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Vibrational sidebands and dissipative tunneling in molecular transistors
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Transport through molecular devices with strong coupling to a single vibrational mode is considered in the
case where the vibration is damped by coupling to the environment. We focus on the weak tunneling limit, for
which a rate equation approach is valid. The role of the environment can be characterized by a frictional
damping termS(w) and a corresponding frequency shift. We consider a molecule that is attached to a sub-
strate, leading to a frequency-dependent frictional damping of the single oscillator mode of the molecule, and
compare it to a reference model with frequency-independent damping featuring a constant quality.f&otor
large values of), the transport is governed by tunneling between displaced oscillator states, giving rise to the
well-known series of the Frank-Condon steps, while at s@athere is a crossover to the classical regime with
an energy gap given by the classical displacement energy. Using realistic values for the elastic properties of the
substrate and the size of the molecule, we calculafecurves and find a qualitative agreement between our
theory and recent experiments og,Gingle-molecule devices.
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. INTRODUCTION very long**2However, for the experiments of Ref. 2, it was
suggested that the vibrational motion was associated with a
In the emerging field of single-molecule electronics therecenter of mass motion, which is coupled to the environment
is a large interest in transport through mesoscopic systentsore strongly as we discuss in this paper. A sketch of the
with strong electron-phonon coupling. There has been #hysical setup that we consider is shown in Fig. 1.
number of experiments in which transport through a single In this paper, we assume that the tunneling rate is much
molecule has been reporté‘(ﬁ One example is the series of smaller than the rate of relaxation to other degrees of free-
experiments by Parlet al,> where it was shown that the dom. Hence, the usual rate equation approach is applicable,
current through a single & molecule was strongly coupled and we can assume that the phonons relax between each
to a single vibrational mode. The single phonon mode wagunneling event according to a thermal boson distribution.
associated with the motion of the molecule in the confining¥Ve study a model of one single molecular orbital with strong
potential created by the van der Waals interaction with théCoulomb repulsion coupled to a dissipative environment.
electrodes. Later, similar devices with more complicatedThe dissipation is caused by coupling to phonon modes of
molecules were investigatéd,and they also showed excita- the electrodes as well as electromagnetic modes and it is
tion spectra which may be associated with emission of vibrarepresented by a bath of harmonic oscillators. The descrip-
tional quanta. tion is thus similar to the well-known theory of Coulomb
Theoretically, there has been a large amount of work on
the problem of tunneling through a single level with coupling
to phonon modes. In many experimental realizations the tun-
nel coupling to the leads is rather weak, and the transport is
dominated by the well-known Coulomb blockade effect. In
this regime, where the transport is sequential, the use of a

rate equation approach is appropriate rather than a coherent
scattering approach. Motivated by the above mentioned
single-molecule experiments, the rate equation approach has — =

been used in a number of recent papgersSome of these
studies dealt with the issue of nonequilibrium phonon states,

and the possibility of having negative differential conduc- FIG. 1. lllustration of the system considered in this paper. The

tgnce in S.UCh molecular ;ysteﬁ%Physmally, Itis an essen- molecule is attached to substrates, e.g., by van der Waals interac-
tial question how the excited vibrational levels are allowed to,

| ith h h i h . f tions, and the movement in this potential is modeled by springs with
relax, either through coupling to the environment, for ex'spring constantky, ; and ky ,. When an electron hops onto the

ample, the phonons or plasmons of the metal substrate, or Byqjecule, the force created by image charges or local electric fields
virtue of the tunneling electroriS. In the case where the causes a shift of the equilibrium position of the oscillator and con-

relaxation of the vibrational mode is faster than the tunnelingsequently emissions of quanta. The weights of the different final
rate one can assume an equilibrium phonon distribution.  states are given by the well-known Frank-Condon overlap factors.

The coupling between the vibrational mode and the enviThe main objective of this paper is to consider the influence of
ronment depends strongly on which vibrational mode is condamping of the molecular motion by emission of phonons into the
sidered. For intramolecular vibrations the lifetime can besubstrates.

Drain | Source
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blockade in an electromagnetic environm&ht® However, Il. MODEL HAMILTONIAN
there is a difference in how the coupling to the environment W id del of inal in-d ¢ i
appears. In the electromagnetic environment case, the tunnel- € consider a model of one singlé spin-degenerateé mo
ing of an electron results in a sudden displacement of th ecular level coup!ed to two Ieac(generah;atmn to more

position of the charge, while here the tunneling results in amolecular levels is straightforwardThe single level is

sudden appearance of a force on the oscillator. For this reéf—olJpIeOI to the vibrational mode of the molecule through the

son, we go through the derivations in some detail and deriv harge on the dot. The coupling between the oscillator and

. e environment is included as a linear coupling to a bath of
a general formula for the-V curves. This general result does . . : . .

: harmonic oscillators in the spirit of the theory by Caldeira
not depend on the nature of the environment but we the%nd Leqaett’ The model Hamiltonian then reads
specialize to two cases. We consider a molecule attached toa ggett.
substrate, using a continuum model for the substrate, and  H—H .+ Hy+Hg+Hpg+Hparit Hepart Hrs (3
compare our result to a reference model featuring frequency-
independent damping and quality factor. Th¥ curves, as a with

function of the elastic parameters of the substrate and the

size of the molecule, feature quite different line shapes as Her= 2 gkaclu—,acku’,al (43
compared to the assumption of constant friction. ko, ‘a=L,R
To get a simple estimate of the importance of the coupling
to the substrate, consider a model where the molecule posi- _ +
tion x is coupled to a one-dimensional substrate through a HD_E,,: €0dydoUng;Ng, , (4b)
spring with spring constard,, . For small substrate displace-
ments, force balance gives that p; 1 -
= 4 —
. 5 (au(z) L
— Ky X~

MX=UVgpP1p 9z z=0, ) HDB:)\XOZ df,dg, (4d)
where u(z) is the substrate displacemenmt;p is the one- Hoe S pj2 1 2 9 4
dimensional1D) mass density, and; is the sound velocity. bath™= 2 2_mj+ 5 Mj@iXj |, (4¢)

At a given frequencyw, the outgoing soundwaves are
u(z,w)=ae€?“'’s, wherea is a constant. Finding from Eq.
(1), we can insert it into the equation of motion farto HBbath:z BiXjXo, (4f)
obtain the quality factof) at the resonance frequeney: !
Wherecl“:ma, Cko,o @Nnd d!, d, are the creation and annihi-
5 lation operators for the leads and the dot, respectivglys
_ Mop1pVs®o pipvs M 2) the oscillator degree of freedonfix;} describes the set of
Q= kf,, T Mpwy Mg’ ( environment degrees of freedom amgland w; their respec-
tive masses and frequencies, is the on-site energy, and
is the Coulomb interaction on the molecule. The coupling
wherem, is the molecule mass witw3=ky/m,, andm  constants for the electron-oscillator interaction and the
=p1pvs/wg is the mass of a wavelength long piece of theoscillator-bath interaction are and{g;}, respectively. The
substrate. With realistic parameters for g, @olecule on a lead electron energies are given by
gold substrate, as was used in the experiments of Ref. 2, the
quality factor is between 1 and 10, and therefore we expect Eka™ €ka™ Ma> 5
the broadeni_ng to be subs_tantial. This furthermor(_a confirm%hereﬂa is the chemical potential of lead. Finally, the
the assumption that, for this type of molecular device, relax;ynnel Hamiltonian is
ation through the environment is much faster than through
tunneling. N .
The paper is organized as follows. The model Hamil- Hr=, 2 Rtka(cka,ad(r—"_do-ckrr,a)- (6)
tonian is defined in Sec. Il, and in Sec. Ill we derive an e
expression for the current from rate equations. The functiomhe tunneling amplitudes could in principle also depend on
that describes the tunneling density of states is then solved ithe oscillator position. In the experimental realizations in
the absence of the dissipative environment in Sec. IV an®Refs. 2—4, this is probably a small effect since the oscillator
with coupling to the environment in Sec. V. We discuss dif-length is of the order of a few pm whereas the tunneling
ferent models for the dissipative coupling in Sec. VI, wherematrix element changes on the scale of nm. For simplicity,
we also discuss the physical implications. Section VII con-we do not take any such nonlinear effects into account, but
tains examples df-V curves, and finally, a summary as well we note that a position dependence of the tunneling ampli-
as a comparison with the experiments of Ref. 2 can be fountldes, for example of the form exp{,/¢;), could easily be
in Sec. VIII. included in the present formalism.
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The force acting on the charged molecule, represented by \ — (B,
the termHpg, is caused by electric fields originating from {= 5 . = L (12)
either static impurity charges or image charges. Since this Mo[ w5+ S(0)] m; w;

force on the molecule is counteracted by a force on thesgnd the Hamiltonian then transforms into
charges and, hence, on the environment, we should in prin-
ciple also include the interaction between the environment ~ ~ ~
coordinates and the charge on the molecule. This would in H=H g+ Hp+Hg+ Hpant Hepart Hr, (12)
fact lead to a qualitatively different behavior since Ohmic,ynere

dissipation is cutoff at frequencies smaller than the inverse

size of the total system, i.e., the inverse range of the interac- _ . ,

tion between the charge on the molecule and the charges in ~ H= >, tkg,a(clo,ae'AdaJr dle ¢, ) (13
the environment. This interesting subtlety was pointed out in ko, a=L,

Ref. 18. However, since the van der Waals interaction bezng

tween the molecule and substrate is short ranged compared

to the electrostatic forces, we will consider the force acting ~ _ 1

on the molecule as an external quantity, which is thus not Ho=e0> dld,+Ungng, eo=&— M (14)
coupled to the dissipative environment. We do note, how- 7

ever, that including such a coupling would in fact lead to a,

zumr?/g d_}sr]c;or;lngrti)l/n aetn';g? dg?g'g?";g of s:fhzséipng]t tshcfem i honon mediated interaction. For a weak Coulomb interac-
: P ' €9, j on, this can result in a negative effectikd which was

suggest such a discontinuity, and we therefore specialize 9 scussed in Ref. 20
the case where the environment coordinates are unaf'fectedS T
by the charge on the molecule.

We now want to relate the coupling constants in the !l RATE EQUATIONS AND CURRENT FORMULA
boson-bath coupling to the finite damping of the vibrational e derive an expression for the current in the weak tun-
mode, which can be accomplished by studying the classica|gjing fimit using the usual kinetic equation approach. As
equations of motion. After removing the bath degrees Ofpentioned in Sec. I, the most important assumption here is
freedom, thereby neglecting the tetipg that will be re-  hat the tunneling rate is much smaller than all other time
moved by a unitray transformation below, we end up Withgcgjes which means that we can assume the vibrational de-
the following equation of motion in the frequency domain: rees of freedom and the Fermi seas in the two electrodes to
be in equilibrium at all times. For simplicity, we consider

Here,U=U—\¢ is the Coulomb repulsion modified by the

2
[0*—wo—S(w) Ixo(@) =0, @) only two charge states and thereforelkt o, which leaves
where we have defined us with only three states: empty, and occupied by either spin
up or down. The probabilities for the three states are denoted
1 ng? 1 Po., Py, andP, respectively. The rate equations are
S(w)zaz e ST 8
o 1 My (o+in) =] —2I'y T T Po
which is complex in general and gives rise to frictional I'e Ty O P, | =0, (15)
damping and a frequency shift of the bare frequengy In T 0 -r p
Sec. VI B, we will explicitly calculateS(w) for the case of a 10 ot !
molecule attached to a semi-infinite substrate. which, combined with the conditio®y+ P +P =1, has

We eliminate the coupling terilpg of Hamiltonian(4)  the solution
by a unitary transformation similar to the one used in the
independent boson mod¥l,at the cost of introducing dis- o1 I
placement operators in the tunneling term. However, since Pozm' PLZPT:m’ (16)
we are dealing with a somewhat more complicated system
due to the coupling to the bosonic bath, the unitary transforwhereT , is the tunneling rate for tunneling from the empty
mation in Ref. 19 has to be generalized. We define the transtate to a singly occupied state, afg, is the rate for the
formation reverse process. Since the electron can tunnel out of both left
and right leads, both rates have left and right contributions:
A=SHY, S=e ™4 A=pyl+> pit;, (9 [ =Fh~ +I‘iRJ-. The tunneling ratgs are calculated using Fer-
j mi’s golden rule, thereby treating, of Eq. (13) as the per-
turbation and assuming a thermal equilibrium distribution of
the lead electrons and the phonon bath. Following standard
derivations, we obtain

whereny=3,d!d, . Using that

;(0=X0—€nd, ;j:Xj_ejnd, (10)

it is a matter of simple algebra to show that the linear cou-

dw
pling termHpg cancels if we set FlO:F“J EF(w)n“(8°+w)’ (173
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do
glzrafEF(—w)[l—na(sﬁw)], (170

where we have defined the function

F(w)=j:dtei“’tl:(t), F(t)=(e"We 1Ay (18)

in addition to the Fermi distributions of the two leads,
n,(e)=(ef*"eVa)+ 1)1 and the bare ratesl,
=273 | tkal26(&0). The functionF has the properties

o

F(w)=F(—w)ef®, f g—:F(w)=1. (19

—o0

-2 -1 0 1 2 -2 -1 0 1 2
We can use Eq.19) to show that the rates in E¢L7) can be Vy/wo Vy/wo
written as o
FIG. 2. Upper panels: current-voltage characteristics for a de-
re=rn re=r2efso—evy) (20) vice without coupling to the environment for symmetri¢ g
1077 eflar 201710 ' =I'\) and asymmetric [x=0.04",) tunneling contacts. Lower
where we defined panels: contour plot of the differential conductance in the voltage-
q gate voltage plane, whemVy=¢g,. The curves have been calcu-
~ | Y@ lated using the analytic result E(®3), valid in the limit where the
o= f 2 Flo)ng(o+eo). (1) lifetime broadening of the oscillator is negligible. The temperature
is kT=0.1lw, for the thick lines and in the contour plots, while the
The current through the molecule is now given by thin lines are forkT=0.0250,. The bias is applied symmetrically
R L R L V|, =V/2=—Vg and in thel-V curves we take to be 0, 1.5, and
|=—e[2P rt (P, +P )F" _2erlor01_F01F10 2.5 timesw,. The current is measured in units f=el’ I'g(I".
= 0! 10 1+PITel= _F01+ 2T, +IR).
(22) 44
. . . (24) is equivalent to the independent boson modeind
Using Eq.(20), this can also be written as using the result from there we get
ZeFLFRﬁRﬁL(eB(SO_evL)— eB(SO_evR)) -
T nu(2+efeo- o) £ T Rp(2+ eFeoeWR) Fo(w)=27 > Pn(9)8(e—nwp), (26)
(23 o

where
IV. WITHOUT COUPLING TO THE ENVIRONMENT

We start by discussing the limit when the oscillator is not P, (g)=exd —g coth(b)]e"I “(Lb) , b= %,
coupled to the environment, which means that thermal sinh(b) 5
smearing dominates over dissipative broadening. However, (27)

we still assume that the coupling is stronger than the tunnednd| , is the modified Bessel function of the first kind. The
coupling so that the molecule equilibrates between each turfinite-temperature result involves both positive and negative
neling event. This section is thus equivalent to the results iﬂlajues ofn, Corresponding to the emission and absorption of
other rate equation calculations, but for completeness anghonons, respectively. At zero temperature, this reduces to

later comparison we write down this limiting case. having only positive values oh because of the factor
_ The phonon average is performed assuming thermal equgné»o”2, and hence only emission processes are possible. In
librium, and we have the limit T—0, we thus have a series of emission peaks at
— /aiPo(®) € a—ipg(0)¢ w=nw, for positive n and with weights given by the Pois-
Fo(t)=(ePoMie P, son distributionP,— e~ 9"/n!. _
_ —iwgt _ LN) 4 g(el@ot— The current can now be found from E@3). Ir_] F_|g. 2, we
explg(e DA+N)+g(e DN} (24 show examples of current-voltage characteristics using Eq.
where (23) for symmetric and asymmetric junctions. In the follow-
5 ing, we study how the physics gets modified by the coupling
_1t o 1 Nong(wg), (25 O the environment
g 2 60 ! 0 moa)O’ B 0/

. . . . V. WITH COUPLING TO THE ENVIRONMENT
Here,g is an important parameter determined by the ratio

of the classical displacement length and the quantum me- In presence of coupling to the environment, the evaluation
chanical oscillator length. The evaluationfef(w) from Eq.  of the functionF(t) in Eq. (18) is in principle straightfor-
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ward since the Hamiltonian is quadratic in the oscillator and » dow .
bath degrees of freedom. We obtain F(t)=exp( f, E(e_"”‘—l)B(w) . (37

F(t)=exdB()=B(0)], B()=(A(DA(0))o, (28 Equation(37) is equivalent to the result for the Coulomb
where the operatoA is defined in Egs(9) and (11). The  blockade of a singlg tunnel jllémction with coupling to the
expectation valué. - - ), is to be evaluated with respectfb electromagnetic env_lronme?ff_. In the Coulomb blockade
without the tunneling term. At this point, it is convenient to problem, the tnneling density of states was related to the

use the fluctuation-dissipation theorem impedance as seen from the junction, herelthecharacter-

istic is in a similar way related to the frictional damping of
B(w)=—2 IMBR(w)][1+ng(w)] (29 the oscillator mode. In both cases, the low energy form of the
spectrum is a power law at low temperatures. At small fre-
to expressB(t) in terms of the corresponding retarded guenciesw<w, and zero temperature, we get the following
Green'’s function power law behavior:

BR(t)=—160(t)([A(t),A(0)])o- (30) 2g ( |m§(w))
L . Flw)xw* !, a=—=——Iim (38
Here,ng(w)=(e#*—1)"1is the usual Bose function. In or- WTw—0
der to find this retarded correlation function, we define the . . .
following auxiliary Green's functions: Furthermore, we use the trick by Minnhadgéto find theF

function as the solution of the integral equation

1
GE(1=~i6(1) 7 ([OV),A0)]), (31) F(w):%f"’:—im)a(g—w)(z—w), (39)
0

i i-aR
from which we obtairB™ as which is useful for the numerical evaluation Bf

] mjwz P

Bi

R_ R R|p_yp2l R _ J R VI. MODELS FOR S(w)
B —(€Gp0+ EJ_: ejepj)(f—e (Gpo > G )

J

(32) A. Frequency-independent quality factorQ

The equations of motion for these functions are in frequency
domain given by

As a first attempt, we can assureo be of the form

. Wwo
S(w)=8(0)+i—, (40)
o —ilmo\ [ CGR) (i 0 ©
(. . o) Ro :< )_2 ( GR | which leads to a frequency-independent quality fac@oof
IMowo @ Gp0 0 T8 X the single vibrational mode, similar to the Ohmic dissipation
(33 model of Caldeira and Leggett in Ref. 17. The model is also
similar to the Coulomb blockade problem of an electric
_ _ iBj 0 LCR circuit*® which is described by the same formula. The
wtin —i/m Sl ez | - limit Q— is seen to coincide with the results in Sec. 1V,
imjof o+in/| Gk o i8iGy,)” since in this limit B(w)—2m(1+ng(w))(*) 8(w=* wp),
: 0 and when this is inserted into E7), we get Eq.(24). We

(34) also see that, for a critical value &f,=2g/, the function
Solving this linear set of equations for the Green’s functiong™ @nd, hence, the differential conductance change from hav-

and inserting the results into E(2), we obtain ing a divergence at small energies to vanish at small ener-
gies.
295 g(w) In Fig. 3, we plot the functiorF and its integral for dif-
BR(w)= = o ( -— ) , (35 ferent values ofy andQ. It is clearly seen how the increasing
w0~ wy— S(w) ® dissipation smears the Frank-Condon steps. For strongly un-

= . derdamped coupling to the environment, the steps are only
where we have definef(w)=S5(w)—S(0) and the experi- \yeakly smeared, and still visible even fQr=2.5. For the

mentally observable renormalized frequenc&;o(z)E w% special value of
+8(0). Using Eq.(29), the functionB(w) thus follows as

29
— =Q.=—, 41
o 1+nB(w)| o o Q=Qc=— (41
(0)=—4g w2 m w0?— wi-S(w)|’ (36) the first step disappears and eventually for very si@athe

o2 _ _ function F goes towards a delta functiors —276(w
where nowg={</2{; is defined with respect to the renor- —gwg). Physically, this means that in the smalllimit, the

malized frequencyvg, i.e.,€3=1/mgw,. This result can then system relaxes immediately to the classical state and tunnel-
be used to find ing is only possible by paying the total classical energy cost
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1 Jo dEF(§)/2n 1 =
(a)‘ ( CS g=4 '_'--.
= Q = 00,20,2,0.1
0.5 t\/’/ Tr ;
k05 03
0 =1
0 1 2 3 4 5 6 7 wo ‘
!
(c) ° 2 4 3 s
0
0 2 4 6 8

" €/@o
FIG. 4. The integral of the functioR for g=4 and differentQ

at zero temperature. We takg=c> (dashed ling 20, 8/, 0.1. At
Q=Q the steps disappear, while fQ=Q, the curves approach

(e) ' 151(6) g=2 . o o ) — .
the classical limit, which is a step function at4wy. The inset
_/\ : B

o 5 o shows theF function itself for the same parameters.
- -

2.5

F M E ; B. Coupling to a substrate

0 0

012345678 o 1 2 3 4 We consider a molecule of mass, attached to a sub-
e/@o &/@o strate that extends over the semi-infinite half-spageD.

FIG. 3. The functior(£) and its integral for different values of The. case of two subs_trat.es, as Is .shown_ln Fig. 1, Is a
g and frequency-independeft The curves have been calculated straightforward generalization and will be discussed at the

from Eq. (39 at zero temperature. We tak@=20,10,5.2.5, end of thg cglculation. The 3D Lagrangian density for the
2g/7,0.1, and 0.01, wherg=0.5 in () and(b), g=1 in (c) and  Substrate is given B9
(d), andg=2 in (e) and (f). The curves have been displaced for 1
clarity by multiples of(1,0) in (a), (c), and(e), and by multiples of E(F,I)Z ~p
(0.25,) in (b), (d), and(f) (largestQ to the lefy. For largeQ, the 2
integrated function goes to the dissipationless results, where the
step heights are given by the Poisson distribufleftmost staircase _ vz% %
in (a), (c), and(e)], whereas for smal it goes to a step function at t IXj IX;
'fh_ ?.“’0 (vertical ling. Nr(])te alsﬁ.ltha;thﬁ. dk']ﬁere':jt'al conductance at \nare, and v, are the longitudinal and transverse sound

e first step remains sharp while the higher order steps are smearg locities, andp is the mass density. This Lagrangian leads
whenQ>Q.. . . S

to the following equation of motion:

(=] 5] £ k= @0

(0U)2= (vE—202)(Vu)2—vZ(VXU)?

; (43

of the displacement. To see this, we rewiie, in terms of J2U—v2V(VU)+v2V X VX 0=0. (44)

the coupling constant and get €/2=\"/2mowg, Which i paying in mind a small molecule attached to the origin, the

the classical energy for displacing the oscillator by increasassumption of cylindrical symmetry around thexis seems

ing the occupatiomy by one. _ reasonable. We define andu, as the displacements in ra-
. The crossover to the clas§|cal regime occurs when thSial direction and parallel to theaxis, respectively.
lifetime of the oscillatorw,/Q, is comparable to the Heisen-  We consider the case that the molecule only exerts a total

berg uncertainty time associated with the classical energy abrce F perpendicular to the substrate surface:
the displaced oscillator, i.e., whéreinserting#)
F: kM

X— waer(r)ug(r)dr , (45)
0

1
== W:Qfa- (42)  whereul(r) is the parallel displacement at the surface de-
fined byz=0, andf(r) is a normalized distribution function,
i.e., [2arf(r)dr=1. This imposes the following boundary
The disappearance of the steps, which happen@gatis ~ conditions on the stress tensbf®
therefore different from the crossover to the classical regime.
This is shown in Fig. 4, where we plot the integralFofor Tarlz=0=0, Tedz—o=—FF(r), (46)
g=4 for different values oQ. ForQ=20, the steps are only \here the componenfs,, and T,, can be written as func-
slightly broadened, while foQ=Q,, the steps are almost tjons of the displacements andu, (see, e.g., Refs. 24 and
fully broadened but the line still follows the quantum behav-2s5) The solution is then a straightforward generalization of
ior. Only for smallerQ do we approach the classical result, the procedure for a point source witkir)= 5(r)/r outlined
which is a step function ejw,. by Lamb in Ref. 26. We obtain, in frequency space,
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w? (= ki fy For the situation where the molecule is attached to two sub-
ug(r)zj'-‘—zf ——Jo(kr)dk, (47)  strates it is simple to see that the functi6fw) becomes
viJo G(k,w) instead

where we have defined the following quantities:

M 1+Ry(w) M 1+Ry(w)’

2 2 whereR; , is given by Eq.(53) but with ky, replaced by
v = ' ’ (48)  Kui and, if the two substrates are different, with substrate
' w? w? parameters changed accordingly. However, because of the
2 2 lack of detailed knowledge about the actual geometry of the

G(k,w)=4u vrk2— (N +2u) (v2+K2) i+ N k2P

device, and since the coupling to the two sides of the junc-
tion is very likely to be asymmetric, we will make the sim-
plifying assumption that the molecule only couples to one

ALK (49) substrate.

Our results foR(w) in Eq. (53) imply that the imaginary

where u; and\, are the Lamecoefficients, which are re- part of S(w) (which will eventually be responsible for the
lated to the sound velocities as frictional damping has contributions not only from extended
waves in the substrate but also from waves that are confined
INLH 20 m to the surface, the so-call&hyleighwaves. Mathematically,
U= T: Ut= 7’ (500 this contribution arises fron&(k,w) being zero for a spe-
cific value ofk. This value falls into the regime where both
andf, is the Fourier-Bessel transform of the force distribu- v, and v, are real, i.e., where wave vectdtare larger than

tion f(r), allowed for transversal and longitudinal waves, see Eq.
(48).2¢

In order to compare our resulb6) to experimental data,

fi= fo F(r)Jo(kr)rdr. (52) we need to choose a specific model for the force distribution
function f(r). The most realistic model would involve a dis-
The (=) sign in the definition of, | in Eq. (48) is necessary tribution in accord with the van-der-Waals potential, how-
for selecting the retarded response> w +i 7 corresponding ever, as a result of thdj, is a rather involved function df.
to outgoing waves since the square-root function has &or simplicity, we therefore choose

branch cut on the negative real axis.

1
f(ry=——e'P
") 27D?

1
271+ KD

R(w) The parameteD is on the order of the widtiD, of the
molecule, e.g.D,=10.4 A for a G, molecule. For this

model, we can explicitly extrac$(0), since then

The total forceF involvesug(r) and vice versasee Egs.
(45) and (47)], so that we obtain
Jo Zwrf(r)uz(r)dr—x—1+R(w), (52
where
R K 27Tw2J‘°° kwfﬁ dk -
B I

64 (az—l)vaD ,

where a=v,/v,. Note thatR(0) is proportional to the

The function of interestS(w), can then be deduced from the

equation of motion for the molecule in frequency space: with

-M w2X0(w) = - kM

xo(w)—waZer(r)ug(r)dr}.
(54)

squared bare frequenay?):;zo—S(O) so that we end up

Wy~ — 5.
%1+ w2R(0)/w?

Identifying ky, / oy, with the bare frequency)g, we obtain This result has the particular effect on the damping coeffi-
cient ImS(w)/w that it is independent dd/D at zero fre-

R(w)
2_ .2 2
w w0+w0—1+R(w)

guency. We show plots of the real and imaginary parts of
Xo(w)=0, (59  S(w) in Fig. 5. The real part, and thus the renormalization of
the bare frequency as a function of energy, goes to zero

which implies, upon comparison with EG7), rather quickly, whereas the imaginary part remains nonzero
over a large frequency range. The latter is important for the

R(w) damping since the quantityaollm S(w) takes the place of

S(a))z—wgm. (56)
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FIG. 5. Real partdotted ling and imaginary partsolid line) of 10 ! 0123456738
S(w) as a function of frequency for agg molecule on a gold (e) 6[() g=2
substrate and the particular choibdDy=1. The imaginary part i AL =0
tends towards zero linearly, which is illustrated in the inset: the 05 3 ASNAAL/ Do =075
“quality factor” wwqo/ImS(w) tends towards a constant at zero s 2 D/Dy =1
frequency. . 9 (1) Ao piog=s
012345678910 0123256782910
e/, €e/a

constant at zero frequency illustrates that the imaginary part

of S(w) rises linearly withe for small w. FIG. 6. The functiorF(£) and its integral for different values of
We plot the results foF and its integral in Fig. 6. Firstwe g making use of56) for S(w). The curves have been calculated

note that the Shape of the staircases is markedly diﬁererﬁom Eq. (39 at zero temperature, assuming g, @olecule at-

from the constanQ-factor model: they are asymmetric and tached to a gold substrate. We takéD,=0.5, 0.75, 1, and 2,

less steep on the rising side with a rather sharp transition ta#hereg=0.5 in (a) and(b), g=1 in (c) and(d), andg=2 in (e)

the next step. The asymmetry is even more obvious in thand(f). The curves have been displaced for clarity by multiples of

peaks ofF itself. We also note that a larger spread of the(1,0) in (a), (c), and(e) (largestD/Dy, to the righy, and by multiples

coupling over the surface, i.e., largefD,, makes the peaks of (1.5,1.5 in (b), (d), and(f) (largestD/D, at the bottom The

in F and the steps in its integral sharper and less asymmetristaircases in@), (c), and(e) feature sharper and less asymmetric

For largeD/D,, the staircase tends towards the large consteps for largeD/D, but are clearly visible in any case. The asym-
metry is even more apparent in the plotsFoin (b), (d), and(f). In

stantQ limit of before, since them/Im S(w) grows rapidly oS« .

with » and at the same tim&(0)—0. contrast to the consta@-factor results in Fig. 3, even the first step
in the staircase gets smeared for smalléD,. However, we re-
cover the large consta-limit for large D/D,.

VII. |-V CURVES

In this section, we show a number oW curves using the VIIl. SUMMARY AND DISCUSSION
expression in Eq(23) at zero temperature based on the
function, both for the case of frequency-independent quality A. Summary
factor and for the substrate mod8k) for S(w) discussed in . . ,
We have included broadening of the phonon sidebands

Sec. VI. In Fig. 7, we show current-voltage characteristics Ve : : e
due to frictional coupling of the oscillator mode within a

for constantQ=5 andg=0.5, 1, and 2. For this value @}, ue ) . ) al

smaller values ofd (not shown such that the steps disap- Where the tunneling time is much smaller than the lifetime of
pear, the characteristics are still strongly modified by thethe oscillator, we have assumed that the oscillator and the
electron-vibron coupling in the sense that a gap develops ignvironment are in thermal equilibrium and in this case an

the 1-V curve. Such an effect was recently claimed to beanalytical result for the current is obtained.
observed in a different type of deviée. In the reference model featuring the frequency indepen-

We also show-V curves corresponding to a;golecule  dent oscillator quality facto®, we recover the usual Frank-
coupled to a gold substrate, using the substrate model of Se€ondon physics for large values Qf The transition between
VI B; see Fig. 8. We display thé-V curves forg=0.5, 1, the two different charge states is then given by the usual
and 2, both for symmetric and for asymmetric tunneling con-overlap of two displaced oscillator wavefunctions, the gov-
tacts, however, we restrict ourselves@dD,=1 since the erning parameter being the ratio of the displacement lefigth
general features are very similar for other choice® oD . and the oscillator lengtiy, or g=€2/2¢3. For moderate
Upon comparison with the frequency-independ@adtactor  quality factorsQ> Q.= 2g/, the steps are smeared but still
model, we note that thé-V staircases are in general less visible. For even smaller values of the quality factor, the

steep and smoother but still clearly exhibit the expectediecay time of the oscillations becomes shorter than the quan-
Frank-Condon steps. tum mechanical uncertainty time, which happens wigen

205324-8
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FIG. 7. Current-voltage characteristics fp=0.5, 1, and 2, and FIG. 8. Current-voltage characteristics fp=0.5, 1, and 2 us-

frequency-independe@=>5 at zero temperature. In each panel, we jng Eq. (56) for S(w) at zero temperature, calculated for g,C
have takere,=0, 0.5, andwo, and the voltage is applied sym- molecule on gold. In each panel, we have takgr 0, 0.5w,, and
metrically across the device, so that=V/2=—Vg. The currentis ), the voltage is applied symmetrically across the device, so
measured in units ofy=el' ['r(I' +I'g). The panels on the left -, V, =V/2=—Vg. The current is measured in units of
show the case of symmetric tunneling contacts, whereas the paneI:serLFR(rL+FR) The panels on the left show the case of sym-
on the right side correspond to asymmetric tunneling contacts ith, o e tnneling contacts, whereas the panels on the right side cor-

I' /T'r=0.05. respond to asymmetric tunneling contacts with/I';=0.05.

<1/g. In this strongly damped case the tunneling process o+ model forS(w) that corresponds to a molecule at-
crosses over to a regime with a gap given by the classicghopeqg 1o 5 substratésee Sec. VI B features qualitative
d|splacementlener§]|y. leul ; lecule that i agreement with experiment if we assug@ndD/D to be
W?] V\(/jere also ‘E)‘ etoca gu ?%w)dor: a mﬁ ecu el t alt ISI on the order of unity. The asymmetry in the peak structure of
attached to a substrate and showed how the molecule 10Ses, . 5|1y provides for a better quantitative fit to the experi-

energy to the substrate. The model features similar generﬂl]emw data than is possible for the cons@rfactor model.
results to the constar@®-factor model, however, it is differ- This is illustrated in Fig. 9.

ent in that the steps in tHeV curves rise more smoothly but

feature a rather sharp transition to the next step, which then
again rises up smoothly. The underlying reason for this is the
peak structure oF, which exhibits asymmetric peaks due to -~
the frequency dependent damping coefficient. We also note

100

the dependence on the spread of the coupling over the sub- =
strate surface, parametrized byD,, where our results tend a, 50
towards the large consta@t limit for large D/D,. :
B. Comparison with experiments 0
0 10 20 40 50

We have also tried to fit the present theoretical results to v 30\/
the experiments in Ref. 2, for which the theory should be [m ]
appropriate since the tunneling broadening is much smaller i .
than the temperature, oscillator quantum, and observed _FIG. 9. Example of a fit to the experimental curves of Ref. 2

. . . - using the substrate mod@6) for a Gy, molecule on gold, withy
widths. For these experiments, in whiclg@olecules were =2 andD/Dy=0.75. The dots are experimental data points for a

attached_ to_ two Ieads, It therefqre Seems Ilkt_aly that th%]ate voltage of 6.8 V and positive bias voltage, and the solid line is
broadening is dominated by coupling to the environment. he theoretical curve. The smearing of the first step is seen to be

A rough_ quallltatlve agreement, except for t'he Steepnesgproduced well, while at the same time showing a sharp rise for the
on the rising side of the steps, can be achieved for thecond step. This kind of smearing could not be produced by ther-
frequency-independent quality factor if we assugw®l-2  mal smearing, which would smear both steps equally. However, it is
andQ~2-6. However, in order to obtain quantitative agree-not possible to make consistent fits for the entité curve and for
ment, it is necessary to assume different valueggfandQ  different gate voltages. This suggests that the molecule might be
for different values of the gate and source-drain voltages. changing position and/or coupling with changing voltages.
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