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Current Assymetry Caused by Molecule-Electrode
Contacts

E. G. Petrov

Ya. R. Zelinskyy

V. L. Teslenko

Bogolyubov Institute for Theoretical Physics, National Academy
of Sciences of Ukraine, Kyiv, Ukraine

The current-voltage (I-V) characteristics and the conductance of a molecular wire
are evaluated under the condition of a weak electron-vibrational coupling. It is
shown that, in the case of strong couplings between the molecular wire and the
electrodes, the current formation is associated with a complicated mixture of
superexchange (elastic) and sequential (inelastic) transfer processes just within
the molecular wire. At a large energy gap between the level positions of the ter-
minal and interior wire units, the transfer along a sequential electronic pathway
becomes noneffective. Therefore, the current is mainly determined by an elastic
mechanism. If molecule—electrode couplings are weak, the I-V characteristics
are connected with the interfacial charge hopping processes limiting the common
charge transmission.
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I. INTRODUCTION

There is a currently intense interest in the studies of the electrical
properties of single molecules by both fundamental and practical rea-
sons. It is due to their potential application as counterparts of molecu-
lar electronic devices [1-4]. The improvement of experimental
technique based on using the scanning tunneling microscopy [5,6],
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conducting atomic force microscopy [7], and mechanically controllable
break junction technique [8] opens a direct way to the investigation of
the conductance properties of single molecules. Experimental studies
clearly show that, in most cases, the current—voltage (I—V) character-
istics of single molecules exhibit a nonlinear behavior including such
effects as a molecular rectification [9,10], a negative differential resist-
ance [11], a switching [12,13], and memory effects [14]. Such a beha-
vior is caused by not only a complicated electronic structure of the
investigated molecules but the molecule—electrode interaction as well.
It has been pointed out that the conductance is especially sensitive to
microscopic details of the molecule—electrode contacts. Therefore, the
character of interfacial reactions between the metal surface and the
molecule attached plays a key role in the charge transport across
the molecular junctions [15,16]. In common, one can distinguish three
determining factors (related to the molecule—electrode interface)
which control the conductance properties of single molecules and
molecular wires: a geometry variation, a chemical nature of terminal
groups/atoms, and a strength of molecule—electrode interaction. In
particular, the presence of metallic electrodes can strongly modify mol-
ecular electronic levels which, additionally, become broadened.

In the present communication, the role of electrode—molecule con-
tacts in the formation of the current through a short molecular wire
is studied theoretically with the use of the density matrix method.
The previous theoretical studies based on the nonequilibrium Green’s
function formalism have been applied to the investigation of the
molecule—electrode interface of «,o'- xylyl-dithiol molecular wires [17].
It has been shown that varying the surface geometry does not affect
the conductance in a significant way. Additionally, a strong depen-
dence of the conductance on the chemical nature of the terminal
atoms, as well as on the electrode—terminal site distance, has been
established. A minor role of the geometric position of the terminal
atoms with respect to the metallic surface has been demonstrated
numerically with the use of the density functional theory. [The theory
has been applied to the investigation of self-assembled monolayers of
the thiolated conjugated wires attached on a gold surface [18].] It
has been shown that a small change in the orientation of the molecular
wire with respect to the surface does not modify drastically the elec-
tronic structure of the molecular wire. In contrast to the minor role
of the geometric position of a metal/molecular complex on conductance
properties of the complex, a strong influence of the electronic interac-
tion between a molecular wire and a metal surface has been found.
This interaction modifies locally the electronic structure of a metal
surface and leads, thus, to a strong modification and a broadening of
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the electronic levels of the molecule [19]. Additionally, the extent of
the molecule—electrode coupling at metal-molecule interfaces can lead
to the current rectification even in a symmetric system [9,20]. In parti-
cular, the experimental and theoretical studies of the charge transport
across the metal-molecule—metal junctions formed from two oligo(phe-
nylene ethylene) molecules manifest a control of the current rectifi-
cation by a change of the coupling at the metal-molecule contact [9].
Another theoretical results show that a similar rectification can result
from unequal voltage drops and injection barriers at the two metal-
molecule contacts [21-23]. The results of theoretical studies based
on the nonequilibrium density matrix method show that the rectifi-
cation effect can be associated with the asymmetric charging of the
molecule by transferred electrons [24,25]. Such a kinetic rectification
can be especially significant on the resonant transmission through
the isolated molecular levels [26,27].

The goal of the present article is to clarify the influence of the
molecule—electrode interface on rectification properties of a short
molecular wire with strongly energetically positioned levels belonging
the interior wire units. Two limiting cases of strong and weak
molecule—electrode couplings are considered. In both cases, the analytic
expressions for the current are derived and the current—voltage charac-
teristics of the wire along with the wire conductance are analyzed.

Il. MODEL AND THEORY

To study the effect of metallic electrodes on the current-voltage character-
istics of the molecule, we apply a model of molecular wire consisting of
the terminal donor (D) and acceptor (A) sites, as well as two interior sites
of electron localization (n = 1 and n = 2), Figure 1. In the model, the

Koa
XL BD B BA XR
kAD ‘

FIGURE 1 Kinetic scheme of electron transmission through a short molecu-
lar wire embedded between two metallic electrodes.
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electron transfer (ET) between the electrodes (denoted by the symbols L
and R) and the corresponding terminal sites D and A is characterized by
single-electron hopping transfer rates yz) and y_r_g). The transfer
rates ap, o, oa and fp, B, f4 characterize the electron hopping between
the neighboring sites of electron localization within the wire. It is
assumed in the model that the terminal sites differ chemically on the
interior sites so that the lowest unoccupied molecular orbital (LUMO)
levels of the terminal units are positioned strongly below the LUMO
levels of the interior units [28]. Such a position of the levels supposes
the appearance of a specific superexchange interaction between the D
and A sites. The respective superexchange forward (kps) and backward
(kap) transfer rates characterize a distant one-step electron hopping
between the terminal units. Thus, the current is formed by the motion
of single electrons along the sequential and the superexchange pathways.
We derive the current on the base of the general expression

I =—eNy(t), (1)

where e denotes the absolute value of the electron charge, and NL(t)
(= —Ng(t)) is the time-derivative of the number of electrons present
at the left (right) electrode. To derive N, (¢), we note the fact of a small
population of the interior wire sites. It is due to a higher position of the
LUMO levels belonging the interior sites relative to the LUMO levels
of the terminal sites. In addition, we consider only a nonadiabatic
regime of the charge transfer when the ET occurs on the background
of the fast vibration relaxaion within each electronic term. This allows
us to use a system of linear kinetic equations derived in Ref. [29] for
integral electronic populations of the wire sites, P,(¢), (n = D,1,2,A).
In our notations, the system reads

Ni(¢) = =y + (T /R)Pp(2),
Pp(t) = —((Tz/R) + op + kpa)Pp(t) + 1z + BpP1(t) + kapPa(t),
l?l(t) = —(x+ Bp)P1(¢) + oapPp(t) + pP2(?), @)
Py(t) = —(a + B)P2(t) + aP1(8) + BaPal(?),
Pa(t) = —((Tr/R) + Ba + kap)Pa(t) + xg + %aPa(t) + kpaPp(t),
Ng(t) = =g + (Tr/h)Pa(2).
In Eq. (2), the width parameters
I'n=h(p+x-1), TrR=R0R+1-r) (3)

determine the broadening of the D and A terminal electronic wire
levels. The broadenings are caused by the interaction of the noted
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levels with the conduction band levels of the left and right electrodes,
as well as by the coupling to vibrational modes.

We restrict ourselves by consideration of the stationary case where
P, (¢) = 0. This yields N, = —Ng = const. At the stationary regime of
charge transmission, system (2) is reduced to the system of linear
algebraic equations

AP =C,, (n :Dalvsz)' (4)
m=D12A
Here, A,,, is the basic matrix of the linear system (2), and
C. = x1.0nD + 1ROna. Solving system (2) and substituting the reading
form of the Pp in the first equation of system (2), we obtain the ana-
lytic expression for the stationary inter-electrode current,

I=0V)L.(V)+ (1 -0(V)I(V), (5)

where I, (V) and I_(V) are the current components at positive and
negative voltages, 0(v) is the Heaviside’s unit function. At V > 0, the
current appears as

hyL hK+
T, A (6)
[Note the introduction of the current unit Iy =e/nh x 1eV ~ 80 pA. It

supposes that the quantities I'rr), hxrr), kDA, hRaD, ho, etc. have to
be given in electron-volts]. In Eq. (6),

I.(V) =1y2n(1 — e¢V/ksT) 2L

B > %op
K =k 1+—+— |+—— 7
(1) 7
and
thA hkAD> ( ﬁ) hOC(ZD hﬁﬁA
A= {1+ + 1+—+ + : 8
( Iy I'g /31) T LBfp Troa ®)
Analogously, at negative voltages (V < 0), we get
hyp hK_
_ o—elVI/ksT\ VAR
I.(V)=~To2n(1 - SR 9)
K:kw<1+—+ﬁ>+%. (10)
Pp oA

lll. RATE CONSTANTS

To analyze the current—voltage characteristics, one has to specify both
the expression for rate constants and the location of electronic density
over the wire. In the case of nonadiabatic ET under consideration, the
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intersite electronic matrix elements Vpi,Vp =Vig,and Vou are
assumed to be small, so that all molecular electronic terms can be
referred to the sites of electron localization. Therefore, just the site
energies E,, determine the direction of the ET process under the volt-
age bias. To derive a voltage shift of the E,,, we suppose that the “cen-
ter of gravity” of the electronic density of each site is positioned just at
the center of the site. Let /;, and [z be the distances between the ter-
minal sites and the respective adjacent electrodes, and let I be the
distance between the wire units. Denoting the electrode—electrode
distance as [ = Ij, + 3lw + 14, we determine the voltage division factors
as np =1I/l, np =l1lg/l, and ny = lw/l. With the introduction of these
factors, the shift of energy levels is determined by the expressions

ED = E% - eV”La
Ey =Ej —eV(1—1p).

To specify the ET rate constants, we employ the well-known Marcus
form [30] which can be represented for the forward ET rates as

on  [Vip|? | (AEp — Jip)?
_ 2" g A 12
b = Tk P |~ dipksT | (12)
MZ%MeXp _M (13)
h \/4n;LAkBT 4)v2AkBT
o= 2_” |VB|2 ex _ (eV’7W - ;“3)2 (14)
N h \/47E)vkaT P 4ikaT
2n  |[Vpal? (AEps — Jpa)®
Boa = 28 _\AbpA — /DA) 15
ba h \/47‘ElDAkBTexp 4/ALDAkBT ( )

The backward rate constants are expressed via the forward ones with
the relations

op = fpexp|—AEp/ksT), (16)
Ba = 04 exp[—AE /kpT], (17)
p = aexpl—eViy/ksT), (18)

kAD = kDA exp[—AEDA/kBT]. (19)
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In Eqgs. (12)—(19), energy gaps are determined by the expressions

AEp = E1 — Ep = AE), — eVipy,
AEy = Eo — E5 = AES + eViy, (20)
AEDA :ED —EA = AE%A —|—eV(1 — N — 1’]R).

The quantities ip) and /ps are the reorganization energies attribu-
ted to the transitions D(A) — 1(2) and D — A, respectively, whereas
Aw is the reorganization energy associated with the transition between
the interior wire sites. We also introduced the gaps between the
unbiased LUMO levels of the 1-st interior site and the D unit
(AEY, = EY — EY), as well as between the 2-nd interior site and the A
unit (AEQ = EY — EY). The unbiased driving force of the D-A ET pro-
cess is denoted as EY, = EY — EY.

In Eq. (15), the square of the transition matrix element between the
terminal sites appears as [31]

VipVaVaa|?
Hmzl,z AE’mDAE'mA .

This quantity depends on a voltage bias via the energy gaps AE,,p =
E, — Ep and AE,,4 = E,, — E4, where the site energies are given by
Eq. (11). With the introduction of the factors ¢p(V) = —3eViyy/AEY
and ¢4 (V) = +3eViy/AES [32], quantity (21) can be rewritten in a
more compact form as

[Vpa (V)] = (21)

[Vpa(V)[? = [Vpa(0)|2e?r(V)+0alV) (22)

where
2
2 _ [VipVaa|* \Z

- ABRAEL || JAEO AR

[Vpa(0)] (23)

is the square of the superexchange matrix element in the absence of an
electric field. As to the wire-electrode transfer rates, we take them in
the form [25,26]
1
IL(R) = EFL(R)nF(AEL(R))v

1
X-L(-R) = ]?LFL(R)(l —np(AELg)))

(24)

valid at a small electron-vibrational coupling. In Eq. (24), we use the
Fermi distribution function defined as
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np(AELg)) = lexp(AELg) /ksT) + 1] (25)
with
AEL = AEY — eV, AEp = AE% +eVip (26)

being the energy gaps that exist between the terminal site levels and the
respective Fermi levels (AE? ®) = EY ) — Er is the unbiased energy gap).

IV. SIMPLIFIED EXPRESSIONS FOR THE CURRENT

The general analytic expressions for the current, Egs. (5)—(10), allows
us to describe the current—voltage characteristics at different relations
between the hopping rate constants. But, it becomes useful to have at
hand also simpler versions suitable for the analysis of peculiar cases.
In what follows, we consider the limiting cases of strong and weak
molecule—electrode couplings.

Strong Molecule-Electrode Coupling

In the case of the strong coupling between the electrode and the
respective terminal site, the following inequalities are fulfilled:

kDAvfxD < 1—‘L/ha kAD;ﬁA < FR/h (27)

This case corresponds to fast electron hoppings between the terminal
wire units and the adjacent metallic electrodes as compared to the
hoppings between the wire units. At such a regime of charge trans-
mission, the general expression for the current is reduced to the
sum of two independent contributions,

I=14,(V) + 1w (V). (28)

The superexchange contribution reads
Lup(V) = e[1 = e~eVI/boT] {H(V) L fpa — (1= 0(V)) X—RkAD]- (29)
I'z I'r

[Superexchange D—A coupling exhibits itself through the distant rate
constants kps and kap, cf. Egs. (15) and (19).] The sequential contribution

1 — e-elVI/ksT

oaPp + ooa + Bpf
2

x [@(V)hr—?w% +(OV) = 1)

Ioq(V) =121

2
h* g

ﬁDﬁﬁA] (30)
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is specified exclusively by the hopping transfer rates (cf. Eqs. (12)-(14)
and (16)—(18)).

Weak Molecular-Electrode Coupling

At a weak molecule—electrode coupling where
kpa,op > TL/h, kap,Bs >> T'r/h, (31)

the current components (6) and (9) are reduced to the form

. Ky hK
I, =1.(V) = Ip2n(1 —e *V/"T) FLL hK, /Ty, ++7LK—/FR’
hir hK_

I =1.(V)~ —Ip2n(1 — e~VI/ksT)

I'r K, /T +hK_/1"R' (32)

The voltage dependence of the current is concentrated in the effective
rates K, and K_ defined by Eqgs. (7) and (10), respectively. With taking
into account the relations between the backward and forward transfer
rates, cf. Eqs. (16)—(19), expression (32) is transformed to the form

Ay h
I, ~1p2n(1— e V/keT) 2L
+ 0 7'5( e ) FL (h/rL) T (h/rR)e_AEDA/kBTv (V > O)a
_ Ay h
I ~ —I,2n(1 — e ¢VI/ksT)ZLR .
o2l = ) h/Tr)e B/ 1 (hjrg) <O
(33)

which is more suitable for the discussion of the results.

V. DISCUSSION

The analytic expressions, Eq. (5) and Egs. (6)—(9) allow us to analyze
both the I-V characteristics and the conductance dI(V)/dV of a
molecular wire at different values of the physical parameters.
Figure 2 displays the strong current rectification effect caused by
the asymmetry of the coupling to the electrodes. When molecule—
electrode couplings are strong so that relation (27) is fulfilled, the
interelectrode current appears as the sum of superexchange, Eq. (29),
and sequential, Eq. (30), contributions. But, it has been already
established [29,32] that, in the case of a short molecular wire, the
superexchange component of the current dominates in the total cur-
rent so that I(V) ~ I;,,(V). In what follows, just such a situation is
considered only.
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—
(9]

N=2, T=298 K
I[= 0.1eV

—
o)
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20 -15 -10 05 00 05 10 15 20
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FIGURE 2 Current—voltage and conductance (cf. the insert) characteristics of
a linear molecular wire with two terminal (D) and (A) and two interior units.
The calculations are performed according to Eq. (5) with the following para-
meters: Vp; = Vou =0.07eV,Vp =0.05eV, wp; = w1g = was = 50cm™ L, ip; =
}ng =12 eV, /13 =0.6 eV, )LDA =0.9 eV, AEDF = AEAF =0.2 eV, Ng =N = 0‘25,
ng =0.17, AEp; = AEoy =0.8eV, I'L =T =0.1eV, T =298K. The strong
current rectification caused by the asymmetry in molecule—electrode couplings
is shown.

Figure 2 shows the rectification ratio (RR),

I.(V)

RR T V) (34)
against the applied voltage at strong molecule—electrode couplings.
The ratio becomes rather large at a pronounced asymmetry in the
molecule—electrode couplings, i.e., at a great difference between the
partial broadenings (the case I'y >> I'r is manifested). The RR
increases with the absolute value of the applied voltage. [In Fig. 3,
the RR becomes especially large at V>1 V].

In the case of weak molecule—electrode couplings, the interelectrode
current can be calculated with the use of the simple expression (33).
Figure 4 displays the rectification effect which is associated now with
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103

FIGURE 3 Rectification ratio against the applied voltage. The calculations
are performed according to Eq. (34). The chosen parameters are the same as
those in Figure 2.

INTER-ELECTRODE CURRENT I (nA)

25

20+
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n,=0.25, T=298K

. — — .
-5 -0 05 00 05 10 15 20

VOLTAGE BIAS (eV)

FIGURE 4 Current—voltage characteristics of a short molecular wire at weak
molecule—electrode couplings. The rectification effect is caused by the differ-
ence in values of the voltage division factors. The chosen parameters are the
same as those in Figure 2.
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different values of the voltage division factors #;, and 5y (we recall that
these factors determine the level shifts of the terminal groups with
respect to the Fermi levels of the adjacent electrodes). When a voltage
bias strongly exceeds a thermal energy, so that eV > kpT, and if,
additionally, exp(—AEpa/kpT) << 1 (at V > 0)and exp (—AEsp/kpT)
<« 1 (at V < 0), we obtain the following approximation for the forward
and the backward current components:

1,(V) = Ip2nlnp(AEL),
I (V) ~ —IoZTEFRnF(AER). (35)

Now, the interelectrode current depends strongly on the Fermi distri-
bution functions np(AE;) and np(AEg), as well as the partial level
broadenings I';,/2 and I'r/2. The latter are caused by the coupling of
the terminal sites to the adjacent electrodes.

VI. CONCLUSION

In the present article, we clarified a role of metallic electrodes in the
transfer properties of a short molecular wire. A model where the cur-
rent appears as a result of the electron transmission through the
LUMOs of two terminal and two interior sites of electron localization
within the molecule has been employed. It has been assumed that the
LUMO-levels of interior sites are positioned much higher than the
electrode Fermi levels, as well as the LUMO-levels of terminal sites.
At such a position of the levels, the current through a molecular wire
consists of two components associated with the elastic (superex-
change) and inelastic (hopping) mechanisms of ET. On the base of
the general analytic expression for the current, Egs. (56)—(10), a
detailed analysis of the current behavior has been performed for two
limiting cases of strong and weak molecule—electrode couplings. If
the noted couplings are strong (large width parameters I'y;, and I'g, fast
electron hopping between the terminal groups and the adjacent elec-
trodes), then distant one-step D—A hoppings exhibit themselves as
the limiting stage of the common charge transfer process in the refer-
ence system. Generally, a distant one-step D—A transfer route includes
a complicated mixture of the superexchange pathway (the rates kpy
and kap) and the sequential pathway (via the forward (op, o, a4) and
the backward (8p, B, f4) intersite transfer rates). This is clearly seen
from Egs. (7) and (10). Note, however, that, at a large energy gap
between the electronic levels belonging to the interior and terminal
sites, the transfer along the superexchange pathway can be more
effective than that along the sequential pathway. It happens for a
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short molecular bridge connecting the D and A centers [31]. Just such
a situation is assumed to be true for a short molecular wire with two
interior bridging sites under consideration. Therefore, the condition
of fast electrode—terminal site charge hoppings in comparison with
slower intrawire charge hoppings is concentrated in inequality [27]).
Figure 2 shows the strong rectification effect caused by the nonidenti-
cal couplings of the terminal groups to the electrodes. The rectification
ratio increases with the ratio of the width parameters. This growth is
especially strong when a molecular energy level belonging to the
terminal unit is shifted to the Fermi level of the respective electrode.
Figure 3 illustrates a pronounced rise of the RR against the applied
voltage depending on the values of the width parameters.

In the case of weak molecule—electrode couplings (cf. inequality
(31)), the limiting stage of the charge transmission is connected with
hopping processes in the interface. Therefore, in line with Eq. (35),
just the width parameters I';, and I'g, as well as the gaps AE; and
AER, become dominant factors controlling the current formation
and, thus, the current asymmetry. In the scanning tunneling micro-
sopy (STM), the noted parameters and the gaps can be controlled by
the alteration of the distance between the tip and the sample [33].
In our case, it reduces to a variation of the voltage division factors
nr, and np. When 1, is fixed but 7z is changed, the rectification effect
is reached through the variation of the energy gap AEgr even though
the width parameter is not alternated (see Fig. 4). Note, however, that
the variation of the tip-sample distance changes not only the voltage
division factors but the respective width parameters. This circum-
stance has to be taken into consideration if one analyzes the I-V
characteristics of a specific molecular wire or a single molecule.
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