and 7.

S. Experiments with superconducting qubits

We have discussed various types of the superconducting
qubits, their basic principles, operations, and improvements.
In this section, we will have a brief look into the rich ongoing
research works with the superconducting qubits.

5.1. Qubit coupling and logic gates

Superconducting qubits have many types as discussed
previously and there are also many ways of coupling them
together, including capacitive and inductive couplings, and
couplings via Josephson junctions and resonators.!”!9 Single-
and multi-qubit quantum gate operations, required for the uni-
versal gate-based quantum computation, have been experi-
mentally demonstrated with improving fidelity, starting from
the early years after finding the qubit coherence. Single qubit
logic operations of different angle rotations about the x, y,
and z axes of the Bloch sphere are performed, for instance, in
the quantronium,m] phase,[75] and transmon!7°! qubits, which
suffice the usual single qubit phase gate, phase-slip gate, NOT
gate, and Hadamard gate. Two qubit logic operations such as
controlled-NOT (cNOT) gates are realized in charge!’’! and
persistent-current qubit.[””-78 The square root of i-SWAP gate
is also realized in the phase qubit.[””! The three qubit Tof-
foli gates (ccNOT) are successfully demonstrated in transmon
qubits. %811 Universal gate sets are proposed®?! and are ex-
perimentally implemented and characterized. 83

5.2. Quantum physics on chip

Superconducting circuits and qubits behave quantum me-
chanically on a macroscopic scale with the system param-
eters conveniently controllable, which provide an excellent
tool for the studies of quantum physics, atomic physics, and
quantum optics. There are vast published works in the lit-
erature, out of which we only mention a few: (i) Reso-
nant escapes and bifurcation phenomena of nonlinear sys-
tems under strong driving.!®*%1 (ii) Macroscopic quantum
tunneling in cuprate materials and phase diffusion in the
quantum regime.®#7] (iii) Quantum stochastic synchroniza-
tion in dissipative quantum systems.!®®! (iv) Landau—Zener—
Stiickelberg interference and the precise control of quantum
states in the tripartite system.8>-°°! (v) Topological phase dia-
gram and phase transitions in interacting quantum systems. [°!]
(vi) A Schréinger cat living in two boxes.*?! (vii) The Autler—

Townes splitting phenomena.!®>~*71 (viii) The stimulated Ra-
man adiabatic passage and coherent population transfer.*%%]
(ix) The electromagnetically induced transparency, a phe-
nomenon similar to Autler—Townes splitting but physically
distinct.[1901011 (x) Resonance fluorescence and correlated
emission lasing.[10%103]

5.3. Adiabatic quantum computing

Adiabatic quantum computing or quantum annealing was
proposed as a heuristic technique for quantum enhanced op-
timization nearly two decades ago.!'%197] This architecture,
known to be equivalent to the standard gate-based quantum
computation,'%191 ig simpler and provides a more practi-
cal approach for applications in the near term. The first su-
perconducting quantum annealing processors were built by
the D-Wave Systems Inc.!'1%!!1] based on the rf-SQUID type
flux qubits(?>! and the Nb-junction technology./!'>!13] The D-
Wave One, D-Wave Two, D-Wave 2X, and D-Wave 2000Q
machines have become available in the years 2011, 2013,
2015, and 2017 with coupled 128, 512, 1024, and 2048
qubits, respectively. Although superconducting quantum an-
nealing has received much attention both academically and in-
dustrially, a consensus on some physics and its potential for
achieving optimization algorithm has not been reached. For
more recent studies the readers are referred to the works in
Refs. [114]-[117] by Google Inc. and D-Wave Systems Inc.,
for instance, and references therein.

5.4. Quantum simulation

Quantum simulation, namely using a controllable quan-
tum system to simulate another quantum system, was first pro-
posed by Richard Feynman and was envisioned as the main
application of a quantum computer.!''8!"1 Quantum simula-
tion has two types: The digital quantum simulation and the
analog quantum simulation. The former simulates a quantum
system by dividing the time evolution of a Hamiltonian, writ-
ten as a sum of local terms, into small intervals which can be
realized by a sequence of qubit gate operations. %! In the ana-
log quantum simulation, the Hamiltonian of the system to be
simulated is directly mapped onto the Hamiltonian of the sim-
ulator that can be experimentally controlled. Quantum simu-
lation may find a variety of applications ranging from atomic
physics, chemistry, condensed-matter physics, cosmology, and
high-energy physics. [!3:121:122]

In condensed-matter physics, in particular, Las Heras et
al. proposed the implementation of digital quantum simula-
tors for the Heisenberg and frustrated Ising models!'>3 and
Fermi—Hubbard models,'>*! which were experimentally val-
idated in Refs. [125] and [126], respectively. Digital and
analog simulations of the Fermi—Hubbard models were dis-
cussed in Refs. [127]-[129]. Quantum emulation of creat-
ing anyonic excitations was also achieved experimentally by
dynamically generating the ground and excited states of the
toric code model.!'3% There are still many proposals for the
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analog simulators put forward which need experimental tests:
Transverse-field Ising or other spin models;!'3!~-1331 Holstein
molecular-crystal model exhibiting electron—phonon-induced
small-polaron formation;!'341351  multi-connected Jaynes—
Cummings lattice model with Mott insulator-superfluid-Mott
insulator phase transition;!'3%137] pairing Hamiltonians built
from nearest-neighbor-interacting qubits;!'3® quantum emu-

lation of spin systems with topologically protected ground
states. [13%1401

5.5. Quantum computation

Devoret and Schoelkopf discussed some key stages in
the development of a practical superconducting quantum
computer.!'?! Briefly, one needs the single and multiple phys-
ical qubits which satisfy the first five DiVincenzo criteria:
A well-defined quantum two-state system, the ability to ini-
tialize the state, long (relative) coherence times, single- and
two-qubit logic gate operations, and the state measurement
capability.['*!l This is followed by moving to the logical
qubits and memories, which have much longer coherence
times, by means of quantum error correction. Finally, gate
operations on single and multiple logical qubits are realized to
reach the ultimate goal of fault-tolerant quantum computation.

Quantum error correction is of crucial importance for
the realization of quantum computing and has received much
28,81,142.1431 1 order to perform error correction, the
fidelity of gate operation must be above certain threshold,
which can be measured by the double 7-pulse, quantum pro-
cess tomography, and randomized benchmarking methods. 76!
Barends et al. showed that, using a 5-qubit array an average
single-qubit gate fidelity of 99.92% and a two-qubit gate fi-
delity of up to 99.4% could be achieved.!'** This places the
quantum computing at the fault tolerance threshold for sur-
face code error correction. The same authors also reported the
protection of classical states from environmental bit-flip errors
and demonstrated the suppression of these errors with increas-
ing system size on a 9-qubit array.!'*?! Meanwhile, Chow et
al. reported a quantum error detection protocol on a two-by-
two planar qubit lattice.!?’! The protocol could detect both bit-
flip error and phase-flip error, making it possible to detect an
arbitrary quantum error.[*8! Ofek et al. adopted a different ap-
proach to implement a full quantum error correction by using
real-time feedback for encoding, monitoring naturally occur-
ring errors, decoding, and correcting. They demonstrated a
quantum error correction system that reached the break-even
point (i.e., enhanced lifetime of the encoded information) by
suppressing the natural errors due to energy loss for a qubit
logically encoded in superpositions of coherent states of a su-
perconducting resonator. [!4]

For a multiple qubit circuit, the demonstration of quantum
entanglement and quantum algorithms is an important step to-
ward quantum computing. Among many other works, Song
et al. demonstrated the production and tomography of gen-
uinely entangled Greenberger—Horne—Zeilinger (GHZ) states

attention. !

with up to 10 qubits that connect to a common bus res-
onator in a superconducting circuit.!*3] Grover search and
Deutsch-Jozsa quantum algorithms!'4 as well as solving
linear equations!'*”] were also demonstrated. Furthermore,
Riste et al. showed the quantum advantage in performing a
machine learning algorithms using a 5-qubit superconducting
processor. 48]

While most present studies are performed on the devices
of which all components are arranged on chip in a planar fash-
ion, efforts have been made to make devices that have com-
ponents distributed on different chips stacked vertically in or-
der to accommodate more qubits and also reduce interference
and cross talk between different qubits.[4*-13!! Similar 3D in-
tegration is well developed for the semiconductor integrated
circuits. However, the application of the technology to the su-
perconducting circuits and qubits is not straightforward and
requires further investigation. Of particular concern, quantum
coherence could be seriously suppressed by the requisite pro-
cessing steps and the progress in the coming years on this issue
will be crucial for building chips containing around 100 qubits
and above.

6. Summary and perspective

In the past two decades, tremendous progress has been
made in the studies of superconducting circuits and qubits.
Most notably, the quantum coherence times have been in-
creased by five orders of magnitude up to the range of 10 ps—
100 us in the devices such as the 2D and 3D transmon qubits,
the Xmon qubits, and the persistent-current flux qubits. These
devices have improved designs that offer better controls over
the qubit fabrication, manipulation, measurement as well as
multi-qubit coupling. Research works in many aspects are un-
derway, which may finally lead to the physical implementation
of quantum computing. At the present stage, it is encourag-
ing to see that the studies so far have demonstrated most of
the basic properties and functionalities required for building
a quantum computer. On the other hand, we are entering a
further stage with more complex quantum systems in which
new fundamental physical and technical problems need to be
solved and answered. Before the ultimate goal of quantum
computing is reached, fruitful results in the studies of quantum
physics, atomic physics, quantum optics, quantum annealing,
and quantum simulation would be expected.
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