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Strong tunneling and Coulomb blockade in a single-electron transistor
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We have developed a detailed experimental study of a single-electron transistor in a strong tunneling regime.
Although weakened by strong charge fluctuations, Coulomb effects were found to persist in all samples
including one with the effective conductance eight times higher than the quantum(@ae<)) . A good
agreement between our experimental data and theoretical results for the strong tunneling limit is found. A
reliable operation of transistors with conductances 3—4 times larger than the quantum value is demonstrated.
[S0163-182699)04207-1

Mesoscopic tunnel junctions between metals represent a This problem was analyzed both analytically with the aid
nontrivial example of a macroscopic quantum system withof various nonperturbative approacfiésand numerically by
discrete charge states and dissipafidiCharging effects in means of Monte Carlo simulations:®~*! The results of
such systems can be conveniently studied in the so-calleitiese studies, although remain somewhat controversial in de-
SET (single electron tunnelingtransistors. A typical SET tails, clearly demonstrate the existence of a nonvanishing
transistor consists of a central metallic island connected t€oulomb gapEg «<Ecexp(—2«,) in the spectrum of the sys-
the external leads via two tunnel junctions with resistanceéem even for largex;>1. Thus, strong tunnelingoes not
R_ r and capacitance§,_ g (see Fig. 1 In addition to the destroy Coulomb effects, it only leads to effective renormal-
transport voltage/, the gate voltag®, can also be applied ization of the junct_ion capacitancg. The temperature inter\_/al
to the metallic island via the gate capacitaig relevant for charging r-iffects shrinks, but they still remain

Provided the junction resistances are laBgg>R, OPservable even di>Ec. _
= m#/262=6.45 K) tunneling effects are weak and can be _ 1 NiS behavior isqualitatively different from that of an
treated perturbativelyFor a quantitative measure of the tun- ONMic resistor. The physical reason for this difference is also
neling strength we define the parametgr- Ry /Ry, where quite clear. |t.IS due to dlffere_nt symmetries of the allowed
1/Ry=1/R, +1/Rg. After each electron tunneling event the charge states: the symmedry Is continuous in the case of an
charge of a central island changes exactlyebgnd the en- Ohmic shunt, whereas only discrezgeriodic charge states

ergy difference between initial and final states of a SET de—;';l;:f agov_\ll_ﬁi ||r;tttr§ g;;emogt?ynrzm;:]tsum : lsjgr?gﬂ?:f éﬁ&/géET
vice is typically of orderEc=e?2C, where C=C +Cgr -

- C e strength, and therefore at lowCoulomb effects survive and
+Cy. Aslong as tunneling is weak <1 dissipative broad- o pe well observed even in highly conducting junctions.
ening of different charge statds is small (at low T it is In spite of all these theoretical developments, an experi-
roughly I'~ a4E¢) and these states are well resolved in en-mental investigation of this problem was lacking. Recently
ergy. This ensures nearly perfect quantization of the charggoyez et al!® carried out an experiment aimed to study
on a central island in units a&. As a result at sufficiently
low T<E_; Coulomb effects dominate the behavior of a SET

. . RL » CL RR » CR
transistor leading to a number of observable effects, such as
Coulomb blockade of tunneling, modulation of the current [l] [l]
through a SET transistor by a gate voltagg, Coulomb 1
staircase on thé-V curve, etct G

The situation changes if the effective resistafGgbe-
comes of order oR, or smaller, i.e.,;=1. In this case
dissipation is large and the excited charge states of the sys-
tem become broadened and overlap. Do strong charge fluc-
tuations lead to a complete smearing of Coulomb effects in

) O O
highly conducting mesoscopic tunnel junctions, like, e.g., in

the case of Ohmic shunts? FIG. 1. Schematics of a SET transistor.
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strong tunneling effects in SET transistors with higlgr  the noise terms in Eq1) described by the stochastic Gauss-
Deviations from the standard “orthodox” thedryvere de- ian variablesj, (t) with correlators

tected in four different samplés.The datd® for three of - .
these samples with;<0.6 can be well explained within the . . — s _f o it ho
perturbation theory im, if one retains the “cotunneling” (€101 (D)= 8y diae R 2nC @M 5T
terms < o?. 121 The fourth sampl€ with a,=1.8 is in the 2

intermediate regime, which is quite difficult to describe theo-gqyation(1) is supplemented by the appropriate current bal-

retically, except in the limit of sufficiently high temperatures. gnce and Kirghoff equations and can be solved perturba-
_The main goal of the present paper is to develop a deyely in the noise termgsee Refs. 12 and 15 for details

tailed experimental study of Coulomb effects in mesoscopi¢yne arrives at the-V curve for a SET transistd?

tunnel junctions in anonperturbativestrong tunneling re-

gime, in which case discrete charge states are essen- e 2mQ4[V)

tially smeared due to dissipation. For this purpose we have (V)= g-—lo(V)—5-Ae CO{T

carried out measurements of the current-voltage characteris- * *

tics of five SET transistors with low junction resistanceswhere Qa(V)=CyVy+ [(R.CL.—RrCRr)/(RL.+RR)]V s

R.r=Ry. The results are compared with the existingthe average charge of the island &g=R,+Rg. The last

theory!2® Beside its fundamental importance the problem™O terms in Eq.(3) describe deviations from the Ohmic

might be also of interest in view of possible applications ofP€havior due to charging effects. '2” the cée=Rg for the

SET transistors as electrometers. Vg-independent terrip(V) we find'

)

Ec
meR,

We have fabricated several SET transistors with different? (x) is the digamma functiora=1-ieV/47T andb=a
values of the junction resistance. The transistors were madé 2a:Ec/7°T. The expressior4) holds for*
using a standard electron-beam lithography with two-layer
resist and two-angle shadow evaporation of aluminum. Five %e‘z"t”E =1
transistors with junction resistances in the range from 2 to 20 maxeV,T}>w,=1{ =2 ¢ T (5)
kQ were studied. The corresponding valuesxwfvaried be-

tween 1.5 and 8.3. The crossection area of the tunnel junc-

tions is estimated to be-0.01.m?. y=0.577... is the Euler constant. The last term in E).
Measurements were done in a dilution refrigerator cagescribes the modulation of theV curve by the gate volt-
pable to hold temperature from 20 mK to 1.2 K. Magnetic agge. Provided the island charge fluctuations are large the

field of 2 T was applied to keep aluminum in the normal amplitude of the modulation is exponentially suppres<ed:
state. Thermocoax cables and a COpper-pOWder filter next tp(T,V)>1 The genera| expression for the function
the miXing chamber of the refrigerator prOVided necessarF(T,V) 12 is quite Compncated and is not presented here. In

filtering against high-frequency noise penetration. ~the limit of small voltages and fof < aE this expression
We have measured tHeV characteristics of the transis- pecomes simpler, and we get

tors at different temperatures and gate voltages. At low volt-
ages our measurements were performed in the current-bias F(T,00=(T/Ty)? To= V12,Ec /2. (6)

mode using a lock-in amplifier with 6 Hz reference signal . . .
frequency. Such a low frequency was chosen to avoid thé'S the condition(5) should be simultaneously satisfied Eq.

influence of the low-pass filter with the largeC time. A (6) makes sense only fo,=1. The constanA in Eqg. (3)

A5 A —2a
computer program feedback was used to control the ampl@s the for?** A=f(a)e . The prefactorf(a;) was

. . ‘15 . . .
tude of the current excitation and to keep the voltage re&!SO estimated fft-*with a limited accuracy. More accurate

sponse at the same level. Because of the low frequency §fSUlts forf(ay) atlow T can be derived by means of other

modulation we could not completely suppress the slow fluc{€chniques.
tuations in the system, which can be seen on some curves.

V
EXPERIMENT |o(V)=8—Rq[Re‘P(b)—Re‘I’(a)]— Im¥(b), (4

Ec, atsl

RESULTS AND DISCUSSION

THEORY In what follows we will disregard a small asymmetry in
At not very low temperaturegor voltage$ the quantum th? par?meters dt andRJufn ct|onhs ar;d pURfOEREM' The
dynamics of a tunnel junction is well described by the qua-v'."‘ ue ofRy was measured from the slope of the/ curve at
siclassical Langevin equatidht’ hlgh voItage;s. The_z accuracy of these measurements was lim-
ited by nonlinearities on thieV curves due to suppression of
tunnel barriers and heating and is estimated~&90. The
1) charging energ¥ is usually determined from the offset on
the |-V curve at largeV. In the strong tunneling regime,
=1 a clear offset can be reached only at very high voltages
j=L,R; J; is the current flowing through the junction; the where precise measurements are difficult due to other rea-
phase variable; is related to the voltage across the junctiongons. Therefore, the above method gives only a rough esti-

asﬁ{;»i /e=V; . Discrete electron tunneling is responsible for mate ofE. with the accuracy within a factor 2.

ﬁgo 1 ﬁ¢-
i i -
—=J;+ &1 cosp;+ &, Sing;,

e TR
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TABLE I. Parameters of the samples. e — o]
’ TZ400 mK
Sample Ry (k) a  Ec (K) 108 (ueV) 10w (mK) o 02 M
g o
| 17.4 1.48 2.25 50 600 ‘%’ 0.08 1
1l 12 2.15 1.1 10 100 S| 0.06 ¢
1I 104 248 104 5 60 0.04%
v 65 397 116 05 6 ey
\Y 31 832 ~03 5x<10°* 5x10°3
Alternatively, one can try to determirfe; from the high 3 W ]
temperature expansiod & E¢) of a zero-bias conductance: & F 4
G(T)=(1/Rs)(1—E/3T+---). For our samples with high i/ F v T
a, this asymptotics works well only 8t=10 K. It is easy to S o1f I -
observe that at this temperature the value of the tEgi3T = 3 VT ]
is still very small (~0.03) and could not provide a good = Y -
accuracy in determination & . On top of that, we did not o E Wﬁ/’.f— 7

have means to maintain a sufficient accuracy of temperaturt -1000 -500 0
measurements above 4.2 K in the same cooling cycle of & V{uv)

dilution refrigerator. Therefore, determine the paramégr FIG. 3. TheVg-averaged differential conductance. Top panel:
from the best fit of the low-temperatures( K) and low- ¢ ata for the sample (thinner curvestogether with theoretical
voltage (<700u eV) parts of thel-V curves averaged over regyits(thicker curves For the sake of clarity the curves at higher
the gate charge. Fitting afl/dV for different temperatures T are shifted vertically with a step 0.02% 1. Bottom panel: the
allows to determiné ¢ with a sufficiently high accuracy and data for all five samples &t=20 mK.
avoid problems discussed above. Another advantage of this
method is that we could fit all the curves for different tem- Coulomb blockade-induced suppression of the conductance
peratures with the same paramet&s and «; (otherwise at low T is clearly seen even for a highly conducting sample
one needs two fitting parameters feachsuch curvg Also |V, We observe a good agreement between theory and ex-
the precise values ofy, were verified by means of this periment except at the lowest temperatures where the theo-
method(see Table)l The last two columns in Table | show retical results become unreliable. In this temperature interval
the lowest voltage and temperaturelOw, where the theory the theoretical curves turn out to be closer to the minimum
is still applicable. conductance, which is also shown by open symbols. At low
The data for a temperature dependent zero bias condug- the system conductance shows a tendency to saturation.
tance averaged over the gate charge are given in Fig. 2 farhis is compatible with the corresponding conjecture made
four samples(filled symbolg together with the theoretical in Ref. 12. On the other hand, heating effects as an additional
dependencieGI®®=1/Ry —14/V|y—, (solid curvey. The reason for this saturation cannot be excluded either.
The averaged differential conductarttédV is shown in
the bottom panel of Fig. 3 for all five samples at the lowest
temperatureT~20 mK. It is remarkable that even for the
sample V witha;>8 a decrease of the differential conduc-

0.14 T

0.12 : .
tance at smalV due to charging effects is well pronounced.
The valuesdl/dV measured for the sample Il for different
0.1 temperatures are presented in the top panel together with a
theoretical prediction from Eq4). A similarly good agree-
‘; 0.08 ment was also found for the samples IlI, IV, and V.
= The gate modulation of the current was always found to
O 0.06 be of a cosine fornt3) except for the samples with; <2 at
the lowestT<50 mK. The results for the gate modulated
0.04 linear conductance of the sample Il are shown in Fig).4
The amplitude of modulation increases with decreasing tem-
0.02 perature in a qualitative agreement with theory. At [bythe

modulation effect is considerable even for the sample IV
with @,=4. At the lowest temperatures this effect is visible
0 200 400 600 800 1000 1200 also for the sample V, but the modulation was only slightly
above the noise level.

The data for the temperature dependent amplitude of con-

FIG. 2. The averaged ova, (filled symbol$ and the minimum ductance modulation for the samples I-IV are presented in
(open symbols values for the linear conductance of the samplesFig. 4(b). Solid curves correspond to the best fit with a the-
I-IV together with a theoretical prediction for the averaged conducOretical dependence-exp(—T4Tg) [cf. Egs. (3) and (6)].
tance(solid curves. Note, that for all samples the best fit vallig was found to

T (mK)
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500 mK renormalized Coulomb gap¢ , however such effects remain
T ————— T =

O~ o~ Tea00mK well pronounced even at>EZX . Thel-V curves measured
for all five SET transistors are in a quantitative agreement

G /\/\/\/ T=130 mK
izzz /\/W To20 mK with the strong tunneling theory;*®except at very low tem-

o

0.02

. 0015 peratures where this theory is not applicable. Along with the

§ overall suppression of the conductance its modulation by the

= gate voltage was also observed at sufficiently [d®wThe

S 001 modulation effect increases with decreasing temperature in a
's qualitative agreement with theoretical predictions.

]

Our paper was aimed to study low resistance SET transis-
tors in the nonperturbative strong tunneling regime. Theo-
retically, a perturbative regime characterized by an expan-
sion parameteg=«a,/m?<1 (see, e.g., Refs. 12 and J14
can be easily distinguished from a strong tunneling one with
exp(—2a)<<1 (cf., e.g., Refs. 4 and }2except within
the interval 0.5 a,<3 where both inequalities are

FIG. 4. The gate modulation amplitu@®, .Gy, of a linear (roughly) satisfied. Combining our results Wif[h those of Ref.
conductance as a function @ for the samples I-I\V(triangles, 13 S WZGJL 23 with the corresponding theoretical
squares, diamonds and circles, respectivedplid lines provide the Predictions®****we can draw a somewhat more definitive
best fit with a formulaAexd —(T/Ty)?]. The inset: the linear con- conclusion about the validity range for both regimes: tunnel-
ductance of the sample Il as a function@f=C,V, measured at iNg can be treated perturbatively faf<1-2 while the non-
different T. perturbative tunneling regime sets in fef=2-3.

In summary, we have operated SET transistors with effec-
be by a numerical factor2—3 smaller than the valué). In  tjve resistance®, several times smallethan 6.5 K). The
other words, the temperature suppression of the gate moddxperimental -V curves averaged over the gate modulation
lation is bigger than it is predicted theoretically. We specu- can be well fitted by the strong tunneling theory, while the

late that this may be due to an additional effect of noisegmplitude of the gate modulation is only in qualitative agree-
Another possible reason for such a discrepancy is an insufpent with it.

ficient accuracy of the theoretical calculations of the gate
modulated conductance.

Our experimental results clearly show that—in accor-
dance with various theoretical predictions—Coulomb block-
ade isnot destroyed even in the strong tunneling regime: The work was supported by the Deutsche Forschungsge-
clear signs of Coulomb suppression of the transistor conduaneischaft within SFB 195, by INTAS-RFBR Grant No. 95-
tance were observed far, as large as 8.3. For all; the 1305, by the Swedish NFR, and by Sl. The samples were
characteristic energy scale for charging effects is set by th&abricated at the Swedish Nanometer Laboratory.
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