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Singularity-matching peaks in a superconducting single-electron transistor
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We report the experimental observation of the recently predicted peaks biMlueirve of a superconduct-
ing single-electron transistor at relatively high temperatures. The peaks are due to the matching of singularities
in the quasiparticle density of states in two electrodes of a tunnel junction. The energy shift due to Coulomb
blockade provides the matching at finite volta@0163-182€07)01434-3

Single-electron effectsin superconducting structures SET, ando(n) is the probability of the charge state In the
have several additional featutésn comparison with those case of the SS junction the tunneling ratesl’; (n)
in normal metals or semiconductors. The main differencesari[wf(n)] are given by
are due to the specific role of the parity of the electron num-

ber on a small island* the effects of Josephson 1 +oo

coupling>?°~8 and the specific shape of the quasiparticle Fi(W):Eﬁ f_m pe)f(e)p(e+W)[1—f(e+W)]de,
density of state§QDS). The last topic has received relatively 3)
little attention so far in both theoretical and experimental

single electronics, although QDS leads to various interesting &2

effects. Besides the well-known shift of the Coulomb block- p(e)= \/m 6(s2—A?), (4)

ade threshold by 4/e in an SSS single-electron transistor
(SET) (by 2A/e in NSN or SNS caseslet us mention the where p(¢) is the normalized QDSA(T) is the supercon-
direct reproduction of the QDS on theV curve of the SET ducting energy gapd(x) is the step functionf(e)=1[1
with the discrete energy spectrum of the central electrode+exp/T)] is the Fermi functionT is temperatureR; is the
and in the case of odd-parity curréfitsingularity-matching normal tunnel resistance oth junction, and the energy gain
(SM) peaks at finite temperatur&sthe limitation of the dif- W is given by*
ferential conductance by quantum resistaticg, and the

conductance jump & =4A/e due to cotunneling? £ 1) e 1oty

In this paper we discuss the theory of SM peaks in more (= C_E eC 2
ere C; and C, are the junction capacitance§s=C,

detail and report their experimental observation in the SS§|
+C, is the total island capacitance, a@Qq is the total back-

SET. Somewhat similar experimental results will be pre-
sented soon by another grotip. eground charge which accounts for the initial background
chargeQq, and the charge induced by the gate voltage

The origin of SM peaks can be easily understood from th
“orthodox” theory of the SET-* Let us neglect the effects 2" .

X y " 9 QO=QOO+ V,C, (for definiteness we consider the gate ca-
pacitanceC, as being added t€,, although an arbitrary

due to Josephson coupling and consider only quasiparticl
tunneling. The dc currenit through the SET consisting of ===~ ; . ;

d g g dlistribution of Cy betweenC; and C, is possible in
calculations®).

two tunnel junctions in series can be calculated from th
equations* - .

a At low temperatures the quasiparticle current in SSS SET
appears only above the voltage threshold

2
VGG, 1 Q

n+—
e

}. 5

I=e2, [I'{(n) =Ty (m]o(n), (D Vo= min VIV, 4A(T)], ®
a(n)[FI(nHFz‘(n)]:a(n+1)[FI(n+1)+F2+(n+1)(]2,) vor eC 2A(T)CE+E_(_1)i er } -
! C]_CZ e 2 e

wherel';"(n) are the rates of tunneling througth junction  [The last equation is the conditiof;" (n)=2A(T).]
(i=1,2) in the positive ¢) or negative () direction when At temperatured comparable to the critical temperature
n extra electrons are present on the central electrode of thE;, the concentration of the thermally excited quasiparticles
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T S A I A A ence is that the reverse procdssnneling back also has a
A(TY=1.3e%/Cy GGy i large rate, and the net transport is due to tunneling through
T=0.4¢%Cy the other junction.

The voltage position of SM peaks coincides with the po-
sition of the recently observed pedki the SSS SET at low
P! temperatures when the parity-dependent current is due to the
[ single quasiparticle created by the preceding tunneling event.
r Notice that the SM peaks are located at the same voltages as
i the 1-V curve cuspsconductance change#n the normal
- SET.
r At not too high temperatures the SM peaks are more pro-
- nounced within the voltage interval MT)/e<V
] L <2A(T)/e+elCs (see Fig. 1L The lower bound is the con-
0.0 T S T T ety dition that the tunneling through the other junction which
R 6 7 restores the system into the initial charge state and gives the

> contribution to the net current, is sufficiently fastjl=eV
_ _ >2A(T). The upper bound is the condition that after this

_FIG. 1. Theoretical -V curves of the symmetrical SSS SET yestoring the tunneling of the next electron through the same
with A(T)=1.3%/Cy, T=0.4e°/Cy at V<V, for severalQo tak- iy nction (which drives the system out of “resonanodias a
ing into account only quasiparticle tunneling. Notice the presence o, mall rate,W=eV— eZ/Cz<2A(T). Hence, not more than
SM peakgmarked by down arrowsand stepgup arrows. A small two closely located peaks from the series given by .
phenomenological smearing=0.01A(T) of the superconducting .5 pe well pronounced on theV curve.
gap is assumed. Curves are shifted vertically for clarity. The important property of SM peaks is their specific tem-
perature dependence. They should be absent at Jimak-

becomes considerable, and this modifies the shape dfthe cause there are no thermally excited quasipartictesd their
curve, in particular, creating several additional features aheight grows withT for some temperature rangsee Fig.

V<V,. As an example, Fig. 1 shows the theoretital  3(b) below] until they begin to decrease due to the suppres-
curve of the symmetrical SET transistor with(T)  Sion of superconductivity and/or correlation between tunnel-

=1.36%/Cy , T=0.46%/Cs for several values a, [the rela- ing events. Notice that the voltage position of the SM peaks
tively large ratio of A(T)/(e?/Cs) is chosen to show more does not change with temperature despite the dependence

. A(T).
features. O two t f feat . pe@akarked .
bi/adug\?vi ar?gv&agnsde:tevggugp;rfo(\jvs).ea Ures: pedrarke One can see from Fig. 1 that the SM peaks are rather

. ; . broad and have an asymmetric shape so that they have longer
The peaks posftions constitite two sefies: and higher tails on the higher-voltage side. When the peak is
not well pronounced, this tail resembles a plateau. When the
SM feature is even weaker, it is seen as a small kink on the
(8 I-V curve(Fig. D).
The other features seen in Fig. 1 are the step structures in
thel-V curve which are similar to the step ¥t=V,. Their
which correspond to the conditiow; (n)=0 [obviously, positions satisfy the same conditio®;” (n)=2A(T) and
the conditionw, (n) =0 gives the same set of voltageBor ~ hence, the same E¢7) as forV,. So the position of these
such tunneling with zero energy gain the singularities of théwo series of steps on thé-Q, plane is just a continuation
density of states of two electrodes mafoécall that we con-  of the straight lines corresponding ¥, (they exist both
sider the samé\ (T) in all electrode} that leads to the in- above and below,). The steps in Fig. 1 are smoothed be-
crease of the tunneling rai&" (n) and explains the name of cause of a finitew.
SM peaks. In BCS theonf';"(n) is formally infinite at Notice th_a_t w_hile the steps corresponding to EQ. are
W (n)=0 (logarithmic divergence Although the current usually positive(increase of the currentthey can also be

through the SET transistor remains finite being governed bﬂegat!ve—for example, when the step position is on the
the stationary master equatié®), the divergence of would ~ negative slope of a SM pealthe decrease of the current
lead to a very high and narrow center of the SM peak. Tceurs because the charge state having the resonant tunnel-
take into account the inevitable smoothing of the singularity|ng rate becomes less prob_a)ble ! .
of p(e), in Fig. 1 we assumetphenomenologicallya small Besides the steps descnbt_ed by Ef, at relatively high
Gaussian inhomogeneous broadeningA¢f) with disper- tempgratures the theory predicts an appearance of very small
sion w=0.01A(T). The peak height depends very weakly N€9ative stepgboth below and above) at
(logarithmically onw providedw<A(T). vs €Gi 2A(T)Cs 1 .

The origin of SM peaks is similar to that of well-known V"”:C co |- o2 + E_(_ 1) } 9
peaké on thel-V curve of a single junction with different 12
energy gap\,(T) and A,(T) of electrodes aV=[A(T) that corresponds to the conditioW; (n)=—2A(T). The
—A,(T)]/e. In our case the energy gaps can be the samesteps are negative because the dependEif¢é) given by
and the energy shift is provided by the Coulomb blockadeEqg. (3) has a step down a/=—2A(T). The effect is very
However, this analogy is not complete. For example, in ouweak because of the factor §xp4A(T)/T] and also because
case both singularities match simultaneously. Another differof the existence of the opposite effect due to the simulta-

N

1/(e/RsCy)
=
<

= ¢

N

L1 -
e aER e e

e
[
I M

Q
n+ —
e

SM_
Vi,n_

eC |1 i

Qo

n+—
e




5118 BRIEF REPORTS 56

0.16
0.14}
0.12

010

< 0.08

T 0.06
0.04
0.02
0.00

0.16
0.14
0.12
0.10

< o0.08

= 0.06
0.04
0.02
0.00f === . e

FIG. 2. (a) The experimental dependence of the curieah the
gate voltageV,, for SSS SET all =650 mK. The bias voltage¥ . _ .
range from 0 to 0.828 mV with a step of 7.Q8/. The curves are FIG. 3. (a) Experimental -V curves forV=0.69 mV at differ-

shifted vertically byAl(pA)=281xV(mV). (b) The positions of ent temperatures which show two SM pednd glso two JQP
the current maxima on th¥-V, plane. The solid lines fit JQP peaks and two stepper period. The temperatures in nom top

. : o to bottom are 712, 684, 640, 605, 571, 532, 495, 462, 426, 386
eaks. The dashed lines show theoretical positions of SM peaks. ' ' ' ' ! ' ' ' ' !
P P P 345, 303, 97. Notice that the height of SM peaks and steps grows

with temperature(b) Solid lines show the corresponding theoretical

itiokV. Tn=(—=1)1= -
tnegus?etr:sr?]sahoeldnc?totr)]gghog\és[er; eE:i 'r:lL)o] " zA(;)'}rfgr?tga prediction without fitting parameters. The JQP peaks have not been
v P v VEd In our exper included in simulations. A small smearing=0.03A(0) is as-

The aluminum-based single-electron transistors were fa sumed. Dashed line illustrates the peak splitting due to different

ricated u§ing the stand.ard'two-anglg evqporation tech_niqu%.(T) in the island and leads+ 10 ueV difference is used

The details of the fabrication are given in Ref. 16. Figure

2(a) shows the experimental dependence of the current otances. Similar measurements madeTat50 mK do not

the gate voltage for different bias voltagesTat 650 mK.  show SM features as well as additional step structures while
The largest feature seen is the figure is the onset of the fasQP peaks remain well pronouncedvat 0.65 mV.
quasi-particle tunneling at>V, [Eq. (6)]. [Actually, we see Figure 2b) shows the numerically determined positions
peaks because of the small current scale of the Fa; for ~ of the maxima of the-V, curves from Fig. 23) on theV-V
larger bias voltages they transform into plateaus with suffiplane. From the straight lines corresponding to JQP peaks
ciently sharp edgebThe well-pronounced peaks along the (solid lines we determine the junction capacitanc€s
straight lines intersecting the abscissa axi¥gt —14mV ~ =183+4aF, C,=117=3aF. The gate capacitanc€,

and Vy=32mV are the so-called JQRJosephson-plus- =3.5aF which determines the gate voltage period of 46 mV
quasiparticle cyclepeaks [They are due to Josephson cou- is included inC; becauseV, has been measured from the
pling and, hence, are outside of the scope of the presemiuter side ofC,. Notice that the bias voltage corresponding
paper. The position of JQP peaks is givéh® by Eq. (8)  to the intersection of two JQP lines directly gives the charg-
without the term3 inside parenthesdsThe step structures ing energye/Cs=0.53 mV. The minimaV, of 0.80 mV is

can be seen along the lingsee Eq(7)] which are the con- used to determine the superconducting gap(T)
tinuation of the main threshold,(V,) [they start from the =0.20 meV[minimal V, corresponds to the edge of the al-
large features due t¥; in the upper part of Fig.@)]. And  most vertical curved lines in the upper part of Figb)2.

finally, the SM peaks are represented as rather broad features Dashed lines in Fig. (®) show the theoretical position
along the straight lines approximately in the middieeo- V,Sn'\’I of SM peaks calculated from E@8). We see that ex-
retically, exactly in the middlebetween JQP lines which perimental peaks are located at somewhat higher bias volt-
intersect the abscissa axis roughly \§§=10 mV andV, ages. This can be explained in several ways. First, the SM
=—40mV. Small SM peaks have been observed evetieature has a rather smooth shape, and hence, the addition of
aboveV,;. The SM features along the line with negative any current component which increases with bias voltage
slope are more pronounced than along the line with positivéeads to the apparent shift of the maximum to higher voltages
slope possibly because of the difference in junction resisfwe also checked numerically that a relatively large inhomo-
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geneous broadening & (T) leads to a similar shift Sec- creases the height, though the dependence is quite weak for
ond, the additional contribution to the position shift in Fig. w=0.05A(T)]. The good correspondence between Figa) 3
2(b) can occur because the peaks are determined as the masind 3b) is an additional proof that the observed peaks are
mum current point oveN, not overV. (The V4 change really SM peaks. The dashed curgrresponding to the top
which decrease¥y also weakens Coulomb blockade in the solid curve illustrates the peak spliting due to different
same junction, hence increasing the “background” currenfA(T) in the island and leadéa difference of 20ueV is

and leading to the apparent shift of the maximum position. ysed. One can see that this assumption not only explains the
Finally, the third possible explanation of the shifthich we  peak position shift and traces of such a splitting in experi-
believe is most likelyis due to the difference betwe&(T)  ment, but also improves the agreement for the peak height.
in the island and leads. Then each SM peak should split in | ot ys mention that the height of thermally activated JQP
two [there is some experimental evidence of such a Sp“tt'”gbeak(at V<2A/e+el2Cy) as a function oV (V, is varied

which is slightly seen in Fig. (@) and Fig. 3a)]. Numerical ¢ rrespondingly should also exhibit the SM feature &t
simulations show that the peak corresponding to higher bias. e/2Cs because at this voltage the tunneling of the second

voltage is more pronounce@ee Fig. 8)] while the lower  , aqinarticle in the JQP cycle is at resonance. There are
peak is possibly too small to be represented in Fi).2A  gome traces of such an increase in Fi@) 2nd also one can
difference of about 0.02 meV between the energy 9ap§ee qualitatively that in Fig.(d) the JQP peaks start to de-
would be sufficient to explain the experimental deviation. ra55e crudely av<e/2Cs (because of the thermal broad-

The experimental temperature dependence of the SMping of the SM feature, this smooth boundary moves to
peaks orl -V curves is shown in Fig.(8). Besides two SM 4ver yoltages bysV=T Cy /C;=0.1 mV). Similar behavior
peaks per period of; one can see two steps and two JQPgp1d be expected for the height of thermally activated steps
peaks(the heights of JQP peaks are different because thg;ih, sm feature alV=2A(T).

In conclusion, we observed SM peaks on Lh¥  depen-
Yence of SSS SET at temperatures comparabl€.toThe
shape and position of the features agree well with the theo-
retical prediction.

ture. Solid lines in Fig. @) show the corresponding theoret-
ical I-Qq curves calculated without fitting parametéd€P
peaks are not included in the mogeThe total resistance
Ry =605 K is obtained from thel-V curve andR;/R, We thank the group from the University of Jyskylafor
=C,/C, is assumed. The gap(0)=0.207 meV is used to the information about their experimental restitgrior to

get A(T)=0.2mV atT=650 mK. A small broadeningv  publication. The work was partially performed under the
=0.02A(0) of the gap was used to eliminate the unphysicaimanagement of FED as a part of the MITI Research and
divergence of" at the peak center, while we did not attempt Development Program Superconducting Electron Devices
to fit the experimental SM peak height by [largerw de-  Project supported by NEDO.
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