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Rectification in single molecular dimers with strong polaron effect
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We study theoretically the transport properties of a molecular two-level system with large electron-vibron
coupling in the Coulomb blockade regime. We show that when the electron-vibron coupling induces polaron
states, the current-voltage characteristic becomes strongly asymmetric because, in one current direction, one of
the polaron state blocks the current through the other. This situation occurs when the coupling between the
polaron states is smaller than the coupling to the leads. We discuss the relevance of our calculation for
experiments orC,,o molecules.
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[. INTRODUCTION case an internal polaron can form. The main point of our
study is that when this electron-vibron coupling is suffi-
The possibility of designing molecular junctions that be-ciently strong and a polaron state is formed, it may lead to
have as rectifiers was suggested by Aviram and Ratnerectification effects and negative differential conductance,
based on an asymmetric two-level donor molecular systengepending on how the molecule is situated in the constric-
with one level empty and one fille@n acceptor and a donor tion.
level). In one bias direction the levels are tuned closer to The paper is organized as follows. In Sec. Il we set up the
resonance, whereas for the reverse bias they are further derodel describing the dimer and the electron-vibron coupling,
tuned, giving rise to an asymmetric current-voltageV) in Sec. Il we discuss the physical concepts in a semiclassical
characteristic. This scenario has been investigated in molecypicture, and in Sec. IV we calculate the transport in the situ-
lar systems for a number of ye&rJhe transport properties ation where the tunneling rates are smaller than the polaron
depend crucially on both the Coulomb interactions and theouplings, whereas Sec. V discusses the situation when the
relaxation of the nuclei during the electron transfer pro-polarons are localized on the time scale set by tunneling to
cesses. The Coulomb interactions limit the allowed chargéhe leads. The crossover between these two regime is studied
configurations, while the electron-vibron coupling deter-in Sec. VI and finally Sec. VII discusses the experimental
mines the overlap between the different configurations aselevance and concludes.
well as provides channels for energy relaxation.
Molecular transistors with strong electron-vibron cou-
pling has recently become an active research area, both Il. MOLECULAR DIMER MODEL
experimentally~® and theoretically—’ Different types of vi- o _
brational modes have been observed. In the original work of The molecular model that we studsee Fig. 1is a dimer
Parket al3 clear signatures of phonon sidebands were seeWith two electron sites or, in a different terminology, a
in the tunnel spectrum. The size of the individual steps in thedouble quantum dot.” For simplicity, we neglect both spin
I-V curves agreed well with a simple model based ondnd possible orbital degeneraues in the model. The two sites
Franck-Condon physicsFurthermore, sidebands caused byaré coupled by tunneling. Furthermore, due to an electric
internal vibration of the molecular systems have also beefield across the gap, the internal molecular vibrational mode
identified experimentally and, in particular, in a recent ex-couples to the charges difference on the two sites. The elec-
periment by Pasupathpt a|'6 Where tunne"ng through tric field |S produced either by the bias Voltage, local Charge
dimerized C;, molecules was measured. These authordfaps, or image charges created in the leads by the charged
claimed that a vibrational mode at 11 meV due to the relativanolecule. In total our model Hamiltonian for the molecule
motion of the twoC,, molecules was seen in the experiment.reads
In this paper, we study theoretically transport through a
dimer molecule with a single internal vibration. As a generic e [Re

model, we include a coupling between the charge on the two t ...........
A
b

parts of the dimer. The electron-vibron coupling thus intro-
duces a possibility of forming polaronic states. Transport in
systems with polarod8 is a well-studied subject and the

polaron formation is known to reduce the mobility. In single-  FiG. 1. Dimer model studied in this paper. The two parts of the
electron transistor systems polaronic effects have also begfimer are represented by single electronic leeetsidb connected
studied theoretically, in particular for single-level systérits by a tunneling amplitudé. The intramolecular vibration is illus-
and only recently for a two-level systethHere we study a trated as a spring connecting the two levels. A force acts on the part
similar system but with the important modification that the of the dimer that is occupied by an electron due to an electric field
two levels in addition are coupled by tunneling, in which in the gap.

I\L,b l'\R,b
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Here cj”r (¢j) (j=a,b) are the electron creatiof@nnihilatiorn -8\ N 025 o 2tgnE —Foy
operators, whereds (b) is the vibron creatiottannihilation 2 2 o0 2 a4 0= 2 3 1
operator and; :c]-TcJ-. Furthermore,V, is the gate voltage X a

which couples to the total charge on the moleculede-

scribes the energy difference between the two sites, and, fi- 5 ZnGd t%\le :if;ceae?gegn%qaelusﬁzg?:;fﬁ:‘g;’}fgg::g'b?ﬁ}iﬁgﬂgal
nally, U the Coulomb repulsion between electrons OCCuDyIn%Iiagonalization of Eq(6). Note that the two lowest eigenvalues are

the two levels. The total Hamiltonian describing the mol- ) .
le. the lead d th lina betw th . almost degenerate, corresponding to two polaron states split by a
ecule, the leads, an € coupling between them IS small effective tunneling coupling.. The effective coupling is
_ shown in the right panel as a function eftogether with the elec-
H=Hp+ E (H’7+ HT”)’ (2) tron population of leveh in the polaron state), , defined in Eq.

=L,R . . .
7 (9). The remaining eigenenergies are not degpenerate and therefore
where the corresponding eigenstates are delocalized on the molecule.
— t —
Hﬂ_zk: SerliaCion 1= LIRS (3 instead resort to numerical diagonalization of the Hamil-

tonian in Eq.(6).
. Treating the harmonic oscillator classically, the model can
Hy, = E (TiiChnCi + Ty Cicr) - (4)  be solved in electronic Hilbert space. The electronic Hamil-
kj=ab tonian then becomes
Throughout, we will assume larde and a gate voltage —

tuned such that the total occupancy is either zero or one. The Ho = w<\29X+ g —Eg/a ) %)
subspace with zero electrons is, of course, easily diagonal- be -20la - \;"29)(_ s/’
ized. With one electron on the dimer, the situation is more
complicated. Introducing Pauli matrices for the electronicwhereX=x/¢ and{=\1/mw. For each of the two electronic
degree of freedom and the dimensionless paramétsing  eigenstates we thus have an effective potential for the oscil-

f=1) lator degree of freedom. These Born-Oppenheimer surfaces
are
A2 . A2 5 A )
o= 2.7 = 31 = 1] 2
Mw“t 2m V., 1 4
@ “ @ TEooyey \/29x2 + L iogxs+ & (®
we are left with the Hamiltonian w 2 o

1 . 29. R In the electronic ground stai¢_ there is only one minimum
Hp/w=Db'b+ 5t \Vgo(b" +b) = =5, + 85,+eV,, (6) for a<1, whereas forx>1 there are two minima. Thus a
“« bifurcation occurs atw=1. In the bifurcated domain, the
whereb andb' are the usual boson annihilation and creationelectronic and bosonic degrees of freedom become highly
operators. This Hamiltonian can be solved numerically in acorrelated, because when the oscillator is localized in one of
truncated boson Hilbert space, which is done below in ordethe two minima, the electron wave function is changed ac-
to determine the eigenenergies and the overlap factors beeordingly. Thus the physics is similar to that of a small po-
tween the empty and occupied moleculescdAtl there is a larons(see Fig. 2 In Fig. 2 we show the bifurcated poten-
crossover to a regime where the fermion and boson degredisl, the exact numerical eigenvalues, and the effective
of freedom become strongly correlated due to the formatiortunneling coupling between the polaron states. From our ex-
of polaron states. When the levels are nondegenerate the paet diagonalization we thus find that the difference in energy
laron leads to an increased localization of the electronibetween the ground state and the first excited state becomes
wave function. In both cases there is a strong reduction of thexponentially small in the polaron regime.
effective tunneling amplitude between the two sites, which In the semiclassical picture, the splitting of the polaron
has consequences for conductance through the molecule. states occurs because of tunneling. The tunneling amplitude
is small, because in order to move, it must drag the oscillator
displacement with it. Furthermore, a coupling to a dissipative
environment will tend to localize the polaron even more,
In order to understand the polaron formation, we start bybecause it couples to displacement coordinate and thus tends
a semiclassical analysis of the spin-boson model. This o destroy the coherence between the two stftessulting
done in order to illustrate the physics and will not be used inn a small effective tunneling coupling;. When the effec-
the actual description described in the following sectionstive coupling becomes very small, the two lowest eigenstates
The semiclassical treatment is formally valid whers ty;, |y and|¢) form two polaron states which are approximate
but in the examples taken below this is not the case, and weigenstates:

IIl. SEMICLASSICAL ANALYSIS
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FIG. 3. (Color onling Left panel: contour plot showing the differential conductance for the dimer molecule in the regirti2Eghere
holds. The parameters age5, =2, A=0,TR3=0, 'R0/T2=0.04,T''"?/T2=0.96, andT=0.1w. The bias voltage is applied symmetrically,
so thatV, =-Vg=V/2. Notice the suppression of the differential conductance at low bias voltage which is due to a overlap between the filled
and empty states. The right panel shdws curves for the same parametéosit T=0.05w) for V;—V4,=0 (curve without gap a¥/'=0), —2w
(dashed curve and 2v. HereVy, defines the gate voltage at which the ground states of the two charge states are degenerate.

|tra (Do) = (0) % [9))/ 2. 9) IV. TRANSPORT PROPERTIES FOR TI'<tg

As long as the splitting in energy is larger than the tun- As argued, the transport properties of the dimer transistor
neling broadening of the levels, the polaron formation is notdepend on the ratio between tunneling rates and internal time
important for the transport other than it influences thescales of the molecule. Let us first assume that all tunneling
Franck-Condon factors and the molecule can still be reratesI'Ra T'RP I''2 andI'*P are much smaller thafy. Fur-
garded as one quantum systésee Fig. 3. This situation is  thermore, throughout we consider the weak-tunneling limit
analyzed in Sec. IV. However, if the effective tunneling ratein the sense that the vibrational degrees of freedom are as-
terr IS smaller than the tunneling rates to and from the leadssumed to relax between tunneling events—i@/Q>T,

a different physical picture emerges, because the dimer wilvhereQ is the quality factor of the vibrational modélf this
behave as a “double dot” with weak interdot coupling butlimit is not satisfied, the nonequilibrium vibron distribution
strong Coulomb interactiotsee Fig. 4. Thus a master equa- should also be determined; however, for the physics dis-
tion treatment should take into account that the moleculacussed here this is not important. Also, the broadening of the
system has more internal states, which is done in Sec. V. Thigbron sidebands is not included and assumed dominated by
regime is where the rectification occurs as discussed in detathe thermal smearing such thedT> «/Q. To describe this
below. situation, we now use the master equation approach and only

0.02 FIG. 4. (Color online Left
4 panel: contour plots showing the
: differential conductance for the
dimer molecule when Eq(19)
holds, for =2 (top) and a=4
(bottom). Other parameters amg
5 10 =5, A=0, I'Ra=0, I'R¥/T2=0.04,
eV/jw I'®/rta=0.96, andT=0.1w. The
bias voltage is applied symmetri-
cally, so thatv, =-Vr=V/2. Right
panels show correspondingV
I curves for different gate voltages
as in Fig. 3 and withT=0.05w.
Note the strong blocking of the
current in one direction and the
negative differential resistances.
For «=2 the current in the
blocked direction is larger than for
a=4, because the polaron is less
eViw localized on one electron level
(see Fig. 2
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the occupations of the different charge states need to be dessolve the tunneling splitting of the two polaron states and
termined by the kinetics. Allowing only two charge states,the molecule no longer relaxes between tunneling and there-
with occupations?, and P4, the master equation is fore the two polaron states can be considered as decoupled.
P —PT.=0 (10) In this case, we must treat the filled molecule as a quantum
o1 Tot10m system havingnore possible states, since it can be occupied
together with the normalization condition in one of the two polaron states, from now on denotedby
andby,. Furthermore, the molecule may be occupied in one of

Po+Py=1. (11 the delocalized statesee Fig. 2
Here T is the tunneling rate from stateto statei. The Moreover, we consider the hierarchy of energies
expression for the current then becomes >kgT>w/Q>T">tey. The last two inequalities imply that

between tunnelings the molecule relaxes to a thermal distri-
bution within each polaron subspace. Since the current drives
the occupancies of the two polaron states out of equilibrium,

) ~we need to determine the distribution functions of the two
In Egs.(10) and(12) the tunneling rates are calculated using hojaron state®, and P, , respectively. If the molecule is
Fermi’s golden rule. When calculating the rates in EiR) P P

we encounter tunneling densities of states of the fditn  occupied in a delocalized state, it is in either polaron state
:2772kj|Tk77,j|25(§k77) (»=L,R). The evaluation of the cross with equal probability. The new set of master equations thus
reads(with 7=a, or 7=hy)

R L R 1L
F10F01‘ F01F10

R, L R, L

o+ o+ o1+ 1y

I=(-¢) T<te). (12

termsZkT;,/’aTknbé(gk,,) requires detailed knowledge of the

relative phases of the tunneling amplitudes to the two parts -P.I'{ = Pol'15=0, (163
of the dimer. Fortunately, a simplification is possible because

T*knaTk,,,b~exp(ikd), whered is the distance between the ST S prr.= 1
two parts of the dimer ank is the wave number of the lead 027 o1 ET 110=0. (16b)

electrons. Typically, one hded>1 and the cross terms av- _ N
erage to zero when summing ovier Thus, no interference together with the condition
effects between the two tunneling paths onto the molecule is

expected. With these observations, we obtain Po+ 2 P,=1. (1609
) ~BE;
=2 I |<f1|cj’r|io>|2e “n,(E; —~E;) (13  The tunneling rates in Eq16) have contributions from both
j=ab igfy Zo v leads:
and r’= > 1. (160
S 13 (leipPE ] i
rg= r folCili 1-n,(E. -Ef)].
o1 j=ab ilyfo|< o J| | Z; ot e fo) The tunneling rate for tunneling from leaglinto a, is (again
(14) the oscillating cross terms are ignoyed
. . L . -BE;
Here, |ig), [i1) ([fo),|f1)) denote initial(final) states of the 73 = i £l cTli 2€ °n (Eea — E.
empty (0) and filled (1) dimer and 10 J-:Eab i%pK iy J| ol Z, il 1P '0)’
1
n,(E) = 1exd(E-eV,)/kgT] + 1} (15 (17)

are the Fermi functions in the leaglwith applied voltages  ang similarly for tunneling into the polaron staties Here
Vo Fl'nalg/’f!zin Iand Er, ar.eht]heltotal dlmerdgnerg(lje; for: the |£a) and |f%) mean the polaron states in E@) if they are
initial and final states witm electrons andZ, and Z; the i a(lf Dy 152y > )y i
corresponding partition functions. degenerate—i.e(/f; )|f; >(\‘2’ Wher(_e|f1 »l 1,2, are the
X s L two degenerate statémeaning that eigenenergies differ by
Because we are interested in the asymmetric situation, Wass thanl’). For the nondegenerate statd&)=|f2)=|f,)

study the situation where one electrode couples stronger th%plying that the system ends up in either polaron state with
the other to the molecule;R<T". Furthermore, we also equal probability.

allow for a skewed configuration as in Fig. 1, and in this "£q; the tunneling-out processes the rates are
geometry, we havéRe<T'Rb and I'*2>T"'®, In Fig. 3, we

show examples of the differential conductance in Yh¥/, . e PE?

plane in the situation where the intramolecular coupling be- Tge= > T X [(folcili¥)2=—[1 —n,(Eia - Ei )],
tween polaron states is strong—i.e., whErcty; and Eq. L 2P '

(12) applies. Furthermore, the bias voltage is applied sym- (18)

metrically, so thav, =-Vg=V/2.

where the initial polaron states are defined in the same way

as above. Similar expression holds for tunneling out of the
In the opposite casE>t., the situation is very different. polaron statd,. Thus, treating the dimer as separate polaron

In this case, an electron that tunnels onto lexaloes not states, we find a different expression for the current:

V. TRANSPORT PROPERTIES FOR I'>tg
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2 [MT61 ~ Tl 67T, lv<o
I=(-e)— T>ty). (19 _ (- )T TR(ygI R+ TRE&RE/TR)
1+2 (TG (DR + 2I'0) yl R+ TR R(1 + ['Lan/[ R + ['Lbp/[RE)
T (21)

In Fig. 4 we show the results in the case whEee t; and
Eq. (19) holds. Thel-V characteristics are seen to be stronglywhere

asymmetric even though the bias is applies in a symmetric R_ TR R L_1la Lb,
way—i.e., V| =-Vz=V/2. The reason for the asymmetry is [R=T"%+T%, =TT, (22)
that the polaron state, which is weakly coupled to the rightand where
lead, can block current through the other, more strongly 5
coupled state. However, this blockade only happens in one Y= Mo
current direction—namely, when the electrons run toward the R™ 4A2+ (TR)?2
weakly coupled electrode.

(23)

contains all the.; andA dependences. Wheyy is large, the

VI. CROSSOVER REGIME: GENERALIZED MASTER current reduces to the incoherent result of a dot with a dou-
EQUATION bly degenerate level:
In the regime wherd™ andt.; are of the same order, we _(-er'rk
cannot use any of the two approaches above, because when lv<o= R+ ort (24

two states in the molecular system are degenerate or closer

thanT in energy, the current through the system has to bén the opposite limit of smaly the time an electron spends
described as one coherent process. This is in general a difffn the dimer is too short for hopping between the sites to
cult problem. However, in the limit of large bias voltage a occur, and the current reduces to

generalized master equatiéf2® has been developed. To (—e)T
study how the asymmetry of the large bias conductance, we lyeo= , (25)
here adopt this method. The large bias assumption implies = L+ + TR

that the voltage must b.e large c.ompared to the temperatuignich is also the larg® limit of Eq. (19) or the sequential
and the(effective tunneling couplings as well molecular en- ynneling limit of a double-dot system in the absence of in-
ergies. The assumption of large bias leads to the a set Qfqot tunneling.

Markovian master equations for the density matfix>Thus The current for positive voltage is easily found from Eq.
at I_arge bias there is no correlation between mdmdual _tunéZl) by interchanging left and right, < R.
neling events, but still the transfer of electrons is described | ot s now focus on the limit considered in the examples
coherently. The generalized master equation approach can, jf the previous two sections—namel{™®,t.) <T* and
fact, _describe the crossover we discuss here, becaus_e th@?a,teﬁ)<FRb_and in these limits we find the following
blocking effect found in Sec. V does not depend on time ., heryeen the currents for the two bias polarizations:
correlations between tunnel events, but on how strongly a
single electron is localized on the molecule during tunneling. IR&TR+ vy
Furthermore, in order to simplify the problem we consider = m-
only the two lowest states which correspond to the two po-
laron states located to the left or to the right with some ef-From this expression it is evident that degree of rectification
fective couplingtes. The generalized master equations areis limited by the smallest tunneling-out rate through the right
then a modification of those developed in Ref. 21 for ajunction,['?®, or the the interpolaron tunneling couplirtgy,
double-dot system, because here we allow for in and outhrough the parameteyxg in Eq. (23). Equation(26) also
tunnelings on both dots. For the case when the electron cushows that when asymmetry is limited by—i.e., when
rent is from left to right(i.e., V<0), we have I'R%/T'R< yr—increasingA in fact enhances the rectifica-

. tion, because a finitA suppresses tunneling between the two
dpaa=T"%po = T"%paa +iteri(ppa= pan), (208 girae

IV<O

(26)
lv=o

dpob =T Ppg = TR%pp = iter(poa— pap), (20b)
VII. DISCUSSION AND SUMMARY

1 . .
Apay=[ = 37+ T7%) +1A |+ ites(pon ~ paa). Last, we discuss the relevance for the experimental sys-
(200 tem in Ref. 6, where a single-electron transistor setup was
made with single &, molecules as the active element. Of
dppa= [~ 2% + TR%) —iA ] ppa— itei(pop — Pas) - course, our two-level model cannot fully describe the real
(20d) molecule; neverthe_less, a comparison is interesting. Signa-
tures of a 11-meV intramolecular vibrational mode were ob-
The stationary solution fop is found by settingip;;=0 and  served in Ref. 6 and the coupling paramegevas estimated
the current is thenl =(-€)(paal "+ pp,lR%), which be- to be between 1 and %.If the polaron physics discussed
comes, forV <0, here should have relevance for this or similar dimer systems,
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we must havex=2 or, correspondinglyt~50 meV, which  regime by a generalized master equation capable of describ-
is not unrealistic. In fact, rectification effects very similar to ing the coherent tunneling, but only for large bias voltages.
those predicted in the present paper have indeed been seen inThe rectification mechanism suggested in this paper
some Gy devices®® should be experimentally observable. Generally, the current-
In conclusion, we have studied molecular system with anoltage characteristics of complex molecular transistors with
internal vibrational mode coupled to the charge differencestrong coupling between charge and vibrational degrees of

between two hybridized molecular levels giving rise to po-freedom is a promising tool for studying the details of such
laron formation. The polaron has distinct consequences fofeyices.

the transport properties, which we have calculated using dif-
ferent master equation approaches. First, we analyzed the
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