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We investigate within a coarse-grained model the conditieading to the appearance of Fano resonances or
anti-resonances in the conductance spectrum of a genelécuhar junction with a side group (T-junction). By
introducing a simple graphical representation (paralmbigram), we can easely visualize the relation between
the different electronic parameters determining the regimvhere Fano resonances or anti-resonances in the
low-energy conductance spectrum can be expected. Thegeduained within the coarse-grained model are
validated using density-functional based quantum tramisgadculations in realistic T-shaped molecular junc-
tions.

Introduction— Quantum interference (QI) effects in elec- - \
tron transport have been broadly studied in the field of meso-
scopic physics and quantum dots [1, 2], and their appear- ‘ ‘V
ance in molecular junctions had been suggested in the early Left Right
1990s from studies on electron transteri[3, 4]. In the cantex contact &0 contact
of charge transport in molecular scale electronic deviégs [

QI effects have drawn increasing attention over the passyea > e

due to their unique spectral features, manifested in the con

ductance spectra of the junctions, and which make them veryIG. 1. Schematic model of a molecular junction with a sideugr
attractive for tuning the low energy electrical response ofconsidered in this study. A molecule consisting of two fragts
molecular-scale systems [6-21]. For instance, since @teff 1S coupled between electrodes. The energies of two fragiaet
introduce additional peaks or dips in the conductance spe¢? ande;. The transfer integral between them is setio Xir
- . represents the self energies due to coupling to the contacts
trum, it may be expected that they can considerably change
the on/off ratios and thermoelectric performance of molecu
lar junctions[15] 19]. Moreover, since it is possible toeinf
from the analysis of transport line shapes the molecular ele Q! signatures in molecular scale systems.

tronic structure as well as the topological connectivitytrodf Here, we first study the transmission properties of a well-
molecular junctions, QI related effects might be also eitetb  known T-shaped toy molecule. Using it as a starting point,
for sensor or interferometer applications by monitoring th we describe the conditions under which the two types of QI
changes of the transmission spectrum as function of e.g. kne shapes (anti-resonances and Fano resonances) may ap-
magnetic field. pear. Hereby we introduce a simple graphical representatio

It is therefore of great theoretical and practical intetest —called from now on parabolic diagram for the sake of sim-
provide simple rules controlling the emergence of différen plicity, see also Figl]2 to predict the type of QI effect as
types of QI effects like anti-resonances or Fano line shapeavell as their line shape in an accurate way. In the second
According to the lineshape, QI effects can manifest eithepart of this study, we validate our minimal model approach
as anti-resonances (negative, almost symmetric peaks) or 8y computing on a first-principle basis the linear conductan
Fano resonances (asymmetric sharp peaks). As a genegflrealistic molecular junctions with different topologiand
qualitative trend, it has been shown that T-shaped or cycli¢lisplaying QI related features, finding a very nice agreémen
molecules tend to exhibit QI effects in their transmissipecs ~ With the parabolic diagram approach.

tra. Minimal model of a T-shaped molecw@/e consider a
Although many studies of QI effects have been conductedgeneric molecular wire with a side group as schematically
the understanding of the origin of anti-resonances and Fanshown in Fig[dL. The system is attached to left and right elec-
resonances as well as their classification are still under ddronic baths only through the central wire, i.e. the sideugo
bate. For further development of single molecular deviceslo not directly couple to the electrodes. To analyze QI ef-
exploiting QI effects, the precise relationship betweestel fectsin such a configuration, we can mainly focus on the low-
tronic structure and QI needs to be understood. In particulaenergy (near the Fermi levélr) features of the conductance
the origins of and the constraints on Fano and anti-res@anspectrum. Hence, a simple coarse-grained can be formulated
line shapes should be clarified. Although this can be achievewhich does not need to include the full electronic spectrum
using extensive first-principle based calculations, itseae-  of the system. Consider the retarded Green’s funafidof
sirable to provide simple rules relating electronic stniseand  the molecule attached to the electrodes. It satisfies arspect


http://arxiv.org/abs/1203.5269v4

representation of the formi[i7, 122]: @ y = (E-ey)(E-¢))

N
G'(E)=Y_ it} /(E+i6 — €). (1)
=1 &0
Since the molecular system is coupled to a continuum ofstate
(the electrodes) and is thus an open system, the eigenener- b)
giese; are complex and the difference between leff) (@nd
right (1)}) eigenvectors building a bi-orthonormal set should N
be taken into account. The transmission through the system
around energieB ~ Er, is mainly affected by few molecular
orbitals (MOs) around? since the contribution from deeper
levels is expected to be small because of the large denomi- e R E
nators in eq.[{1). As a result, charge transport in the model Energy (eV)
system of Fig. 1 can be simplified to a two-state model with
energiess, for the central site and; for the side group as F.IG. 2. .(a) Parabolig diagram showing the relation between o
long as we focus on the transmission around these energieie enerdieso.1, couplingl” and resonant peaksonani (b) The
This two-site model is identical to the one modeled by Pa-tlr%ns\rrléle (f)u;(;t\l/%n ;),?;alrfd from FL) (3) with= 0.0 eV.e1 =
0eV,V?=0. ,andy = 0.01 eV.
padopoulost al. [11] and Stadler and Markussen [15]. The
coupling between the two states is seVtoln real systems;
is expe(_:ted to correspoqd to one of the frontier MOs, which iSyith solutionsepong:
delocalized over the main chain and is responsible for eharg
transport, whiles; corresponds to MOs of the side-functional
group, which have the strongest overlap with éhetates.
Within Landauer’s theoryl [22], the transmission function
can be computed vid'(E) = Tr[G'T G|, whereT'|r
correspond to the spectral densities of the electrodesceSin
the coupling to the electrodes and to the side group cal

be represented by three self-energy terbigg (due to the o " 'y can easily be visualized. The system

; . T N
Ieft/rlgbt rese_rvows) andis = V /.(E . €1). the reta}rded gives a dip atE = ¢; with T(E) = 0, since the denomina-
Green's funcion of the molecular junction can be written as:’_ . . , V2 ]
1 - ; 2 tor in eq. [2) divergedimp_,¢, +0 =— = oo [11,/15,/16].
(G']7HE) = (B +10) = 20— X = YR = VI/(E = 21): pororore the energetic poslitior;EOFIpositive resonanekpe
If we neglect for simplicity the energy dependence of the(E — ehons £ant) and negative peaks = 1) in T(E) can

electrode self-energies within the so called wide-banditlim b timated f th bolic di in Eig. 2 ithout

(WBL), the contribution of the reservoirs can be written as € estimated from the parabalic diagram in [lg. (a) withou

SR = —ivur. The broadening functiong, are then de- explicitly computing the transmission function from EQ) (2

fi iy T S or by using more sophisticated numerical methods. To illus-

ined ad'ur = i[Xur — % ] = 2yur. Hereafter for simplic- trate this point further, if one would like to examine the QI

ity, we assumey g = . The transmission function is then P A . X

simply given by [11] 15]; effects of molecular wires having e.g. a conducting state at
e o = 0.0 eV and a localized state at = 1.0 eV with cou-

Transmission

Eanti giveNn DY 2eponganti = €0 + €1 £
\/(ao —¢e1)2 +4V2, where the transmission maxima take
place [2, 11, 12, 15]. Note that the two solutions are al-
ways real. At this point we introduce a graphical represen-
tation (parabolic diagram) by plotting the reduced vaeabl
= (F — ¢0)(F — £1) as a function of the energ¥, as
shown in Fig[R(a). Using this diagram, the peak and dip posi-
ons as well as their relation to the relevant electronrapee-

T(E) = 4y o) pling V2 = 0.5 eV?, it is possible to estimate the position
(E —eg— E‘il )2 4 472 of the Breit-Wigner-type resonance and of an anti-resomanc

) L . by drawing the diagram as in Figl 2(a). Fid. 2(b) presents
Althqugh the same discussion is hel(_j in R"f'_ [15], startingie yransmission function calculated from €d. (2) using the
fromthis formula, we show below that, (i) an anti-resonaaice g, 1e parameters. We can see that the position of the nega-
E = e; and two symmetric resonance peaksg@haandeani  tjye and positive peaks completely matches with the feature

appear wherje; — co|/[V] is small, (ii) the system presents ¢ e narabolic diagram. More interestingly, it is also gios

asymmetnc Fapo line shapes wHe.n-— 50|/|,V| IS large, us- ble to estimate the coupling from the position of the posi-
ing our parabolic model. The transition regime is howevér NO4ive and negative peaks in the transmission function usiisg t

universally defined, but depends on the specific values of thﬁarabolic diagram. If the peakng.and and dip €1) posi-

electronic param_e'gers.b ous that when th tions can be resolved experimentally, the orbital eneegy (
From eq.[(2), it is obvious that when the te(lf — <o — 3 the electronic coupling/) are uniquely determined.

V2/(E — £1))? is a minimum,T(E) attains its maximum.
This is a Breit-Wigner-type resonant peak with widtlfi23] Next, we address the case of a Fano resonance. When one
" ... of the solutions of eq[{3) is close g, i.e. whenje; —&¢|/|V|

The pos_,mons O.f th.e peaks are given by the solutions of th?s large enough, the negative and positive peaks come dese t
quadratic equation:

gether leading to an asymmetric line shape, a Fano resonance
(E—co)(E—e1)-V3=0, (3)  The condition for the anti-resonance is simply given by the
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FIG. 3. The two types of QI through molecular junction in FilgTo F!G. 4. (c)|V| dependence of.transmissio.n fqnction of th(=T systemin
produce the anti-resonance, parameters are set;as 0.0 eV and Fig.[D and (a) the correspondm_g parabollc_dlagram. (d) n}nem

V — 1.0 eV. To produce the Fano resonance, parameters are set §59Y dependence of the transmission function of the systefigi[l
c0=0.06eV.e; =1.0eVandV =0.2eV. a_nd (b) th(_e corresponding parabolic diagram. In (a) ancﬂ@e)pn_—
site energiesy,; are set asp,1 = 0.0 eV. In (b) and (d), the on-site
energy foreg is set asso = 0.0 eV. The coupling strengthl/| is
fixed toV? = 0.2 eV2. The transmission spectra gradually shifts
from anti-resonance having symmetric negative peaks to Feso-
nance having asymmetric peaks|as— 1| is increased.

T(F) = 0 with large energy spacinganti— €1/ OF |ebond— €1
with positive resonant peaks. This is satisfied by Idige
with small|eg — £1]. In the special case ef = ¢;, the anti-
resonance shows a symmetric line shapE at ¢; [2,15].
Minimal model of a T-shaped molecular junction: Depen-parabola aF; = £, becomes steeper for increasiag — ¢o/,
dence on the model parameter&eeping the previously dis- which makes; andean closer to each other. From these anal-
cussed conditions for the two types of QI effects in mind, weysis, we conclude that weak couplifig| and weak broaden-
will examine how the transmission function behaves with dif ing v with large|eq — 1| are the optimal conditions for Fano
ferent choices ofy, €1, andV using the parabolic diagram resonance.
Note that the investigation of the dependence on the site- Validation of the parabolic diagram: first-principle trans
energy and coupling constant is also done elsewhere [11, 15)ort calculations- In order to demonstrate the relevance of
Fig.[3 presents two types of QI effects of the system in[Hig. 1the parabolic diagram for realistic systems, we have mod-
As discussed before, smadly — 1| with large|V| gives an  eled two molecular wires with side groups as shown in[Hig. 5,
anti-resonance (red in Figl. 3), while largg — e1| with small  which display Fano resonances and anti-resonances. As elec
|[V| gives a Fano resonance (blue in Higj. 3). The conditiortrodes, we chose semi-infinite Si slabs with a (111) termi-
of weak couplingV’| for the Fano resonance agrees with thenation and surface dangling bonds saturated with hydrogens
general interpretation of the Fano effect where the loedliz We used the gDFTB program [24] for the transmission calcu-
state interferes with a continuum. A critical difference be lations, which is based on a density-functional tight bivgi
tween these QI effects is that an anti-resonance does not rerethod [25]. All transmission calculations were performed
quire a localized state at the position of a negative peakkewh after structure relaxation in the same way as in Ref. [26]
a Fano resonance does require a localized state at theopositi At first, in order to generate a Fano resonance, we modeled
of the asymmetric peak. a molecular wire (model A in Fig]5(b)) by weakly coupling a
We also investigated the couplifg| dependence and on- side-group to the main chain such that the energy level of the
site energy|e1| dependence of the QI effects. Figl 4(c) eigenstate responsible for the conductieg) is separated
presents the anti-resonance with different coupling gtites1  enough to that of the localized fragment MO at the side group
Fig.[4(a) is corresponding parabolic diagram. In the weak co (¢;) . To have weak electronic coupling between them, the
pling limit, the transmission merges down to a Breit-Wignerside group is vertically grafted to the main chain. We useéd ca
resonance. This is obvious from Ef] (3) and also from théboxylic acids for the linkers connecting between the mdkecu
parabolic diagram since the resonant peaks come closer amd the Si contacts. Fifll 5 summarizes the transmission and
each other with decreasinlg. Fig.[4(d) shows the on-site total (DOS) and projected (PDOS) density of states plots of
energyle;| dependence of the transmission. . 4(b) is corthe modeled systems. In the absence of the side group, the
responding parabolic diagram for the on-site energy depenvalley with low transmission spreads from the HOMO to the
dence. We can see the transition from anti-resonance to Farermi energy, while in the presence of the side group a Fano
resonance with largee; — ¢¢|. This is also interpreted from resonance appears arouRd= —4.9 eV due to the interfer-
the parabolic diagram in Fi@l 4(b) since the gradient of theence between the localized state from the side group and the
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conduction state. We can clearly see the localized statmdro ~ Conclusion- We have derived conditions for Breit-Wigner

E = —4.9 eV originating from the side group in PDOS plot type normal resonant peaks as well as for quantum interefer-
in Fig.[H(d). The coupling strengthi and the energy differ- ence related states (Fano resonances and anti-resonances)
enceley —¢1| are estimated to be 0.062 eV and 0.370 eV fromT-shaped molecular junctions using a coarse-grained model
the transmission line shape in [Eig.5(d). As mentioned in thend clarified the origins of the two QI-based effects using a

analysis of the coarse-grained model, these values wigje lar simple graphical representation (parabolic diagram) hW&

ler — eol/|V] = 5.968 satisfy the condition for Fano reso- help, we can easely explain the two QI related effects in re-

nance. alistic molecular junctions, thus validating our minimat-
mulation. Our results are expected to provide a very help-
= ;4 (a) Pristine ful guideline for building functional molecular devices izh
= AR = exploit QI effects. Usually, in planar organicsystems, the
(b) Model A g gMeelB 54 electronic coupling/ between the main molecular chain and
tt: ﬁ %‘i s the side groups is strong. This situation is closer to thelcon
= 2AReaRs N 3 ~ 3% tion for anti-resonance than for a Fano resonance and, hence
(@10 e ——1] (€)10° T e this is the reason why many organic systems display anti-
_10? 8 j\ TR 0t K k Mo I ] resonances while Fano resonances are rarely seen.
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