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Cooper-pair tunneling in small junctions with tunable Josephson coupling
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We investigate Cooper-pair tunneling in a circuit consisting of two dc-superconducting quantum inter-
ference devices in series, with a gate capacitively coupled to the central island. Measurements cover a wide
range of values of the ratio between Josephson coupling egrggd charging energi. TheE;/E ratio
dependence of the supercurrent is well described by the orthodox theory provided that strong fluctuations of the
Josephson phase due to the electromagnetic environment are taken into account. Our data can be interpreted in
terms of squeezing of the charge fluctuations with decredSji& - ratio. [S0163-182606)06533-2

I. INTRODUCTION Besides the Coulomb and parity effects, the Josephson
current is influenced by the dissipation due to the electro-
Nanometer-scale technology enables us to make ultranagnetic environment™° Sufficiently strong quantum
small tunnel junctions with the area less than Oi0h2. In  fluctuations of the environment can delocalize the Josephson
such tunnel junctions the tunneling of electrons is blocked aphase and suppress the Josephson effect comptételtyw-
low temperaturekgT<Ec and low bias voltages e¥Ec  ever, typically the quantum fluctuations are weak
(hereEc=e?/2C is the charging energyThis phenomenon Rgz,. /(h/4e?)<1 due to the low impedancg,,, of the
is called a Coulomb blockade® When the junction be-  environment. On the other hand, the classical thermal fluc-
comes superconducting, the Josephson coupling ere§gy tyations of the phase can be substantial due to the coupling
must be taken into account. The Josephson coupling energy e junction to a high-temperature part of the cirdfit.

characterizes the.strength of the phasg co_rrelation betweefhese fluctuations should be properly taken into account
two superconducting electrodes of the junction, or the Wave han one analyzes experimental data

nature of the pseudowave function of a superconductor. On In this paper, we study the current-volta@a/) curves of
the contrary, the charging energy characterizes the Correl%ﬁodified superconducting  single-electron  transistors

tion in the number of particles in the electrodes, or the par—S_SE_I_,9 at various magnetic fields and gate voltages. We

ticle nature of the superconducting wave function. Thus, wi} d that(1) th . tal d d f1h
can expect a different behavior of the system depending o und that(1) the experimental dependences of the supercur-
rent on theE;/Ec ratio can be explained by the orthodox

the ratio betweerkt; andE. . ,
In a more formal way, the Josephson phase differafice theory provided that the fluctuations of the Josephson phase

and the charg€® on the junction are canonically conjugated due to the electroma_gnetlc enwronmen_t are taken into ac-
variables ¢,Q]=2ie satisfying the Heisenberg uncertainty count. These fIL_lctu_atlons are characterized _by th_e effective
relationA pAQ>e.* With decreasingE,/E. ratio the quan- temperature which in our case was substarmally higher than
tum fluctuations of the phase increase and the fluctuations ¢he base temperatur€2) The charge fluctuation squeezes as
the charge decrease. One can say that the charge fluctuatidh€ E;/Ec ratio decreases.
get squeezed. In Sec. Il we briefly describe the device configuration and
The competition between the charging energy and the Jdts fabrication process. To change an effective Josephson
sephson coupling energy can be investigated using a modéoupling energy in the system, we used a dc-superconducting
fied superconducting single-electron transi$®SET. > In guantum interference devid&QUID) geometry. Junctions
this device the effective Josephson coupling endtgycan  were made of aluminum/aluminum oxide/niobium. In Sec.
be controlled by a small magnetic field. A variation of this Ill we show experimental data that were obtained frbm
method was used in Ref. 7, where the switching current of &urves at various magnetic fields and gate voltages. We
controllable double junction was investigated as a functiorfound two specific features for supercurrent: unexpected
of the gate voltage. small amplitude and its finite slope. In Sec. IV we assume
A simple “orthodox” theory for the Josephson current that these features came from the fluctuation of the Joseph-
through S-SET was presented in Ref. 1. The modification oon phase due to the external electromagnetic environment
the Josephson current due to the parity effects was studieahd derive the expression for the Josephson current. This
both theoretically and experimentally:}° These studies analysis shows good agreement with measurements. The un-
were concentrated on the case of small Josephson couplirgrtainty principle between the phase and charge is also dem-
energy E;<Ec). A systematic investigation of the parity onstrated. It is surprising to see a squeezing of the charge
effects for an arbitranfe;/E ratio seems to be an interest- fluctuation in our samples where the external noise is rather
ing open problem. large. In Sec. V we summarize our results.
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a 2-um-thick layer of thermal oxided SiQis used for the
fabrication. The oxide layer of a Si substrate enables us to

E}ngﬁiw Ao measure samples at room temperature. First, the four-layer
V777 Bottom: Nb resist system, which is composed of polymethylmethacrylate

(PMMA) as the top layer, germanium, hard-baked photore-
sist, and a base layer of PMMA, is prepared. A detailed
preparation procedure of the four-layer resist is described
elsewheré. The top layer of PMMA has a high resolution
and the bottom PMMA layer is just used for easy lift-off,
because a hard-baked photoresist sticks to the substrate. The
advantage of the four-layer resist system compared with the
standard double-layer resists the possibility of optimizing

the resolution of the top PMMA. Moreover, the suspended
Ge bridge is tough enough to evaporate hard materials, such
as niobium.

The base electrodes of 20-nm-thick niobium were depos-
ited on a clean silicon substrate with the thermal oxide layer
by electron-gun evaporation at the angle-af5° to the nor-
mal of the substrate. Then 7-nm-thick aluminum was evapo-
rated at a slightly different angle to cover the edge of the Nb

We fabricated modified S-SET’s whose geometry is com-central island. After the evaporation of aluminum, 20 mTorr
posed of two dc-SQUID’s in series with a capacitively OXygen was introduced to form a tunnel barrier, and finally,
coupled gate electrode, as shown in Fig. 1. The mean area B’fe counter electrodes of 40-nm-thick aluminum were depos-

the dc-SQUID loopS is 0.61um? and the central island is ited at the opposite angle, 15°. Therefore, the central island
0.3 um?2. The junctions are made of AI/AINb. Since we ~ Was made of niobium and the outer electrodes were alumi-

used different materials for the base and counter electrode8Y4™- _ o
the barrier layer of AlQ covered the edge of the niobium  Measurements were performed in a top-loading dilution
base to prevent current leakage. The current is injected froffffrigerator whose base temperature was about 20 mK. The
the Al electrode and goes to the other Al electrode aftefcryostat is S|tu_ated in an electrlca_lly s_hlelded room. Sam_ples
passing through the Nb central island. A dc-SQUID can beVere symmetrically biased to avoid plckL_Jp of exte_rnal noise,
regarded as a single junction with an effective Josephsofi"d measurement leads witC andLC filters at different
coupling energyE* . A dc-SQUID geometry allows us to temperature stages were designed to reduce thermal noise,
change the effective Josephson coupling en&jywhen a .bUt we did not use the copper powder f||fér_A computer-

LI ! ) ._ized data acquisition system was used, which enabled us to
small external magnetic field is applied. The equivalent Cilake a large number dfV curves continuously, while step-
cuit of the modified S-SET is shown in Fig. 2, whefg, !

(x=1,2) represents the effective Josephson coupling enerdglmg gate voltage, magnetic field, and temperature.
of a dc-SQUID. Assuming that each junction of a dc-SQUID

is identical, the effective Josephson coupling energy can be . RESULTS

expressed as followg} (f) = 2E,|cosf)|, where the frus-

tration isf=®/®,, @ is an applied flux in a SQUID loop T . N
and®,=h/2e~20.7 Gum? is a flux quantum. The sample ages and magnetic fields. Typidal/ curves aiT=20 mK
are shown in Fig. 3. Remarkable current peaks at

is symmetrically biased to reduce the noise. Due to the stray, . >
capacitance of leads, the sample is always voItage—biasE?aQ/(/jwi.670 #V in Fig. 3(@ are the so-called Josephson-

: 8
even when an ideal current source is attached. quasiparticle(JQP peaks,® where the peak voltage corre-

The S-SET’s were fabricated using electron-beam Ii'[hog—Sponds to/~2A+Ec. The JOP peak stems from the reso-

raphy and the shadow mask evaporation technique. The fa ant tunneling of a Cooper pair accompanied by the

i ; ; 6,14,18
rication process is as follows. A clean silicon substrate with unneling of two qua5|par_t|clers. : The ‘]QF.) peak, as well
as the supercurrent, oscillates with the period of 2063

G when a small magnetic field is swept. This measured pe-
Ey* Eyp* riod agrees with the calculated onkB=®,/S=34 G,
x x whereSis the mean area of the SQUID loop. The supercur-
LG
c

0. lpm/div.

FIG. 1. The configuration of a modified superconducting single-
electron transisto(S-SET).

Il. FABRICATION AND MEASUREMENT SYSTEM

We measuredtV curves of an S-SET at various gate volt-

rent is modulated fromc .= 2.54 nA tol cin=18.2 pA at
G the fixed gate voltag®,=0 by applied magnetic field and
g thus the modulation ratio of supercurrent is

L @ C’—> v= 1l cmax! | cmin=140. This high value of indicates that the
junctions are almost identical. The normal resistance and
the capacitance of a junction can be estimateiRgs 11.4
kQ) andC=0.28 fF, where the junction capacitance was es-

FIG. 2. The equivalent circuit of an S-SET. The dc-SQUID’s timated from its geometry. TheV characteristics were also
were replaced by single junctions with an effective Josephson coumodulated by the gate voltage with the period of
pling energy. AVy=113 mV, and thus the gate capacitance Iis
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FIG. 4. Three-dimensional plot of the critical current for an
S-SET as a function of both magnetic field and gate voltage at
T=30 mK. X and Y axes are converted into the units of flux
®=BS and gate-induced charg@=CyV, which are normalized
by units of flux quantumb, and elementary charge

I (nA)

curve, which might have an uncertainty due to the charging
effect. However, the error should be small compared with
energy gaps and thus we neglect it. The relatively small
value ofAy, is due to the small thickness of the Nb film and
the relatively high background pressure during the evapora-
tion also contributed to the smaller energy gap. The
Josephson coupling energy was then deduced toEpe
=(Rg/RN)(Ap+ANp)/4=90 peV in zero magnetic field,
so thatE}(0)/Ec=2.6, whereRy=h/4e’~6.45 K2, and
Ry is the normal resistance of the junction.

Both the magnetic field and the gate voltage dependence
of the critical current are plotted in Fig. 4. The critical cur-

p0000—4—1 100 rent is defined as the maximum supercurrent peak of-the
-2000 -1000 0 1000 2000 curve, which is located at the bias voltagg~35 wV. The
(© V(uy) finite slope of the supercurrent or zero-bias conductdbge

. _ is always observed. The zero-bias conductaBgescillates
FIG. 3. Typicall-V curves afl =20 mK; (a) at middle scale(b)  periodically as theéE;/E ratio is varied, as shown in Fig. 5.

at vicinity of the origin, where the solid line and broken line were Note that the zero-bias resistance is always larger than
obtained at the gate voltagé;=0 andV,=5.7 uV, and (c) at 100 Q.

large scale.

IV. DISCUSSION

Cy=e/AV,=14.2 aF. Therefore, the charging energy can be As shown in the previous section, the supercurrent has a
estimated aE.=e%2Cs~70 ueV, whereCy=4C+C, is finite slope. In addition, the fact that the measured maximum
the total capacitance of the central island.

Thel-V curves at low bias voltage are shown in Figh)3 104 L D T
The supercurrent has the slope and its peak is located at g
aboutV=35 V. The current modulation wae periodic in
the gate-induced charg@,=C,V,. Althoughe periodicity g
does not agree with the parity thebrig was observed in = 10
many experimenfs(we will comment later on that The O 3
current peaks observed at certain bias and gate voliages
e.g., a peak/=150 wV in Fig. 3(b)] stem from the resonant

-6 L S
tunneling of Cooper pairs®* 10 R T
The large scale of théV curve is shown in Fig. @), 0 0204 06 08 [ 12 14 1.6
where the supercurrent is suppressed by a small magnetic Frustration f
field. As junctions are composed of different materials, the
I-V curve shows the relatively broad transition\at +1.2 FIG. 5. The zero-bias conductan€g as a function of frustra-

mV. Superconducting energy gapSy,=455 ueV and tion. The solid, broken, and dotted lines are taken at the temperature
A =185 ueV were derived from the derivative of the/  T=1.0, 0.6, and 0.03 K.
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supercurrent™=2.54 nA through the S-SET is much less Note that the temperature of the electromagnetic environ-
than the maximum supercurrent estimated by means of th@entTen, is typically larger than the actual temperatdref
Ambegaokar-Baratof formulaSs 4e E; /4 =90 nA implies the transistor due to the spurious influence of high-frequency
a strong effect of the phase fluctuations. The source of thesg?Mmponents of external noise.
fluctuations could be a high-frequency noise from helium- Since¢=2eV/fi, then phase differencé will show dif-
temperature or a higher-temperature part of the measuremefttsive behavior,($%(t))=4Dt (in the absence of the Jo-
circuit (electromagnetic environmentwhich can be appre- Sephson potentigwith D= (2e/%)%Z,KgTeny- Generally,
ciable even after strong attenuatith. the effect of thermal fluctuation is described by the Smolu-
Since no resistors are placed in the vicinity of the junc-chovski equation for the distribution functiom(¢) of the
tion, its electromagnetic environment can be modeled by aphase?’
LC line with Ohmic impedance of the order of free space

impedance,Ze,,~100 Q (see, e.g., Refs. 3,16As this  Jdo  2€Z J - _(26)2Z - 32_0
value is much lower than the quantum resistance gt % &¢{[ o la(¢)]o}= h? enks eV’
h/e?~25.8 K}, one can neglect the quantum fluctuation and (5)

consider only thermal fluctuation of electromagnetic quanti- ) o
ties. We will characterize this fluctuation by effective tem- Wherele, is the external current anid(#) is given by Eq.
perature of the environmeriy,. 2. Thel stationary solutior(¢) of this equation enables

As a first step, we compute the Josephson curlrﬁ@has a one to find the average Josephson current through the tran-
function of the phase differencé= ¢, — ¢, , which is as- Sistor, 1,=JZ d¢o(¢)ls(4) and the voltage on it,
sumed to be fixe8.The Hamiltonian of the system in the V=Zen(lex—15). Note that the impedance of the environ-
charge representation has the form ment does not enter into thetationary Smoluchovski equa-

_ _ tion. Hence, the maximum Josephson current in presence of

H=Ec(n)[n){n[—E){(e'"+e')[n+1)(n[+H.c}, (1) fluctuations g,q=max_]|I, does not depend on the imped-

where Ec(n) = (2en—Q,4)?/2Cy is the Coulomb energy of 2M¢€ of the environment. _

the state wit Cooper pairs on the central electrode. Since N the limit of strong thermal fluctuation&gTen> E; et
the spectrum is & periodic in the gate charg®,, it is "¢ obtain thel-V characteristic,

enough to consider the intervale<Qg<e. The Josephson 2

current can be found as a derivative of the free enérgyith T~ Zendco  V ©6)
respect to the phase, J 2 VZ+V;

I3(p)=—2edF/dg. (2)  with V,=(2€e/%1)ZenKgTeny [€Xxact equality holds for har-

monic dependendg(¢)]. This determines the maximum Jo-
We calculate the free energy= —InXZ,Xexp(—E,; /ksT) by sephson CUffentc,ﬂucF(29/ﬁ)E§,ef4kBTenv and the zero-

computing the eigenvaluds,; of the Hamiltonian(1) nu- bias conductancEa= (E- -«/KaT. - )2/27
merically. HereX, denotes the summation over the states I From uthe e>(<)pe(rinj1’(§2talBl-$V) curves we  obtain
with even p=0) and odd p=1) numbers of electrons on V,=35 uV which givesksTen~360 ueV (Ten~4.2 K)

. ’10 . . - . . .
the island’™ Since we have no signatures oé-periodic for Zen,=200 Q. Z¢,, was used for the measured resistance

age in the experimental data, we assume that there is a NUMsnductance Go=12x10"% O-! we obtain E
ber of quasiparticle states in the superconducting gap. For or = J.eff

this reason, we dmot introduce the parity-dependent term —80 peV, which is in agreement with the calculated value

o ) : E; er=90 ueV for f=0.
(relate_td to a finite val.ue of the superconducting)gap the Let us now return to Fig. 5 and concentrate on the depen-
energies of states with an odd number of electramns 1).

Hence, E;; simply correspond to the eigenvalues of thedence of zero-bias conductanGg on temperature. As the
1B o i —
Hamiltonian (1) with shifted Qg, Qu—Qu—e SignQ,. temperature is increase@,, decreases slightly &=0 and

hereass . correspond to the elasnvalues without this shift 1. Indeed, the temperature of the environment is much higher
wher 0i -Sspond clgenvaiues without th ™ than the system temperatuFeFor this reason, an increase in
In this casee periodicity is fulfilled automatically.

o . X - T changesT,, and decreaseS, only slightly. On the other
_ rlze ||C?t|§|a| Incu;rr?igla:f fc()jreEfm(Ia(dTZSEC’Ov:veZ%Egif;] & hand,G, appreciablyincreaseswith temperature fof =0.5
Xsl12()]- I p ' 378 ¢ and 1.5. The Josephzson tunneling is strongly suppressed in
_(E2 this regime[l¢ gy E3, «(f—1/2)*]. The increase oz,
Eser= (EY/2)L 1B, + 1B, ), ® with temperature ca%ebe explained by thermally activated
whereE; ;)=Ec(*2)—Ec(0) are the Coulomb energies of transport of quasiparticles. In fact, the anomalous tempera-
two intermediate states for the tunneling of a Cooper paiture dependence of the critical current was obsergeé the
through the transistor. inset of Fig. 6. The enhancement of the critical current at
The next step is to take into account the fluctuations. Wel ~900 mK may imply the existence of excess quasiparticles
will model the fluctuations of the voltage on the transistor byin the central island according to the Eliashberg mechanism
a white noise whose intensity is proportional to the Ohmicin a nonequilibrium superconductdrWe do not have any
impedanceZ,,,, of the environment, idea to explain the peak dt=0.2 K. The study of the zero-
bias resistance at various values of theE ratio and the
(VO)V(t'))=2ZenKgTend(t—t"). (4)  external impedance is a further subject.
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FIG. 6. TheE,/Ec ratio dependence of the critical current at  FIG. 7. The critical current modulation depth as a function of
T=230 mK. The gate voltage is fixed &;=0. The solid and bro-  theE,/E ratio atT = 30 mK. The modulation depth is defined as
ken lines are calculated by the orthodox theory with and without(| .. . —I i)/l cmax- The solid and broken lines are calculated by
thermal fluctuations Ten=4.2 K) of Josephson phase, where the orthodox theory with and without thermal fluctuations

E)(0)/Ec=2.6 is assumed. Measured data are shown by circleg(T,, =4.2 K) of Josephson phase. Circles represent measured data.
The inset shows the temperature dependence of the critical current

atf=0. equal to 4/3. Since the critical current with fluctuations is
proportional toEieff the ratio of the maximum to the mini-

The dependence of the critical current on the frustratiormum critical current will be 16/9, which corresponds to a

(or EJ/Ec) is shown in Fig. 6. The measured data are repmodulation depth of 43%. The experimentally observed

resented by circles. The current is normalized by the maximaximum modulation depth (35%) is close to this estimate.
mum current value. The broken line shows the critical cur-

rentl o in the absence of fluctuations of the Josephson phase V. SUMMARY
(for E} (0)/Ec=2.6). The solid line corresponds to the re- ) .
sult with fluctuations {; n,e) Which is roughly proportional In summary, we have investigated current-voltage charac-

to Iéo since the conditiorkgTen>E; o is fulfilled. This Ienstu;s of_mod|f|ed sutpe;ptjlgductgg s;ngle;telectro\r;vtrafnas(-j
curve corresponds much better to the experimental data. ors at various magnetic Tields and gate voltages. Yve foun

The modulation depthl &max— | cmin)/ | cmax Of the critical that theE;/E ratio dependence of the supercurrent is well

current by the gate voltage is plotted in Fig. 7. The solid anCzescribed by the orthodox theory with thermal fluctuations of

broken curves correspond to the results with and without th he Josephson phase due to the electromagnetic environment.

fluctuations forE} (0)/Ec=2.6. The amplitude of the modu- he charge fluctuation squeezes as BigEc ratio de-
lation depth increases dsincreases from zero toward 0.5 creases. This agrees W.Ith the uncertainty pr|nC|_pIe. Observed
"~ e-periodic oscillations in gate charge are attributed to the

This is because the charge sensitivity by gate voltage is en: : : ; )
hanced at the weak coupling limit where the charge ﬂuctuan-SUbgap states in the superconducting energy gap. Experimen

tion is squeezed due to the uncertainty relafidinis agrees tal and theoretical investigation of the parity effects in the

with the fact that the amplitude of the supercurrent decreas%{ﬁ?e? coupling limit presents an interesting problem for the

with the smallerE;/E ratio as shown in Fig. 6, where the
phase fluctuations increased as By E ratio decreased. It
might seem surprising that even ndat 0.5 the modulation

is still not very strong. An explanation for this is related to  We are grateful to Per Delsing, David Haviland, and

the e periodicity of experimental data with respect to the gateMasahito Ueda for their fruitful discussions. The Swedish
voltage. Indeed, if one restricts the gate cha@geby the  Nanometer Laboratory was utilized to fabricate our samples.
interval [ —e/2,e/2], and uses expressidB) for E; ¢, one  We also wish to thank Dr. T. Ikegami and Dr. N. Matsumoto

obtains that the ratio of the maximum critical currdat  for their encouragement throughout this work. The financial
Qg=e/2,E;=(3e/2)?/2Cs , E;=(5€/2)?/2Cs ] to the mini-  support of the European Community through HCM ERB-

mum critical current[at Q,=0, E.=E,=(2€)%/2Cy] is  CHBI-CT94-1474 is gratefully acknowledged.
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