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Charge transport through a single-electron transistor with a mechanically oscillating island
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We consider a single-electron transistS8ET) whose central island is a nanomechanical oscillator. The gate
capacitance of the SET depends on the mechanical displacement, thus, the vibrations of the island may
influence the transport properties. Harmonic oscillations of the island and thermal vibrations change the
transport characteristics in different ways. The changes in the Coulomb blockade oscillations and in the current
noise spectral density help to determine in what way the island oscillates, and allow to estimate the amplitude
and the frequency of the oscillations.
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The interplay of electric currents through nanostructureshanges wittg, and therefore the transport properties of the
with mechanical degrees of freedom has attracted a lot cBET change.
interest recently, both from the experimental and theoretical We assume that electronic transport through the SET can
sidel'2 One of the central questions of this field of nano-be described by sequential tunneling. In this case, it is gov-
physics is how the vibrations of the oscillating part of aerned by four tunneling raté8:” the rate for electrons to
nanodevice influence its transport properties and vice versaunnel onto the central region from the leff: ;) and
A number of nanomechanical devices were investigated imight ('R . ,,) and the rates for electrons to tunnel off the
the last years, e.g., so-called single-electron shuttfe®n  central region. The rates can be calculated via Fermi’s golden
the theoretical side, it was shown recently that electric curyyle. The energy change corresponding to the first tunnel
rents passing through a dirty nanowire can stimulate itgrocess is
vibrations!® Indications for thermal vibrations of suspended
single-wall nanotubes doubly clamped between two contacts AErI_\ i =e(Vy— V) + e,
were observed! B ’

The nanomechanical properties of single-electron transis-
tors (SET9 are of particular interest. Natural candidates are e =E 1. n+ Cr(VrR— Vg +CL(VL - V) 1)
SETs built from carbon nanotubes. For instance, it was S ) e '
shown that the equilibrium shape of a suspended nanotube
studied as a function of a gate voltage shows features relatadhere E.=€*/Cs and Cy=C_ +Cr+Cy(2). Defining y(e)
to single-electron electronics, e.g., Coulomb “quantization”=—¢/[1-exgBe)], the rates can be written as
of the nanotube displaceméift.

In this report, we discuss how vibrations of the central L 1 L
island of the SET change the current and the noise. We show (@ = §Y(AEM+1(Z)), 2
that the transport characteristics of the SET differ for islands L

oscillating thermally or harmonically. The Coulomb block- \\hereR s the resistance of the left junction. The other rates

ade peaks are split for harmonic oscillations and are broads,, e yyritten similarly. The charge state of the SET is char-

ened by thermal oscillations. T_he current noise spectrum hagcterized by the probability,(t) to find n excess electrons
a peak at the frequency of the |slqnd oscnlatlons_ that reducegn the island. The time evolution pf(t) is governed by the
to a & peak when the island oscillates harmonically.There- - 1E 18
: : master equatiofi
fore, measuring the transport properties of the SET can help
to determine in what way the island oscillates, and to find the Jo
amplitude and frequency of the oscillations. 26 _ > Tivasipiva—Ti isapi), (3
The system that we want to study—a SET with a mechani- ) S
cally oscillating island—is sketched in Fig. 1. We assume that
the island is coupled to the left) and right(R) leads by  where FHj:FiLHﬁFi'Z-.The current and all its cumulants
tunnel junctions but can mechanically vibrate. A suspended¢an be expressed throughand p.*°
nanotube is a possible experimental realization of this Equation(3) has to be supplemented with the equation
scenario describing the oscillations of the island. The electrostatic
The charge of the island is coupled to the leads and théorce that acts on the island §2) =3,Cy(Vy—¢)?/2, where
gate through the capacitanc€s, Cg, and Cy(2); z is the  ¢=(C V| +CgrVr+CyV+0)/Cysis the potential of the island,
transverse deviation of the island center from its equilibriumandq==%,, p,nethe average charge. The motion of the island
position. When the island oscillates, the gate capacitancean then be described by a Langevin equation
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vated, P(2) < exp(-2%/ 2(2%)1), where(Z?)r=ksT/mw}. If the
island oscillates harmonicallyz(t) =z;sin(wt), then P(2)
=1/[m\1-(2/2y)?] for |7 <z, and zero otherwise. In these
expressions, the driving termsf in Eq. (4) that couple the
current in the SET with its mechanical degrees of freedom
were neglected. This term is usually much smaller th»én
on the left-hand side of E@4) (e.g., for the SET parameters
in recent experiments, see Ref.)10he small parameter is
Zgmaxd,in C;. The driving terms may become important,
e.g., when an ac bias near the resonance frequeicis
applied to the terming&) of the SET. The stochastic tunnel-
ing of the SET also transfers energy to the oscillator. A suf-
ficient dissipation can be estimated using energy balance
equationg! For typical parameters, we obtain an upper limit
FIG. 1. (a) Sketch of a single-electron transist&ET) with an for the quality factoiQ < (I'/ wg)(Eo/ Ec)Z/(Zo€9Z|n Cg)zz 108,
oscillating island. The island is coupled to the lgfy and right(R) whereT is the tunneling rate an&, is the energy of the

leads by tunnel j”nCti.ons’ and its capacitance o _the gyte) . oscillator. Thus, our calculations are relevant for transport
depends on the coordinatrethat measures the deviation of the is- experiments in current nanomechanical svstems
land from its equilibrium position(b) Equivalent circuit of the Fl)n eneral the current and noise in a %’ET caﬁnot be cal-
device. 9 " .
culated analytically for arbitrary transport voltagegven
o 5 when the island is static. Analytical progress can be made if
z+ nz+ wgz=y +[f(2) - f(0)J/m. (4)  we restrict ourself to the case of small driving voltages near
the onset voltage, and temperatures much below the charging
energy €?/Cy, i.e., y(e)= 6(e)in Eq. (2). In the case of a
static island, the performance of the SET as a transistor and
electrometer reaches an optimum in this regffhén this

b 7 laf ional of the deviati region, the transport characteristics of the SET are also most
nanotubeC, is in general a functional of the deviatiafx),  sonsitive to mechanical oscillations of the island, so this re-

wherex is the coordinate along the nanotulieThe rates gime is the most interesting for us. Only two states of the
depend only on integral quantities lifg z(x)dx/L (L is the  jsjand have to be taken into account; the probabitithas
length of the nanotubeTheir dynamics can be described by only two nonzero value,, pn.1.22 If V. <Vg an electron
Eq. (4) unless the amplitude of the nanotube oscillations eXunters the island with the raté-_ ..(2) from the left lead

ceeds its diameter by several orders of magnitude. and goes away with the raﬂé§+ (2) into the right lead.
The current through the left junctibhis The average current will be

el'- .2k, (2

Thoni@ + TR (@)

We are interested in the current averaged over a time interval 0 0
7 much larger than the characteristic perifiglof the island WhefeC;)ECg(Z: 0), andn=[-CV,/e], here[...] means
oscillations:| = [~ I(t,z(t))dt/ (27), 7— . the integer part. Assuming that the capacitances depend only

The typical frequency of micromechanical oscillations is We2kly onz, Eg. (6) can be expanded with respect2oTo
wo~ 100 MHz. If electrons tunnel through the SET with a Proceed, we define
similar frequency, the current will be of the order of 1 AE- _AER
~ewy~ 107 A, However,| in a typical SET is usually sev- J2== ol mlon
eral orders of magnitude bigger, which allows for some sim- eRRAE i1 t RIAEL .,
plifications. In general, a state of the SET is characterized by . R L -
the parameterg, z, andn, which have the probability distri- Using AEn+l—»n‘e(VR_VL)TAEnfn+1 and deﬁmngzl,zz fo
bution P(z,z,n;t). During the oscillation periodl, many P€ the roots of the equationst, ;=0 andAE,, ,=0,
electrons go through the SET, hence we can approximatd€ 9€t from Eq(6)
P(z,z,n;t)=p,(z,t)P(z,z;t). This “adiabatic” assumption  rmaxzz)

o

Herem is the island massy~ wy/ Q whereQ is the quality
factor, andy is a random force simulating the interaction
with the thermal bath correlated ay(t)y(t’))=27mTs(t
-1").20 Typically Q~ 10°- 10*! and << w,. If the island is a

1—-n

() =eX [T, () - TH L 0]p(0). (5)
J

1= f dz A2 (6)

()

justifies the use of Eqg1)—(4). With the same accuracy we dz P(z)[J(o) +2(0,0(2)|,—.0)
can neglect the time derivative in the master B).in the min(zy,2,)

calculation of the average current. Then, all the methods 1

used to calculate the cur?ent in standard SETs are applicable * 225(&3‘](2”2“0)]' ®)

to the case with the oscillating isladlAveraging the cur-  This formula is valid also fok, > Vg. Using Eq.(1) we find
rent over time can be replaced by averaging dv&), the  z,—z ~e(Vg-V,)/d,e, 0. Thus, if Z, is a characteristic
density of the probability distribution for the deviatiani.e.,  amplitude of island oscillations then it is natural to define the
I=fP(2)I(2)dz If the island oscillations are thermally acti- voltage scale
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FIG. 3. (Color onling Fano factor folV<V,s. The dashed line
corresponds to the static case, the solid line to the harmonically
oscillating island, and the dash-dotted line to the thermally driven
island. The average square amplitude of the island oscillations are
equal for the harmonically oscillating island and the case of thermal
equilibrium.

I 3 i \ voltage characteristics is strongly influenced by island oscil-
400 405 410 415 420 425 430 lations. The small parameter in the expansion E). is
g/e Zyd, In Cy. The second term in Eq11) is of second order in
this parameter. The oscillations of the island will modify the
FIG. 2. (Color onling Current gate-charge characteristics for a Coulomb gap in thé-V characteristics within a voltage band
symmetric SET (R.=Rg) with Cy>C g, VL =-Vr=V/2, Qu  of width of orderVys,
=_C(90)Vg- (@) V=0.2, (V|[/2<Vqs9, (b) V=0.5, ([V|/2=V,s), (0) The 1-V, characteristics of a symmetric SR _=Rg,
V=1, ([V[/2>Ves). The voltage is measured in units of C =Cgr<Cgy) with an oscillating island is shown in Fig. 2.
le|/2Cx(z=0), the current in units Oﬂo=(e/C;0))/(RL+RR)- The  The dashed curves correspond to the case of the static island.
dashed curve corresponds to a static island, the solid curve to Bhe solid and dash-dotted curves show the case of a har-
harmonically oscillating island,z=zesin(wot); 2o(3,Cg)/Cq=5.6  monically oscillating island and an island subject to thermal
X 1073 (this is typical for SETs where the island is a nanottbe; equilibrium fluctuations, respectively. Figure@2-2(c) also
then z,~5r, wherer is a typical nanotube diamejerThe dotted  ghoy how thel-V, characteristics change when the driving
curve in Fig. 13 illustrates what happens iWos/ (1el/2C;")  yoltage V is smaller, of the order of, or larger tha,
=5>1 and Eq.8) is not valid. The dash-dotted curves correspondyyjithin each peak of the curvesis constant,thereford,.is
to the case of thermal motion; the thermal avera@®)r 450 constant within the peak. The most interesting case is
=KgT/maj is chosen to be equélzosin(wgt) =2/ 2. The integer  ghounin the first panel of Fig.(d). For the harmonically
part of Qqp/e is the number of electrons on the island in the Statlcoscillating island, the peaks split and their width becomes
regime whenV| =Vir=0. The curves are periodic in the static Case‘larger with the c’:haracteristic sca..; when the island
but not if the island oscillates. The areas under the peaks in th(ranoves due to thermal activation the Szzaks broaden With
static and in the dynamical cases are the same. . - -
but do not split. Thus, the type of motion of the island leaves
a characteristic trace in tHeV plot. Equation(8) describes
V.= é(a elro0) 9) the I-V, characteristics well if the peaks do not overlap, like
osc™ g \7zeniz=0/ in Figs. 2a) and 2b). It follows from Eq.(6) that the areas
under the peaks in the static and dynamic cases are equal.

In the limiting CaS&LaCR<C(90)! The IV, characteristics are periodic in the static case, but
200, not periodic for an oscillating island becausg,. changes
Viose= —Zm")z%)e(n+ 1/2). (100 from peak to peak, see, e.g., E40). For this graph, we
[Cg ] used the parameters of the nanotube model of the igkesl

Ref. 10; we chose, e.9C4(2)=L/2 In[2(R-2)/r], wherer
=0.65 nm andL=500 nm are the nanotube radius and
length, andR=100 nm is the distance to the gateCf, Cg,
andC, are of the same order, ttheVy characteristics is quali-
tatively similar to what is shown in Fig. 2. For an asymmet-
ric junction,Rg # R, the peaks in Fig. 2 become asymmetric

— 1 P as well(not shown.

I=1(z=0)+ §<Zz>ﬁ|(z)|z—»0! (11) We finally discuss the current noise in a SET with a mov-

ing island. When the island oscillates, the irreducible current-

where(z?)=[P(2)z?dz The first term in Eq(11) is the cur-  current correlator S(7,0)=(1 (@ +7/2)I (©-17/2))) de-
rent for a static island. If the driving voltages applied to SETpends on bothr and® (rather than only orr as in the case
terminals are smaller thavi,s. then the second terrinear  of the static islang However, since the charging events in
in z) in EqQ. (8) does not vanish; In this regime the current- the SET are correlated on time scales much shorter than the

Equation(8) is valid if V,q.<e/Cs. If the driving voltages
applied to the SET terminals are much larger thag, the
integration limits in Eq.(8) can be extended to infinity be-
cause they far exceeg), the scale of decay oP(z). The
second term in Eq8) vanishes and
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period of the island oscillations, the dependenc& of 7 is Z_zw:de expinn)z(@+7/2)2(®-7/2) is the spectral den-

much stronger than o, and the zero-frequency noise can ; ot ;
be found ag'S(r,®)dr, where the bar means averaging overSIty of the deviatiore at frequencyw. It has as peak atwy if

; éhe island oscillates harmonically. In contrast, if the island
0. In other words, the low-frequency noise can be calculate o= s 2
at a given position of the islangee, e.g., Ref. 37and then ~Mmoves due to thermal actlvatlonz,w=_27;kBT/{rT[(w ~ wp)
averaged over time as it was already done for the current w?#?]},2° the noise peak has a width of the order of the
above. The result of this procedure is presented in Fig. ®scillation damping factom,?* see Eq.(4).24?° Thus, mea-
which shows the dependence of the Fano f&ton V.  suring the noise spectrum allows to find the frequency of
Here we assumed that the driving voltage is smaller thamsjand oscillations and gives information on the nature of the
Voo I-€., the system is in the regime in which the influenceggcillations2®

of the oscillations of the island on the transport properties of | conclusion, we have discussed how vibrations of the
the SET is maximal. For harmonic oscillations of the islandigjand in a SET change its transport properties, viz., the av-
the dips in the Fano factor split; the scale of the splitting iSgr4ge current, the Fano factor, and the noise spectral density.
Vosc In contrast to that, the dips are washed out by thermaype ' yansport characteristics of the SET can be used to de-
equilibrium oscillations of the island. In the region betWeentermine the nature of island motion, in particular, to estimate
the peaks, the Fano factor is strongly suppressed for a the{ﬁe amplitude and frequency of its ,oscillations '
mally vibrating island. '
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