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Abstract

Devices for nano- and molecular size electronics are currently a focus of
research aimed at an efficient current rectification and switching. Current
switching due to conformational changes in the molecules is slow, of the order
of a few kHz. Fast switching (~1 THz) may be achieved, at least in principle,
in a degenerate molecular quantum dot with strong coupling of electrons with
vibrational excitations. We show that the mean-field approach fails to properly
describe intrinsic molecular switching and present an exact solution to the
problem.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

For many applications one needs an intrinsic molecular ‘switch’, i.e. a bistable voltage-
addressable molecular system with very different resistances in the two states that can be
accessed very quickly [1]. There is a trade-off between the stability of a molecular state and
the ability to switch the molecule between two states with an external perturbation (we discuss
an electric field; switching involving absorbed photons is impractical at a nanoscale). Indeed,
the applied electric field, of the order of a typical breakdown field Ey, < 107 V.ecm™', is much
smaller than a typical atomic field ~10° V cm ™!, characteristic of the energy barriers. A small
barrier would be a subject for sporadic thermal switching, whereas a larger barrier ~1-2 eV
would be impossible to overcome with the applied field. One may only change the relative
energy of the minima by an external field and, therefore, redistribute the molecules statistically
slightly inequivalently between the two states. An intrinsic disadvantage of the conformational
mechanism [2], involving motion of an ionic group, exceeding the electron mass by many
orders of magnitude, is a slow switching speed (~kHz). In the case of supramolecular
complexes like rotaxanes and catenanes [3] there are two entangled parts which can change
mutual positions as a result of redox reactions (in solution). Thus, for rotaxane-based memory
devices a slow switching speed of ~1072 s was reported.
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Figure 1. Schematic diagram of a molecular quantum dot with central conjugated unit separated
from the electrodes by wide-band insulating molecular groups. The first electron tunnels into the
dot and occupies an empty (degenerate) state there. If the interaction between the first and second
incoming electron is repulsive, U > 0, then the dot will be in a Coulomb blockade regime (a). If the
electrons on the dot effectively attract each other, U < 0, the system will show current hysteresis

(b).

We have, therefore, explored the possibility for a fast molecular switching where switching
is due to strong correlation effects on the molecule itself, the so-called molecular quantum dot
(MQD). The molecular quantum dot consists of a central conjugated unit (containing half-
occupied, and, therefore, extended -orbitals); see figure 1. Frequently, they are formed from
the p-states on carbon atoms, which are not saturated (i.e. they do not share electrons with
other atoms forming strong o -bonds, with typical bonding—antibonding energy difference about
1 Ryd). Since the m-orbitals are half-occupied, they form HOMO-LUMO states. The size of
the HOMO-LUMO gap is then directly related to the size of the conjugated region d, figure 1,
by a standard estimate Egomo—Lumo ™~ h? / md* ~ 2-5 eV. It is worth noting that in the

conjugated linear polymers like polyacetylene (—é:é)n the spread of the m-electron would
be d = oo and the expected Epomo-Lumo = 0. However, such a one-dimensional metal is
impossible: Peierls distortion (C=C bond length dimerization) sets in and opens up a gap of
about ~1.5 eV at the Fermi level [4—6]. In a molecular quantum dot the central conjugated part
is separated from electrodes by insulating groups with saturated o -bonds, like for example the
alkane chains; see figure 1. Now, there are two main possibilities for carrier transport through
the MQD. If the length of at least one of the insulating groups L) is not very large (the
conductance Gz is not much smaller than the conductance quantum Gy = 2e? / h), then the
transport through the MQD will proceed by resonant tunnelling processes. If, on the other hand,
both groups are such that the tunnel conductance G2y < Gy, the charge on the dot will be
quantized. Then we will have another two possibilities: (i) the interaction of the extra carriers
on the dot is repulsive, U > 0, and we have a Coulomb blockade [7], or (ii) the effective
interaction is attractive, U < 0, then we would obtain current hysteresis and switching [8]
(see below). Coulomb blockade in molecular quantum dots has been demonstrated in [9]. In
these works, and in [10], three-terminal active molecular devices have been fabricated and
successfully tested.

Much faster switching compared to the conformational one may be caused by coupling to
the vibrational degrees of freedom, if the vibron-mediated attraction between two carriers on
the molecule is stronger than their direct Coulomb repulsion; see figure 1(b). The attractive
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energy (i.e. a negative ‘Hubbard’ U) is the difference of two large interactions, the Coulomb
repulsion and the phonon-mediated attraction, of the order of 1 eV each; hence |U| ~ 0.1 eV.

2. Failure of mean field model of polaron molecular switching

Although the correlated electron transport through mesoscopic systems with repulsive electron—
electron interactions has received considerable attention in the past, and continues to be
the focus of current studies, much less has been known about the role of electron—phonon
(e—ph) correlations in ‘molecular quantum dots’ (MQDs). Some while ago we have proposed
a negative-U Hubbard model of a d-fold degenerate quantum dot [11] and a polaron model of
resonant tunnelling through a molecule with a degenerate level [8]. We found that the attractive
electron correlations caused by any interaction within the molecule could lead to a molecular
switching effect where the /—V characteristics have two branches with high and low current at
the same bias voltage. This prediction has been confirmed and extended further in our theory
of correlated transport through degenerate MQDs with a full account of both the Coulomb
repulsion and realistic e—ph interactions. We have shown that while the phonon side-bands
significantly modify the shape of hysteretic /-V curves in comparison with the negative-U
Hubbard model, the switching remains robust. It shows up when the effective interaction of
polarons is attractive and the state of the dot is multiply degenerate, d > 2.

Nevertheless, later on Galperin et al [12] argued, without discussing the discrepancies
with the prior work, that even a non-degenerate electronic level (d = 1) coupled to a
single vibrational mode produces a hysteretic /-V curve, a current switching, and a negative
differential resistance. Here we explicitly calculate /-V curves of the nondegenerate (d = 1)
and two-fold degenerate (d = 2) MQDs to show that these findings are artefacts of the mean-
field approximation used in [12] that neglects the Fermi—Dirac statistics of electrons.

We start with a simple model that illustrates an absence of switching in a molecular
quantum dot, which has a non-degenerate (d = 1) or doubly degenerate (d = 2) level [13].
First, we shall illustrate the failure of the mean-field approximation on the simplest model of
a single atomic level coupled with a single one-dimensional oscillator with a displacement, x,
described by a simple Hamiltonian,

H:Soflﬁ-fxﬁ—ia—zﬁ-k—xz. (1)
2M 9x2 2

Here M and k are the oscillator mass and the spring constant, f is the interaction force, and
i = ¢ = kg = 1. This Hamiltonian is readily diagonalized with the exact displacement
transformation of the vibration coordinate x,

x=y—nf/k, 2
to the transformed Hamiltonian without e-ph coupling,

H=¢sh— 1 + Ky (3)

2M 3y? 2’
e =gy — Ep, 4)

where we used 722 = 7 because of the Fermi-Dirac statistics. It describes a small polaron at
the atomic level &y shifted down by the polaron level shift £, = f 2 /2k, and entirely decoupled
from ion vibrations. The ion vibrates near a new equilibrium position, shifted by f/k, with
the ‘old” frequency (k/M)'/?. As a result of the local ion deformation, the total energy of
the whole system decreases by E}, since a decrease of the electron energy by —2E,, overruns
an increase of the deformation energy E,. The major error of the mean-field approximation
of [12] originates in illegitimate replacement of the square of the occupation number operator
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Figure 2. Two localized electrons at sites 1 and 2 shift the equilibrium position of the ion at site 3.
As a result, the two electrons attract each other.

n= cgco by its ‘mean-field” expression 7> = noi which contains the average population of
a single molecular level, no, in disagreement with the exact identity, 7> = 7. This leads to a
spurious self-interaction of a single polaron with itself (i.e. the term ¢ = g9 — no E}, instead of
equation (4)), and a resulting non-existent nonlinearity in the rate equation.

Lattice deformation also strongly affects the interaction between electrons. When a short-
range deformation potential and molecular e—ph interactions are taken into account together
with the long-range Frohlich interaction, they can overcome the Coulomb repulsion. The
resulting interaction becomes attractive at a short distance comparable to a lattice constant.
The origin of the attractive force between two small polarons can be readily understood from
a similar Holstein-like toy model as above [14], but with two electrons on neighbouring sites
1, 2 interacting with an ion 3 between them; see figure 2. For generality, we now assume that
the ion is a three-dimensional oscillator described by a displacement vector u, rather than by a
single-component displacement x as in equation (1).

The vibration part of the Hamiltonian in the model is

oo 1 92 N ku? 5)
T T OM w2
Electron potential energies due to the Coulomb interaction with the ion are about
Vip= VWl —u-ez/a), (6)

where e; » are unit vectors connecting sites 1, 2 and site 3, respectively. Hence, the Hamiltonian
of the model is given by

H = EyGhy+ o) +u () + i) — o ) B ™
= n n u- n ny) — s

a(n 2 vt hm) = oo 5
where f;, = Zee;3/a” is the Coulomb force, and 71, are occupation number operators

at every site. This Hamiltonian is also readily diagonalized by the same displacement
transformation of the vibronic coordinate u as above,
u=v— (fin; + H>) /k. ®)
The transformed Hamiltonian has no e—ph coupling,
1 9% kv?

H = (g9 — Ep) (1, +ﬁ2)+vphﬁ]ﬁ2_mﬁ+77 &)
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and it describes two small polarons at their atomic levels shifted by the polaron level shift
E, = fﬁz /2k, which are entirely decoupled from ion vibrations. As a result, the lattice
deformation caused by two electrons leads to an effective interaction between them, Vj,, which
should be added to their Coulomb repulsion, V,,

Von = —f1 -2/ k. (10)
When Vj, is negative and larger by magnitude than the positive V., the resulting interaction

becomes attractive. That is Vjy, rather than E,,, which is responsible for the hysteretic behaviour
of MQDs, as discussed below.

3. Exact solution of polaron switching

The procedure, which fully accounts for all correlations in MQDs, is as follows; see [8].
The molecular Hamiltonian includes the Coulomb repulsion, U C. and the electron—vibron
interaction as

H=Y e+ USihup + Y Auwg(Vugdy + He) + Y w,(did, +1/2). (1)

M nFER H.q q
Here d, annihilates phonons, w, is the phonon (vibron) frequency, and y,,, are the electron—
vibron coupling constant (¢ enumerates the vibron modes). This Hamiltonian conserves the
occupation numbers of molecular states 71,,.
One can apply the canonical unitary transformation e, with

S=- Zﬁ“ (Yuqdq — H.c.)

q.1
integrating phonons out. The electron and phonon operators are transformed as
Eu = cuXp X, =exp <Z Vigdy — H.c.) (12)
q
and
dy =dy = Auyy,. (13)
0

respectively. This Lang—Firsov transformation shifts ions to new equilibrium positions with no
effect on the phonon frequencies. The diagonalization is exact:
H="Y Euy+ Y odidg+1/2)+ 1> Uppityhiy, (14)
i q HFEW
where

Upw = Uy =2 ¥y Virg®@q, (15)
q

is the renormalized interaction of polarons comprising their interaction via molecular
deformations (vibrons) and the original Coulomb repulsion, Ufu" The molecular energy levels
are shifted by the polaron level-shift due to the deformation created by the polaron,

gu =&y Z IV;Lq|2wq' (16)
q

If we assume that the coupling to the leads is weak, so that the level width I' < |U]|, we
can find the current from [15]

(V)= el“/ do [fi(@) = fa(@)] p(@), (17)
1 .
p(w) = —;XM:ImGﬁ(a)), (18)
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where |u) is a complete set of one-particle molecular states, and fj) (w) = (exp % +

1)71 is the Fermi function. Here p(w) is the molecular density of states (DOS), éﬁ(a)) is
the Fourier transform of the Green’s function (GF) (A;ff(t) = =0 {{c, (@), ¢}, -+, )is
the anticommutator, ¢, () = elfl ’cﬂe’iH f and () = 1 fort > 0 and zero otherwise. We
calculate p(w) exactly for the Hamiltonian (14), which includes both the Coulomb U€ and
electron—vibron interactions.

The retarded GF becomes

GR(1) = —=i0() [(cu ) ) (XX ) + (cfcu ) (X)X, (0)] - (19)
The phonon correlator is simply
2
(X, ()X) = exp q % |:cos <a)t + 1%) — cosh %} : (20)

where the inverse temperature 8§ = 1/7T, and (X; X, (1) = (X, (t)XL)*. The remaining GFs,
(cp (t)c;), are found from the equations of motion exactly. For the simplest case of a coupling
to a single mode with the characteristic frequency wy, ¥, = y and U, = U one obtains [8]

d—1 00
GR@) =Z) Crm) Y 1)
r=0 =0

Bogl 1—n n n (1= 80) Byl
NCE —d8ip)e 2
w—rU—lwy+18 w—rU +lwy+16 10

1 —
x t )] @1
o—rU+lwg+i8 o —rU —lwy+1d
where
Z=exp(-> In 12 coth P24 (22)
q ! 2
is the familiar polaron narrowing factor, the degeneracy factor
(d - 1)' d—1—
C,(n)= ——n'(1 — ", 23
T i s T @9

& = |y|?/ sinh @, 1;(§) is the modified Bessel function, and §j is the Kronecker symbol.
Then using equation (18) the exact spectral function for a d-fold degenerate MQD (i.e. the
density of molecular states, DOS) is found as

d—1 00
p(@)=2dY C/(m) Y LEL[(1=n)s(w —rU — lwg) +nd(w — rU + lay)]
r=0 =0

+ (1 =80)e P2 [n§(w — rU — lwy) + (1 = n)8(w — rU + lwg)]].  (24)

The important feature of the DOS, equation (24), is its nonlinear dependence on the
average electronic population n = (c;cu), which leads to the switching, hysteresis, and other
nonlinear effects in the /—V characteristics for d > 2. It appears due to correlations between
different electronic states via the correlation coefficients C, (n). There is no nonlinearity if the
dot is nondegenerate, d = 1, since Cy(n) = 1. In this simple case the DOS, equation (24), is a
linear function of the average population that can be found as a textbook example of an exactly
solvable problems [16].

6
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In the present case of an MQD weakly coupled with leads, one can apply the Fermi—Dirac
golden rule to obtain an equation for n. Equating incoming and outgoing numbers of electrons
in the MQD per unit time we obtain the self-consistent equation for the level occupation n as

a —n)/ do (T fi(w) + I'2 f2(@)} p(@)

oo
= n/ do {T'1[1 = filo)] + T2l = fa(0)]} p(w), (25)
—0o0

where I'(2) are the transition rates from the left (right) leads to the MQD, and p(w) is found
from equation (24). For d = 1, 2 the kinetic equation for n has only one physical root, and
the switching is absent. Switching appears for d > 3, when the kinetic equation becomes
nonlinear. Taking into account that f_oooo p(w) = d, equation (25) for the symmetric leads,
I'1 = I',, reduces to

2nd = /dwp(w)(fl + f2), (26)

which automatically satisfies 0 < n < 1. Explicitly, the self-consistent equation for the
occupation number is

3
&

— 13" Z,(lna, + (1 — b1, @7

‘
Il
S

where
af =2 1© (e LACY —lon) + 20U o))
=0
+ (1= 80)e” T LAY +1w) + f0U + o)), 28)

=2 1@ (T LACU +lon) + (U +lwv)]
=0

+ (=8 T LACU — L) + Hr(rU — la)o)]). (29)
The current is expressed as
I(V) dz Z,(mna; + (1= n)b;1, (30)
=
where
io 1® (LAY ~lon) = H0U = lon)]
+ (=80 LAGU +lwy) — f0rU + lwo)]), G1)
b, = i 1 (¢ LACU +lon) = L0U +lon)]
x (1= AU —lan) — H0U — o)), 32)
and Iy = edT".
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Figure 3. Current—voltage characteristic of the nondegenerate (d = 1) MQD at T = 0,
wo/A = 0.2,and y? = 11/13. There is a phonon ladder in /-V, but no hysteresis.

4. Absence of switching of singly or doubly degenerate MQDs

If the transition rates from electrodes to the MQD are small, I' < wy, the rate equation for n
and the current, 7 (V), are readily obtained by using the exact molecular DOS, equation (24),
and the Fermi—Dirac Golden rule. In particular, for a nondegenerate MQD and T = 0 K the
result is

by
n= m, (33)
and
. 2by + ay by —ag by 34

2+by —af

The general expressions for the coefficients equations (28), (29) and equations (31), (32) at
arbitrary temperatures in [8] are simplified in the low-temperature limit as

af =2 |yzv [OUwy— A +eV/2) £ Owy — A —eV/2)], (35)

00 21
bi=2)Y Wz! [O(—lwy— A+eV/2) £ O(—lwy — A —eV/2)],  (36)

where A is the position of the MQD level with respect to the Fermi level at V. = 0, and
®(x) = 1if x > 0 and zero otherwise. The current is single valued, figure 3, with the familiar
steps due to phonon side-bands.
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Figure 4. The current—voltage characteristic of two-fold degenerate MQDs (d = 2) does not show
hysteretic behaviour. The parameters are the same as in figure 3. The larger number of elementary
processes for conductance compared to the nondegenerate case of d = 1 generates more steps in
the phonon ladder in comparison with figure 3.

In contrast, the mean-field approximation (MFA) leads to the opposite conclusion.
Galperin et al [12] have replaced the occupation number operator 71 in the e—ph interaction by
the average population nq (equation (2) of [12]) and found the average steady-state vibronic
displacement (d + d*) to be proportional to ng (this is an explicit neglect of all quantum
Sfluctuations on the dot accounted for in the exact solution). Then, replacing the displacement
operator d + d' in the bare Hamiltonian, equation (11), by its average, [12], they obtained
a new molecular level, &y = &y — 2érorghto shifted linearly with the average population of
the level. This is in stark disagreement with the conventional constant polaronic level shift,
equations (4), (16) (&eorg 1S |y|2a)o in our notations). The MFA spectral function turned out to
be highly nonlinear as a function of the population, e.g. for the weak-coupling with the leads
p(w) = §(w — &9 — 2€roreho); see equation (17) in [12]. As a result, the authors of [12]
have found multiple solutions for the steady-state population, equation (15) and figure 1, and
switching, figure 4 of [12], which actually do not exist, being an artefact of the approximation.

In the case of a doubly degenerate MQD, d = 2, there are two terms, which contribute to
the sum over r, with Co(n) = 1 — n and C;(n) = n. The rate equation becomes a quadratic
one [8]. Nevertheless there is only one physical root for any temperature and voltage, and the
current is also single-valued. The doubly degenerate level provides more elementary processes
for conductance reflected in larger number of steps on phonon ladder compared to d = 2 case,
figure 4.

Note that the mean-field solution by Galperin et al [12] applies at any ratio I' /wy, including
the limit of interest to us, I' < wy, where their transition between the states with nop = 0
and 1 only sharpens, but none of the results change. Therefore, the MFA predicts a current

9
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bistability in the system where it does not exist at d = 1. Reference [12] plots the results for
I' > wy, I' & 0.1-0.3 eV, which corresponds to molecular bridges with a resistance of about
a few 100 k2. Such model ‘molecules’ are rather ‘metallic’ in their conductance and could
hardly show any bistability at all because carriers do not have time to interact with vibrons
on the molecule. Indeed, taking into account the coupling with the leads beyond the second
order and the coupling between the molecular and bath phonons could hardly provide any
nonlinearity because these couplings do not depend on the electron population. This rather
obvious conclusion for molecules strongly coupled to the electrodes can be reached in many
ways; see e.g. the derivation in [17, 18]. While [17, 18] do talk about telegraph current noise in
the model, there is no hysteresis in the adiabatic regime, I' >> wy, either. This result certainly
has nothing to do with our mechanism of switching [8] that applies to molecular quantum dots
(I' « wp) with d > 2. Such a regime has not been studied in [17-19], which have applied
the adiabatic approximation, as being ‘too challenging problem’. Nevertheless, Mitra et al
[19] have misrepresented our formalism [8], claiming that it ‘lacks of renormalization of the
dot—lead coupling’ (due to electron—vibron interaction), or ‘treats it in an average manner’. In
fact, the formalism [8] is exact, fully taking into account the polaronic renormalization, phonon
side-bands and polaron—polaron correlations in the exact molecular DOS, equation (24).

In fact, most of the molecules are very resistive, so the actual molecular quantum dots are
in the regime we study; see [20]. For example, the resistance of fully conjugated three-phenyl-
ring Tour—Reed molecules chemically bonded to metallic Au electrodes [2] exceeds 1 Gf2.
Therefore, most of the molecules of interest to us are in the regime that we discussed, not that
of [17, 18].

5. Nonlinear rate equation and switching

The switching appears only for d > 2. For example, for d = 4 the rate equation (27) is of the
fourth power in n,

2n = (1 —n)’[nad + (1 —n)b 1+ 3n(1 —n)*[na + (1 — n)b]]
+3n*(1 — n)[nay + (1 — )b} 1+ n’[naf + (1 —n)bi 1. (37)

In contrast to that for the non-degenerate or doubly degenerate MQD, the rate equation
for d = 4 has two stable physical roots in a certain voltage range and the current—voltage
characteristics show a hysteretic behaviour. Our numerical results [8] for wy = 0.2 (in
units of A, as are all the energies in the problem), U € = 0, and for the coupling constant,
y? = 11/13 are shown in figure 5. This case formally corresponds to a negative Hubbard
U = —2y%wy &~ —0.4 (we selected those values of 2 to avoid accidental commensurability
of the correlated levels separated by U and the phonon side-bands). The threshold for the onset
of bistability appears at a voltage bias eV /2A = 0.86 for y> = 11/13 and wy = 0.2. The steps
on the /-V curve, figure 5, are generated by the phonon side-bands originating from correlated
levels in the dot with the energies A, A + U, ..., A 4+ (d — 1)U. Since wy is not generally
commensurate with U, we obtain a quite irregular picture of the steps in /-V curves. The
bistability region reduces with temperature.

Note that switching required a degenerate MQD (d > 2) and weak coupling to the
electrodes, I' < wy. In contrast to that for a non-degenerate dot, the rate equation for a multi-
degenerate dot, d > 2, weakly coupled to the leads has multiple physical roots in a certain
voltage range and a hysteretic behaviour due to correlations between different electronic states
of the MQD.

10



J. Phys.: Condens. Matter 19 (2007) 255203 A S Alexandrov and A M Bratkovsky

Yt ¥=11113 ©/A=0.2

0.8 4

0.6 ]
0.4 i n

oo YD ,

0.0

1.04 ‘ ‘
T/A=0.005 ("
0.8 J

I/l

0.6

/1

SN [

0.0 T . .

1.04
T/A=0.01

0.8 4

0.6 1 n
0.4 1

I/l

0.2 1

0.0 " . . : : :
0.0 0.5 1.0 15 0.0 0.5 1.0 1.5 2.0

eV/2A eV/2A

Figure 5. The bistable /-V curves for tunnelling through a molecular quantum dot with the
electron—vibron coupling constant y*> = 11/13 and wp/A = 0.2. The up arrows show that the
current picks up at some voltage when it is biased, and then drops at lower voltage when the bias is
being reduced. The bias dependence of current basically repeats the shape of the level occupation n
(right column). Steps on the curve correspond to the changing population of the phonon side-bands.

6. Summary

We have calculated the /—V characteristics of non-degenerate (d = 1) and two-fold degenerate
(d = 2) molecular quantum dots showing no hysteretic behaviour of current, and concluded
that the mean field approximation [12] leads to a non-existent switching in a model that was
solved exactly in [8]. In contrast to those for non-degenerate and two-fold degenerate dots, the
rate equation for a multi-degenerate dot, d > 2, weakly coupled to the leads, has multiple
physical roots in a certain voltage range showing hysteretic behaviour due to correlations
between different electronic states of the MQD [8]. Pair tunnelling is also allowed in our model,
though it should only result in tiny peaks on the background of the main current contributed by
single-polaron tunnelling. Our conclusions are important for searching for current-controlled
polaronic molecular-size switches. Incidentally, Cgp molecules have a degeneracy d = 6 of the
lowest unoccupied level, which makes them one of the most promising candidate systems, if
the weak coupling with leads is secured.

Acknowledgments

We thank the participants of the ESF workshop ‘Mott’s Physics in Nanowires and Quantum
Dots’ (Cambridge, UK, 31 July—2 August 2006) for many discussions, and greatly appreciate

11



J. Phys.: Condens. Matter 19 (2007) 255203 A S Alexandrov and A M Bratkovsky

the financial support of the European Science Foundation (ESF) and EPSRC (UK) (grant
nos EP/C518365/1 and EP/D07777X/1).

References

(11

(21

(31

(4]

(6]
(71

(8]
(91

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]

12

Donhauser Z J et al 2001 Science 292 2303

Donhauser Z J, Mantooth B A, Pearl T P, Kelly K F, Nanayakkara S U and Weiss P S 2002 Japan. J. Appl. Phys.
414871

Li C et al 2003 Appl. Phys. Lett. 82 645

Reed M A, Chen J, Rawlett A M, Price D W and Tour J M 2001 Appl. Phys. Lett. 78 3735

Collier C P, Wong E W, Belohradsky M, Raymo F M, Stoddart J F, Kuekes P J, Williams R S and Heath J R 1999
Science 285 391

Collier C P, Mattersteig G, Wong E W, Luo Y, Beverly K, Sampaio J, Raymo F M, Stoddart J F and Heath J R
2000 Science 289 1172

Chen Y, Ohlberg D A A, Li X, Stewart D R, Williams R S, Jeppesen J O, Nielsen K A, Stoddart J F,
Olynick D L and Anderson E 2003 Appl. Phys. Lett. 82 1610

Chen Y, Jung G Y, Ohlberg D A A, Li X, Stewart D R, Jeppesen J O, Nielsen K A, Stoddart J F and
Williams R S 2003 Nanotechnology 14 462

Stewart D R, Ohlberg D A A, Beck P A, Chen Y, Williams R S, Jeppesen J O, Nielsen K A and Stoddart J F 2004
Nano Lett. 4 133

Feringa B L (ed) 2001 Molecular Switches (New York: Wiley—VCH)

Averin D V and Likharev K K 1991 Mesocopic Phenomena in Solids ed B L Altshuler er al (Amsterdam: North-
Holland)

Alexandrov A S and Bratkovsky A M 2003 Phys. Rev. B 67 235312

Park H, Park J, Lim A K L, Anderson E H, Alivisatos A P and McEuen P L 2000 Nature 407 57

Park J et al 2002 Nature 417 722

Liang W, Shores M P, Bockrath M, Long J R and Park H 2002 Nature 417 725

Zhitenev N B, Meng H and Bao Z 2002 Phys. Rev. Lett. 88 226801

Alexandrov A S, Bratkovsky A M and Williams R S 2003 Phys. Rev. B 67 075301

Galperin M, Ratner M A and Nitzan A 2005 Nano Lett. 5 125

Alexandrov A S and Bratkovsky A M 2006 Preprint cond-mat/0606366

Alexandrov A S and Mott N F 1996 Polarons and Bipolarons (Singapore: World Scientific)

Meir Y and Wingreen N S 1992 Phys. Rev. Lett. 68 2512

Mahan G D 1993 Many-PFarticle Physics 2nd edn (New York: Plenum)

Mitra A, Aleiner I and Millis A 2006 Phys. Rev. Lett. 94 076404

Mozyrsky D, Hastings M B and Martin I 2006 Phys. Rev. B 73 035104

Mitra A, Aleiner I and Millis A 2004 Phys. Rev. B 69 245302

Park H, Park J, Lim A K L, Anderson E H, Alivisatos A P and McEuen P L 2000 Nature 407 57

Park J et al 2002 Nature 417 722

Liang W et al 2002 Nature 417 725


http://dx.doi.org/10.1126/science.1060294
http://dx.doi.org/10.1143/JJAP.41.4871
http://dx.doi.org/10.1063/1.1541943
http://dx.doi.org/10.1063/1.1377042
http://dx.doi.org/10.1126/science.285.5426.391
http://dx.doi.org/10.1126/science.289.5482.1172
http://dx.doi.org/10.1063/1.1559439
http://dx.doi.org/10.1088/0957-4484/14/4/311
http://dx.doi.org/10.1021/nl034795u
http://dx.doi.org/10.1103/PhysRevB.67.235312
http://dx.doi.org/10.1038/35024031
http://dx.doi.org/10.1038/nature00791
http://dx.doi.org/10.1038/nature00790
http://dx.doi.org/10.1103/PhysRevLett.88.226801
http://dx.doi.org/10.1103/PhysRevB.67.075301
http://dx.doi.org/10.1021/nl048216c
http://arxiv.org/abs/cond-mat/0606366
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.94.076404
http://dx.doi.org/10.1103/PhysRevB.73.035104
http://dx.doi.org/10.1103/PhysRevB.69.245302
http://dx.doi.org/10.1038/35024031
http://dx.doi.org/10.1038/nature00791
http://dx.doi.org/10.1038/nature00790

	1. Introduction
	2. Failure of mean field model of polaron molecular switching
	3. Exact solution of polaron switching
	4. Absence of switching of singly or doubly degenerate MQDs
	5. Nonlinear rate equation and switching
	6. Summary
	Acknowledgments
	References

