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Experimental evidence for a current-biased Josephson junction acting
as either a macroscopic boson or fermion
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It is well known that elementary particles in the real 3 + 1-dimensional world are either bosons or fermions,
without exception, and not both. Here, we show that a quantized current-biased Josephson junction (CBJJ), as
an artificial macroscopic “particle,” can serve as either a boson or a fermion or the combination, depending
on the amplitude of the biased dc current. By using high vacuum two-angle electron beam evaporations, we
fabricated CBJJ devices and calibrated their physical parameters by applying low-frequency signal drivings.
At 50 mK temperature environment, the microwave transmission characteristics of the fabricated CBJJ devices
were measured at the low power limit. The experimental results verify the relevant theoretical predictions, i.e.,
when the bias current is significantly lower than the critical ones of the junctions, the device works in a very
linear regime and thus behaves as a harmonic oscillator “boson”; while if the biased current is sufficiently large
(especially approaching the junctions’ critical currents), the device works manifestly in the nonlinear regime and
thus behaves as a two-level artificial atom “fermion.” Therefore, by adjusting the biased dc current, the CBJJ
device can be effectively switched from a Bose-type macroscopic particle to a Fermi-type one and thus might

open an approach for quantum technology applications at a macroscopic scale.

DOI: 10.1103/PhysRevResearch.6.013236

I. INTRODUCTION

Spin quantum statistics, related to the well-known Pauli
exclusion principle, is one of the basic features in quantum
mechanics [1]. In three-dimensional space, microscopic parti-
cles have either integer or half-integer spin quantum numbers
and thus can be divided into the bosons and fermions, respec-
tively. Phenomenologically, the boson-type particles (such as
photons and phonons) obey the Bose-Einstein statistics and
the relevant bosonic creation and annihilation operators, &'
and a, satisfy the bosonic communication relation [a, a1 =
aa' — a'a = 1; while the fermion-type particles (such as elec-
trons) obey the Fermi-Dirac statistics, whose creation and
annihilation operators, bt and E, satisfy the anticommunica-
tion relation {b, b'}, = bb" + b'b = 1. Basically, all objects
called elementary particles in the real 3 4 1-dimensional
world are either bosons or fermions, without exception, and
not both.

However, in two-dimensional space certain “particles” can
lie somewhere between the bosons or fermions [2], e.g.,
anyons. For example, the elementary excitations of fractional
quantum Hall effect systems at filling factor v = 1/m (with
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m being an odd integer) have been predicted to obey Abelian
fractional statistics, which were detected recently by measur-
ing the current correlations of the collision between anyons
(with the filling factor v = 1/3) at a beamsplitter [3]. The non-
Abelian anyons [4], which were just verified indirectly [5,6],
are particularly desired for fault-tolerant quantum computa-
tion [7]. A natural question is, are the statistical behaviors
of three-dimensional macroscopic artificial objects, working
in different parameter regimes, still controllable? If so, then
the different applications based on their mutually exclusive
statistical features could be realized with such devices. For
example, if certain elementary devices could be manipulated
as either bosons sometimes or fermions at the other times,
then their controllability could be significantly improved in
compact solid-state circuits on a chip [8].

In fact, a single bosonic Josephson junction, implemented
by two weakly linked Bose-Einstein condensates in a double-
well potential, has been experimentally realized [9]. Also, it
has been shown that under the low-excitation limit, a Joseph-
son junction with a small dc-current bias could be effectively
treated as a linear harmonic oscillator [10], which can quan-
tized as a simple-mode boson and thus could serve as the
quantum data bus to implement the couplings between distant
superconducting qubits. If the biased dc current is sufficiently
large (e.g., approaching its critical current), the quantized
CBJJ device has only a few bound states [11] and thus can
be treated as a macroscopic qubit (i.e., a fermion), called the
CBIJ qubit [12], for superconducting quantum information
computing [13]. This implies that a current-biased Josephson
junction (CBJJ), acting as an artificially macroscopic quantum
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system, can serve as either a boson or a fermion, depending on
its biased current.

In this work we provide directly the experimental evidence
that a CBJJ device is really a combination of the macroscopic
boson and fermion objects, i.e., it can work as either a boson
or a fermion under the extreme dc-current biases, and as both
of them for the other-biased regime. First, by using the stan-
dard input-output theory, we predict the microwave scattering
features of the device with the two extreme biases; one is to
generate a boson, and the other is to generate a fermion. Next,
the device is fabricated and then measured under low-power
microwave drivings at ultralow temperature. The experimental
results agree well with the corresponding theoretical predic-
tions, i.e., the quantized CBJJ device can serve as either a
macroscopic boson for a relatively low dc-current bias or
a macroscopic fermion under a sufficiently large dc-current
bias, under the low-excitation limit. Between these biases,
the device works as a boson with certain probabilities and
also as a fermion with other probabilities. With these the-
oretical predictions and also the experimental verifications,
a superconducting circuit to implement macroscopic quan-
tum information processing might be constructed, wherein
the quantized CBJJ devices play double roles: their fermonic
behaviors can be utilized to encode the CBJJ qubits, and their
bosonic features can serve as the data buses to implement the
indirect coupling between distant qubits and the high fidelity
readouts of solid-state qubits.

II. MODELS AND EXPERIMENTAL PREDICTIONS

We first develop a theoretical approach to confirm that a
quantized CBJJ device, under the different dc-current biases,
can serve as either a macroscopic boson or a macroscopic
fermion. These predictions will be verified experimentally
later.

A. Macroscopic quantum bound states of a current-biased
Josephson Junction

As a macroscopic quantum device, the phase § dynamics
of a CBJJ shown in Fig. 1 is equivalent to that of a particle
with the mass C;[®o/(27)]*> (with C; being the effective
capacitance of the junction) moving in a potential [11,14]:

IOy (I I
U@®) = —I—(S—cosé =—E; I—5+cos$ ,

2z ¢ ¢

where ©y = h/(2e) = 2.07 x 107® Wb is the flux quanta,
8§ =2m¢/ Py is the gauge invariant phase across the junc-
tion, ¢ is the flux, I,(< I.) is the biased dc current; /. and
E; =2ml./® are the critical current and Josephson energy
of the junction, respectively. It is seen that this wash potential
contains a series of potential traps, whose lowest and highest
potentials are determined by

dU I
auve) = —E,(I—b — sian)

= 07
ds .

3=0min,Smax

with  d*U(8)/d8*|5=s,, >0 and d?U(8)/d8?|s=s,,, <O,
respectively.
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FIG. 1. Under the dc-biased current /, < I., the CBJJ is equiv-
alent to a macroscopic phase particle with the mass m moving in a
wash potential, which contains a series of potential traps with the
limited heights AU = Uyax — Unin. Here, the black ball indicates to
the phase particle, which moves in the trap with the plasma frequency
w,, and the junction parameters are set as I. = 0.975uA, C; = 93 fF.

It is easily proved that

I
Smin = 2km + sin”! (f)

c

- o (7)
Smax = 2k + 1) — sin -,
I

with k =0, 1,2, .... For example, between § =7 and § =

37, we have the local minimal potential Upi, at Spin = 27 +

sin™! (Ip/1.) and the local maximal one Up,x at Smax = 37 —

sin~'(Z, /1.). Of course, if I, > I., the Josephson junction just

behaves as a normal-state resistor R, and thus generates a

nonzero voltage signal under such a current bias. Near the

bottom of the potential trap, i.e., § ~ dmin, the local potential
of the phase particle can be expressed as

1d*U ()
U((S) = U(Csmin) + EW(S - 3min)2 + -
1
~ ~mwy(8 = Smin)’, (1)

2
with the plasma frequency [15]

L\’
4
wp(lb) = wp 1- <I_> s

where w, = /2m1./®yC; is the plasma frequency for I, = 0.
Mathematically, the height of the local potential trap can be
calculated as

AU = U(smax) - U(amin)

B L\> (I, e
=k 1‘(3) ‘(7) (7) @

which is controllable by adjusting the amplitude of the biased
dc current I,.

At ultralow temperatures (50 mK), the quantized CBJJ
device can be described by a junction capacitance C; parallel
to a nonlinear inductance Ly, and thus it can be described by
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TABLE 1. Energy differences between the nearest-neighbor
levels of the lower bound states |n) of the CBJJ and their
“dipole-transition” matrix elements §,, = (n|m) for the typical bi-
ased relative currents 1,/1.. Here, C; =93 fF, w,,/27 = (E, —
E.))/h,n#m=0,1,2,3, and the unit of w,,/27 in the table is
GHz.

I/1 wor/2m  wi/2w  wyi/2m o1 312 823
0.000 2.5950 2.5940 2.5937 0.052 0.073 0.090
0.450 2.5912 2.5904 2.5899 0.055 0.077 0.097
0.680 2.5775 2.5719 2.5683 0.060 0.085 0.105
0.945 2.5072 2.4042 2.2724 0.091 0.130  0.158
0.955 2.4616 2.3030 2.0556 0.095 0.134 0.163
0.964 2.4390 2.1266 0.101 0.141

0.970 2.4184 0.106

a quantized Hamiltonian [11]:

52
—P v, 3)
26,(37)
The macroscopic bound states with a series of discrete lev-
els can be obtained by solving the following stationary
Schrodinger equation:

Hepyy|n) = E,|n),

Specifically, for C; =93 fF Table I lists the correspond-
ing transition frequencies and the “dipole-transition” matrix
elements between the neighbor stationary states with the
lower energies, under the typical biased currents, e.g., I,/I. =
0,0.45,0.68, 0.945,0.955,0.964, and 0.97, respectively. It
is seen that, for sufficiently low biased current, the energy
differences between the lower macroscopic bound states in
the potential trap are almost the same, with almost equivalent
“dipole-transition” probabilities. For sufficiently large biased
currents, the number of the macroscopic bound states in the
potential trap are very limited and the relevant energy differ-
ence, as well as the “dipole-transition” probabilities, between
them are significantly different. Specifically, Fig. 2 shows how
these behaviors change with the biased dc current.

Hcpyy =

n=0,1,2,....
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FIG. 2. The ratio ¢ = wyw/Om, n=0,1,2, m=n+1, k=
m+ 1, of the transition frequencies between the nearest-neighbor
bound states of the CBJJ versus the biased current. Here, the relevant
parameters are set as /. = 0.975uA, C; =93 fF. Note that here
just three, four, and five bound states are allowed for 7,/1. < 0.965,
0.957, and 0.951, respectively.
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FIG. 3. A configuration of the traveling-wave photons scattered
by the CBJJ, workeing as a macroscopic boson (i.e., a simple-mode
cavity). Here, Em and ISOUL are the amplitudes of the photons in and
out of the CBJJ, and ¢, is that of the right-side photon.

The above numerical results imply that, under low-power
driving, a CBJJ with sufficiently low bias current can work
as a linear harmonic oscillator, whose coherence time could
be sufficiently long (due to the relatively low biased current
noise). In this case, the Hamiltonian of the quantized CBJJ
device can be expressed as [10]

4 I, 1 207 \A2 A 1
H, ~ %Pe + 3 10,(1p)07 = hoy(Ip)| a,a, + 5) 4)

X

where 6 =8 — 8, and a, and &2’, are the I,-dependent
bosonic annihilation and creation operators, respectively. If
the biased dc current is sufficiently large, which yields the
significantly strong nonlinearity, then the quantized CBJJ de-
vice should serve as an artificial atom with the transition
between the bound states possessing well selectivity, due to
the manifest difference between the transition frequencies. For
example, under the limit /, < I, the lowest two levels of the
quantized CBJJ device could be utilized to encode a CBJJ
qubit with the Hamiltonian [12]

haoi (Ip)
—027
2

where o, = |1)(1| — |0)(0| is the Pauli-type fermionic op-
erator, satisfying the communication relation [0, 01] =
+204, [0y, 0_] =0, witho, = |1)(0] and o_ = [0)(1].

Obviously, under the low-excitation limit, the quantized
CBIJ device can work as either a macroscopic boson or a
macroscopic fermion, depending on its different de-current bi-
ases for the controllable eigenfrequency. This is an interesting
feature for a macroscopic object, and thus it is desirable to test
it both theoretically and experimentally.

Hy ~ )

B. Transport properties of the low-power traveling-wave
photons scattered by the CBJJ device under different biases

To theoretically confirm the above argument that a quan-
tized CBJJ can serve as either a boson or a fermion, let
us investigate the scattering properties of the traveling-wave
photon transported along a transmission line.

First, if the CBJJ serves as a boson, which is physically
equivalent to a quantized bosonic mode of a cavity, then the
configuration shown in Fig. 3 can be utilized to describe the
transport properties of the traveling-wave photons scattered
by the CBJJ. The Hamiltonian of the present system can be
expressed as Hy = leb’c H + Hcgyy + HCBJ]_TL, where

g = f dw Z fiwlt (w)l(w) (6)

l=b,c
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describes the traveling-wave microwave photon transported
along the transmission line with / = b, ¢ referring to its left
and right sides, and the relevant bosonic operators satisfy the
communication relation: [l(w), [T(®)] = §(w — o). Also,
the flux operator of the traveling-wave photon reads [14-16]

di(x) = ,/hi“ —[z(w>e"“+ﬂ(w)e*'k*] 7

with Zj being the Characterlstlc impedance of the transmission
line, and thus

R hZ, o ~ . .
bi(x) = ("')w/T; /) dovoll(@)e™ — T (w)e ™. (8)
(

Under a sufficiently low current bias, the CBJJ Hamiltonian
reads Hcgyy =~ Hp, shown in Eq. (4). The physical bound-
ary conditign at x =0, i.e., the lopatior} of the device, reads
1(Op, 1) = 1(0c, 1), Vs = (Po/27)8 + [¢(0p) — ¢(0c)]. Thus,
under the low-excitation limit and rotating-wave approxima-
tion, i.e., the photon scattering is the desired elastic type and
any possibly created and annihilated photons at x = 0 are
neglected, we have

Hepiis = Crpolp(0y) — (0,)]

—ih /ﬂ/ dold' () — I (@)al,
2

where «; = Zy/4Z; (I = b, ¢) describes the interaction be-
tween the CBJJ and the left/right traveling-wave photons,
Z; = «/L;/Cj is the characteristic impedance of the Joseph-
son junction. As a consequence, the Hamiltonian (with i = 1)
of the system [16—18] is

HB = (C()P — %/)CITG
+ / dw[wb(w)*b(w)—i—i /;—;T[aTb(w) — ab(w)*]]
+ / dw[wc(w)fc(w) +1i ;—:{[aTc(w) — ac(a))T]:I,

©))

where y is decay rate of the cavity, and x| and k, are the
effective strengths of the boson coupled to the photons in
the left and right sides of the transmission line, respectively.
By using the standard input-output theory [18,19], we get
the relations

da .
= —iw), —

and

da o, + K —
— = | —iw
dt P

with k = k| + k7, and

iﬁ / dw e_i‘“(’_l/)bo(a))

Y )a b JRiba() + VEaca® (1)

V>a — SRtbou(t) — /RaCou®). (1)

~

bin/out =
and

Cm/out =t— /da)e foolt = t)CO(w)

i
w/wy

FIG. 4. The transmitted spectrum (a) and phase shift spectrum
(b) of the traveling wave scattered by the CBJJ. Here, the rele-
vant parameters are set as k; = 0.004, x, = 0.008, y = 0.0008, and
w,/2m = 2.595 GHz.

are the input- and output fields, respectively. After the
Fourier transformation, x(t) = fj;o e ity (w)dw// 27,
for x(¢) = a(t), bin(t), cin(t), bou(t), and cou(?), respectively,

we have
. . K=Yy
—iwa(w) = (—lwp - )a(a))
+ Vk1bin (@) + iacin (@) (12)
and

—iwa(w) = (—lw,, + L) (w)

2
— Vk1bouw (@) — k2 Cou (). 13)

For the configuration shown in Fig. 4, we can assume that
cin(t) = 0. Consequently, we have

bin(@) + by (@) = \/K_la(w)’
Cin(@) + cou(®) = Kra(w). (14)

Therefore, the measurable transmitted and phase shift spectra
of the traveling-wave photons can be calculated as

T( )_ Cout(w) : _ 4K1K2 (15)
B @) |~ Mo —wp)P + (k+ )
and
¢1,(w) = arctan [—M], (16)
K+y

respectively. In Fig. 4 we shows the spectra of the traveling-
wave microwave photons scattered by a quantized CBIJJ
device with the typical parameters: I, = 0 uA, I, = 0.975 A,
C; =11.18 pF, and thus w,/27 ~ 2.595 GHz. It is seen
clearly that, if the CBJJ device works as a boson, the peak of
the photon transmission is located as the eigenfrequency of the
cavity, i.e., = w,, while the phase shift of the transmitted
photon is zero.

Alternatively, if the CBJJ is biased near its critical cur-
rent, e.g., 0.965 < I,/I. < 0.98, only two macroscopic bound
states exist in the relevant local potential, yielding that the
CBJJ works effectively as a two-level artificial atom, i.e.,
a fermion with the Hamilton Hcgpyy ~ H + shown in Eq. (5).
Similarly, the validity of such an equivalence can be tested by
probing the transport properties of the traveling-wave photons
scattered by the device under the relevant bias. The generic
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‘;output

FIG. 5. A configuration of the traveling-wave photon scattered
by a two-level atom, i.e., a fermion.

model, shown schematically in Fig. 5, to describe the pho-
ton transport scattered by a two-level atom, i.e., a fermion,
generated by the present CBJJ, can be described by the Hamil-
tonian [20]

o — ir

F = (wm - ?)Gz
n / dw[wb(a))Tb(w)—l— /2’7—;(@1;((0) —b(w)*o)}
+/da)|:a)c(w)Tc(a)) + /;7—;(o+c(a)) — c(a))To)i|

A7)

with g and w; being the eigenfrequencies of the bound states
|0) and |1), respectively. ny.» = (2w A/ ®g)*Zy /21 is the effec-
tive strength of the fermion coupled to the photon in the left
and right transmission lines. It is easy to get the Heisenberg
equations for the traveling-wave photon operators:

db(w) [ m

ZT = a)b(a)) + EO‘,, (18)
de() [

[ T wc(w) + o o_; (19)

and the two-level atomic operator o_:
do_ iy [ m
ZW = <w01 — ?>O'_ - E/da)ozb(w)
_ e / doo.c(). (20)
2

Defining again the in and out operators,

A

b dwe " py(w)

1
in/out = :FE /
and

7[&)([7[’)6,0 (C())

R 1
Cinfout = :FE/dwe

of the traveling-wave photon scattered by the fermion and
using again the standard input-output theory, we get the fol-
lowing input-output relations:

do_
% = <—iw01 - HTV)G(I)

+ iy/mobin(t) + iy/nmocin(t) 2D

(a) 1 . (b) 0.8

04F

F
DPTp(w)

04

0.96 0.I98 1 1.52 1.04 0.96 0.I98 1 1.52 1.04
w/wor w/wor
FIG. 6. The transmitted (a) and phase shift (b) spectra of the
traveling-wave photons scattered by a fermion generated by the
CBJJ device. Here, the relevant parameters are set as n = 0.0021,
y = 0.0062, and wy; /2w = 2.42 GHz.

and

d - _
% - (—iwm 4+ > y)a_(t)

+ i\/mo—zbout(t) + i«/%o—zcout(t)- (22)

Consequently, we have

\/mbin(t) - \/%Cout(l) =ino_(1),
Vmcin(t) — /nibou(t) = ino_(1), (23)
with n = n; + n,. Therefore, the scattering matrix (k'|S|k)

between the input state |k) ~ biTn|O) and the output state |k) ~
b! ,10) of the photons can be expressed as

(K'|S|k) = dt (0] cou(t)|k™)

1
)
= tr(k)8(k — p), 24
yielding the amplitude of the photon transmission,
rk)+1  2(w—wy)+il
2 2w — o) +i(n+T)

specifically for n; = 1,. Obviously, the transmitted proba-
bility and phase shift of the traveling-wave photon can be
expressed as

tr(w) = (25)

_ y AHo—on)+y?
Tr(w) = |tr(@)|” = TR a——— (26)

and

Mo —wp) +yy + 77)} 27

2n(w — wor)

respectively. One can see from Fig. 6 that the peak of the re-
flected photon takes place at w = wyy, i.e., the resonant photon
is maximally reflected. Near such a resonant photon, the phase
shift of the traveling-wave photon shows a manifestly critical
behavior. These features are basically different from those of
the boson scattering demonstrated above.

@1, () = arctan |:—

III. EXPERIMENTS AND RESULT ANALYSIS

In this section, we report the experimental tests of the
above arguments and the relevant theoretical predictions, by
fabricating the devices and measuring their microwave trans-
port properties.
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FIG. 7. A simplified process flow for the Josephson junction
fabrication: (a) uniform double layer photoresist, (b) exposure,
(c) development, (d) ion etching oxide layer, (e) Al by oblique
evaporation, (f) oxidation, (g) Al by positive rake angle evaporation,
(h) remove the photoresist. The yellow frame refers to the section of
the junction area.

A. Device fabrication and its physical parameter measurements

By using the usual electron beam evaporations, the
fabricated Josephson junction is embedded in a coplanar
waveguide transmission line. Figure 7 shows briefly the pro-
cess for the fabrication of an Al/AlO, /Al junction. It mainly
includes two steps: preparing a so-called Dolan bridge by
laser direct writing lithography, and fabricating the desired
“SIS” structure by the oblique deposition of aluminium films
and oxidation. The device was fabricated on a 400 um thick
single-side polished sapphire substrate, which is cleaned with
acetone and ultrasonic waves. The device structure is gener-
ated by using a laser direct-writing lithography process and
then the wet etchings. The aluminum film is deposited onto the
prepared “Dolan bridge” structure on the sapphire substrate
by double-angle electron evaporations in the high vacuum
environment. The thicknesses of the fabricated Al/AlO, /Al
junction are estimated as 80 nm for the upper Al film, 1.2 nm
for the junction, and 120 nm for the lower Al film. As shown
in Fig. 8, the widths of the transmission line and the gap are set
as ~10 pum, and the area A of the junction is 1.26 um?. Also,
the distance between transmission line and the grounded one
is set as ~5 um, to implement the Z ~ 50 2 wave impedances
matching with the external microwave devices.

To extract the physical parameters such as, typically, the
effective junction capacitance Cy, normal-state resistance Ry,
the approximated critical current /., etc. of the fabricated
Josephson junction, we first measured the /-V characteristic
curve of the device by probing the switching currents of the
junction, under low-frequency ac drivings. A measurement
circuit of the four-terminal method is shown in Fig. 9, wherein
the amplitude of the driving current is changed slowly and
the voltage across the device is measured by a room temper-
ature amplifier. A low-temperature copper filter and a large
room-temperature resistor (whose resistance is much larger
than the junction resistance Ry) are used to measure the
slowly changing current through the junction. At 50 mK, the
measured /-V curve of the fabricated Josephson junction is
shown in Fig. 10(a), which shows that the junction works
in the underdamped regime and its normal-state resistance
is Ry = 290 Q. Consequently, with the superconducting gap
of the Al, A = 180 ueV, the critical current of the junction
can be estimated roughly as 7. = 0.975 uA, according to the
Ambegaokar-Baratoff formula [21], IL=nA /(2eRy). On the
other hand, the three-layer structure of the SIS junction can

(a) ’b
- 3 Tﬂ”ﬁﬁ% - E %ﬂpm § >

FIG. 8. The fabricated CBJJ device: (a) Its equivalent circuit.
(b) The device structure, wherein the left wire connects the dc-
current source, the right wire is used to measure the voltage across
the junction, and the low-power traveling-wave microwave is driven
along the middle transmission line. (c) A microscope image of the
junction marked in the red box. (d) A scanning electron microscope
image of the fabricated junction (in the orange box, with the area
being 1.26 um?).
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FIG. 9. The circuit to measure the /-V characteristic curve of the
fabricated Josephson junction under low-frequency ac driving.

-6
(a) x10 . . . (b)0.25 . r
15F Experimental data E O Experimental data
= = Theory = = *Theory 2
1k 0.2 [
b
@
_ 95 015 "
I of & 4!
S 0.1 10
05 [
1
A 0.05F a!
K 'lo
156F ’ . 0 0 N AT
5 0 5 5 6 7 8
V(V) 10 I,(A4) %107

FIG. 10. Low-frequency driving measurements of a fabricated
Josephson junction. (a) The -V curve, from which we know that
the normal-state resistance of the junction is Ry = 290 Q. (b) The
jump current measurements, wherein the junction is switched from
the zero voltage state to the nonzero voltage state if the bias current
is I;.
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be treated as a parallel plate capacitor, as it is composed
of two superconductors separated by a thin insulating layer.
Therefore, the capacitance of the junction can be phenomeno-
logically calculated as C; = e,60A/d ~ 93 fF, with the area of
the junction being A &~ 1.26 um?, the thickness of the barrier
layer being d ~ 1.2 nm, and the vacuum permittivity and
the relative permittivity of AlO, being gy = 107> F/m and
e, = 10 F/m, respectively. However, as the junction is not
an isolated device, it is realistically integrated with the other
devices on a chip, the effectively physical parameters should
be determined by the relevant experimental measurements,
and then simulated by the corresponding theoretical model
such as the generic RCSJ model described by the following
dynamical equation [15]:

KCy d?s8
2e dt?

hodéb .

2Ry o + I, sin 6, (28)
where C; and I, are the effective capacitance and critical
current of the junction, I, is its low-frequency bias current
(which is a sawtooth wave with frequency f = 71.3 Hz and
amplitude I,, = 3 uA, generated by an arbitrary waveform
generator, Agilent 33250A), and I, the noise current (typically
from, e.g., thermal fluctuation). First, the synchronization sig-
nal is triggered at zero time as the start timing. Then, a slowly
increasing bias current (with the slope being dI/dt = 190
A/s) is applied to the junction monitored by a voltage signal;
when the voltage across the junction switches from zero to
a threshold nonzero value, the timing is ended and the bias
current at this time is recorded as the jump current I;. After
repeated such a switch measurement with N = 10000 times,
we get a statistical distribution of the measured jump currents
P(Is), shown in Fig. 10(b). It is seen that the maximal jump
current is ~0.78 uA, which is certainly less than the effective
critical current of the junction. With the simulations based
on the RCSJ model, whose parameters are numerically ad-
justable, the experimentally measured statistical distribution
of the jump current is well fitted by the blue line in Fig. 10(b),
from which the effective capacitance and critical current of the
junction can be extracted as C; = 93 fF and I, = 0.979 uA,
respectively.

b

B. Low-power microwave transport measurements

With the fabricated CBJJ device whose physical parame-
ters have been calibrated experimentally, we now verify the
arguments predicted theoretically in Sec. II by the microwave
scattering measurements using the vector network analyzer
(VNA) at 50 mK.

First, under a sufficiently low dc-current bias such as,
typically, I, = 0, we had argued that the CBJJ device should
behave as a boson-type macroscopic particle, i.e., a quantized
linear harmonic oscillator. As a consequence, a peak of the
measured transmitted spectrum of the applied traveling-wave
microwave photons should be located at the plasma frequency
w,, at which the phase shift of the transmitted wave should
be zero. It is clearly shown in Fig. 11 that the argument is
confirmed, i.e., the measured peak in the transmitted spectrum
is revealed at w,/27 =2.5949 GHz. The measured qual-
ity factor reads Qj,—o = 507, which is approximated to the
numerical simulation shown above. Also, the measured phase

(a) I 1 Experimental data () 3
o ]

10F — = Theory

Experimental data
- — Theory

0.995 ) 1.005 0.995 /1 1005

FIG. 11. The transmitted and phase shift spectra of the traveling-
wave photons scattered by the CBJJ without the dc-current bias.
(a) The transmitted spectrum with the peak at w, /27w = 2.5949 GHz
and the quality factor Q = 507. (b) The phase shift spectrum, in
which the 7 phase is shifted at @ = w,,. Here, the red line represents
the measured results and the blue lines are the fittings from the theo-
retical calculations. The power of the driving microwave is P = —80
dBm (i.e., under the low-excitation limit) and the fitted parameters
are set as k; = 0.004 and «, = 0.008.

shift of the transmitted wave at the frequency w = w), is really
Zero.

Second, let us check experimentally if the quantized CBJJ
device with sufficiently large dc-current bias can serve as a
fermion-type macroscopic particle. For sufficiently large dc-
current bias, such as I, = 0.95 pA with [,/I. = 0.97, Fig. 12
shows the relevant transmitted and phase shift spectra of
the traveling wave scattered by the device. It is seen clearly
that the spectra are very different from those for the de-
vice with low current biases. Here, the resonant photons are
reflected completely and the phase shift shows a transition
behavior at the resonant point. This is the manifest feature
of the traveling-wave photons scattered by a two-level atom
(i.e., a fermion) predicted theoretically in Sec. II. The fitted
data show that the eigenfrequency of the fermion (i.e., the
two-level artificial atom) is wg; /2w = 2.4182 GHz, which is
significantly less than w,/2m observed previously. The effec-
tive junction capacitance is C; = 11.18 pF, which is larger
than C; estimated previously in the absence of the dc-current
bias. With the fitted data shown in Fig. 12, the critical current
of the CBIJJ without the current bias can be fitted as 1. =
0.979 uA, which is consistent with the one estimated by the

Experimental data
— = -Theory

Experimental data
- = “Theory

¢(rad)
o

1.005 1.01

0.99 0.995 1

/o w/
w/wor w/wo1

70 L L s L L
0.99 0.995 1 1.005 1.01

FIG. 12. The transmitted and phase shift spectra of the traveling-
wave photons scattered by the CBJJ with the dc-current bias [, =
0.971.. (a) The transmitted spectrum, and (b) the phase shift spec-
trum. Here, the power of the applied traveling wave is P = —80 dBm,
the red lines represent the measured results, and the blue lines are
fitted by the theoretical calculations with n = 0.005 and y = 0.0012.
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FIG. 13. The measured transmission of the traveling-wave pho-
tons scattered by the CBJJ with the dc-current biases being /,/1. = 0,
0.45, and 0.68, respectively. (a) The transmitted spectrum, and (b) the
measured phase shift spectrum. Here, the drive power of the driving
microwave is P = —80 dBm.

measured /-V curve. The quality factor of the device can be
observed as Q) ~ 60 for a significantly large dc-bias current.
Also, the effective capacitance is calibrated as C; = 2.55 pF
in this case, which is larger than the junction capacitance C,
extracted by using the measured /-V curve, due to the effect
of the parasitic capacitance under the high frequency drivings.

Immediately, beyond the extreme cases—i.e., the CBJJ
working as either a boson under the bias I, = 0 or a fermion
under the bias I,,/I. < 1—the experimental measurements
shown in Fig. 13 indicate that, with the increase of the
bias dc current, the frequencies of the transmitted peaks are
shifted left and also their relative heights decrease with the
lower quality factors. Obviously, the stronger bosonic effect
can be observed for the higher quality factors, if the CBJJ
device is biased by the lower dc current. The asymmetric
effects observed here on the transmitted peaks and phase shifts
around the resonant point are due to the practically existing
impedance mismatch between the CBJJ and the transmission
line. This implies that the boson-type behavior is weakened.
After that, if the biased current increases further, then a se-
ries of transmitted dips would appear, until a single dip was
observed. This process refers to the increase of the fermion-

type behavior with enhanced quality factor and decreased
resonant eigenfrequency. Certainly, the effective junction ca-
pacitance is changed if the CBJJ is biased by the different dc
currents and is under high frequency driving.

IV. CONCLUSIONS AND DISCUSSIONS

In a realistic three-dimensional space, microscopic par-
ticles behave either as bosons satisfying the bosonic com-
munication relation or fermions satisfying the fermionic
communication one, respectively. Usually, due to the self-
average, the physical behavior of macroscopic object is
classical, except in certain extreme environments such as low
temperatures. In this work we demonstrated experimentally
that, under ultralow-temperature and low-power microwave
driving, a current-biased macroscopic Josephson junction can
serve as either a macroscopic “boson” particle or a macro-
scopic “fermion” one, depending on the amplitude of the
biased dc current. As a consequence, the CBJJ device can
be utilized in superconducting computing circuits to encode
either a macroscopic qubit or work as the bosonic quantum
data bus for coupling distant qubits and reading out the infor-
mation of the qubit(s).

Hopefully, the macroscopic devices demonstrated here
with controllable transformation between the bosonic and
fermionic features can provide various applications for the
simulations of quantum many-body physics [22-24], mi-
crowave single-photon detection [25-30], and also scalable
quantum information processing [31-33], at macroscopic
scale.
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