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How Is the Coulomb Blockade Suppressed in High-Conductance Tunnel Junctions?
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We present a theory of the Coulomb blockade for a tunnel junction, with arbitrarily large tunnel con-
ductance but with small channel transmissions, placed in a general electromagnetic environment con-
taining no island. Our model, based on a self-consistent calculation of the complex admittance of the
junction, predicts that high tunnel conductances wash out the Coulomb blockade and restore Ohmic be-
havior. We find quantitative agreement between predictions and measurements of the dc conductance of
small metallic tunnel junctions in series with a resistor. [S0031-9007(98)05514-8]

PACS numbers: 73.40.Gk, 73.23.Hk

For tunnel junctions with tunnel conductan6g much  channels, anéfi;, = 0, + G),I is the tunneling Hamilton-
smaller than the conductance quantux = e?/h =  jan of thenth channelwitt®, = ¢¢ S, ;. Tuerc,¢cnr. I
38.7 uS, the chargeg transferred through the junction this latter operator, the phase difference operataronju-
corresponds to an integer number of electrons. In thgated withg, acts on the electromagnetic environment, and
case of such a junction embedded in an electromagnetig related to the voltage drapacross the tunnel element by
circuit containing no island [see Fig. 1(a)], the conduction, = (1i/¢)¢. The current operatdr = § through the tun-
mechanism consists of single electron tunnel events ife| element is thug = —(ie/#) Y., (0, — 0/). In this
which one electron charge flows through the environmengaper, we calculate the junction conductance in perturba-
of the tunnel element. Single electron tunneling is antion theory with respect tél, for arbitrary values ofi; =
“inelastic” process in the sense that part of the electrostatigj:’:1 gn, assuming as in the weak tunnel conductance the-
energy dissipated in the tunnel event is transferred to thgry [1-3] that the conductancg, = 472Gk Xy, |7ner |
electromagnetic environment and not to the quasiparticlef any individual channel remains small. However, in
degrees of freedom in the electrodes. These inelastigontrast with this latter theory, we incorporate in the elec-
processes result in a reduction of the differential CondUCtromagnetiC environment of any given channel of the junc_

tance of the junction at low voltage. The theory of thistion the (v — 1) other ones. These other channels are
so-called environmental Coulomb blockade of tunneling

has been worked out in the regintg < G, for arbi-
trary environment and temperature [1-3], and found in
agreement with experiments [4,5]. On the other hand,
when Gr > Gk one expects that quantum fluctuations @ Z(w)
of ¢ suppress the Coulomb blockade. In this Letter, we

present an extension of the theory of the environmental

Coulomb blockade which treats tunnel junctions with (t)

arbitrary conductanc&r. We compare the predictions

of this theory with measurements of the dc conductance Gr single #
of small metallic tunnel junctions in series with a resistor. channel

The circuit we consider, shown in Fig. 1(a), consists offiG. 1. (a) The circuit we consider consists of a pure tunnel
a pure tunnel element connected in series with an arbitrarglement biased by a voltage source in series with an arbitrary

linear electromagnetic environment. In this picture, the caimpedanceZ(w). In this representation, the capacitanCe
pacitance of the real tunnel junction has been incorporate®f the real tunnel junction is incorporated id(w). The

into the | danc&(w) of the elect Hi . pure tunnel element is characterized by its tunnel conductance
Into the impedance(w) ot the electromagnetic environ- (b) For junctions with a large number of weakly

ment [3]. The Hamiltonian of the circuit is the following: transmitting channels, the electromagnetic environment of any
N individual channel consists of the external impedaie )
H = H, + Z Hry, , connected in parallel with the other channels. In our mean-
n=1 field linear approximation, the other channels are replaced by
with the effective admittanc&(w) of the tunnel element. (c) Four-
; probe measurement configuration of a junction used to test the
= o1 predictions of the model. The resistors are microfabricated
Ho % secece F Zr: ercrcr ¥ Heny. close to the junction and the capacitance of the leads connected
. . . to the external apparatus is so large that it can be considered
Here,€ and r denote_quaSIpartIC!e I(':fvels in the left and in practice as a shunt to ground in the relevant frequency
right electrodesH.,y is the Hamiltonian of the electro- range. Our circuit thus implements circuits (a) and (b) with
magnetic environmenly is the total number of transverse Z(w) =R || C.
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described by an effective linear circuit whose frequency+in the weak conductance case using the above phase-phase
dependent admittance is taken equal to the admittancerrelation function. In the limit wher€&; — 0, our self-
Y(w) of the whole tunnel element, neglectihgV correc- consistent mean-field treatment of tunneling exactly coin-
tions [see Fig. 1(b)]. This mean-field approximation leadscides with the weak conductance theory [1-3]. In this
to a self-consistent determination Bfw), which we now limit, Eq. (1) generalizes at finite frequency the expression
detail. for the dc conductance of a tunnel junction in the real-
The linear response theory vyieldsY(w)=  time formalism [6,8,10]. In the opposite limE; — o,
i[S;1(w) — S;(0)]/w, where S;(w) is the current noise our calculation predicts the suppression of the Coulomb
spectral density. This noise density is itself the Fourietblockade (i.e., Ohmic behavior of the junction), because
transform of the current-current correlator functionthe tunnel element shunts the external environment. In this
xu(®) = {[1(r),1(0)])8(z). The averages are evaluated by regime, quantum fluctuations ¢fare suppressed and, cor-
taking separate thermal equilibrium averages over theespondinglyg is completely delocalized, as expected. In
unperturbed quasiparticles and environmental degrees tifie high temperature limit, our approach merges with the
freedom. This procedure is valid for the quasiparticlesOhmic approximation of the tunnel element. However, the
because each channel of the junction is weakly transmitaypothesis of linear behavior of the junction restricts the
ting. The quasiparticle filling factors in the electrodesapplicability of the model. Indeed, Goppert and Grabert
are thus Fermi functions at the inverse temperat@re [11] have recently shown, using the path integral formal-
The hypothesis of thermal equilibrium for the envi- ism [12], that our approach is equivalent to replacing the
ronment is exact at zero current but can be incorrecexact periodic effective action of the tunnel junction by a
at finite current since energy is then injected in theself-consistent harmonic approximation [13] which mini-
environment. Exploiting the Gaussian character of thamizes the free energy. We thus expect that our calculation
equilibrium phase fluctuations of a linear environment,ceases to be valid whenr2phase jumps become impor-
one can write the averagéexpig(r)exp—i@(0)) as tant, i.e., at low temperature, for large environmental im-
exdieVi/h + J(¢)], where V is the dc voltage across pedances [14].
the junction and J(r) = ({@(r) — (0)]@(0)) is the We have tested the predictions of our model for the zero-
phase-phase correlation functiah,being the fluctuating voltage dc conductancE(ew = 0) of single tunnel junc-
part of ¢ [3]. Within these hypotheses, one obtains thetions embedded in an Ohmic environment. In our samples,

following real-time expression for (w) [6]: the tunnel junction is connected to four nominally identi-
+oo o Tt cal resistive leads [see Fig. 1(c)], to enable a four-probe
Y(w) = Gr[l + f ) csch? B Im ¢’ measurement of the conductance of the sole junction. The
0

samples are fabricated using standestoeam lithography

eVt el — 1 and multiple-angle shadow mask techniques [15]. The re-
X COS—— dt} - (1) sistors consist of 1@m long, 100 nm wide, and 5 nm thick

] ) o Cr films evaporated at right angle with the substrate, and
The phase-phase correlation functio) is itself related e nearly temperature-independent resistances of the or-
by the quantum fluctuation-dissipation theorem [3] to theger of 25 K). In the same vacuum, we evaporate at an
impedance as seen from each channel of the junction:  gngle a 15 nm thick Al layer which is then oxidized under

A 1 a controlledO, pressure to grow the tunnel barrier. Fi-
J(t) = 2Gg Re

—iw

" Y(w) + Z (o) nally, we evaporate a 20 nm thick Cu layer at the opposite
it angle to form the second electrode of the tunnel junction
e - 1do ) at an overlap with the oxidized Al layer. In this process

1 — e Blo ¢ ° the parasitic Al and Cu replicas of the resistors lay on the

Note that, in our mean-field approximation, the totalside of the resist and are removed during lift-off. The area
impedance across each channel of the junction is the propef the tunnel junctions were nearly identical for the two
parallel combination of the environmental impedancesamples we have measurd@(@{ X 150 nm), correspond-
Z(w) and of the admittance of the tunnel element itself.ing to a number of channel§ ~ 10°. The samples are
This writing of J(¢) generalizes that of Refs. [7,8], where mounted in a copper shielding box anchored to the mix-
Gr is used in place of (w), corresponding to an Ohmic ing chamber of a dilution refrigerator. The Al layer is
approximation of the tunnel element. In our formulation,driven in the normal state by applying a 1 T magnetic field.
the tunnel element admittan@éw ) is obtained by solving We measure the zero-voltage conductance of the sample
self-consistently Egs. (1) and (2). This procedure isby a lock-in technique near 70 Hz, through carefully fil-
similar to the self-consistent approach of Ref. [9], wheretered lines. The amplitude of the ac excitation is adapted
a real frequency-dependent dissipation function is usetb probe only the linear part of the characteristic. The
in place of Y(w). In our approachY(w) is a complex variations of the zero-voltage conductance with tempera-
guantity obeying Kramers-Kronig relations. OnEéw)  ture are shown in Fig. 2, for both samples. The compari-
is determined, the average dc curré(it) is calculated as son with theory involves the precise determination of the
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kgT/(€%/2C) principle, samples similar to ours constitute primary metro-
oot o1 o 100 logical thermometers at high temperature [20]. In view of
800 ' our results, this kind of sample could possibly also be used
{os as secondary thermometers on a much wider range of tem-
perature, with self-calibration at high temperature.
los To get further insight on the electrical behavior of tun-
,3 nel junctions, in Fig. 3 we plot the calculated real and
104 5 imaginary parts of the admittance of our two samples at
. different temperatures, for zero voltage. One sees that
H0.2 Y(w) has a pronounced frequency dependence, except at
> very high temperature. The linear part of Nfw) near
08 057 gy 00 zero frequency corresponds to an added capacitagce-
0.01 o1 1 10 —iY'(0) which increases a&g is decreased [6]. In Fig. 4
TK) we plot the predicted temperature dependence of the dc

FIG. 2. Experimental zero-voltage conductance of ourcOnductance and of the relative capacitance increase of
samples (bottom and left axes) and corresponding theoreticdhe junction AC/C at zero frequency for our samples.
predictions, in reduced unit (top and right axes). The solidThe model predicts that in a large temperature range the
::222 %%rrzzssp%’r‘]‘é tfo Otl;]'; Sgﬁr%?gsste:‘éxﬁgt‘i’gﬁ'Oor}' tt;‘: gﬁsnheelélonductance varies logarithmically, while the capacitance
element [6—%], the dash-dotted Iinpeps corresponds to the higwcrease follows a power law. Below a crossover tem-
temperature result of Ref. [17], and the dotted line is theP€rature, the capacitance saturates and the system behaves
prediction of the weak tunneling theory [1—3], nearly identicalas in the weak conductance regime but with a reduced
for the two samples. The values of the junction capacitancegharging energy?/2(C + AC). For sample 1 (2) where
and tunnel conductances used for the comparison with theorg;T/GK = 3.07 (22.8), we find, a§’ — 0, AC/C = 1.07
are obtained from the high temperature data (see text). (=1500). This dramatic capacitance increase, which is the
main consequence of increased tunnel conductance, was
sample tunnel conductane®r, the junction capacitance not captured in previous works which disregarded the ef-
C, and equivalent resistandein series with the junction, fect of the reactance of the tunnel element on the dc con-
the latter two defining the external impedan€éw) =  ductance [6—9,13]. Indeed, calculatifify) with Y (w) =
R/(1 + iRCw). The resistanc® is determined fromthe [G;' + (iACw)~!]"! already leads to a good estimate of
measured values of the four resistances. The junction c#éhke junction’s conductance. In this approximation, the in-
pacitance and tunnel conductance are obtained by fittinfluence on a given channel of the other ones is mimicked by
the data between 2 and 70 K [16] with the exact high temshunting the external environment by a fixed capacitance in
perature expression of Ref. [17]. This gives for sampleseries with a resistor. Note that a similar increase of the ef-
1(2),R =229 kQ (25.2 K1), Gr = 119 uS (886uS), fective capacitance of high-conductance metallic junctions
andC = 1.13 fF (1.54 fF). Using these values, we cal- has been predicted [21] and observed [22] in single elec-
culate the zero-voltage conductancé)) at all tempera- tron devices in which the Coulomb blockade is due to the
tures, with no adjustable parameters. The functib@s)  charging energy of one or more almost isolated electrodes.
andJ(¢) are tabulated and calculated numerically by iterat-
ing Egs. (1) and (2). The calculation is started by setting
Y(w) = Gr and converges within a few steps. The calcu- Sample 1 _____Sample2
lated dc conductand&0) is in quantitative agreement with
the measurements, as shown in Fig. 2. For comparison, -
we also plot the predictions of the weak conductance the-% 0.5
ory [1-3], the Ohmic approximation of the tunnel junction «
[6—8], and the exact high temperature result from the path
integral formalism [17]. We see that the different predic-
tions agree at high temperature [18], thus confirming our
determination of the parametats andC, but that at low g
temperatures our calculation predicts a Coulomb blockadeg 0.2
intermediate between the weak tunneling model and the
Ohmic approximation. We attribute the low temperature ook
deviation between theory and experiment for sample 2 to 0 5 10 15 0 1 2 3 4 5
spurious overheating of the resistors which, at low tem- /ey /e,
perature, are almost thermally decqupled from the phOﬂOF_llG_ 3. Calculated real and imaginary parts of the admittance
bath [19]. Heating of the resistors is also the reason Why () of the tunnel element for both samples. The angular
we make no quantitative comparison at finite voltage. Infrequency is normalized teg = G¢/C.
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