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Memory effect in a molecular quantum dot with strong electron-vibron interaction
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Polaron theory of tunneling through a molecular quantum(8®D) with strong electron-vibron interac-
tions andattractive electron-electron correlations is developed. The dot is modeled cafold-degenerate
energy level weakly coupled to the leads. The effective attractive interaction between polarons in the dot results
in a “switching” phenomenon in the current-voltage characteristics wder2, in agreement with the results
for the phenomenological negatite-model. The degenerate MQD with strong electron-vibron coupling has
two stable current states in a certain interval of the bias voltage below some critical temperature.
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I. INTRODUCTION degenerate QD coupled to twauperconductingeads and
found multiple peaks in the I-V curves, which originated

Strongly correlated transport through mesoscopic systemigom the singular BCS density of states and the phonon side-
with repulsive electron-electron interactions has receivedands. Ermakd¥f calculated the I-V curves of a fourfold-
considerable interest in the pagtee, for examplgRefs.  degenerate dot including both the on-site Coulomb and e-ph
1-8), and continues to be the focus of intense experimentahteractions. He obtained a switching effect in the numerical
and theoretical investigatioh'® The Coulomb interaction IV curves, similar to that in the negativé-Hubbard model
suppresses tunneling for a certain range of applied voltagegiscussed by us recently.However, using a Hamiltonian
leading to what is commonly called the Coulomb blockade averaged over the phonons, Ermakov missed all phonon
There is now growing interest in molecular nanowires andsidebands and obtained an unphysical population X) of
quantum dots used as “transmission lin¥s* and active each QD state. More recently Gogolin and Konffiikna-
molecular elementd—*"in molecular-scale electronicg. lyzed a nondegenerate QB+ 1, coupled with a single pho-

A few experimental studié$ provide evidence for a mo- non mode. They found a switching effect in the Born-
lecular switching effect, when the current-volta@é/) char- ~ Oppenheimer approximation similar to that in our negative-
acteristics show two branches with high and low current fold Hubbard model, but surprisingly for a nondegenerate case
the same voltage. The effect exists in simple moleculesyith d=1. However, we have to mention that the Born-
too!® It is important to identify the actual mechanism of Oppenheimer approximation does not apply to a nondegen-
switching. erate level, since there are no “fagttompared to the char-

Recently we have proposed a negativedubbard model acteristic phonon time &) electron transitions within the
of a d-fold-degenerate quantum dot, with an intrinsic nonre-dot. Despite differences in the models and approximations,
tarded switching mechanism wheh>2.2° We argued that Refs. 19, 24, and 28 pointed to a different mechanism of the
the attractive electron correlations could be caused by avolatile molecular memory caused by the e-ph or any other
strong electron-phonofvibron) interaction in the molecule, attractive electron correlations.
and/or by the valence fluctuations. Here we develop the analytical theorycurrelatedtrans-

It has been experimentally demonstrated that the low-biagort through a degenerate molecular quantum @QD)
conductance of molecules is dominated by resonant tunnefully taking into account both Coulomb and e-ph interac-
ing through coupled electronic and vibration lev&l€on-  tions. We show that the phonon sidebands significantly
ductance peaks due to electron-vibron interactions have begnodify the switching behavior of the I-V curves in compari-
seen in G (d=6).% Different aspects of the electron- son with the negativé} Hubbard modet? Nevertheless, the
phonon/vibron (e-ph interaction effect on the tunneling switching effect is robust. It appears when the effective in-
through molecules and quantum dé@D’s) have been stud- teraction of polarons is attractive and the state of the dot is
ied by several authore=28In particular, Glazman and Shek- multiply degenerated>2.
hter, and later Wingreeret al.?’ presented the exact
resonant-tunneling transmission probability fully taking into
account the e-ph interaction on a nondegenerate resonant
site. Phonons produced transmission sidebands but did not we apply the Landauer-type expression for the steady cur-
affect the integral transmission probability. Li, Chen, andrent through a region of interacting electrons, derived by
Zhou? studied the conductance of a double-degendiite  Meir and Wingreefas (in units#=kg=1)
to spin quantum dot with Coulomb repulsion and the e-ph
interaction. Their numerical results also showed the sideband
peaks and the main peak related to the Coulomb repulsion, 1(V)=— Efx do[f1(©)— fo(o)IMT T (0)GR(w)]
which was decreased by the e-ph interaction. Kasgudied ) ! 2 ’
boson- (vibron-) assisted transport through a double- (1)

Il. STEADY CURRENT THROUGH MQD’s
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allowing for a transparent analysis of essential physics of the
switching phenomenon. Herg,=el' and the molecular
DOS, p(w), is given by

Hamiltonian, which includes both the Coulorl§ and e-ph
interactions as

1 ~
p(w)=—=2 ImGi(w), &)
KL
evy2 — | A where G(w) is the Fourier transform o6%(t)=—i6(t)
= |ATU x({c,(t),chty, {---,---} is the anticommutatorc,(t)
= |[A+2U =e'flc,e”™ andg(t)=1 fort>0 and zero otherwise. We
5 A+3U calculatep(w) exactly in Sec. Il in the framework of the

—eV)2

C le o oa )
H—% e+ %,Hw'”u”wﬂ% N 0g(YuqdqtH.c)

FIG. 1. (Color online Schematic of the energy levels and pho-
non sidebands for a molecular quantum dot under bias volage
(eVI2A=0.75) with the coupling constan#?*=11/13 and total ~
electron-electron correlation energy<0, Eq. (10). The level is Here e, are one-particle molecular energy levels,,

assumed to be fourfold degeneratk=(4) with energiesA +rU, :CLCM the occupation number operatocs, and dq annihi-
"

r=0,...,(d—1) (thick barg. Thin bars show the vibron sidebands late elect d oh tivah the ph
with the size of the bar proportional to the weight of the particular a_e electrons an_ phonons, respectiv W_‘re € phonon
(vibron) frequencies; and,,q are e-ph coupling constantg (

contribution in the density of statgsee text in the case of one ; ; . .
vibron with frequencywy/A=0.2 atT=0. Only the bands in the enumerates the vibron modedhis Hamiltonian conserves

energy window €V/2,— eV/2) (shown contribute to current at zero  the occupation numbers of molecular St{:fI(ES29 Hence it is
temperature. compatible with Eq/(2).

+2 wq(didg+1/2). (4)
q

IIl. MQD DENSITY OF STATES

— - -1 i
where f;(z)(w) _igqu(]wJ“A(ﬂ_eV/Z)f/Tg+|1} , T ls the q We apply the canonical polaron unitary transformation
temperature, and is the position of the lowest unoccupied ¢s 30 ntagrating phonons out, as

molecular level with respect to the chemical potentiflw)
depends on the density of stat@0S) in the leads and on H=eSHe S, (5)
the hopping integrals connecting one-particle states in ths\/here

left (1) and the right(2) leads with the states in the MQD,

Fig. 1. This formula includes, by means of the Fourier trans- -

form of the full molecular retarded Green’s functi¢éGF), S= _E N[ Yugdg—H.C] 6

GR(w), the e-ph and Coulomb interactions inside the MQD, o

and coupling to the leads. Since the leads are metallidS Such tha

electron-electron and e-ph interactions in the leads, and iffansformed as

teractions of electrons in the leads with electrons and

phonons in the MQD can be neglected. We are interested in poomRTRe

the tunneling near the conventional threshel=2A, Fig. and

1, within a voltage range about an effective attractive poten- ~ -

tial |U| caused by phonons/vibrorisee below. dq:dq_E NuYaq: ®)
The attractive energy is the difference of two large inter- :

actions, the Coulomb repulsion and the phonon-mediated atespectively. Here

traction, of the order of 1 eV each. Hen¢®| is on the order

of a few tenths of one eV. We neglect the energy dependence xM:ex;{Eq ¥,uqdq—H.cC.

of f(w)ml“ at this scale, and assume that the coupling to the
leads is Weakr<|u| In this CaséR(w) does not depend The Lang-FirSOV canonical transformation shifts ions to new

on the leads. Moreover, we assume that there is a complegguilibrium positions with no effect on the phonon frequen-

set of one-particle molecular statbs), where GR(w) is  C¢i€S: The diagonalization is exact:
diagonal. With these assumptions we can reduce(Bdo

S'=—S. The electron and phonon operators are

@)

A=X % n,+> wq(d;dq+1/2)+% > U,,nn,,
. q p#Ep
)=1o| dalfy(@~Txolp@). @ ©

where
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N—1
UWEU,CLM,—ZE Yy Yu'q@q (10) GMIm=-io) > <chM(t) I1 nM>
a R1F 2T i=1 "
is the interaction of polarons comprising their interaction via (18)
molecular deformationévibrong and nonvibron(e.g., Cou-
lomb repulsion UCM To simplify the discussion, we shall
assume, without losing generality, that the Coulomb integrals

do not depend on the orbital index, i.&l,,,,=U.

Then, using the equation of motion for the Heisenberg po-
laron operator,

The molecular energy levels are shifted by the polaron dC ey 2 Ale (19
level shift due to a deformation well created by the polaron, dt % W (7 ) w
E = Z |V uql?@yq- (11)  we derive the following equations for tié-particle GFs,
Applying the same transformation in the retarded GF we dG(N ”(t) N-1
obtain T st(1-n,) X IIn

H1FppF . op i=1

GR(t)=—i0()({c, (DX, (1), cIXI})
= =i 0D [(CL(DCL(XL(DX])
+<chﬂ(t)><XLXM(t)>], 12 4ng

+[e, +(N=DUIG () +UGH ) (b),
(20

where now electron and phonon operators are averaged over

_ N—1
the quantum state of the transformed HamiltorffanThere i () =8(t)n E H n
is no coupling between polarons and vibrons in the trans- dt Butpigt . op i

formed Hamiltonian, and the electron and phonon averages _

are independent. The Heisenberg phonon operators evolve as +le, +(N— DUIGHT () +uci (),

dg(t)=dge "o, (13 (21)

so that we find after thermodynamic averaging of the phonogyheren _<C’rc ) is the expectation number of electrons on
correlator over phonon occupation numbefssing the 4 molecula¢ Igvey.

Weyl's identity for exponential operatars We can readily solve this set of coupled equations for

(x (t)X*} MQD with one d-fold-degenerate energy level and with the
© m e-ph couplingy,q= 74, Which does not break the degen-
|7Mq|2 Bwg Bwyg eracy. At zero-bias voltage the empty level will lie by some
=exp| > T Bag cos( wt+i > —coshT} , energyA above the Fermi levels of the electrodgsg. 1).
9 ginh——1 Assuming thatn,=n, Fourier transformation of the set
2 yields forN=1
(14
whereB=1/T. Repeating the calculations f6X' X (t)) we 1+ Z:(n)
find a simple useful relation wr GE‘ (@)=(1~ n)E PETVESF (22
T _ Ty*
(XX (1)) = (X (DX,)*. (15 1 .
At low temperature§ <w, the phonon correlataf14) sim- Gl (w)= nZ oS (23

plifies to

whereé=+0, and

<xﬂ<t>XL>=exn[§|yﬂq|2<e‘““t—1)}. (16)

— |
Next, we introduce thé-particle GFs, which will necessar- Z,(n)= # n'(1—n)d-1-1, (24)
ily appear in the equations of motion f(xM(t)cD, as ri(d—1-n)!
N—1
GELN’H(UE —i0(t) 2 <CM(t)CLH ﬁ#i , A. MQD Green'’s function at low temperatures (T<w,)
A N (17 It is easiest to find the total Green’s function at low tem-
peratures. Indeed, transforming back to real time and using

and Egs.(22), (23), and(16), (15 we arrive at
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d—1
GR(t)=—i 0(t)2020 Z.(n)e it Zo=exr{ —% |7q|2} (26)

X

(1—n)exp(z |yuq|2ei‘”q‘>
q is the so-callegbolaronreduction factor at zero temperature.
This is an exact solution, with respect to correlations and

+nexp(2 |yuq|2ei‘”qt”, (25 e-ph interactions, which satisfies all sum rules. Expanding
a the exponents in the brackets, we find its Fourier component
where to be
d-1 o
1 1 1-n n
R = - - 2
Gul@) ZoZOZrW w—rU+i5+|21 I q;.qlwa -+ ol ' " '

w—rU—E wq+i5 w—rU+§ wq+i5
k=1 K k=1 K
(27)

If the e-ph interaction is weaky,/<1, the essential contri- d-1 _
bution comes only from the fir§phononlessterm, and we GE(t)z —i0(t)ZZ Z,(n)e "Vt
recover the result of the Hubbard modgl, r=0

2
X | (1—n)ex EMCOS<(»I-H&)
q

d-1 g . PBo 2
Z.(n) sinh——
Ri. \_ r 2
Gpulw) Zo wo—TU+io’ (28) ,
w
+nexg 2 e 7’};'&) co{ ot—i —ﬂz q) , (30)
At finite | y4| =1, the phonon sidebands become important in 4 sinhTq

Eq. (27), which is obviously in the form of the multiphonon
expansion. If one neglects the correlatiodss 0, a standard Where the polaron reduction factor at finite temperature is
polaron GF(Ref. 3] is recovered: P

w
Z= ex;{ — 2 |4l ?coth—2
q

> |- (31

Gﬁ(w)zzo % > g, - - - qu|2 In approximation, where we retain a coupling to a single
mode with the characteristic frequenay, and y,=v, we
can expand the exponents in the temporal Green’s function
(30) in powers of expwt+i(Bwy/2)]. It is then trivial to find
1-n n the Green’s function in the frequency domain as

X + | ’

! d-1 oo
w_kgl qu+|5 w+k§1 qu+|5 G;RL(('U):ZIZO Zf(n)lzo 11(&)
@9 1-n n

X —t -
o—tU—-lwyg+id o—-rU+lwyt+id

eﬁw0|/2<

. _1 _
where we have applied the sum rlEé‘:OZr(n) 1. (1= 8g)ePeoll2

( 1-n n

X o= TU T Twgt 16 @—rU—Twgris)|” 32

B. MQD Green'’s function at finite temperatures,
single vibron mode
whereé=|y|?/sinhBwy/2, |,(£) is the modified Bessel func-
By applying the same method, as in the cas&®ef0, and  tion, and ) is the Kroneker symbol. At low temperatures,
going over back to real time with the use of E¢®2), (23)  whereBwy>1, £é<1, andl,(£)~(&/2)'/1!, this expression
and(16), (15), we arrive at gives EQ.(27) in the form
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FIG. 2. (Color onling Schematic of the inelastic processes assisting tunneling

through the molecular quantum d¢ee Fig. 1 The tunneling

through the coupled electron-vibron system may proceed with the

emission(processe) or absorptionprocessa) of the vibrons. The
absorption is possible only at nonzero temperatures.
d-1

ij(w)=zor§=)0 Z.( n)})0

| |2|

1-n N n
wo—tU—=lwg+id w-rU+lwgt+id)’

(33
The molecular DOSs readily found as an imaginary part
of Eq. (32):
d-1
plw)=2d 2 Z <n)2 1(é)
X {eP2[(1—n)8(w—rU —lwy)+n&w—rU +lwy)]
+(1-8)e P9 ns(w—rU —lwg)

+(1-n)8(w—rU +lwg) ]} (34)

The important feature of the DOS, E@4), is its nonlinear
dependence on the occupation numbgewhich leads to the

switching effect and hysteresis in the |-V characteristics for @r —ZE i (
d>2, as is shown below. It contains full information about
all possible correlation and inelastic effects in transport, in

particular, all the vibron-assisted tunneling processes. 2)

and phonon sidebands, and describes the renormalization of

hopping to the leads.

IV. NONLINEAR RATE EQUATION AND SWITCHING

Generally, the electron density, obeys an infinite set of

rate equations for many-particle GFs which can be derived in

the framework of a tunneling Hamiltonian including
correlations’® In the case of a MQD only weakly coupled

PHYSICAL REVIEW B 67, 235312 (2003

with leads one can apply the Fermi-Dirac golden rule to ob-
tain an equation fon. Equating incoming and outgoing num-
bers of electrons in MQD per unit time we obtain the self-
consistent equation for the level occupatioto be

@-m [~ doflify(0)+ Tt o)} p(o)

—”f:dw{ﬁ[l—h(w)]wz[l—f2<w)]}p<w)=o,

(39

wherel';(, are the transition rates from leftight) leads to
the MQD. Taking into account that” . p(w)=d, Eq. (35
for the symmetric leadd; =15, reduces to

2nd=f dwp(w)(f1+T15), (36)

which automatically satisfiesOn=<1. Explicitly, the self-
consistent equation for the occupation number is

d-1

=5 go Z,(n[na,+(1—n)b,], (37)

where
ar=2|20 L /(E){ePM2[f1(rU —lwg) +fo(rU —lw)]

+ (1= 8p)e” B[ (rU +1wg) + fo(rU +lwg) 1},
(39

b,=z|20 L (E){eP 2 £ (rU+1lwg) + fo(rU +lwg)]

+ (1= 8p)e” B[ (rU —lwg) + fo(rU —lwg) 1}

(39
The current is expressed as
(Vv
JE¥—; Z.(n)[na/+(1—n)b/], (40)

where

E){ePo f1(rU —lwg)—fo(rU —lwg)]

+(1—8g)e” B2 f,(rU +lwg)— fo(rU +lwg) 1},
(41)
b =22, 1/(£){e?" 11U +1wo) = Fo(rU +lwg)]

+(1—8g)e” B[ f,(rU —lwg) — fo(rU —lwg)]}.
(42)

Let us analyze the I-V curves fat=1, 2, and 4.
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A. Absence of switching for a nondegenerate and twofold-
degenerate MQD

There is one term in the sum overr=0 with Zy(n)
=1, if d=1. Hence there is only one solution of the rate Eq.

(37),

_ Do 43
=2+ bo—ay’ “3)
and the current is single valued at any voltage,
~ 2bgt+ajbg—aghy
i= (44)

2+bg—ag

This is an exact result, which is valid for any e-ph coupling
and any phonon frequency. We have to conclude that there

no switching of a nondegenerate MQD. The opposite concluE

sion reached in Ref. 28 might be due to the Born-
Oppenheimer(statio approximation used by Gogolin and

PHYSICAL REVIEW B 67, 235312(2003

In the limit |y|<1 we haveb,=a,, Z=1, the remaining
interaction isU=UC [see Eq(10)], and Eq.(47) is reduced
to

2n=(1—n)3by+3n(1—n)%b;+3n%(1—n)b,+n3b;.
(48)

If we assume now that the nonvibron interactldf is nega-
tive, for example, due to valence fluctuations, then we re-
cover the negativé} model!® and the kinetic equation is
reduced to

2n=1—(1-n)3 (49)

in the voltage range\ —|U|<eV/I2<A, at T=0 because
bo=0 andb;=b,=bs=1 there, if{U|<A/2. The current is
simplified as

j=2n. (50)
is
quation (49) has two physical rootsn=0 and n=(3
512)/2~0.38. Hence we obtain two stationary states of the
MQD with low (zero atT=0) and high current, and

not apply to the nondegenerate level model, since there al
no “fast” (compared to phonon timesd) electron transi-
tions within the “molecule.”

In the case of a double-degenerate MQI3; 2, there are
two terms, which contribute to the sum owverwith Zy(n)
=1-n and Z,(n)=n. The rate equation becomes a qua-
dratic one,

n2(a0+ al_bo_b1)+n(2_a0+ bo_bl)_bozo,

(45)
with two solutions,
_ 2_a0+b0_b1
M1.27 " 2(ag+ a;— by—by)
| (2-ag+by—by)? bo 1
B 4(a0+a1_bo_bl)2 aO—i_al_bo_bl
(46)

However, one of them is negative becausel)<a,<1 for
any temperature and voltage. Therefore, we conclude th
there is only one physical population of MQD, and the cur-
rent is also single valued at any voltage and temperature, i
agreement with the Hubbard mod8l.

B. Switching of the fourfold-degenerate MQD

In this case the rate equation is of the fourth powen,in

2n=(1—n)3nag+(1—n)by]+3n(1—n)qna+(1—n)b;]
+3n%(1—n)[nay+(1—n)b,]+n¥nag+(1—n)bg].
(47)

a

9. The current-voltage characteristics show a hysteretic be-
havior ford=4. When the voltage increases from zero, the
fourfold-degenerate MQD remains in a low-current state un-
til the thresholde V,/2=A is reached. Remarkably, when the
voltagedecreasefrom the value above the threshold, the
molecule remains in the high-current state down to the volt-
ageeV,/2=A—|U| well below the threshol&/,. This is a
correlation mechanism of electronic molecular switching
without retardation. Therefore, the negatiedegenerate
molecular dot possesses the volatile memory originating
from the many-particle attractive correlations. The e-ph cou-
pling results in the phonon sidebands of the DOS, which are
fully taken into account in Eq(35) for the self-consistent
occupation of the molecular leval In the case of the Cou-
lomb repulsion and the electron-vibron coupling the effective
interaction will be attractive, if

) 1/2

There is an important difference between switching with

vibron-mediated electron-electron attraction and the

egatived model. We show the numerical results far,
=0.2 (in units of A, as all the energies in the problgmnd
UC=0 for two values of the coupling constant?=11/13
ﬂ:ig. 3 and y?=13/11 (Fig. 4). This case formally corre-
sponds tdJ = —2y2wy~—0.4, i.e., close to the same value
of the attraction as we have used in the negativerodel®
(we selected those values of to avoid accidental commen-
surability of a ladder of the correlated level energies sepa-
rated byU and phonon sideband ladders generated by them
with the stepwg). In the negativad case the threshold volt-
ages wereV,/2A=1-0.4=0.6 andeV,/2A=1. However,
in the vibron case the threshold for the onset of bistability
corresponds to a larger voltage bias compared to the
negativel) case (at eV/2A=0.86 for y*=11/13 andw,
=0.2). The I-V in the vibron case is much more complex,

UC

1|
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FIG. 3. (Color online The I-V curves for tunneling through the FIG. 4. (Color onling The |-V curves for tunneling through the
molecular quantum dofFig. 1) with the electron-vibron coupling molecular quantum dot with the electron-vibron coupling constant
constanty?=11/13 andw,/A=0.2. The up arrows show that the ¥°=13/11, which is slightly larger than that in Fig. 3. The I-V
current picks up at some voltage when it is biased, and then drops &t\fves change substantially: the current pickup shifts to lower bias
lower voltage when the bias is reduced. The bias dependence ¥pltages and the curves show a substantial change of shape com-
current basically repeats the shape of the level occupatigight ~ Pared to Fig. 3. The hysteresis persists to slightly higher tempera-
column. Steps on the curve correspond to the changing populatiofires, although also small, as compared to the previous case.
of the phonon sidebands, which are shown in Fig. 1. The current
hysteresis persists up to some critical temperature, which is low,

T/A~0.01. peratures, the overall I-V curve shows the smoothed out
steps at the bias voltages coinciding with the voltage at

which the vibrons are emitted/absorbed, similar to the case
too: as one can see from Figs. 3 and 4, the current d|scontb]c T=0 (Figs. 3 and 4

nuity at the threshold strongly depends on the value of the
e-ph coupling constant. The inelastic tunneling processes
through the level, accompanied by emission/absorption of
the phonongFig. 2), manifest themselves as steps on the |-V
curve, Figs. 3 and 4. Those steps are generated by the pho-
non sidebands originating from correlated levels on the dot In conclusion, we have developed the multipolaron theory
with the energie\, A+U, ..., andA+(d—1)U. Since of tunneling through a molecular quantum @®tQD) taking
wq is not generally commensurate with we obtain a fairly  phonon sidebands and strong electron correlations into ac-
irregular picture of the steps on the |-V curve. This comes agount. The degenerate MQD with strong electron-vibron
no surprise, since kinetic Eq47) is much more complex coupling shows a hysteretic volatile memory if the degen-
compared to the one in the negatidecase, cf. Eq(49). The  eracy of the molecular level is larger than twi>2. The
level occupation approaches the limiting valoe=0.5 at  hysteretic behavior strongly depends on electron-vibron cou-
large bias voltages, Figs. 3 and 4. pling and characteristic vibron frequencies. The current bi-
The bistability region shrinks with temperature. In the stability vanishes above some critical temperature. It would
specific example of the negatik¢- model with U/A be very interesting to look for an experimental realization of
= —0.4 the bistability is over af/A~0.1.1° Importantly, in  the model, possibly in a system containing a certain conju-
the vibron case this happens at much lower temperaturegated central part, which exhibits the attractive correlations
Indeed, the hysteresis loop almost close$/dt=0.01. The of carriers with large degenerady>2. We have estimated
critical temperature, below which the current bistability ex-earlier that/U| is on the order of a few tenths on an eV in
ists in the vibron case, is suppressed by about an order afarious oxide materiaf¥ Interaction may be of similar mag-
magnitude compared to the negatieease. At finite tem- nitude in carbon-based compounds. Interesting candidate

V. CONCLUSIONS
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