
VOLUME 79, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 22 SEPTEMBER1997

s

er
le
e
m

2328
Spectroscopy of Energy-Level Splitting between Two Macroscopic Quantum State
of Charge Coherently Superposed by Josephson Coupling

Y. Nakamura, C. D. Chen, and J. S. Tsai
NEC Fundamental Research Laboratories, Tsukuba, Ibaraki 305, Japan

(Received 16 April 1997)

We study Cooper-pair tunneling in a voltage-biased superconducting single-electron transistor und
microwave irradiation. By tracing the peak positions of a photon-assisted Josephson-quasipartic
current as a function of the microwave frequency, we observe an energy-dispersion curve in th
quasicharge space. This shows that energy-level splitting occurs between two macroscopic quantu
states of charge coherently superposed by Josephson coupling. [S0031-9007(97)04097-0]

PACS numbers: 74.50.+r, 73.40.Gk, 73.50.Pz
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Charging effect in systems of small Josephson junctio
has been studied extensively in recent years and has g
us many new insights into the quantum conjugate pro
erties of phase and number [1,2]. In this work, with th
aid of charging energy, we restrict the freedom of char
number in a small Josephson junction system—that is,
break a translational symmetry in the number space—a
observe evidence of coherent superposition of two cha
states. This is a macroscopic two-level system whe
due to the charging effect, a single Cooper-pair tunn
ing event is accompanied with the entire redistributio
of the polarized charge on the junction capacitors in t
device. We also demonstrate the spectroscopic meas
ment of Josephson energy in a small Josephson junct
which would not be possible, in principle, in a Josephs
junction with a macroscopic size.

In two isolated superconducting electrodes connec
by a large Josephson junction with negligible chargin
energy, the phase differencew at the junction is a good
quantum number. The numbern of excess electrons on
one electrode, which is conjugate withw, is uncertain, and
many number statesjnl with different n are coherently
superposed. Here, Josephson energyEJ represents the
band width in the phase space,as shown in a one-
dimensional tight-binding Hamiltonian

H ­ 2
EJ

2

X
n

0hjnl kn 1 2j 1 jn 1 2l knjj

­ 2EJ cosw , (1)

where the sum
P0 includes onlyn for the same parity. Let

us consider only the2e (Cooper-pair) tunneling process
between even-n states for the moment.

When the size of the junction is decreased so th
the charging energy becomes dominant, the degener
between the different number states is lifted and the flu
tuation ofn is suppressed. However, in a supercondu
ing single-electron box (S-SEB) circuit [left-hand side o
Fig. 1(a)] [3], the electrostatic potential of the box ele
trode can be controlled by the gate voltageVg. When
the total induced charge (or quasicharge)Q0 on the box
is an odd integerm—that is,Q0 ; CgVg 1 Qb ­ me—
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the two number states,jm 2 1l andjm 1 1l, again degen-
erate. HereCg is the gate capacitance andQb is the back-
ground charge. Cooper-pair tunneling occurs between

FIG. 1. (a) Schematic circuit diagram of an S-SET, whic
consists of an S-SEB and a probe junction. (b) Schema
I-Q0 curve at a fixedV illustrating JQP (solid) and PAJQP
(dashed) current peaks. (c) Energy diagram illustrating ene
levels (solid curves) of an S-SEB as a function ofQ0 in
the presence of the probe. Dashed lines show those for
case without Josephson coupling. Large arrows show phot
assisted processes which produce PAJQP current. Shad
around the energy levels illustrate level broadening due to
quasiparticle tunneling dissipation.
© 1997 The American Physical Society



VOLUME 79, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 22 SEPTEMBER1997

c

n
e

h

s
t
e

e
e
e
o
t
t

3
t
e
)

-

a

h

r
t

r
v
e

air
ias

air
se
at

g.

as
w

e-
is

ling
ed

er-
ch
is
er

,

).
nt
eal
the

h
-

n-

ad-

-
the

be

tio

ed
two states in resonance. For simplicity, we will restri
ourselves to the resonance between two statesj0l and j2l
at m ­ 1 without losing generality. The effective Hamil-
tonian can be written as the sum of a charging energy te
and a Josephson coupling term,

H ­ ECsn̂ 2 Q0yed2 2
EJ

2
hj0l k2j 1 j2l k0jj , (2)

whereEC ; e2y2CS, CS is the total capacitance of the
box, and n̂ is the number operator of excess electro
in the box. The resulting eigenstates, due to coher
superposition of the two states defined by the macrosco
number n, form two energy bandsin the quasicharge
spaceseparated with aband gapof EJ [1].

Such coherent superposition between two differe
charge states has been observed both in an S-S
and in related devices. Rounding of the steps in t
expectation value of the charge number in an S-SE
has been measured by using a single-electron transi
(SET) electrometer [4]. Bloch oscillation in a curren
biased small Josephson junction [5] and supercurr
in a superconducting single-electron transistor (S-SE
[6] have also indicated coherence between differe
charge states. Those measurements, however, focu
on the ground-state properties of the coherently sup
posed systems, leaving the excited state unexplor
In this Letter, we report on our investigation of th
excitation gap, where we measured the Josephs
quasiparticle (JQP) current [7–9] and photon-assis
JQP (PAJQP) current [10] through an S-SET at fini
bias voltages. Recently, another group has also stud
the excited state, but by a different method [11]. W
can also find related physics in semiconductor system
such as coupled double quantum dots [12] and wells [1

The basic concept of our measurement is to detect
charge state in the S-SEB by using an additional sup
conducting tunneling probe [14]. As shown in Fig. 1(a
an S-SET can be considered as an S-SEB with a tun
junction attached to the box. We can selectively dete
charge statej2l in the S-SEB by tuning the chemical po
tential of the probe electrode so that two quasiparticles c
sequentially tunnel out to the probe electrode from the st
j2l (j2l ! j1l ! j0l), while also preventing any tunneling
from the statej0l. The state is reset toj0l after the de-
tection of the statej2l, so cyclic charge transport, which
involves one Cooper-pair tunneling and two quasipartic
tunnelings, is possible if Cooper-pair tunneling is possib
on the S-SEB side for the transitionj0l ! j2l. As a re-
sult, a JQP current is observed [7]. Thus, qualitatively, t
JQP current we observe tells us whether there is Coop
pair tunneling for the transitionj0l ! j2l and at what rate
it occurs. Since statej1l is not stable against the quasipa
ticle tunneling at the probe junction, we do not have
worry here about the so-called poisoning effect of the res
nance [6]. For the same reason, the parity of the cha
number is irrelevant in this discussion, though we ha
considered only even-n states for resonance so far. Not
that here we ignore other tunneling processes, such
t
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quasiparticle tunneling on the S-SEB side and Cooper-p
tunneling at the probe junction. We can choose the b
condition so that the superconducting gapD in the den-
sity of states and the nondissipative nature of Cooper-p
tunneling, respectively, make the contributions from the
two other tunneling processes negligibly small, at least
low temperatures and with little environmental couplin
For details, see Refs. [7–9,15].

Figure 1(c) illustrates the energy levels of the S-SEB
a function ofQ0 in the presence of the probe. From no
on we will write Q0 ­ CgVg 1 C2V 1 Qb to include the
contribution of the finite probe voltageV , where C2 is
the capacitance of the probe junction. In the plot, ann-
independent termsQ0 2 ed2y2CS in energy is subtracted.
Two bare charge statesj0l and j2l (shown as dashed
lines) have an electrostatic energy differencedEsQ0d ;
4ECsQ0ye 2 1d. Because of the Josephson coupling b
tween the two charge states, the total energy difference

DEsQ0d ­
q

dEsQ0d2 1 E2
J , (3)

which gives an energy gap ofEJ at the resonance. The JQP
current in anI-Q0 curve [the solid curve in Fig. 1(b)] has a
peak at the resonant point where the Cooper-pair tunne
j0l ! j2l occurs most frequently. The peak can be us
as a marker of the resonance.

Microwave irradiation induces photon-assisted Coop
pair tunneling [10]. The photon-assisted process whi
involves absorption or emission of a single photon
depicted in Fig. 1(c) as a large arrow. It opens anoth
channel for the transitionj0l ! j2l and results in a
PAJQP current that has a peak when the photon energyhf
matchesDEsQ0d [the dashed curves in Fig. 1(b)]. Thus
by measuring theQ0 shift of the PAJQP peak relative to
the JQP peak as a function of microwave frequencyf, we
can trace the energy-gap dispersion relation in Fig. 1(c

Concerning the peak width, we have to take into accou
the effect of decoherence. As long as we consider the id
case described above, the only decoherence source is
first of the two sequential quasiparticle tunnelings (whic
have ratesGqp1 andGqp2, respectively) at the probe junc
tion [8]. Hence, the statej2l is broadened by its lifetime
1yGqp1 as depicted in Fig. 1(c) as shadows around the e
ergy levels. To clearly observe the energy gapEJ due to
the coherent superposition, we must ensure that the bro
ening is smaller than the gap; that is,EJ . h̄Gqp1 [12].

Our Al S-SET was fabricated by electron-beam litho
graphy and a shadow evaporation technique. Since
Josephson energy on the S-SEB sideEJ ­ hDy8e2R1
[16] and the first quasiparticle tunneling rate at the pro
junction Gqp1 , 2sD 1 ECdye2R2 [9] are both inversely
proportional to the tunnel junction resistance, the ra
EJyh̄Gqp1 is always less than unity for S-SETs with
nearly symmetric junction resistances,R1 . R2. Hence,
to realizeEJ . h̄Gqp1, we had to make an S-SET with
asymmetric junction resistancesR1 ø R2. To do this,
we made the two junctions with different areas and us
2329
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three-angle shadow evaporation so that the barrier th
ness of the smaller junction could be increased by us
an additional oxidation process. Judging from theI-V -Vg

measurements both in the normal and superconduc
states, the capacitances of the junctions and the gate
C1 ­ 490 6 10 aF, C2 ­ 20.8 6 0.4 aF, Cg ­ 2.66 6

0.03 aF, the total resistance isR1 1 R2 . 23 MV, EC ­
155 6 5 meV, and D . 200 meV. We could not esti-
mate accurately the asymmetry in the junction resistan
from the measurements. Nevertheless, much of the
dence presented later indicates that we are in the des
regimeEJ . h̄Gqp1. In addition, though it is not shown
explicitly in Fig. 1(a), the junction on the S-SEB side
split into two to form a SQUID loop with an area of abou
1 mm2 which allows us to control its effective Josephso
energy with a small external magnetic field.

In our experiment, the sample was voltage biased,
the dc current and voltage were measured with batte
powered preamplifiers. The sample was mounted in
shielded copper box on the mixing chamber of a diluti
refrigerator (,30 mK) and all the dc-measurement line
were filtered with copper-powder microwave filters at t
entrance of the box. Microwave irradiation for photo
assisted transport experiments was introduced to
sample box by a CuNi coaxial cable. We connected t
line, though it did not seem to couple exclusively, to t
gate electrode of the sample via a250-dB attenuator at
the top of the cryostat and a commercial capacitive c
pler at the entrance of the box that eliminated dc coupli
Although the coupling strength of the microwave to th
sample was not uniform over the entire frequency ran
we confirmed that the peak position of the photon-assis
current is insensitive to the microwave power, at least
the low-power regime used in this experiment.

Figure 2 showsI-Q0 curves at V ­ 730 mV with
microwave irradiation of 32.2 GHz for threeEJ values
from a maximum (fyf0 ­ 0) to a minimum (fyf0 ­

FIG. 2. I-Q0 curves atV ­ 730 mV under 32.2 GHz mi-
crowave irradiation for threeEJ values from the maximum
(fyf0 ­ 0) to the minimum (fyf0 ­ 1y2). The curves are
not offset. Black dots denote unspecified peaks whose p
tions did not depend on the microwave frequency.
2330
ck-
ng

ing
are

es
vi-

ired

s
t
n

nd
ry-

a
n

s
e
-

the
is
e

u-
g.
e
e,

ted
in

si-

1y2) controlled through a magnetic field, wheref is
the magnetic flux in the SQUID loop andf0 ; hy2e.
Because of the possible asymmetry in the SQUID, w
are not sure about the size of the residualEJ in the
minimum case. The width of the JQP peak decreas
rapidly as EJ decreased, which implies that the widt
was mostly determined byEJ as expected in the case
where EJ . h̄Gqp1; otherwise the peak width would be
proportional toh̄Gqp1 and independent ofEJ [8,9]. On
the other hand, the PAJQP peaks had a nearlyEJ -
independent width that was much narrower than that
the JQP peak. The width of the PAJQP peak shou
be on the same order as the level broadeningh̄Gqp1, at
least whenhf ¿ EJ [12]. Thus, the large difference in
width between the JQP and the PAJQP peaks is additio
evidence thatEJ . h̄Gqp1. This is in contrast to the
case whereEJ , h̄Gqp1, where JQP and PAJQP peak
have similar widths [10,12]. In addition, there is a2e-
periodic current shoulder marked as a parity effect
Fig. 2. This originated from the tunneling of a singl
residual quasiparticle in the ground state of the oddn
state, and is inversely proportional to the volume of th
box electrode [17,18]. By taking into account the volum
of the box electrode (,600 3 50 3 20 nm3), fitting of
the shoulder height (,3 pA) also indicates that there is a
huge asymmetry in the junction resistances. It also allo
us to estimateR1 to be,10 kV.

In Fig. 3, we show the positions of automatically de
tected peaks inI-Q0 curves as a function of the microwave
frequency for (a) the minimumEJ and (b) the maximum
EJ . To compensate for the background charge fluctuati
during the measurement,Q0 is shifted so that the posi-
tion of the JQP peak is adjusted toQ0ye ­ 1 for each fre-
quency. With the minimumEJ , PAJQP peaks appear on
the dashed lines which representhf ­ dEsQ0d. Note that
here we used only experimentally determined capacitan
to calculate the relation and used no fitting parameters. F
the maximumEJ , the dispersion curve shows a nonlinea
behavior. This clearly indicates energy-level splitting du
to Josephson coupling between two charge states and is
proximately fitted with a calculated curvehf ­ DEsQ0d
for EJ ­ 50 meV [Fig. 3(b)]. Since the minimum energy
gap corresponds toEJ , these results demonstrate the fir
spectroscopic measurement of Josephson energy. Acc
ing to the Ambegaokar-Baratoff relation [16], the obtaine
EJ corresponds toR1 , 13 kV, which is consistent with
our estimation above.

While this explanation of the peak positions work
well, several findings remain that were not expected fro
the theories [8,12]. Asymmetry which increased wit
EJ was observed in the PAJQP peak height betwe
the photon-absorption side and the photon-emission si
This could be partly explained by taking into accoun
the Q0 dependence of quasiparticle tunneling rates, b
the asymmetry in the experiment still seems too larg
Even without the microwave irradiation, the JQP pea
itself has an asymmetric shape that is broader on
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FIG. 3. Positions of peaks (dots) inI-Q0 curves at V ­
730 mV as a function of the frequency of irradiated microwave
with (a) the minimum EJ and (b) the maximumEJ . For
each frequency,Q0 is shifted so that the position of the JQP
peak is adjusted toQ0ye ­ 1 in order to compensate for the
background charge fluctuation. The solid curve is a calcula
dispersion curvehf ­

p
dEsQ0d2 1 E2

J with EJ ­ 50 meV.
The dashed lines show those withEJ ­ 0.

emission side. Furthermore, the observed JQP peak w
(,250 meV in energy scale [19]), is much larger tha
the expected valueEJ

p
2 1 Gqp1yGqp2 , 90 meV [8,12]

for EJ ­ 50 meV. It may be possible to account fo
these discrepancies by introducing inelastic transitio
(relaxation and excitation) between the energy levels
Fig. 1(c). The relaxation would broaden the JQP peak
the emission side, whereas the excitation would increa
current on the absorption side. In addition, the JQ
peak has several unknown peaks, only on the emiss
side, whose positions do not depend on the microwa
frequency but differ from sample to sample. These pea
are denoted in Fig. 2 by black dots, as well as in Fig.
as frequency-independent peak positions. An ener
dependent inelastic transition rate may explain the
peaks, since such peaks are likely when the transitio
are due to coupling with an environment with an energ
dependent spectrum. Although they cannot be clea
seen in Fig. 3(b), we observed that the positions of the
peaks shifted according to Eq. (3) asEJ increased.

The width of the observed PAJQP peak,16 meV
is also too large compared with̄hGqp1 , 0.2 meV at
V ­ 730 mV calculated by usingR2 , 23 MV. Though
the origin of the extra broadening is not understood, t
observed width could be an important measure of t
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quantum coherence time in our two-level system, if th
decoherence is the main contributor to the broadening.

In summary, in our study of Cooper-pair tunneling i
a voltage-biased superconducting single-electron trans
tor under microwave irradiation, we observed shifts
photon-assisted Josephson-quasiparticle current peak
a function of the microwave frequency, and obtained
energy-dispersion curve in the quasicharge space. T
shows that energy-level splitting occurs between tw
macroscopic quantum states of charge coherently sup
posed by Josephson coupling.
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