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Why Asymmetric Molecular Coupling to Electrodes Cannot Be at Work in Real
Molecular Rectifiers
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Every now and then one can hear in the molecular electronics community that asymmetric cou-
plings (I's # I'¢) of the dominant level (molecular orbital) to electrodes (s and ¢) which typically
have shapes different of each other may be responsible for current rectification observed in exper-
iments. Using a general single level model going beyond the Lorentzian transmission limit, in this
work we present a rigorous demonstration that this is not the case. In particular, we deduce an
analytical for the bias (V') driven shift of the level energy deo(V') showing that deo(V)/V scales as
'y /Wy — I's /W, which is merely a tiny quantity because the electrode bandwidths W ; are much
larger than I's ¢. This result invalidates a previous, never-deduced formula in use in some previous
publications that neither could be justified theoretically nor is supported by experiment. To the
latter aim, we present new experimental evidence adding to that already inferred in earlier analysis.

PACS numbers: 85.65.+h, 73.63.-b, 73.63.Rt, 85.35.Gv

I. INTRODUCTION

Current rectification (RR = I(V)/|I(—=V')| # 1) using single molecule devices, a topic pioneered by Aviram and
Ratner,! continues to represent a major topic of molecular electronics.? 18 The present work is motivated by a confusion
that persists on the physical origin of this phenomenon. It is generated by the fact that electrodes used to fabricate
molecular junctions (planar substrate s and more or less sharp tip ¢) have often shapes different of each other. So,
merely guided by naive intuition, one was often tempted to claim that the asymmetry in the measured current-voltage
curves is just a manifestation of electrodes’ asymmetry. This issue has been addressed in a series of publications in
the past.1? 24 By postulating a Lorentzian transmission, an analytical formulal?2%:2426 for the current I as a function
of the applied bias V' can easily be derived

Gy 2I,Ty ( " 260 +eV 2e0 — eV)

[=2° “Lorer £
¢ T.+T, T, M T OO,

Here, e is the elementary charge, Gy = €?/h = 77.48 ;S is the conductance quantum, and eg = Epro — EF the energy
offset relative to the Fermi energy (Er). Inspection of this formula immediately reveals that (in cases where gy does
not depend on V, see also Section [[VD)) the I-V curve is strictly symmetric irrespective whether the MO couplings
to electrodes I'y and I'y are equal or not. Rephrasing, I's # I'; does not result in current rectification

RR(V) = —I(V)/I(-V) # 1

The Lorentzian transmission is a phenomenological assumption that deserves quantum mechanical justification, at
least based on a reasonable model Hamiltonian. Calculations using Keldysh’ nonequilibrium formalism show that
transmission is Lorentzian if the embedding self-energies ¥ ; quantifying the MO coupling to electrodes are assumed
to be purely imaginary and energy independent

Still, even for a simple model Hamiltonian like that expressed by Eq. () below, the embedding self-energies are neither
purely imaginary nor energy independent (see Section[[II)). Do deviations of ¥ ; from the above form make it possible
that merely unequal couplings (I's # I';) result in an observable current rectification (RR # 1)?

Demonstrating that this is not the case is the general aim of this paper. Drawing attention on the incorrectness of
a never-demonstrated formula (namely, Eq. (I8]) below) yielding RR # 1 for T'y # T'; utilized in previous publications
to quantitatively analyze current rectification in real molecular junctions is the most important specific aim of the
present report.

II. THE SINGLE LEVEL MODEL

Let us consider the steady-state charge transport in a two-terminal setup consisting of a molecule (M) modeled as a
single energy level (“molecular orbital” MO) eq linked to two electrodes referred to as “substrate” (label s) and “tip”
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(label t) subject to an external bias V. A general second quantized full Hamiltonian describing the charge transport
mediated by a single energy level reads2®

H = Z {usc;cl — (tsc;cl_l + HC)} +Z [,utc:[cr — (ttclcﬂrl + HC)}
1<—1 r>1
Hg H,
— (TscT_lco + H.c.) + aocgco — (th]ic + H.c.) (1)
——
Hg m Hu Hi v
g0 = 60(. )

Above, creation c;_r and annihilation ¢, operators refer to single electron states in substrate’s and tip’s conduction

band of widths W, = 4|t,| respectively. The subscript 0 refers to the single molecular level considered, and 7,
are effective (average) exchange integrals quantifying the MO-electrode charge transfers. For the sake of simplicity,
electron spin will not be included explicitly but its contribution (a multiplicative factor of two) will be accounted for
whenever physically relevant (e.g., Eq. (). Strong on-site Coulomb repulsion?®27 implicitly assumed in Eq. ()
precludes level double occupancy and leaves Coulomb blockade and Kondo effect beyond present consideration. (Point
to remember: typical ionization energies (IP ~ 10eV) in real molecules are very large, much larger than (HO)MO
offsets relative to electrode’s Fermi energy |eg| < 1eV.)

In the presently considered zero temperature case, single-particle electron states in electrodes are filled up to energies
below the electrodes’ (electro)chemical potential p, (x = s,t) whose imbalance

Hs,t = Er+ 8V/2, s — bt = eV (2)

caused by an applied bias V' gives raise to an electric current through junction on which we will focus next. Notice
that by virtue of Eq. ) V' > 0 means a positive t(ip) electrode, an aspect of practical relevance when discussing the
direction of rectification in a specific real junctions.

Noteworthily, Eq. (II)) does by no means rule out a V-dependence of 9. This may arise when the level (MO)
center-of-charge is located asymmetrically with respect to electrodes (“lever”t? or “potentiometer”23:28 rule) or due
to intramolecular Stark effect, a point to which we will return in the end of Section [V DI It is what we meant while
writing “...” in the last line there.

Provided that the Hamiltonian is the same for “forward” and “backward” current flow, there cannot be rectification.
This is a completely general result, independent on details of models; an example is what was called zero current
theorem in studies on generic tight binding models.223% The point with the specific case presently considered is
that, albeit oversimplified, provided that t; # t; and 75 # 7+ the model Hamiltonian of Eq. ([{l) does allow forward
and backward currents be different I(—V) # —I(V) even if £y does not depend on V. So, in principle Eq. (I
is compatible with RR(V) # 1. This is substantiated by Eq. (I0) deduced below; an exact result, demonstrating
that current rectification can occur. The important problem is, however, whether this broken “left-right” symmetry
(a = ¢, czr =cl,V = —V) of Eq. (@) can be source of an observable current rectification.

IIT. GENERAL RESULTS

Within the Keldysh formalism,3! the key quantity needed to express the current I (see Eq. () below32 32) through
a molecular junction is the retarded Green’s function G of the “embedded” molecule. It is related to the retarded
Green’s function of the isolated molecule

Gi(e) =1/ (e —eo +i0")

via Dyson’s equation

1

[GR()] " = [GB(E)] " = Sule) — Sule) (3)

The embedding self-energies ¥, ; have the form34:36:37

2ule) = Aale) — 3Te(e) = Ial?0(e) (®)



and account for the MO coupling to electrodes via the average exchange integrals of the MO-electrode couplings
7, 3336 The (surface) retarded Green’s functions of the semi-infinite electrodes can be expressed in closed analytical

forms37 40
2
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Below, we confine ourselves to typical situations where applied biases yield imbalance of electrodes’ electrochemical
potential sufficiently smaller that electrodes’ bandwidth e|V| < W, /2, ensuring thereby that the square root entering
the RHS of Egs. (@) and (8al) are real numbers. Otherwise, electrodes’ finite band may give rise to negative differential
resistance effects, as discussed elsewhere.26

The electrode’s density of states (DOS) p,(g) can be written as

2
poe) =~ 2 gf(e) = g1 (5 (6)

and has at the Fermi energy a value
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which is basically the inverse of electrode’s conduction bandwidth.
Based on the aforementioned, analytical forms for A, and I', can be deduced?®
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One should note here that the expression of ', in terms of p, deduced from Eqs. (@) and (Bal)
Iy =2mp, |Tac|2

is not restricted to the case of semi-elliptic DOS of Eq. (@]).2:224142 Including MO-electrodes interactions beyond the
choice for H, ps adopted in Eq. () is possible,243 but will not be attempted here because pertaining corrections were
shown? not to substantially alter conclusions based on Eq. (@).

The closed form of the retarded Green’s function describing the junction under applied bias (V' # 0) can now be
obtained by inserting Eqs. (Ba)) and (8H]) into the Dyson equation (B])
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The retarded Green’s function has “pole” (more precisely, this is the position where the real part of [GR(E)]_l
vanishes) at

Eo(V) = &0+ 0&0(V) = &g +veV (10a)
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which defines MO energy &o(V') of the embedded molecule in a current carrying state. Notice that Eq. (I0) includes
both the MO energy renormalization due to the couplings to electrodes (I's; # 0) of the molecule embedded in the
unbiased (V' = 0) junction (g9 — £y # €¢) and the bias driven MO energy renormalization (V # 0 — 6&0(V) = veV #

0).
Inserting the above expressions into the general formula32:34:3¢
2e¢ [Ht 2
I = % dEFS(E)Ft(E) ’GR(E)’ (11)
s

we are led to the general expression of the current determined by a single transport channel (“single level model”) at
zero temperature

eV/2 T T
I % FS(E)th(E) - (12)
—eV/2 [¢ 50(‘/)]2 + [ s(a)-z 10)
Along with Eq. ([I2)), the expression of the local density of states
L l= .
1 R 1 1 2 [Fs(f) +Ft(€)}
LDOS(E) = —;ImG (E) = ; 11— . T, - 3 (13)
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better allows to emphasize the twofold role played by fsﬁt(a): renormalized MO couplings to electrodes (entering as
multiplicative factors in Eq. (I2)) and renormalized partial level broadenings (cf. Eq. (I3)).
Eq. (I0) allows us to disentangle the impact of the MO couplings’ renormalization (I's ; < I's 4 (), It < I)
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IF = f (E) ft(g) & 5] de (14)
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from the impact of the MO energy renormalization (g9 < &o(V), I < I)
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The latter can be integrated out in closed form and reads
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where &o(V) is given by Eq. [I0). If the charge transport occurs sufficiently far away from resonance (which is the
usual case??4%) je.

21E0(V)—|eV]]/[Ts+Ty] > 1

Eq. (I5) is amenable at the simpler form#7

I, GoV
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In the wide-band limit (W, — 00), I's 1(e) = s 1, £0(V) — €0, and Eqgs. (IH) and ([I6) reduce to Egs. (3) and (4) of
ref. [47.

As a hybrid approximation, one can also consider couplings’ renormalization only in the numerator of the integrand
entering the RHS of Eq. (I2)
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IV. DISCUSSION

Inspection of Eq. (I2) reveals that, in principle, rectification I(—V) # —I(V) could arise in junctions whose
electrodes have different properties (I's # Ty, Wy # W;). Based on it, we will next interrogate how effective the
impact of electrodes’ asymmetry on current rectification in real junctions is.

A. General Considerations

According to Eq. (I2) RR # 1 (i) could be the result of a polarity dependent bias-driven MO shift due to couplings’
asymmetry, 0£o(—V) # 0£¢(V) and/or because the expressions the parentheses under the square root entering the
Eqgs. (b)) and (@d) pertaining to the substrate and tip electrodes are (ii) significantly different of each other and at

least one of them is significantly different from zero.
Lo\ _1(Iy T,
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To (i): Eq. (I0d) yields
1 /Ty s
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which should make it clear that a bias-driven MO energy shift can safely be ruled out. Indeed, even if the effective
value W = 35.8eV deduced for gold from the DOS p = 0.035 eV 14448 yia Eq. ([@) might be somewhat overestimated,
it still substantiate the conclusion that W is much larger than MO-electrode couplings I'; values of I' estimated for
real junctions are at most ~ 10~ eV, typically a few meV.42:46:49.50

Although not directly related to rectification, we note in passing that, for the same reason, a substantial change in
MO energy offset merely due to molecule embedding (i.e., £y # o, cf. Eq. ({0D)) cannot occur

i r, T, IV r, I,
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To (ii): Given the fact that the integration variable entering the RHS of Eq. (I2) varies in the range |e| < e|V|/2,

the maximum value of the parentheses under the square root are (V/ Wsﬁt)z. This again shows that, at the highest
bias values V' ~ 1V applied in real experiments, differences between currents at positive and negative polarities can
hardly exceed ~ 0.1%.

B. Specific Examples: Two Benchmark Cases

Having said this in general, let us focus on two benchmark junctions fabricated with octanethiol (C8T) and 1, 1,
4’ 1”-terphenyl-4-thiol (OPT3 in ref. ) molecules. The parameters g = —¢y,, ', and I’y that make this analysis
possible are available or can be estimated thanks to recent extensive investigations on these monothiolates?®46 as
well as on their dithiolate (C8DT%6 and OPD3?) counterparts. Data for dithiols (d) are also needed because, while
providing values of the (geometric) average I' = /T ,I';,4” transport data for a given molecular species do not allow
the separate determination of the two individual components I's and I'; for the presently considered monothiols (m).

In view of the fact that not only SAMs deposited on gold but also junctions fabricated with those dithiols are
characterized by extremely small statistical variations in their transport properties,®! it is legitimate to assume
'Y ~ T¢ ~ T'Y; dithiolate species form stable covalent bonds responsible for chemisorption both at the substrate
and at the tip. In addition, one can assume I'"" ~ I'Y ~ T'%; both monothiols and dithiols are linked to substrate

by thiol groups. Doing so, based on I'“8PT = 14.88meV46 and I'“®T = 2.45meV4¢ we get Y37 = 14.88meV and
resT = (I‘CST)2/I‘SCST = 0.40meV. Similarly, using T9PP3 = 18.34meV42 and I'°P7? = 4.52meV42 we estimate

r9PTs3 = 18.34meV and TOFT3 = (FOPT3)2 JTOFPT3 = 1.11 meV.

Figures [1l and 2] depict the dependence on bias of the current rectification obtained by using the HOMO offsets
derived from recent transport measurements (e§%7 = —e{8T = —1.01eV26 and e§FT? = —eQFPT3 = —0.66eV42)
along with the aforementioned values of I'y ;. As shown by the blue curves of Figures [Ib and b, the impact of I'y ;-
renormalization brought about by applied bias is completely negligible. The “largest” contribution to rectification
comes from the renormalization of the HOMO energy, which is accounted for by Eq. (ITIl) and depicted by the magenta
curves. In off-resonant situations and biases of experimental interest this effect is very accurately described by the
simpler Eq. (I6]), which represents the generalization beyond the wide-band approximation of a result (Eq. (4) of
ref. |47) deduced earlier in the limit W, — co.
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FIG. 1: Current rectification RR calculated in experimentally relevant bias range using parameters (a) estimated for C8T
junctionsﬂs and (b) modified to overestimate the RR-values. See the main text in Section [V Bl for details.
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FIG. 2: Current rectification RR calculated in experimentally relevant bias range using parameters (a) estimated for OPT3
junctions®® and (b) modified to overestimate the RR-values. See the main text in Section [V D] for details.

To sum up, Figures [I] and @] clearly reveal that, when fully accounted for, renormalization effects due to MO-
couplings to the electrodes of C8T and OPT3 junctions are unable to make RR significantly different from unity
and are by no means responsible for the values observed in experiment (RRoprs ~ 2.5 at V = 1.2V and RRegr ~
0.7 at V = 1.5V).284246 To make this point clearer, in addition to calculations based on parameter values deduced
from experimental data (see above), we also performed companion simulations to artificially enhance the impact
of the aforementioned renormalization, ruling out that possible parameters’ inaccuracy may vitiate the conclusions
presented below. E.g.:

(i) We considered the case of extreme asymmetric couplings to electrodes (I';y — 0). Calculations for this case (green
curves in Figures[Ih and Bh) yield values of RR that cannot be practically distinguished from unity.

(ii) We performed simulations by using electrode bandwidths W; substantially smaller than that previously esti-
mated (W4, = 35.8eV, 4448 see above). Letting alone the comparative purpose, the rationale for this choice might
be that, unlike practically infinite substrates, more or less sharp tips may have DOS (p, =~ 1/W,, cf. eq (@) different
from the value for infinite metal. Notice again that by choosing a smaller W;-value, renormalization effects are (arti-
ficially) overestimated: W’s enter the denominators of relevant formulas, e.g. Eq. (I2). Results of these calculations
are depicted by the blue and magenta curves in Figures [[h and Bh. The emerging conclusion is the same; although

overestimated, this rectification RR = 1£0.0. .. substantially departs from that deduced from experiment and misses
any practical relevance.

C. Interrogating Possible Charge Accumulation Effects at Contacts

The exact results reported above in this section have substantiated what the title already stated: the I'; ; couplings’
asymmetry does not have a quantitatively relevant impact on current rectification. But, after all, this conclusion is
based on a highly simplified model. So, one may wonder whether the unequal charge transfer rates I'y # I'; may
still significantly enhance the completely negligible current asymmetry I(+V') # |I(—V)| via physical effects escaping
Eq. (). Being driven by unequal I'; # T';, the effect to be next discussed belongs to this category.

Fabrication of a molecular junction necessarily implies a certain (possibly asymmetric) charge exchange between
the embedded molecule and electrodes which cannot be ignored even within a single-electron description?? like that
underlying Eq. [); the level’s energy is renormalized (cf. Eq. (I0)) but this is a wispy effect. If significantly dependent
on bias polarity, extra electronic charge accumulated at “interfaces” (positions [ = —1 and » = 1 Eq. ({])) might be
relevant in the context of rectification. If this was the case and the MO occupancy significantly changed upon bias
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FIG. 3: The bias dependence of the occupancies n; of (a) the HOMO and the adjacent sites in (b) substrate and (c) tip
electrodes computed using parameters estimated for C8T junctions®® and modified to overestimate the RR-values. See Figure[I]
and the main text (Section [V BI) for details.

polarity reversal, one would have to consider the associated electrostatic interactions (preferably treated within a
many-body picture, since this turned out to be feasible2?) as a potential source of rectification.

With this in mind, we computed the bias-dependent MO occupancy ng = (cgco> as well as the occupancies
ne = (c}cﬁ l and ny = (cf Ley ‘ ,_q ab the contacts. This is an easy task because, in the absence of electron
=1

correlations, the nonequilibrium Keldysh lesser Green’s functions (G<) needed can be straightforwardly expressed in
terms of the retarded Green’s functions. Being a rather marginal issue in this paper we skip the technical details; all
relevant information can be found in ref.[52. The results of these calculations using the model parameters deduced in
Section [V Bl for C8T are collected in Figure[[V-Cl Within the model considered, the differences ng # 1 and nst # 1/2
visible in Figure [V .Cl reflect the combined effect of coupling to electrodes (I's ; # 0) and applied bias ( O The
highly localized C8T’s HOMO concentrated in the immediate vicinity of the substrate (e.g, Figure 6 of ref makes
the impact on n, “stronger” that that on n;; compare Figure [V.Cbh and Figure [V .Ck among themselves. Stlll most
importantly in the present context, for all biases of experimental relevance, V' has an altogether negligible impact on
all electron occupancies. This rules out any notable contribution to current rectification.

Above, we intentionally restricted ourselves to the case of C8T. The much less spatially asymmetric OPT3’s HOMO
delocalized over the entire molecule (e.g., Figure S7 of ref. ) makes the difference ns # n; in this molecular species
even substantially smaller than for C8T.

D. Additional Remarks

We do not want to end this work without commenting on earlier literature attempts to describe the current
rectification by postulating a bias-driven energy shift of the single dominant transport channel depending on the

coupling to electrodes I's ;23726 as follows
v Vv
VSE—EngV}E5;50|V:0V—#0>50(V):50+76V (18a)
_ 1r,-1; 1 21y
== ==-(1-9); 6= 18b
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Ty 1
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Notice that due to the different choice the electric potential origin, e( (V) = go(V)+eV/2 and n = 1/2+7. ps—pu, = €V
holds in both cases, implying, e.g., a positive bias on the ¢(ip) for V' > 0.

Importantly for checking its validity against experimental data, Eq. (I8]) predicts that the direction of the MO
bias-driven shift (upwards or downwards) is merely dependent on the sign of the couplings’ difference I'y — I';

_ 1T
deo(V) =eo(V) — eo(V)|y—y =7eV = 3T, & FteV o sign(T's — T'y) signV’



TABLE I: Values of Yyreai = Yeap, , and 7 for several molecular junctions investigated experimentally.

Yreal ) 7 System
0.056 “0.115 7 0.443 ° CP-AFM, OPT3%
-0.035 " 0.053 0.474 ° CP-AFM, C8T42

0.060 “f.1e-4 “0.500 ° EC-STM (variable bias mode), azurin®?
-0.305 “0.015 ©0.492 * EC-STM (variable bias mode), viologen®
-0.270 “0.015 ©0.492 “EC-STM (constant bias mode), viologen®®

: Ref.
Ref. 47
Ref. 54
Notice that « of refs. [58 and [57 corresponds to Yreal = 1/2 =7
Ref. [57
This work
? This work via Eq. ([IRE)

c
d
e
f

which translates into a current rectification (RR) direction (i.e., RR > 1 or RR < 1) merely dependent on the sign of
I's — I'; expressed as follows

RRHOM()(V > 0) = —

(v o1
) { > 1 fory>0=T, > T, for HOMO-mediated conduction (g9 < 0)

I(-V) | <1 fory>0=T, <I}

and

RRLUM()(V > 0) = —

(v o1
W) { <1 fory>0=T,>T, for LUMO-mediated conduction (g9 > 0)

I(-V) | >1 fory<0=Ts <I}

Although neither deduced theoretically nor validated experimentally, ¥ of Eq. (I8H) — or the equivalent quantity
n=1/2+75 =T/ (s + ;) mentioned above — was utilized in previous publications, e.g., for textbook, illustrative
purposes®? or (sometimes3?) aware of the fact that a I's; asymmetry similar to the asymmetry in the voltage drop
is merely an assumption made for the sake of simplicity. The minor difference between 7 = I'y/ (I's + I';)23:3% and 7
of our Eq. (I8H) is due to the different choice the potential origin; the former chose Vi = 0,V; = V while we used
Ve=-=V/2,V; =V/2, cf. Eq. @.

As visible, the never deduced Eq. (ISH) has no resemblance with our Eq. (I0d), a formula deduced here within
a general single level model. Although of little practical importance because we already saw above that the bias-
driven MO shift due to V' # 0 and coupling to electrodes expressed by Eq. ([IQ) is altogether negligible, it could
still be remarked that even the shift direction of the never-deduced Eq. ([I8) may be problematic: 7 o sign (I's — T'¢)
(cf. Eq. (I8H)) as opposed to ~y o< sign (I'y — ') (cf. Eq. (I0d) for Wy = W;).

By and large, one should conclude that Eq. (I8) has no theoretical support. This analytical demonstration adds
additional evidence to the fact emphasized earlier that I-V asymmetry predicted by Eq. (I8H) is at odds with various
experimental data collected under various platforms; see refs. @, @, and citations therein.

Besides the examples presented earlier,2728 let us demonstrate that the transport data for the presently considered
C8T and OPT3 junctions also invalidate Eq. (I8). Indeed, inserting the values of I's and T’y from Section [V Bl into
Eq. ([ISD) we get via Yogp = 0.47 for C8T and Jp ppg = 0.44 for OPT3. With (V) of Eq. (I8) this translates into
RRJ|_; 5y = 652(> 1) for C8T and RR|,,_; 5 = 282(> 1) for OPT3. These values are not only quantitatively but
also qualitatively different from the experimental values: RR“P|,_, oy, = 0.7 < 146 and RR®?||,_, 5, ~ 2.5 > 145
For a more complete overview on the unsuitability of Eq. (I8), all present and earlier values mentioned above are
compiled in Table [l and depicted graphically in Figure Al

Put conversely, let us now assume that Eq. (I8H) was correct (i.e., ¥ = Yreq:) and applied to the OPT3 junctions
considered above. (Remember, this cannot be done for C8T junctions wherein Yyeqt = Yexp = —0.03%¢ would imply
Iy > T's and hence, completely unrealistically, a charge transfer rate I's between the substrate and HOMO located in
its close vicinity smaller than the HOMO-tip charge transfer rate I'; across the long alkyl backbone.) With the value
Yreal = Yewp = 0.055 extracted from OPT3 I-V-data2® we get [OPT3 = TOPT3, /(1 +27%) /(1 —2¥) = 5.05meV.
Being substantially smaller than ['97P? = 18.34meV (cf. Section [V D)), this value MYF73 = 5.05 meV is unphysical;
located at center of the symmetrical OPD3 molecule, OPD3 HOMO'’s center-of-charge is more distant from the
substrate than OPT3 HOMO’s center-of-charge displaced from the molecular center towards the thiol end.

To avoid misunderstandings, one should finally note that in this work emphasis was on the fact that the asymmetric
coupling of the dominant level to electrodes (I's # I';) does not give rise to current rectification in most real molecular
junctions. This does by no means imply that current rectification cannot be quantitatively described within the single
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FIG. 4: (a) The bias-driven MO shift Yreqai = 7Yexp deduced from transport measurements plotted against the MO coupling
asymmetry parameter § defined by Eq. (I8L) reveals that the latter parameter has no impact on current rectification. (b)
If Eq. (I8) was correct 5 and 7req: would be equal but, as visible, they are not. Numerical values underlying this figure are
collected in Table [

level model. Along with the imbalance between the electrodes’ (electro)chemical potential u, (Eq. (2])) an applied
bias V' may in general yield a (bias-driven) shift of the energy level

V#0
g0 = 50'\/:0 —¢> EO(V) =¢o+ Yreal eV (20)

This was quantitatively shown in experimental data analysis, 224661 with the important observation that the above

Yreal turned out to be a parameter independent of I'y and I'; which is neither equal to v entering Eq. (I0d) nor to
5 of Eq. (I8L). It is the opposite energy shift direction caused by positive and negative biases that gives rise to
rectification, which can be accounted theoretically by means of the single model (cf. Eq. ()

5‘0(. . ) — EQ(V)

wherein the V-dependence is expressed by Eq. (20). In general, the dependence on V of £o(V') expressed by Eq. (20)
results from the interplay between intramolecular Stark effects?® and off-center spatial location of MO’s center of
charge12:62.63 The latter (expression of the “lever”t2 or “potentiometer”23:28 rule) results from convoluting the MO’s
spatial distribution with the local electric potential whose determination requires to simultaneously (self-consisten-
tly) solve the quantum mechanical (Schrédinger) and electrostatic (Poisson) equations. Such microscopic calcula-
tions turned out to be successful in quantitatively reproducing RR of OPT3 junctions even subject to a mechanical
deformation.8* State-of-the-art ab initio calculations?®28 showed that in alkanethiols the intramolecular Stark effect
yields a strictly linear V-dependence well beyond the bias range sampled in experiments.28:46

To be on the safe side, we wrote above that I's # I'; cannot yield RR-values significantly different from unity “in most
real molecular junctions”. The results deduced in this work showed that this is indeed the case irrespective of whether
the charge transport is off-resonant (cf. Eq. (ITI))) or on-resonant. In situations escaping the model of Eq. (I]) — unlikely
in real molecules but still possible in artificial nanostructures where electronic properties can be continuously tuned —
close to resonance, level’s occupancy may be significantly different from zero and V-dependent.2t22:27 If furthermore
on-site electron-electron interactions2%27 or electron-electron interactions at contacts?® are strong, I's # I'; may lead
to a certain I-V asymmetry, although spectacular RR-values can hardly be expected on this basis. Problems arise in
those cases because, close to resonance, electron couplings both to slow vibrational degrees of freedom (reorganization
effects) fast phonons (deserving quantum-mechanical treatment) need be considered.

V. CONCLUSION

It was not our aim here to explain current rectification in real molecular junctions using schematic (tight binding,
Hubbard, etc) models extended, e.g., to also include interactions due to charge accumulation at interfaces considered
in Section [V.Cl Realistic microscopic calculations showed that RR can quantitatively described in real molecular
junctions even subject to mechanical stretching®? or is situations where, counterintuitively, the dominant MO does
not track the substrate in its close proximity but rather the much more distant tip electrode.23:28

Rather, in this work, we have presented analytic results deduced theoretically by exactly solving the nonequilibrium
problem for a general quantum mechanical Hamiltonian describing the charge transport dominated by a single energy
level. Technically speaking, the present study goes beyond the existing approaches to charge transport and related
current rectification within a single dominant channel because we worked out the general equation Eq. () for the
current by employing exact expressions for the embedding self-energies having: (i) nonvanishing real parts (cf. Eq. (8h))
and (ii) imaginary parts that do depend on energy (cf. Eq. (8al).
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The formulas deduced in this way enabled us to obtain numerical estimates based on parameter values both extracted
from transport measurements on benchmark junctions or even chosen to simulate rectification enhancement. On this
basis, we can definitely rule out that unequal MO couplings to electrodes (I's # I';) make a significant contribution
to current rectification in experiments with molecular junctions fabricated so far. This conclusion clearly contradicts
some opposite claims in previous literature while confirming other assertions based on intuitive considerations.44:48

Hypothetically, T's # Ty could yield (albeit not large but still presumably) observable I-V-asymmetry in case of elec-
trodes possessing extremely narrow conduction bands (low Wy, imply large v, cf. Eq. (I0d)). Artificial nanostructure
may be better suited for this purpose because their properties can be tuned easier than those of real molecules. Still,
in those cases electron correlations will certainly be very strong and invalidate (Laudauer’s) uncorrelated transport
description underlying the vast majority of theoretical studies including the present one.
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