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Nanomechanical modulation of single-electron tunneling through molecular-assembled
metallic nanoparticles
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We present a microscopic study of single-electron tunneling in nanomechanical double-barrier tunneling
junctions formed using a vibrating scanning nanoprobe and a metallic nanoparticle connected to a metallic
substrate through a molecular bridge. We analyze the motion of single electrons on and off the nanoparticle
through the tunneling current, the displacement current, and the charging-induced electrostatic force on the
vibrating nanoprobe. We demonstrate the mechanical single-electron turnstile effect by applying the theory to
a gold nanoparticle connected to the gold substrate through an alkane dithiol molecular bridge and probed by
a vibrating platinum tip.
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INTRODUCTION A simpler way of incorporating mechanical degree of
freedom into single-electron devices is to couple one of the
Nanoelectromechanical devices that combine mechaniasinnel junctions to a nanomechanical oscilldfonsing, e.g.,
with electronics are of great interests for applications in electhe microcantilever tip of a conducting atomic force micro-
tronics, precision measurement, and sens@rsong the ex-  scope (AFM) or hybrid scanning tunneling microscope
perimental implementations, mechanical single-electron dec<STM)/AFM.**-16The model system is illustrated schemati-
vices that explore the interplay between the macroscopieally in Fig. Xa), where the nanoparticle is connected to the
motion of a nanomechanical element and the quantizedubstrate through an organic molec(assumed rigig while
single-electron transfer have attracted much attention for retunneling across the top contact can be modulated mechani-
vealing new mechanisms of electron transport and schemesilly through the vibrating tip. The introduction of a vibrat-
of mechanical detection at the quantum lifin particular,  ing tunnel contact leads to tunneling and displacement cur-
the shuttle mechanism of quantized charge transfer has beegnts flowing simultaneously in accordance with the probe
proposed theoreticafly* and studied experimentadyutiliz- vibration}”*8which can be measured separately using a two-
ing a variety of nanomechanical elements. phase lock-in amplifiel The discrete-electron tunneling
The model system considered in the original propbfeal  also induces an electrostatic force on theip1° Since
a mechanical single-electron shuttle consists of a small met#doth the tunneling/displacement currents and the force on the
cluster connected to the electrodes through mechanically soficrocantilever tip can be measured as a function of the bias
organic linkers. A periodic self-oscillation of the cluster in voltage, useful information regarding the interplay among tip
conjunction with the cluster charging/decharging is predictedsibration, discrete electron motion, and metal-molecule inter-
for sufficiently large bias voltages, leading to an averageaction can be extracted, which may potentially allow appli-
current proportional to the self-oscillation frequedcjwo  cations in displacement detection and chemical/biosensing.
factors neglected in the original proposal may complicate th@he purpose of this paper is thus to present a theoretical
analysis and prevent the observation of the shuttle effect imnalysis of such nanomechanical double-barrier tunneling
molecular-assembled single-electron devit€s) At small  junctions using realistic atomic-scale models.
oscillation amplitude, the cluster displacement modulates the

metal-molecule bond length/strength rather than the mol- MASTER-EQUATION APPROACH
ecule core. The exponential dependence of the tunneling re- TO SINGLE-ELECTRON TUNNELING
sistance on the displacement of the metal island may not THROUGH MOLECULAR-ASSEMBLED
hold.” (2) At large oscillation amplitude, the internal struc- METALLIC NANOPARTICLES

ture of the linker molecule may be distorted due to the forces We consider periodic vibrati f the ti ith the tio-
induced by the change in metal-molecule bond, the net . _periodic vibra |on_o € up, wi e up
charges on the cluster, and the applied electrical field. Thganopartlcle distance be|_ng<(t)_—do_+d1 cos 2t The
shuttle mechanism of electron transfer has also been used {gUPed molecuIe-ngnopartlc]e-V|pr§t|ng tip system is de-
interpret recent experiment on a g{C single-electron scribed by the following Hamiltonian:

transisto® but alternative explanatiots also exist. Re- H=Hg+ Hy+ H, + Vogt Hyp+ Hy+ He, (1)
cently it has been suggested that measurement of shot noise s T

spectrum® and full counting statistiéd may help in elucidat- whereH,==,€al,a («=S,T) andH,=3, ¢/ ¢, describe
ing the mechanism involved. the noninteracting electrons in the substri@g tip (T) elec-
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dPp(t) - N
¥ gt = PO (A ) + P a (0T (A 1,0
T / Cr Rr = PO (A1, 1) + T (A 1)] (2)
W #=Co whereP,, is the probability of findingn excess electrons on

the nanoparticle anfi*”=T¢~+I'7”. The rate for transi-
tion m—mz=1 due to electron tunneling through the sub-

strate (tip) junction, 1“;(;)) is obtained from the electron

T v transmission coefficient of the corresponding junctions using
@ T & T rg(T)(w,t):E JAETgm(E,V;Ofgn(E)[1-f(E-w)]  and
l“gm(w,t):HdeTsm(E,V;t)[l—fS(T)(E)]f,(E—W),21 where

FIG. 1. (Color On“.ne @ SCh?mat!C llustration of .the nanome- w=Ap, or Ay_;. The transmission coefficientsr, can be
chanical double-barrier tunnel junctions formed using a vibrating

platinum tip and a gold metallic nanoparticle connected to the golod_etermlned from the standard nonequilibrium Green's func-

6
substrate through an alkane dithiol molecular bridge with 12 alkand!O" the;?rz)g as developed for molecular tunnel
units (AK12). The platinum tip is modeled as a 4-atom pyramid Junctions=<“Here the time dependence in the tunneling rate

sitting on top of the semi-infinite substraté) The equivalent cir- I is introduced through the time-dependent tunneling rate
cuit model of the system. Note that the substrate junction capaciacross the tip junctiod’ ?H due to the tip vibratiorx(t).
tance(Cg) and resistancéRg) are fixed, while the tip junction ca- Since the tunneling time for electron tunneling across the tip
pacitanceCy) and resistancéRy) are time dependent due to the tip junction is much smaller than the tip vibration period, the
vibration. The tip-substrate capacitari) is also time dependent. time dependence ifi; indicates that we calculate the trans-
mission coefficient using the tunneling Hamiltonin (t) at

trodes, and on the central islagi, respectively. We model the instantaneous tip positiott). o

both the electrodes and the nanoparticle as infinite electron The tunneling current across the tip junction and the av-
reservoirs with electrochemical potentja), a=S,T,I. The  €rage excess Telectron number+on the na_nopartlcle atttime
indicesk andl enumerate the electron states of the electrode@’® given byl"(t)=eZPr(t)[I7(Am, ) =T'7(Anp-1,)] and
and the nanoparticle. We describe the linker molecule usin§()=ZmmPy(t), respectively. The displacement current
an effective single-particle Hamiltoniakl,,=2€ebl by,  flowing through the vibrating tip is due to time variation of
The electrostatic part of the energy \&dqs,qr)=0¢?/2Cy ~ System  charges and is fixed by electrostatic
+QgVstarVy, Cy=Cs+Cr, whereCgqr) andqgqr are the ca- consideration$®23

P— Cs Rs

pacitance and charge of the substratip) junction , . dgr

respectivel¥® The voltage drop across the substrétip) 1255(t) :C0V+d— = lcap(t) + Icg(t)

junction is determined from the tip-substrate bias voltsge t

by Vs1=(Cr(g/Cs)V. The net charge on the central island is _d CCt d C
q=0s—gr=—e(n+n,), whereen, is the background charge T dt Cot Cs+Cy v+ dt\ Co+ CT[n(t)+nX] :
and en is the quantized island charge. Unlike the conven- 3)

tional single-electron devices where the background charge

is typically induced by charged impurities embedded in thewhere C, is the capacitance between the tip and the sub-

insulating layer, here an intrinsic background changean  strate. The first ternhc,, is the displacement current induced

be induced by the charge transfer between the molecule angl; the direct capacitive coupling between the tip and the

the central island during the formation of the substratesubstrate and the series capacitance of the double-barrier

junction?! and can be obtained from microscopic molecularjunction. The second terig; gives the “Coulomb blockade”

junction calculationg? component of displacement current due to the time variation
The transfer of single-electrons is mediated by tunnelingf the excess electrons on the nanoparticle. The electrostatic

through  the  molecular (substratg junction Hr_  force on the oscillating tip can also be divided into the ca-

=S (timPidks* timn bhcie7?s+H.c.), and the tip junction pacitive forceFc,, and the discrete-electron forde-g as

HTT(t)=E|k[t,|;kT(x(t))ach“e‘i‘f’H H.c], where we have follows:

shown explicitly the time dependence of the tip-nanoparticle 1dC, 1d(qrVy)

coupling through the tip position(t). The phase operator Fip =~ —O\p2_Z GV _ Fcapt Fcs

¢gT), canonically conjugate to the charggr on the sub- 2 dx 2 dx

strate (tip) junction, keeps track of the quantized electron _1d Cs\? , ed|C{LCr

tunneling  since [¢g),dgnl=ie and €?*snggne?sm =T odx CO+CT<C_2> Todx| 2 (n+ny V.
=ggn—e.2?4The electrostatic energy change after tunneling > @

of an electron through the substratiégp) junction is thus
Ap=€?snV e -V, ~eVgn+(q-€)?/2Cs ~0?/2Cs.2%%  Since our main interests here are in electron transport and

We describe single-electron transport using the mastecharging-induced forces, we neglect nonvoltage-dependent
equationt1825 forces like the long-range van der Waals force. Since we
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consider transport within the Coulomb blockade regime, the T=5(k) Static Tip ;550
tip remains weakly coupled to the nanoparticle during the 400}05 < s
entire cycle of vibration, and we neglect also the short-range z 0 § 40 o//
contact force that may arise from the tip-nanoparticle bond- Junction Resistance ‘= 200 '0'5-0.200.2,s 200 °'5020025
ing. Both type of forces would have been important if we ., g 0 - s
want to study the detailed oscillation dynamics of the Tip Junction 3
cantilever'® 515 S=200)) 200, -
]
DEVICE MODEL g 10 p

We apply the theory to single-electron tunneling through a§ 5 £ !
10(nm)-diameter gold nanoparticle connected to the gold @ " %0
(111) substrate through an alkane dithiol molecule with 12 & AKAZ 5
alkane unityAK12) and probed using a vibrating platinum =~ -5 §‘1
tip. Electron transport through gold-dithiol molecule-gold Eo|.
junctions have been recently studied in detail using a first- '100 10 20 2 02 0 02 02 0 02
principles self-consistent matrix Green’s function the@ry, (a) Length(Angstrom)  (b)  Voltage (V) Voltage (V)

from which we obtain the intrinsic background charge
induced by the charge transfer from the molecule to the FIG. 2. (Color onling (a) The molecular junction and tip junc-
nanoparticle and the transmission coefficient for electroriion resistance as a function of the junction length. The tip junction
tunneling through the metal-molecule-nanoparticle junctionresistance increases exponentially with tip-nanoparticle distance as
To summarize, the gold electrodes are modeled as semthe tip remains weakly coupled to the nanoparticle during the tip
infinite (111) single crystals. Six nearest-neighbor gold atomsvibration cycle.(b) The static current-voltagé-V) and excess is-
on each metal surfacgwelve gold atoms overallare in-  land charge-voltagén-V) characteristics of the double-barrier tun-
cluded into the “extended molecule” where the self-neljunctions for a 10-nm-diameter nanoparticle at tip-nanoparticle
consistent calculation is performed. The rest of the electrodedistance of 3.0 A(dotted ling, 6.0 A (solid line), and 9.0 A
(with the six atoms on each surface remoyvack considered (dashed lingfor temperatures of =5,150 K, respectively. The in-
as infinite electron reservoirs, whose effects are included aget shows the magnified view ¢fV characteristics at 6.0 A and
self-energy operators. The calculation is performed using th8-0 A. Note that ax=6.0 A, we already hav&> R, so then-V
Becke-Perdew-Wang parametrization of density-functiontharaCte”SI'CS remains approximately the samexamcreases
theory’ and appropriate pseudopotentials with correspondUrther.
ing optimized Gaussian basis sétd/Ve find that the resis-
tance of the AK12 molecular junction Rs=300 MQ, and  of dy=6.0 A. The device functions as a nanomechanical
the background charge ig~-0.45%8 single-electron turnstile, which can be understood by exam-
Since the tip geometry in STM/AFM is often not well ining the static(tip not moving excess island electron-
characterized, we model the Pt tip as a 4-atom Pt pyramistoltage(n-V) characteristics at different tip-nanoparticle dis-
sitting on top of the(111) Pt substrate. The tunneling matrix tancesx [Fig. 2(b)]. We find that the trend of the charging
elements are obtained using the semi-empirical extendestate on the nanoparticle is reversed as the tip-nanopaxticle
huckel theor$® (EHT) and considering coupling between the increases from 3.0 A to 9.0 A. This is becauseaB.0 A,
Pt pyramid and six neighbor gold atoms on the surface of théhe tip junction resistance is much smaller than the substrate
gold nanoparticle, with the apex Pt atom sitting in front of junction resistance, while a=9.0 A the tip junction resis-
the center of the six gold atoms arranged following ¢h&l)  tance becomes much larger than the substrate junction resis-
gold surface geometiifig. 1(a)]. The calculated tip junction tance [Fig. 2&)]. As the tip starts vibrating ak=dy+d;
resistanceR; as a function of the tip apex-nanoparticle dis- =9.0 A, the nanoparticle will be charged by discrete-electron
tance is shown in Fig. (3), which increases exponentially tunneling across the substrate junction if the bias voltage is
with the tip-nanoparticle distance once it falls within the large enough to overcome the charging energy. As the tip
weak-coupling regime. For capacitance modeling, suchmoves close to the nanoparticlexatd,—d;=3.0 A, the tip
atomic-scale model is not needed. The tip is instead replacdtnction becomes sufficiently conductivBr<Rg) allowing
by a 1.um-radius sphere, which takes into account approxithe stored excess charge on the nanoparticle to be transferred
mately the tip curvature effect and is common in AFM onto the tip. A discrete number of electrons is thus being
researci®3°Here both the substrate and tip junction capaci-shuttled across the system per tip vibrating cycle. Note that
tance are obtained from classical electrostatics of conductinthe n-V characteristics ax=d,=6.0 A is similar to that at
sphere sitting in front of the conducting substréteyhich  x=9.0 A becauseR; is already much larger thaRg at x
gives the substrate junction capacitance of 0.9 aF, the tig6.0 A, which is also the case during most part of the tip
junction capacitance of 0.97 aF, and tip-substrate capacisibration cycle.
tance of 0.34 fF at tip-nanoparticle distanke9.0 A, re- We solve the rate equatidiEg. (2)] numerically$! from
spectively. which we obtain the time-dependent tunneling current, the
displacement current, and the electrostatic force on the Pt tip.
RESULTS AND THEIR INTERPRETATION We calculate the probabilit?,(m) that m electrons have
We assume the tip vibration being described by oscillatiorbeen transferred during one cycle of tip vibration from
amplitude ofd; =3.0 A and average tip-nanoparticle distanceP,(m)==,P;i(k)P(k-m|k,to+1/f) (f is the vibrating
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FIG. 3. () The time-averaged tunnelintyV characteristics FIG. 4. Upper figures show the average number of shuttled elec-

(solid line) and the instantaneous tunnelihy characteristics & ron per cycle of tip vibration, middle figures show the average
=3.0 A (dotted ling at three tip vibrating frequencies of  gisplacement current, and lower figures show the average electro-
=1,10,100 MHz. Theunnel currents are virtually independent of giatic force on the metallic tip as a function of tip-substrate bias
the tip vibrating frequencyb) The time-averaged-V characteris-  \oltage at tip vibrating frequencies df=1,10,100 MHz. In the

tics (solid line), the instantaneous-V characteristics ak=3.0 A middle figures, we have shown both the capacitive (sotid line)
(dotted ling andx=9.0 A (dashed ling respectively. The instanta- and “Coulomb blockade” pattiotted ling of the displacement cur-
neous values are the values obtained at the moments when the {ignt. The capacitive part increases linearly with voltage and tip
moves tox=3.0 A or 9.0 A vibrating frequency. But the Coulomb blockade part oscillates with
increasing voltage. In the lower figures, we have shown both the
capacitive parEcqp (solid ling) and discrete-electron pafg (dot-

ted line of the electrostatic force on the tip. Note that the stepwise
increase in the shuttled electrons in the upper figures correlates with
the steplike increase in discrete-electron fofggs in the lower
figures.

frequency,* whereP;(k) is the possibility of findingk elec-
trons on the nanoparticle at tinig P(k—m|k,ty+1/f) is the
conditional probability of findingk—m electrons on the
nanoparticle after one cycle of tip oscillation if there &re
electrons at initial time, which is obtained by solving the
rate equation(2) with the initial condition P(k,ty)=1,
P(i,tg)=0, i #k* The average number of electrons being The n-V characteristics show stronger tip-frequency de-
shuttled across the systemrig,ye==mmPa(m). pendence than the tunneligV characteristics. The instan-
The averagdtime average over one cycle of the tip vi- taneous-V characteristics at=3.0 A changes little with tip
bration tunneling current-voltagél-V) flowing across the frequency. They are also similar to the stati/ character-
tip junction and excess island electron-voltdgeV) charac- istics in Fig. 2b). This is because at=3 A, tip junction
teristics of the vibrating double-barrier junctions at tempera+esistance is small. The correspondiR§ charging time is
ture of 5 K are shown in Fig. 3 for three tip vibrating fre- much smaller than the tip vibrating period; the instantaneous
quenciesf=1, 10, 100 MHz. For comparison, we have alsocharging state on the nanoparticle is thus not affected by the
shown the instantaneous tunnelingy characteristics when tip vibration. As the tip moves away from the nanopatrticle,
the tip is closest to the nanopartidke=3.0 A) in Fig. 3a), Rr increases rapidly leading to larg&C charging time.
the instantaneous-V characteristics at two different tip- Therefore charge imbalance on the nanoparticle can be af-
nanoparticle distances &&=3.0, and 9.0 A in Fig. ®). The  fected at large tip-nanoparticle distance as the tip vibrating
instantaneous values aE3.0 A, 9.0 A are the values ob- frequency increases, which is seen clearly from the instanta-
tained at the moment when the tip movext3.0 A, 9.0 A,  neousn-V characteristics at the largest tip-nanoparticle dis-
respectively. Since the instantaneous tunneling current of theance x=9.0 A. The time-averaged-V characteristics ap-
vibrating double-barrier junction decreases rapidly as the tiproximates well the average between the instantanaevs
moves away from the nanoparticle, and the tip velocity ap-characteristics at=3.0 A and 9.0 A.
proaches zero as tip moves closer to the nanoparticle, the Figure 4 shows the number of electrong,,ge being
average tunnelingrV characteristics is similar in both mag- shuttled across the system per cycle of tip vibration, the dis-
nitude and voltage dependence to the instantaneous tunneliptacement current, and the electrostatic force on the tip av-
I-V characteristics ak=3.0 A at all three tip frequencies. eraged over one cycle of tip vibration at tip vibrating fre-
Note that the tunneling currents shown here are virtually inquencies of =1,10,100MHz, respectively. Note thatgp e
dependent of the tip vibrating frequency, since the time itdecreases with increasing tip frequency due to reduced effi-
takes for electron to tunnel across the tip junction is theciency of charge transfer from the central island to the tip.
smallest of all time scales involved here and can be considFhe capacitive part of the displacement currigqpincreases
ered as instantaneous compared to the tip vibration. linearly with the tip-substrate bias voltagsolid line), but
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the “Coulomb blockade” part of the displacement curiegt  like the displacement current, the magnitude of the discrete-
oscillates with the bias voltage, sineci/dt changes sign electron force depends only weakly on the tip frequency
during one cycle of the tip vibration. The peak and dip po-through the frequency dependencengf e

sitions inlqg correlate closely with the stepwise change in  To conclude, we have presented a microscopic theory of
the shuttled electrons with respect to the bias voltage. Thenechanical modulation of single-electron tunneling through
magnitude oflc,, increases linearly with increasing tip vi- a molecular-assembled metal nanoparticle induced by a vi-

bration frequency, but the increase in magnitude-gfis less

regular. We have also shown the time-averaged capacitivierest

force Fcqp and the discrete-electron fordécg on the tip
separately in Fig. 4. Note thdc,, is quadratic voltage-

dependent and is attractive. In contrast, the discrete-electron

force Fcgis repulsive. The magnitude &fz shows stepwise

brating nanoprobe. The effects discussed here may be of in-
for applications in nanomechanical chemical/
biosensors.
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