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Shot noise in tunneling transport through molecules and quantum dots
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We consider electrical transport through single molecules coupled to metal electrodes via tunneling barriers.
Approximating the molecule by the Anderson-impurity model as the simplest model which includes Coulomb
charging effects, we extend the “orthodox” theory to expand current and shot noise systematically order by
order in the tunnel couplings. In particular, we show that a combined measurement of current and shot noise
reveals detailed information of the system even in the weak-coupling limit, such as the ratio of the tunnel-
coupling strengths of the molecule to the left and right electrodes, and the presence of the Coulomb charging
energy. Our analysis holds for single-level quantum dots as well.
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[. INTRODUCTION Some results have been obtained before for shot noise
through interacting systent8-However, the focus in these
Single-molecule electronics provides an exciting possibil-works was on transport through impurity states or quan-
ity for further miniaturization of electronic devices. Nonlin- tum dots, where some questions pertinent to molecules are
ear electrical transport through single molecules depositetirelevant.
between mechanically controlled break junctions has been In the present paper, we reformulate the *“orthodox”
measured in several experimefitd.Furthermore, recently theory of shot nois€ in a way that allows a systematic per-
observed diode behavitt memory effects and negative dif- turbation expansion in the coupling strength. We study in
ferential conductanden devices which make use of molecu- detail the shot noise for a molecule accommodating one
lar films have attracted much interest. level, described by the single-level Anderson model, in the
A crucial problem for understanding and designing mo-lowest-order perturbation theory. We perform a complete
lecular electronic devices is the lack of control of the metal-classification of all transport regimes, and evaluate the cor-
molecule interfaces. In molecular-film experiments, deposivesponding Fano factors, recovering known expressions for
tion of the covering electrode is very difficult and can easilythe cases previously studied in the literature. The Fano factor
destroy the film or induce short cuts. Once the molecules artirns out to depend in a nonmonotonic way on the asymme-
deposited, no direct study and manipulation of the contact isry ratioI', /I'g. TheI' /T'g dependence of the Fano factor
possible. Even in a break junction experiment one has vergan be used to identify the different transport regimes. Our
limited influence on how a molecule bonds to the two elec+esults hold for transport through single-level quantum dots
trodes. Information on the coupling strengths ,I'x be- as well. In contrast to molecular devices, the contacts to
tween the molecule and electrodes has to rely on transpoleéads in the semiconductor quantum dots are usually well
measurements. From the measurement of the culrréiotv-  controllable.
ever, only a combination of', and I'; can be deduced,
whereas the asymmetry ratiq /T"g remains undetermined. Il. THE MODEL
In addition, it is impossible to judge from tHe-V curve )
alone, whether charging effects such as Coulomb blockade The simplest model for electron transport through a mol-
are relevant to the transport. This is because any observed £4ule with Coulomb interaction is the Anderson-impurity
of current steps expected for &n-V curve displaying Cou- model described by the HamiltoniaH=H +Hg+H
lomb blockade can be mimicked by transport through a set of- |:|T,|_+ |3|T]R with
noninteracting levels. As so far there is no quantitative
theory for describing hybrid metal-molecule functions, it re- N t
mains a matter of opinion whether such a fit is reasonable for H, = % €kor8korBkor » @
a given experiment.
Further information can be gained from the shot nd@se R
al!owing, in principle, to determinf_e the ratio of the cou- HM0|=2 eUchUJrUnTnL, (2
plings. Furthermore, the combination of current and shot- 7
noise measurement provides information about the presence
and size of Coulomb charging energy. For transport through N +
a noninteracting lev&!® the so-called Fano factoF Hr. %:’ bk Cot ), @
=S/2el is known to be [2+T'2)/(I' +T'g)2 However, 3 )
transport through weakly coupled molecules cannot be mocgndr =L,R. Here,H, andHg model the left and right elec-
eled by noninteracting molecular levels, since Coulomb-+rodes with noninteracting electrortd,,, describes the mol-
blockade effects become importadfit!® ecule with one relevanispin-dependentmolecular level of
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energye,, and the Coulomb interactiod on the molecule

t d Al d Lot
(n; andn, are the number operators for electrons with cor- L L L
responding spin Tunneling between leads and molecule R m R
level is modeled by andH+ r. The coupling strength is - - TR

characterized by the intrinsicline width,=2mp|t,|?,

wherep, is the (constank density of states of the leads. Fur-  gjg 1. An example for the time evolution of the reduced den-
thermore, we define the total linewid#i=1" +T'r. The ity matrix. The upper and lower lines represent the forward and
Fermi Operatoralrrr(akor) and C;(C{r) create (annihilate backward time propagation along the Keldysh contour, respectively.
electrons in the electrodes and the molecule. Tunneling lines correspond to the reservoirs L,R connecting pairs

We are interested in transport through the molecule, irof vertices. The resulting changes between the four molecular states
particular, in the current and the(zero-frequencycurrent  are indicated.
noise S They are related to the current operafcs (1g o _ _

—TL)/Z, with Tr: —i(e/ﬁ)EkU(traE(,rcg—h.c.) being the where the boldface indicates matrix notation relate_d tq the
molecular state labels. To calculate transport properties in the
stationary limit, we start at time— — o0, at which the system
has a given diagonal but otherwise arbitrary distribution of
p_rc_)babilitiesp')?It to be in statey, comprised in the vector
[ Y P p™.  The stationary probability distributionpS=TI(0,
S= ledt<5| (t)(Sl (0)"" 5'(0) ol (t)>1 (4) —oo)pi”it, hOWEVEF, does not depend qni\pit' i.e., HX’X(O’

— )= pf(t, , independent of. To determingp® we use the
where 81 (t) =1 (t) — (1. Dyson equation Eq(5) in the limit t— —o, multiply p™
from the right, and definav=[°_dtAW(0t) to get p*
—p"t=1/7Wp%, wherep—0" comes from a convergence
factor expE #|t,|/4) in the time integral. This leads t@/p*!

A diagrammatic technique to perform a systematic pertur= 0 together with the normalizatioel p*=1, where the vec-
bation expansion of the current through localized levels hator € is given bye, =1 for all y. The matrixW has zero
been developed in Ref. 19. Here, we expand this technique @€terminant and hence cannot be invertitds can be seen
address the perturbation expansion of the current noise 4&m the sum ruleeW=0). To write down a single matrix
well. After this general formulation, we specify the results equation which determings™ we make use of the normal-
for lowest order inl" and discuss implications for transport ization of probabilities and introduce the mati, which is
through molecules in this regime. identical toW but with one(arbitrarily chosehrow y being

All transport properties are governed by the nonequilib-replaced with [, ... I'). The stationary probabilities are
rium time evolution of the density matrix. The leads are de-the solution of the linear equation

scribed as reservoirs of noninteracting electrons, which re-
main in thermal equilibrium. A finite transport voltage enters Wp*) =T'6 6
. . . ( p X X:Xo" ( )

the difference of the electrochemical potentialsfor the left
T el reedom G, peghis can be soved gy verng .

gr 9 . . ! For a well-defined perturbation expansion in poweisf
Fermion operators are contracted in pairs. As a result, we end : , e ©
up with a reduced density matrix for the molecule’s degreedh® coupling strengthl” we write W_Ekzllw , W
of freedom only, labeled by. In our case, four molecule =Zj_;W®, and pS==¢_ops'™. The order inT" corre-
states are possible: the level is empgy; 0, singly occupied sponds to the number of tunnel lines contained in the irre-
with either spin up or downy=1 or |, or doubly occupied ducible blocks. As a consequend¥, andW start with first
x=d. The time evolution of the reduced density matrix, de-order inT", whereasp® starts in zeroth order. The zeroth-
scribed by the propagatdd,. (t’,t) for the propagation order stationary probabilities are
from statey at timet to statey’ at timet’, can be visualized
by diagrams. . o . _ pit(o):(w(l));xl T @)

An example is shown in Fig. 1. Vertices representing tun- 0

neling, Ay, are connected in pairs by tunneling lines. Theand higher-order corrections are obtained iteratively by
full propagation is expressed as a sequence of irreducible

blocksW,,(t",t) containing one or more tunneling lines. »
They are associated with transitions from statat timet L

to statey’ at timet’ (see Fig. 2 This leads to the Dyson W - L + +

equation for the propagator

current operator for electrons tunneling into legdby |
=(I), and

Ill. DIAGRAMMATIC TECHNIQUE

1 d T d 1 d

HO,t=1+JdtJ’dtWt,th,t, 5
0 t z t Wtz ), Y ® FIG. 2. An example for an irreducible blodk.
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k-1 —1)_ (\7(1)y—1~(0
PSR = — (WD) -1 Gtk m 1)pstem) ) PCD= (W) ~1QO), (14)
m=0

This reflects the fact that between the external current verti-

for k=1,2, . ... Thediagrammatic rules for the calculation €S the system evolves in time, as describedlf9.t). The

of the blocksW® will be summarized at the end of this Hme scale at which the dot relaxes and correlations decay is

section. set by the inverse of the tunnel rates, i.e., M’. As a
The formulation of the perturbation expansion of the sta-consequence, the time integral in Efjl) is effectively cut at

tionary probabilities is the first important step for a perturba—th'_slt'rne scale, i.e., the dominant contributiorPcs of_?rder

tion expansion of the current. The diagrammatic representd- - Furthermore, itis crucial that starts in ordel’~, as

tion of contributions to the current involve a blogk!, in  Otherwise the second term in EQ.0) would not contribute

which one(interna) vertex is replaced by an external vertex {0 noise to first order i (cf. Ref. 20, leading to a wrong

for the current operato? divided by e/#. The current can result even for noninteracting systents £0), where exact

also be expanded order by order in the coupling strehgth expressions are available for comparistn.

Corrections of higher ordek=0,1, ..., can becom-
e Kot puted from
|(k):% TE Wl(k—m)pst(m) (9) 1
m=0 Pl0= (WD)~ Qi+ ' yk-mrpm| (15
for k=1,2, ..., where the factor 1/2 corrects for double m=-1

counting of the external vertex being on the upper and lowe
branches of the Keldysh contour.
Now, we turn to the evaluation of the current noiSe

Eventually, we have all ingredients at hand to expand the
noise in orders of’, and we find

=200 _dt{(1(t)T(0)+1(0)I(t))—2(1)?], which involves g2 K1
expectation values of two current operators at differentS=—g" > (W”(km)ps“m)
times. These two current operators can either appear in the m=0
same irreducible block, denoted by", or in two different e e 1
blocks. In total, the current noise is expressed as S > WI(k—m—m’—m")P(m”)WI(m’)pst(m))
ez T Il st | IS e
S= 7 (W' pSt+WIPW!pst), (10 (16)

(where the factor 2 in the above definition has canceled®’ k=1,2,.... Inlowest order this result simplifies to

. . - (1) = (a2 Ty (1) (1) p(= 1)\ (1)) pst(0)
against the correction factor 1/2 for double countimgth SH=(e7h)e (W 7+ WP W) peio, _
In summary of the technical part, we have derived a

o 1 scheme to perform a systematic perturbation expansion of
P=f dtg[H(O,t)—H(O,—oo)]. (11)  the current and the current noise. First, one calculates the
o irreducible blocksw, W', andW'. Second, the stationary
The constant parfI(0,—«) in the integrand is associated Probabilitiesp® are obtained from Eqg7) and (8) and P
with the(T)2 contribution to the noise. Furthermore, it guar- follows .from Eq;.(14) Sncé(la' Evgn{téally, current and cur-
antees that the integral is convergent and Bhaiists. rent noise are given by qé9) and (16). :
We also can formulate a perturbation expansiorPdh The irreducible block&V are calculated according to the

orders of". To do so. we first relat® to the blocksW and rules specified in Ref. 1Pwvhere the irreducible blocks were
the station;'iry probak;ilitiea5t by denoted by3 and included a factor in the definition,X

=iW]. We complete this section with a summary of these
WP=pSiee -1, (12)  diagrammatic rules, given as follows:

(1) For a given ordek draw all topologically different
which follows from the Dyson equation an®/p*=0. As  diagrams with & vertices connected Hytunneling linesan
discussed abovay is not invertible, i.e., in addition to Eq. example of a first- and second-order diagram is shown in
(12) we need some extra condition to determieThis extra  Fig. 2). Assign the energies, to the propagators and ener-

condition ise"P=0, which follows from the definition, Eq. giesw, (I=1, ... k) to the tunneling lines.
(11), together with the Dyson equation, E(), and e'W (2) For each of the (R—1) segments enclosed by two
=0. Introducing the matrbQ with elements given by adjacent vertices there is a resolventAIE( +i0"), with j
o =1,...,%-1, where AE; is the difference of the left-
Qux=(Py =8y ) (1= 8y ) (13 going minus the right-going energies.

- (3) The contribution of a tunneling line of reservairis
Eq. (12 can be recast a@/P=Q, which allows the deter- (1/27)T", f(w,—p,) if the line is going backward with re-
mination of P by inversion of the matrixW introduced spect to the closed time path and (&)2',[1—f(w;— ;)]
above. The solution foP can be expanded in orders bf if it is going forward. Heref(x) is the Fermi function.
We observe that, since the expansion(fstarts in zeroth (4) There is an overall prefactor<i)(—1)¢, wherec is
order inT", P starts in orded” "%, the total number of vertices on the backward propagator plus
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the number of crossings of tunneling lines plus the number 1=
of vertices connecting the statlewith . -
(5) Integrate over the energies, of the tunneling lines 0.8~
and sum over all reservoir and spin indices. 206
The blocksW' andW'" are determined in a similar way. = 4l
The only difference tow is that in W' (W') one (two) “F
internal vertices are replaced by external ones representing 021
1h/e. This amounts to multiplying an overall prefactor, ({_
which arises due to the definition of the current operator and L
since the number of internal vertices on the backward propa- 08—
gator may have changed. We get a factol/2 for each E06
external vertex on the uppélower) branch of the Keldysh z 04l
contour which describes tunneling of an electron into the “E
right (left) or out of the left(right) lead, and—1/2 in the 0.2 s
other four cases. Finally, we have to sum up all the factors ) A N T T T N B
0 02 04 06 08 1 12 14

for each possibility to replace orievo) internal vertices by bias voliage [V]
external ones.
FIG. 3. Currentl and shot noises vs voltage forT=100 K,
€,=0.1eV,&=0.2eV,U=04 eV, andl, /T'g=1/1(solid line),
1/3 (dashed ling and 3/1(dotted ling. The height of the plateaus
In the following we discuss shot noise in the lowest-labeled byi=0, ... 4 aregiven in Table I. The curves are normal-
(first-) order perturbation theory ifi. We consider transport  ized tol .= (€/4)I'/2 andSy,= (€*/#)T'/2, respectively.
through a single level and allow for a finite spin splitting.
Such a spin splitting could be realized due to the Zeema® degeneracy of states with different net charge is present
effect of an external magnetic fie{tbr semiconductor quan- (this could be tailored by application of a gate voltage, which
tum dot$ or an intrinsic exchange field due to atoms with we do not consider heyeEach time when one of the four
magnetic momentsgfor molecule$. The molecule can ac- excitation energieg |, €;, €, +U, or ;+U enters the en-
quire four possible states: the level being unoccupied, occlergy window defined by the electrochemical potentials of the
pied with either spin or |, or doubly occupied. The mo- electrodes, a transport channel opens. This gives rise to pla-
lecular level is characterized by level energiesainde; , the  teaus, separated by thermally broadened steps. Due to the
Coulomb repulsiorJ, and the coupling strengtiy andI'y ~ Symmetric application of the bias, the steps occur at voltages
to the electrodes. In addition, the electron distributions in thedf twice the corresponding excitation energy. The plateau
metal electrodes are governed by electrochemical potentialeights depend on the coupling parametérsand I’ only,
. and ug and temperatur@. We choose a symmetric bias i.e., they are independent &f and T. The analytic expres-
voltage, such that, =eV/2 andug=—eV/2. In this simple  sions for current, noise, and Fano factor of these plateaus,
model without real spatial extent, the voltage is dropped enwhich are labeled by=0, . .. 4, aregiven in Table I.
tirely at the electrode-molecule tunnel junctions, meaning The curves in Fig. 3 are normalized Itq,,=(e/%)I'/2 and
that the energies of the molecular states are independent Sf.a= (€9/1)'12, respectively, which is reached in the large-
the applied voltage even if the couplings are not symmetricbias limit for symmetric couplind’ =I'g. For asymmetric
For asymmetric coupling this might not be entirely realistic.coupling, the plateaus are reduced in height. In Fig. 3, we
However, we do not wish to include a heuristic parameter tsshow the results for B, =I'g (dashed lingsandI' =3Iy
describe the possibly unequal drop of the bias. In a comparidotted line$ together with the case of symmetric coupling.
son to an actual experiment this could be easily amended. Wehe symmetry of our setup implies that all plateau heights
also do not include an explicit gate voltage, as its effects arare invariant under simultaneous exchangel'pfwith I'g
straightforward to anticipate. and i, with ur. However, the plateau height can change if
In Fig. 3 we plot the current and the current noise for aonly I', andI'g are exchanged, or if only the bias voltage is
special choice of system parameters as a function of transeversed, as shown in our example for the two plateaus la-
port voltage. For this figure we consider a set of energybeled by 2 and 3. This opens the possibility to access the
parameters € =0.1eV,e;=0.2eVU=0.4eV) that is asymmetni’ /I'r experimentally by reversing the bias volt-
comparable to energies encountered in small molecules. Age and comparing the plateau heights.
rescaling of energies by a factor 1/100 would be necessary to Figure 3 shows the result for one special choice of energy
obtain energies of the order achievable in semiconductoparameters and corresponding excitation energies. Neverthe-
guantum dots and by external magnetic fields. If the saméess, Table | is complete in the sense that it contains all
scaling is applied to the couplings and the temperature, thpossible plateau values for any configuration of the excita-
figure would remain unchanged. This is a special feature ofion energies relative to the electrochemical potentials of the
first-order transport. electrodes. The classification of the configurations and the
Electron transport becomes possible when charge excitalgorithm to find the corresponding analytic expressions in
tions on the molecule become energetically allowed. Geneffable | is given in Table Il. Without loss of generality we
ally, at low bias, transport is exponentially suppressed, unlesstrict ourselves tdJ=0 ande;=¢, . The different con-

IV. RESULTS
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TABLE I. Current, shot noise, and Fano factor for the different plateaus in the current-voltage character-
istic shown in Fig. 3. The plateau values depend only on the coupling pararhgtgrs

[ 0 1 2 3 4
lile/i] O I''\I'r 2I' I'g [ eI +2Tg) 2T T'q
FL+FR ZFL+FR (FL+FR)2 FL+FR
s[e¥s] 0 2D TR(TE+TR) AT TRATI+TR) 2T Tr(2lp+T)(TE+T3+30(TR) 4T TR(IE+TR)
(I +TR)° (2r +Tg)* (I +TR)° (T +TR)®
Fi - i+ ATE+TR T3+T3+3I, r24+T2
(T +TR)? (2T +TR)? (I +TR)® (I +TgR)?

figurations are classified by specifying which excitation en-bias voltage for the same parameters as in Fig. 3. Again we
ergies lie within the energy window defined by the chemicalshow three curves with', /I"'g=1/1 (solid line), 1/3 (dashed
potentialsy, and ug. We find 13 different possibilities, as line), and 3/1(dotted ling. At small bias,eV<kgT, the
listed in Table Il. For each case, the indexndicates the noise is dominated by thermal noise, described by the well-
column where the corresponding analytic expressions foknown hyperbolic cotangent behavior which leads to a diver-
current, noise and Fano factor can be found in Table I. Thgence of the Fano factd?:'® The plateau for bias voltages
indices 2 and 3* refer to columns 2 and 3 but with, and  below 0.2 V corresponds to the Coulomb-blockade regime,
I'r being exchanged. where transport is exponentially suppresgedase 0 in Table

In order to illustrate the use of the table we sketch thel). In the region between 0.2 V and 0.4(¢ase B) trans-
situation 2 in Fig. 4, realized in Fig. 3 in the region be- port through only one spin statd ) is possible. The Fano
tween 0.4 V and 1 V. In this situation transport through bothfactor F, for this case has been derived earlier in Ref. 15.
spin states is present as the molecule gets charged/unchargest very large biagregionF,), all states of the molecular
in the sequential tunneling events. Double occupancy is stillevel are involved in transport, and the Fano fadiyr is
out of reach, since the excitation energies-U and e;  again identical to the well-knowf formula for transport
+U are outside the energy window opened by the appliedhrough a resonant level in the absence of Coulomb charging
voltage. energy.

We now turn to the discussion of the Fano facter For the regions in between, corresponding to the caaes 2
=S/2el. In Fig. 5 we show the Fano factor as a function ofand 3, the Fano factor is different. The expression For

has been very recently derived in Ref. 17, wtig corre-

TABLE II. Classification of all possible configurations that are SPonding to region &, is, to the best of knowledge, a new
possible forU=0 ande;=¢,. A cross(X) or minug—) indicates result.
that the corresponding excitation energy lies within or outside the On similar grounds as for the current and the noise, we
energy window defined by the electrochemical potentiglsand  find that the expressions for the Fano factBgsandF 5 are
g, respectively. For each configuration, the analytic expression fonot invariant under exchange bf. andI'k alone, and also
current, noise and Fano factor can be found in Table I in column not invariant under reverse of the bias voltage alone. This is
The indices 2 and 3 refer to columns 2 and 3 with', andT'r  clearly seen in Fig. 5 in the very different plateau heights of
being exchanged. the dotted and dashed curves, corresponding to exchange of
I'L andI'g. Furthermore, we see that all plateau heights lie

Case € € e+tU e+U i between 1/2 and 1, and that the Fano factor, in general, is a
0 - - - - 0

1a X - - - 1 &+U

1b - X - - 0 g+U

1c - - X - 0 W= eV/2 i

n  x x - S .

2b X — X — 1 /// // 0

2c — X X - 0 /

';2 - X " i ;* /% Hr=—eV/2

3a X X X - 3 FIG. 4. A sketch of the configurationa2listed in Table II. The
3b - X X X 3* excitation energieg, ande; lie in the energy window defined by
4 X X X X 4 the electrochemical potentials, and ug, and the energieg

+U ande;+U lie outside.
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1.1

1.1
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1 --- T =13 12 -—- [ =153
LN I/, =3/ Loy I[/T,=3/1
0.9 F, 09 mm T T =1/1,U=0
5 R L —em- DT =1/3,3/1,U=0
0.8 F, 0.8
L F b e . oL+
Y K, s
06 T 0.6~
- H /\\—/ e -
05 N~ T S~ 0.5~
- 0 | la 2a 3a 4 ) 2a 4
0'4 1 I 1 1 I L I 1 I 1 1 I O 4 L 1 I I 1 I 1 I 1 I 1 I
0.2 0.4 0.6 0.8 1 1.2 14 0 02 04 06 08 1 14
bias voltage [V] bias voltage [V]

FIG. 5. Fano factor vs bias voltage for for the same parameters FIG. 6. Fano factor vs bias voltage in the absence of spin split-
as in Fig. 3, namely,T=100K, ¢ =0.1eV, ¢=0.2¢eV, U ting. We choseT=100K, € =¢=0.1eV, U=0.4¢eV, and
=0.4 eV, andl'| /T x=1/1 (solid line), 1/3 (dashed ling and 3/1 I /T'y=1/1 (solid line), 1/3 (dashed ling and 3/1(dotted ling.
(dotted ling. The labels 0,4,2a,3a,4 refer to the cases listed in Also shown are the two cases for the corresponding noninteracting
Table II. system J=0).

nonmonotonic function of the bias voltage. We find tkat ~ mation the steps are solely broadened by temperature. In
=F, andF3;=F, always hold, whereaB,=F, for I' /'y  addition, we observe that sometimes a peak in the Fano fac-
<1/\/2 andF,=F;, for I'| /T r<1/2 only. tor shows up. This happens, for example, at the step between
As a consequence, the pattern of the plateau sequence,fn andF, for I' =I'g, as seen in Fig. 5. The peak height,
particular the relative height of the platedtisandF; com-  0.5625, exceeds that of the adjacent plateaus, 0.5 and 5/9.
pared toF ; =F,, indicates not only the presence of an inter- These features can even appear in the regime of negligible
action or charging energy, but also givegercompletenfor- ~ Coulomb charging energy, as previously shown in Ref. 18.
mation on the ratid"_ /T’y of the coupling strengths. This However, we point out that the behavior at the steps is going
could be used in experiments to determine these parametel be strongly affected by second-order tunneling events, so-
in a consistent way. In an experiment observing more thaalled cotunneling. For example, the current steps will show
one plateau, the overcompleteness would give narrow corfdditional broadening due to the intrinsic linewidth On
straints(due to experimental uncertaintyn whether a single  the other hand, the plateau values in regimes 1-4 will not be
interacting level can explain the measured values. Of courséffected by second-order effects.
it is always possible to fih plateaus withn noninteracting In summary, we presented a theory of transport through a
levels and different couplings per level, so an absolute decimolecule or quantum dot that allows for a systematic pertur-
sion on the presence of interactions is not possible withoupation expansion of current and shot noise in the coupling
the additional application of a gate voltage. However, if a fitstrength between molecular orbitabt leve) and electrodes.
with an interacting level is feasible, the principle of parsi- We analyzed first-order transport in detail. In a complete
mony should favor the model with fewer parameters. overview, we derived analytic expressions for current, noise,
In the absence of a spin splitting; =€ , the number of and the Fano factor for all possible situations involving a
plateaus is reduced. An example for the Fano factor as a@ingle interacting level. In particular, we discussed how the
function of bias voltage is displayed in Fig. 6. The solid sequence of Fano factor plateaus can provide information
curve is for symmetric, and the dotted and dashed curves agbout the asymmetry ratio of the coupling strengths as well
for asymmetric coupling. Again, a nonmonotonic sequencés the presence of Coulomb charging energy.
of plateau heightsk,>F,, indicates the presence of Cou-

lomb charging and’| /T g< 1/\2. For comparison we re- ACKNOWLEDGMENTS
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