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Temperature dependence of electron transport through a quantum shuttle
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We analyze electron transport through a quantum shuttle with an applied voltage below the instability
threshold. In this, we determine the current-voltage characteristics of the system and show that at low tem-
peratures they exhibit pronounced steps. The temperature dependence of the current is calculated in the range
from 2 K to 300 K and it isseen to demonstrate a wide variety of behaviors—frofn décreasing to an
exponential growth—depending on how deep the shuttle is in the quantum regime. Our results are compared
to experimental data on electron transport through long molecules.
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Recent achievements in nanotechnology facilitate the detransport through the shuttle when the applied voltage is suf-
velopment of a new generation of nanodevices incorporatindjcient to produce a real phonon absorbed by the shuttle sys-
mechanical degrees of freedom, nanoelectromechanical sytsm. With further increase in voltage, the oscillator becomes
tems(NEMS).1~3 In this, one of the most promising device anharmonic and new nonlinear effects prevent the increase in
structures is a single-electron Sh[ﬁgtkaarrying an electron infinite current. However, the examination of this situation is
flow between two contacts. Even classical aspects of thi§eyond the scope of the present paper and will be performed
model were shown to be important for a description of elecelsewhere.
tron transport through a nanomechanical belhd a G, We show that the behavior of the temperature dependence
single-molecule transist8rTheoretical analysis of such a Of the current through the system is strongly dependent on
system in the classical framework was done in Refs. 7—-9the quantum parameter
However, many properties of NEMS can only be understood
on a fully quantum-mechanical basis. The quantum regime is h
reached for a shuttléwith massm and characteristic fre- VO:W'
guency wgy) when the amplitude of zero-point mechanical
fluctuations, Ax,,= Ji/2mw,, is of the order of a tunneling which describes the level of zero-point mechanical fluctua-
length \ [involved in dependence of the tunnel matrix ele-tions relative to the tunneling length. In particular, we dem-
ments on the distance between the shuttle and the leads, onstrate that systems with relatively small zero-point me-
Tra(X) =TrXp&/N,), a=L,R;AN,=—N,Ag=\]. The ef- chanical fluctuations f;=<0.1) exhibit weak temperature
fects of quantization of the mechanical motion were examdependence of the current-voltage characterisit{s,T),
ined in Refs. 10—12, and the occurrence of shuttle instabilityvhereas for the quantum shuttle witg= 0.4 we obtain the
was predicted in Refs. 13,14 for the zero-temperature casecurrent as an exponential function of temperature. It should

In the present paper we examine electron transporbe emphasized that the model of the quantum shuttle can be
through the shuttle system at low applied bias voltdggow  important in the theoretical explanation of some aspects of
the instability threshold with emphasis on the temperature electron transport through single molecules and self-
effects. To accomplish this, we perform a theoretical analysisssembled monolayet3An organic molecule is coupled to
encompassing both the mechanical motion and electrokeads with elastic link€ and may oscillate as a whole. These
transport using a model of the quantum shuttle with a singleescillations are reflected in the temperature dependence of
electron level(strong Coulomb blockade regimeThis ap-  the current-voltage characteristics of the systért.should
proximation is valid, in particular, for thegshuttle system, be noted that experimental current-voltage characterizations
when the charging energy exceeds 270 meWich is much  of organic monolayers demonstrate a wide variety of tem-
larger than all other energetic parameters involved. We showerature behaviors—from a weak temperature dependence
that at low temperature the current-voltage characteristics exer molecules C8, C12, and C16, sandwiched between Au
hibit pronounced steps. The first step takes place when theontacts'® to an exponential temperature dependence of con-
applied voltage just compensates the initial separation beductance and current that has been observed by Stewart
tween the single-electron energy level in the shuttle and thet al® in experiments with a Langmuir-Blodget monolayer
equilibrium chemical potential in the leads. The second stepf eicosanoic acidC20) connected to Pt electrodes. The lat-
occurs when the applied voltage facilitates electron tunnelinger results have not yet been explained with well-known
from the left lead to the shuttle with the absorption of amechanisms of molecular transpédirect tunneling or elec-
virtual quantum of mechanical motioffphonon”) by the  tron hopping because no temperature dependence is ex-
electron, with subsequent emission of this phonon duringected in the case of direct tunneling, whereas for the hop-
electron tunneling from the shuttle to the right lead. More-ping mechanism temperature behavior of the current and
over, we demonstrate that there is instability of electronconductance should be described by the activation depen-
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dence. We suggest that mechanical molecular motion may be

. . icka: Ekacka_Tkaan/)\a!
the reason for such an exponential dependence. The differ-

ence in measured temperature dependencies may be attrib- ) 1 . . N

uted to the difference in connections of the molecules to X+ wox=k2 i (TkaCra@+ Tica Cha)€ e (2)
electrodes and, correspondingly, to the different parameters ¢ “

v, for these systems. It should be noted that we take into account nonlinearity

To examine electron transport through the quantunﬁssociated with the nonlinear eXponentiaI dependence Of the
shuttle, we start from a Hamiltonian having the forh ( tunneling elements on the distance between the shuttle and
=1,kg=1) the leads.

The electric current through the shuttle is definedl as
2 me2x? =|_=—Ig, Where
po P 9% Eqa*a+ >, ExaCy\Cra : R
2m 2 Ko d
la:ea z <C|:racka>: _Iez Tza<a+eX/}\acka>+H'C'
K K
=2 (TkaCra@+ Tipa" Co) @ (D) 3)
K

With the expression for the electron operator in the lead de-

Herec,,/c,, are creation/annihilation operators of electrons,jyed from Eq.(2) as

in the « lead, a*/a are creation/annihilation operators of
electrons in the shuttle, and is the voltage applied to the (© . LB (t—

. ! . . . = ka(t t1) X(t )/)‘a/
leads?® The equations of motion, derived from the Hamil- Ckalt) =Cia (1) +iTky | dls€ va(ty)e™
tonian, (1), are given by

ia= an_z T2 Cg€e where f(t—t,) is the unit step function, we obtain the elec-
ka ¢ tric current as

lo=—e2 |Tka|2f dtsf o (Exa)e Frelt gt —ty)([a’ () eWwa(ty) e W], )

+e, |Tka|2f dtye” kel g(t—ty)(a” (D a(ty) )(eXV/re,eXa) + H.c. (5
k

To derive this expression, we have employed the formula

. . 5(a+(t)ex(t)/)\a)
(a* ()eOMacO(t))= f dty(cf? <u>c&?<t)><m

=—iTke f dty(cfQ* (t) () ot —ty)([a* (eX O a(ty) e WAa] )

= —iTkaf dt,f (Exp)e Eral" gt —t)([a™ (1) e, a(t,) et/ ra] ), (6)

which can be understood from the fact that the productorrespondings matrix. The shuttle electron correlators are
a*(t)eXV"*« is an operator functional of unperturbed opera-approximately — given by (a*(t)a(t;))=NeFot~t)

tors of the leads{)(t),c{V* (t). These operators describe a (a(t;)a’(t))=(1—N)e'Fo"1) with N=(a"a) being the
free electron gas in the leads with the correlation functiorsteady-state electron population of the shuttle, which can be
95 (t,t) =i (O (1) (1)) =if ,(E,)e 'Exat 1) where  determined from the conditiohz+ I, =0. Using previously
f(E)=f(E— u,)={exd (E—u,)/T]+1} ! is the Fermi dis- derived formulagsee Ref. 17, Append)xn the wide-band
tribution. In order to eliminate the unperturbed operators, wdimit we obtain the expression for the current as

have to pair the operatar’)(t) of the lefthand side of Eq. b 4
(6) with the operatoc{?)(t,) involved in the functional and I =eel, > 3 J.(vo)l(r)
m=—o |=—w

multiply this product by the functional derivative. This de-
rivative can be calculated as the anticommutator of the op-
eratora’ (t)eX""*« with the operatora(t,)e*("W*« conju-

gated to c(O)*(t;) in the Hamiltonian (1) and in the —(1=N)f (Eg+ Mg+l wg)}. 7

X{N[l_fa(Eo_m(l)O_l(x)o)]
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Here, J,(vo) and I|(v.) are the ordinary and modified
Bessel functions of ordem and |, respectively, I,
=273 | Tial?0(0— Eyo), andv=(x?)/\? is the dispersion

of mechanical oscillations of the nonequilibrium case rela-
tive to A2, In the following, we assume symmetric coupling
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Alw)=2, % Im(vo) (o) X{N[2— f o(Eq— Mwo—l wyg

—w)—fa(EO—mwo—lwo-i- w)]+(1—N)[fa(EO

between the shuttle and the leafls,=I'g=1". The steady-

+Mogtlwgt o)+ (Eg+mMog+lewg—w)]},

state value of the electron population in the shuttle is deter-

mined by the relation

N=C/D, (8)
with
c=% Im(vo) (v [ FL(Eg+ Mawg+ | wp)
+ fR(E0+ m(l)0+ | (1)0)]
and

D=% Im(vo) 11 (v)[2— FL(Eg— Mwo—l wg)

+ f|_(E0+ mw0+|w0)—fR(E0— mwo_lwo)

+fR(E0+mw0+|w0)] (9)

B(w)=2, % In( ) (P {N[ f o Eg— Mwo—l wo— o)

—fa(EO—mwO—lwo-}— (,L))]
+(1_ N)[fa(E0+ mﬂ)o"l'l(l)o_ (1))

The relative level of mechanical fluctuations,, can be
found self-consistently from the equation

~ Alwo)
Ve~ Vo B(wg)

supplemented by the E) for the steady-state shuttle elec-
tron populationN.

We have solved a self-consistent set of equations, @Bys.
and(15), and substituted the obtained valuedNadind v into
Eq. (7) for electric current. The resulting current-voltage

(15

For the case of relatively small zero-point mechanical fluccharacteristics are shown in Fig. 1 for various temperatures,

tuations,yg<<1,3|l,(v.)=e"c, we obtain simple formulas for

the shuttle populatiol and for the current as

_ fL(E0+|w0)+fR(E0+|wO)
N=e Z L(ve) 5 :

fR(E0+ | (,Uo)_ fL(E0+ | (,!)0)
5 .
(10)
It should be noted that the effective temperature ofdlased

|=|L=erchZ (o)

with energy separatioBy— u=0.2w,, wo/27=1 THz, and
with quantum parameters,= 0.7 [Fig. 1(@] and »,=0.07
[Fig. 1(b)]. It is evident from these figures that there are
pronounced steps in the low-temperature current-voltage
characteristics at the bias voltagése V/I2=E,— u and (ii)
eVI2=wy—Ey+ u. The first step occurs when the chemical
potential of the left lead passes through the energy level of
the shuttle, while the second one corresponds to the passing
of the chemical potential of the right lead through the virtual
level having energ¥Eq,— wg. In the latter case, tunneling of
an electron of the left lead having enery— wq to the

nanomechanical system, which is determined by the dispeghuttie level with energf, is accompanied by the absorp-

sion of mechanical fluctuation&?), can be different from

tion of virtual quantum of mechanical motigphonon), with

the equilibrium temperatur&,'’ so one cannot neglect non- further tunneling of this electron to the state of the right lead

linearities caused by. even whenyy<<1.

having energyE,— wy accompanied by the emission of this

To calculate the relative dispersion of mechanical fluctuaphonon. This second step is much more pronounced for the
tions, ,,C=<§(2>/)\2, Eq. (2) for the shuttle position can be case of largerw,. When the chemical potential of the left

rewritten in the form of a quantum Langevin equation

X+ yx+ wix=¢, (12)
with a damping rate
y=rppl'e"B(wq) (12
and a fluctuation source
£=>, (TE /my){a e e, cO +H.c., (13)
ka
which is characterized by the spectrunkK(w)

=ypge’l (hwg/M)A(wy). Here, we have introduced(w)

lead passes through the virtual level with enelgy v, (at
the voltagee VI2= wy+Eg— 1), an electron tunneling from
the left lead to the shuttle can be accompanied by the absorp-
tion of a real phonon by the shuttle, and the system becomes
unstable. To illustrate this, we present, in the inset of Fig.
1(a), the current-voltage characteristig®garithmic scalg
for various values ofE,— . It should be noted that the
condition for this instability is identical to that found in Ref.
14. Finally, one can see in Fig. () that the current-voltage
characteristics become smoother and the steps disappear with
increasing temperature.

The temperature dependence of the current through the
quantum shuttle system is of special interest. It is exhibited
in Fig. 2 (logarithmic scalg for Eq—u=0.20,, eV

and B(w) as the following dimensionless combinations of =0.4wy, wg/2m=1 THz, with various values of quantum

Fermi distribution functions:

parameten. It is evident from this figure that an initial T/
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eV/ FIG. 2. Temperature dependence of electric current through the
Do shuttle for various values of the quantum parameter
12 single-electron state in the vibrating molecule leads to an
“7 f additional factor IT in the formulas for current and conduc-
= tance(caused by the temperature dependencies of the distri-
(b) bution functions of electrons in the leadsThis factor
E smooths the exponentidl dependence in the case of small
g vo. Indeed, for high temperature¥$% |E— u,|) we find that
4 ve=vo(2T/h wy), so that the current, EQ7), is described by
= the formula
& === T=0.060,
=]
g e | = el exp( 4T vy /o) 16
5 —T=0.020, =el exp(4Tvg w0)4T’ (16)
(8]
wherein the temperature dependence involves not only the
exponene?*T"0/"«o (as for the tunnel junction coupled to the
T 15 20 25  mechanical oscillatdf?} but also involves the factor T/
The competition between these two factors depends crucially
eViw, on the value of the relative level of zero-point mechanical

o fluctuations vy. At small vy the factor 1T dominates,

FIG. 1. Current-voltage cha!racterlstlcs of a quantum shuttle sysynereas at larger, the current-temperature curve demon-
tem atEq— u=0.2w, and at various temperaturds) for the quan-  grates a very pronounced exponential temperature depen-
Inset, Imatabilty of iectron ransport a higher voltages for variousCSCE: HoWevetvy depends on the inverse tunneling length

o . squared, and even small variations in it can bring about a
separations of the electron energy level in the shuttle from the equi- - . . .
librium chemical potential of the leads. completely different bghawor. Accordingly, _the e>_<per|mental

data of Refs. 18,19 might correspond to slight differences in
connections between molecules and leads leading to very
decrease of current as temperature increases is supplanteddijferent temperature dependencies of the electron currents.
a strong exponential growth for larger valuesigf Such an It should be noted that the results of experim&hesn also
exponential temperature dependence of current-voltage chave explained by direct electron tunneling.
acteristics was also predicted previously for a model of a In conclusion, we have analyzed electron transport
simple tunnel junction having matrix elements modulated bythrough a quantum shuttle having a single-electron energy
vibrational motiont”?! In this model? the position of the level. We have shown that at low temperatures there are pro-
oscillator directly affects the probability of electron tunnel- nounced steps in the current-voltage characteristics corre-
ing between leads, with integration over the distributionsponding to direct tunneling through the shuttle and to tun-
functions of the electrons in the leads subsumed in state demeling accompanied by the absorption and subsequent
sities that are independent of temperature. Correspondinglgmission of virtual quanta of mechanical motigzhonon$
the exponential temperature dependence, originating in fludy the electron. We also found that when the applied voltage
tuations of the oscillator displacement, occurs for all levelsfacilitates the emission of a real phonon during electron tun-
of zero-point mechanical fluctuations and, in particular, forneling from the left lead to the shuttle, instability of electron
vo<<1l. The present study reveals that the inclusion of aconduction occurs. The temperature dependence of the cur-
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rent has been determined in the rangenra K to 300 K.  a strong exponential growtfat largevy). Such a variety of
Mechanical motion of the shuttle leads to an exponentiatemperature dependencies was previously demonstrated in
temperature dependence while the temperature dependeréperiments on electron transport through long
of the electron distribution function in the leads introduces anolecules.™
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