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Coulomb blockade of activated conduction
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We present a theory of the Coulomb-blockade oscillations of conductance through a quantum dot at rela-
tively high temperatures, when the conduction is achieved via thermal activation of electrons over the tunnel
barriers. We discover that the oscillations of conductance as a function of the external gate voltage persist in
this regime, and find their shapes0163-182@06)02340-3

Recent progress in microfabrication technology allowedT < T, the region ofe near zero dominates, i.e., the conduc-
the creation of nanostructures with controllable conductanceaance is determined by the tunneling of electrons with ener-
The transport of electrons in such devices is strongly affectedies near the Fermi level. On the other hand, at higher tem-
by the Coulomb interactions. The most striking manifestaperaturesT>T,, the main contribution to integréal) comes
tion of these interactions is the phenomenon of the Coulomlirom energiese~U, meaning that the activated transport
blockade of conductance between two leads coupled to dominates the conduction.
small conducting region by tunnel barriers. This phenom- For reasonably long barriefs.g., a barrier formed by the
enon is observed in both metallic deviteand GaAs gate-induced depletiorthe parabolic approximation of the
heterostructurésat temperatures of the order of 1 K. The barrier shape works well for all the energies from the top of
Coulomb blockade in such structures manifests itself as pehe barrier down to the Fermi level, provided the zero-
riodic peaks in conductance as a function of the gate voltageemperature conductance is not anomalously stislore-
and is due to the discreteness of the charge transferred wver, the threshold temperatulig above which activation
each tunneling event. becomes the dominant mechanism of electron transport ex-

The latest technological development has lead to the creists for a barrier of arbitrary shape. Thus the following re-
ation of silicon-based Coulomb blockade devices with work-sults are insensitive to this approximation.
ing temperatures of order 100 K and abdveAt such high In the following we will be considering temperatures ex-
temperatures one can expect the transport through the bargeedingT,. In this activated regime the conductandg is
ers to be dominated by the thermal activation of electrongasily found
over the barriers rather than tunneling through them. In the
present paper we study the Coulomb blockade oscillations of 2e? 7Ty

_ —-U/T
conductance in this activation regime. o(U)= 57 SnaTam e U>T>To. (3

dng(e)
Jde

T(e)de, (1)

We start with a discussion of the conditions at which the
transport through a barrier is dominated by thermal activa- Let us now consider the transport between two leads
tion. The conductanc& of a tunnel junction at arbitrary coupled to a small conductéquantum dotby two barriers,
temperaturel is given by the following expression: Fig. 1. In a generic case the heights of the two barriers are
) different, and the conductance of one of the contésay, the
G _Zif”’ right one is much larger than that of the other one. In this
b7 h ). case the quantum dot is in equilibrium with the right lead,
and its thermodynamics is completely described by the par-
where dng/de= —[4T cost(e/2T)] ! is the derivative of tition function
the Fermi function, andl is the Planck’s constant. In E¢L)
we assumed that the transport is essentially one dimensional, _E(N)IT
which is usually a good approximation for barriers formed Z(N):; e : (4)
by constricting the electron gas in the transverse direction.
In the simplest case of a parabolic potential barrierHere E,(N)=Ec(n—N)? is the electrostatic energy of the

U(x)=U— imw?x?, the transmission coefficient’is system, which depends on the total capacitaDa the dot
with respect to all the electrode&.=e?/2C; parameter
_ _ ho N=CyV,/e is proportional to the voltag®, applied to a
Te)= U—=¢€\"’ TO_(277)2‘ 2) gate electrode and to the capacitar@g of the dot with
1+exp< To ) respect to the gatey is the number of electrons in the dot

counted from its equilibrium value at;=0.
The energy interval making the dominant contribution to in- The conductance of the system is determined by the trans-
tegral (1) depends on the relation betwe@nand T,. At mission of electrons through the left barrier. In the tunneling
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FIG. 2. Peakg10) in conductance as a function of gate voltage
for the cases\=0.25 andT=0.1E; (solid line). The peaks are
symmetric and wider than those for the conventional Coulomb

FIG. 1. Schematic view of the quantum-dot system. The applie | _ :
. . h . ; ockade (Ref. 7, G(N)=G,(EcAN/T)/sinh(E:AN/T), at the
bias V which drives the current, is smakkV<T. Linear conduc- same temperatur@ashed ling

tance G(N) [see Eq.(9)] is controlled by the gate voltage
Vg=eNGCy. Gp(U), and is independent of the gate voltage. In this case
. . o Coulomb blockade oscillations would be observed.
regime, the rate of electron transitions between the left lea We now show that the dependence of the barrier height on
and the_dot is determined by t_he transmission coefficient 0{he charge of the dot inevitably restores the oscillations of
the barrier and by the occupation probabilities of the Corre'conductanceG(N) Indeed. when an electron moves from
qunding electronic states. The latter give rise to the non'fhe left lead into t.he dot V\’/ithn electrons, it overcomes the
trivial dependence of the conductance on the gate voltage arrier U, affected by the electric field (,)f the charged dot
; , L9 " )

:jnort]:ﬁa?ggvgtec:hreegéiggr;:i wirr]er;]tl tarzl:]ge? 72; Sar{;lter Srhe dependence of the barrier height on the charge of the dot
which the ocg:/upation numbers are efponentiglly snﬁ'WIe can be found as follows. The chemical potential for the
assume that the barrier height is large compared to the char ':f]fgcltgséyeéewgnlzm t_?ﬁisdgai'f? iihgfjeed tgliﬁetoci)hjoﬁgri%mg
ing energyU>E(.) Thus the transmission through the bar- ; ntl =n . }
rier is determined exclusively by its height measured fromftera;:#on gf :he '(Hdl)St elect;cron.vvtlth alltthéa other electrtl)tns
the fFermri] level. If thfl biashvorl]tagké is applied to the leads, '\'; :(Ee HSiE )6/‘2 ap;ﬁlgd toethelrtljoetrpArg 2 resﬁt tﬁe ggt:ng-e
we find t rrent thr t t N ntl =n L !

e find the curre ough the dot as tial barrier is increased by some fractianof this voltage,

I=e>) [WoR(Up—eV) ~ Wy 1R(Uy—Epy 1 +Ep)]. Un=U+\(En:1—Ep). ®
n

(5) Here the constant is determined by geometry of the con-
_ . . tact, and G<A<1; for a symmetric contact we expext
— En/T ’ 7 i )
Here w,=¢€ 1Z is the probablhty of the dot to have 1 We now substitute Eq8) into Eq.(7), and find
chargeen, andR(U) is the rate of activated transfer of elec-
trons over the barrier of height,

Z(N—N\
G(N)=Gb(U)—( )67“17”%”, 9)
» Z(N)
R(U _Zf d _ 2’7TTO —uIT 6
(W=7 _wnF(E)ﬂe) “h Sin('n'TO/T)e - ©® whereG,(U) is the conductancél) of the left barrier.

) At nonzero\ the conductanc€9) does depend on the
In the last term in Eq(5) we accounted for the fact that the (dimensionlessgate voltageN. It is instructive to compare

Fermi level for the (1+1_)st electron is shift_ed_ bY  the shapes of the conductance pe@k&) given by Eq.(9)
En+1—E, due to the charging energy. The substitution ofyith those in the case of conventional Coulomb blockade.
Eq. (6) into Eq. (5 gives the following result for the linear Assuming that the charging energy. exceedsT,, one can

conductance: choose the temperatufiein the intervalT,<T<Ec. In this
. T case the Coulomb blockade of the activated conductance
G=— LE w,.e YUn/T, (7) ~ Manifests itself as narrow asymmetric peaks,
h Tsin#Ty/T)4 "

eEC(Z)\—l)AN/T
In Egs. (5) and (7) we allowed the dependence of the G(N):Gb(u)eECAN/T_FefECAN/T; (10)
heightU of the left barrier om, which may be caused by the
effect of the electric field of the charged dot. If one neglectssee Fig. 2. HereAN is the dimensionless gate voltade
this dependence),=U, the conductancé?) of the system measured from the nearest half-integer value. The centers of
coincides with the conductancé) of the left barrier, the peaks are shifted from their positions in the case of con-
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conduction through the contacts separating the quantum dot
The asymmetry disappears only in the case3, and then from leads. It exists in the regime of tlaetivation conduc-

the peaks are qualitatively similar to thdder the blockade tion as well® due to a periodic modulation in the gate voltage
of tunneling conductance. It is interesting, however, that theof the barriers’ heights. This periodic modulation is a direct
activation energ¥ AN for the conductanc€lO) at off-peak  result of the charge quantization. The charge of the dot is
values of the gate voltage is smaller than that of Ref. 7 by @juantized, and therefore the Coulomb blockade exists, as
factor of 2. long as the resistance of the contacts exckade?. How-

At higher temperaturesT=Ec, the conductance peaks ever, the shape of the peaks in the conductance vs gate volt-
transform into weak oscillations, age dependence does reflect the dominating mechanism. For
the activation transport, the peaks generally are asymmetric,
and are shifting with the increase of temperature.

ventional Coulomb blockade bxN=(T/2Ec)In[A/(1—\)].

G(N)=Gy(U)[1+4e” ™ TEcsinmh sin(2aN—m\)].
11
The shift of the maxima in conductance from their normal ¢ !
positions N=(2n+1)/2 is now more pronouncedAN  discussions. The work at MIT was sponsored by Joint Ser-
=in-1). vices Electronics Program Contract No. DAAH04-95-1-
In conclusion, we have shown that the Coulomb blockadd)038, and at the University of Minnesota by NSF Grant No.
phenomenon does not require thenneling mechanism of DMR-9423244.
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