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Theoretical study of photon emission from molecular wires
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We explore theoretically the principles that govern photon emission from single-molecule conductors car-
rying electric currents between metallic contacts. The molecule and contacts are represented by a generic
tight-binding model. The electric current is calculated using the Landauer theory and the photon emission rate
is obtained using Fermi’s golden rule. The bias dependence of the electronic structure of the molecular wire is
included in the theory in a simple way. Conditions under which significant photon emission should occur are
identified and photon spectra are calculated. We predict the photon emission rate to be more sensitive than the
electric current to coupling asymmetries between the molecule and contacts. This has important implications
for the design and interpretation of scanning tunneling microscopy experiments searching for electrolumines-
cence from individual molecules. We discuss how electroluminescence may be used to measure important
characteristics of the electronic structure of molecular wires such as the HOMO-LWigBest occupied
molecular orbital-lowest unoccupied molecular orbigap and the location of the Fermi level of the contacts
relative to the HOMO and LUMO. The feasibility of observing photon emission from Au/benzene-dithiolate
molecular wires is also discussed.
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[. INTRODUCTION molecule may lead to partial occupation of various different
molecular orbitals that lie within the electrochemical poten-
A molecular wire is a single moleculéor a few mol- tial window of the contacts. It is possible that transitions
ecules that forms an electrically conducting bridge betweenfrom one partially occupied molecular orbital to another of
a pair of metallic nanocontacts. In recent years moleculalower energy occur, resulting in photon emission.
wires have been realized in the laboratory and their elec- Although definitive experimental evidence of this effect
tronic transport properties have been meastifrédlhere has not yet been reported, related phenomena have been ob-
have also been many theoretical advances in modeling suderved in scanning tunneling microscog$TM) experi-
systemg:83tand the study of transport in molecular wires ments: Systems with an STM tip over a clean metallic sur-
continues to be an active area of experimental and theoreticédce are known to emit photons due to the decay of
research? It has been found that the current flowing through plasmons® Recent STM experiments on molecular mono-
a molecular wire depends strongly on the electronic structurkayers adsorbed on metal substrates have suggested that a
of the molecule as well as the geometry of the molecule andifferent, molecule-dependent photon emission process may
contacts and the chemical bonding betweenalso occur: Poirier has reported molecule-dependent photon
thenf~1%1922-2527=34n 3 simplified picture, when a poten- emission in an STM experiment involving reduced and oxi-
tial bias is applied to the contacts, the electrochemical poterdized alkanethiol monolayers adsorbed on(#1).3* In an
tials of the contacts separate and molecular orbitals locateBTM experiment involving monolayer films ofsgfullerenes
in the window of energy between the two electrochemicalon Au(110) surfaces, Berndtt al. observed enhanced photon
potentials mediate electron flow from one contact to theemission when the STM tip was placed above an individual
other. The current rises sharply each time this window ofmolecule®® Smolyaninov and Khaikin have reported photon
energy expands to include an additional molecular orbital. emission at energies similar to copper phthalocyateP9
Much work has been done modeling and attempting tdransition energies in STM experiments involving CuPc ad-
understand|-V characteristics that have been obtainedsorbed on At® However, in very recent STM experiments
experimentally1417:19.21.24.263Q 5 theoretical studies have by Hoffmannet al. on hexa-tert-butyl-decacycler{elBDC)
been reported, however, of another potentially importanbn noble-metal surfaces,it was found that while the pres-
property of self-assembled molecular wires, namely, photorence of the molecules modulated the photon emission, the
emission(electroluminescengdrom a molecular wire carry- observed emission appeared to be plasmon mediated rather
ing an electric current due to electronic transitions betweerthan molecular in character. Thus, the nature of photon emis-
molecular orbitals. When a bias voltage is applied to thesion mechanisms for STM-molecular monolayer systems is
contacts, the molecular wire moves out of equilibrium, withyet to be adequately understood.
a flux of electrons passing through it. Electrons enter the In all of these STM experiments, a bias voltage was ap-
molecule from the contact with the higher electrochemicalplied between the STM tip and metallic surface, with a mo-
potential, and drain into the other contact. Since the electrolecular monolayer interposed between these two contacts as
chemical potentials of the contacts are no longer the samé molecular wire systems. However, there are important dif-
one can no longer assume that the orbitals of the moleculerences between these STM molecular monolayer systems
will be filled up to an energy equal to a common Fermiand self-assembled molecular wires: The coupling between
energy of the contacts. The passage of electrons through tilee STM tip and the molecule is usually very small com-
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pared to the coupling between the molecule and the sub- B [3_1a B,, B1b B
strate, whereas for self-assembled molecular wires that are Py e 0 o o ®
bonded chemically to both metal contacts, the couplings of e e € & €r €r

the molecule to the source and drain may be comparable in
strength. Also, the STM experiments involve planar metallic :’ |:

substrates, which are quite different from the nanoscopic me- Source | Molecule Drain

tallic contacts of some self-assembled molecular wires. It is o )
unclear how these differences would affect photon emission, F!G- 1. A schematic diagram of the model molecular wire. The
so it is of interest to consider photon emission not only fromeource and drain contacts are semi-infinite. The two atoms in the
STM-molecular monolayer systems but also from more sympenter represent the molecule.

metrically coupled self-assembled molecular wires. Il. THE MODEL

Electroluminescence from molecular wires is a potentially Each metal contact will be modeled as a one-dimensional
important effect, not only because of its intrinsic fundamen'tight-binding chain. The molecular wire is modeled as a pair

tal interest, but also as an experimental probe of moleculagf atoms placed next to the origin, forming a bridge between

nanoelectronic devices. For example, as we will show belowhe two contactgsee Fig. 1 The model Hamiltonian of this
by observing the photon emission spectrum of a moleculagystem is

wire, important information about its the electronic structure,

i_ncluding t_he energies of _the molecular Qrbitals, their loca- = 2 e In)(n|+ B(In—1)(n|+|n}(n—1|)
tions relative to the Fermi level, and their occupations as a n<o0

function of bias voltage, may in principle be obtained. Cur-

rently, there is d|sagreem_en_t between different theoretical + 2 erINY(n|+ B(In+1)(n|+|n)(n+1|)
models of 1,4 benzene-dithiolai®DT) attached to gold n>0

4,19,21,25,28,30, H H :
contaqté regz_;lrdlng the energies of the highest + €]a)(al + e,|b)(b| + B_1(|— 1)(al +|a)(—1])
occupied molecular orbitaHOMO) and the lowest unoccu-
pied molecular orbitalLUMO), relative to the Fermi level + B1p(|1)(b[+[b)(1]) + Bap(la)(b|+|b)(al), (1)

of the contacts. If the photon emission Spectra of such SySNhereeL and € are the site energies of the |éﬁource and
tems were modeled, and compared with experiment, imporight (drain) contacts, and:, and e, are the site energies of
tant insights into the most appropriate models for moleculaatomsa and b of the molecule, which depend on the bias
wires could be obtained. voltage applied to the wire and the nature of the metal con-
In this paper, we present and solve a generic model fotacts, as well as the identities of atomsandb. 8, B_1,,
photon emission from a molecular wire. Our purpose will beB1p, andB,, are the hopping amplitudes between atoms in
to develop a basic qualitative picture of the underlyingthe contacts, between atoaof the molecule and the left

mechanism, and to examine how the adjustment of the varCONtact, between atoim and the right contact, and between

ous model parameters, to reflect different experimental situ‘:"toma""r}d atob, respectively|n) represents the orbital of
ations, should affect photon emission. We use a one2! atom in one of the contacts, o) and|t_)> represent the
’ ) atomic orbitals of the molecule. We consider the orbitals of

dimensional tight-binding model that attempts to capture thejigterent atoms to be orthogonal. However, this model may
important physics involved in a way that is simple and intu-gsily be extended to systems where this is not the éaste.
itively reasonable, and is qualitatively consistent with what iSake the electrochemical potentials of the source and drain
already known about .mol_ecular wire elec_tromc structure anGontacts to beus=Er+eVhi,d2 and up=Er—eVpiad2,
transport. Another objective of this work is to provide somewherev, . is the bias voltage applied between them &ad
guidance to experimentalists as to which types of systems g their common Fermi level at zero applied bias. The applied
study in order to observe photon emission. We find thatpias also affects the site energigsandeg of the contacts so
under certain circumstances, the model predicts that photoihat €, = e.ontactst € Voiad2 and €g= €contacts— € Vbias/2,
emission should occur, due to molecular-orbital transitionswheree.qnac15iS the zero-bias site energy. Our treatment of
We show how molecular-orbital occupations behave as #he effect of the bias voltage on site energigande, of the
function of applied bias voltage, and how varying the modelmolecule itself is described at the end of Sec. II.
parameters changes this behavior. Fermi’'s golden rule is used Electrons exist in the form of Bloch waves in the contacts,
to calculate photon emission spectra. We show how the emisind undergo reflection or transmission when they encounter
sion depends on molecular-orbital occupations, and the locdhe two-atom molecule. Their wave functions are of the form
tions of the molecular orbitals relative to the Fermi levels of
the contacts. lgy= >, (e Md+re=iknd)|n)

Our model and theoretical approach are described in Sec. n<0
[I. The results of our calculations and their interpretation are
presented in Sec. Ill. We conclude in Sec. IV by summariz- + > tek'Mny+ ¢ la) +cy|b), 2
ing our results and discussing their implications for possible n=0
experiments directed at observing photon emission fronwhered is the lattice spacing, andandr are the transmis-
BDT attached to gold contacts. sion and reflection coefficients. The electrons have eigenen-
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ergies of the formE= ¢+ 28 coskd). This equation holds expressions for the transmission and reflection coefficients
for both €,= ¢, ande;= er, SO when an electron with initial are obtained:

wave vector k undergoes transmission, its wave vector
changesto k") due to the difference betweepn andeg. For . .
certa?nk% ther; are no real solutions fif. Iniﬁese Cgset’ t= 218 1aP 1*’@ .03 Sin(kd) :
becomes complex, and the transmitted Bloch wave is evanes- 82,82~ B(E— e,) — B2 e Y[ B(E— €,) — B2 1 &%)
cent. By applying —1/, (al, (b|, and(1| to H|¢), analytic 3

_[BE-—e)— 1.0 “NBE - &)~ Bloe™ )~ Brph? “
[BE—€a) =B 128 [ B(E~ €n) — Bl U1 - B2 87

The coefficients, andc, for the atomic orbitals in the mol- wherei andf label initial and final states. The overlap terms
ecule are similarly obtained, in terms of the transmission anda|x|b) and(b|x|a) are neglected since they should be small

reflection coefficients: compared tgalx|a) and({b|x|b). We approximatea|x|a)
and(b|x|b) by the locations of their atomic centers, so that
B(1+r) Bt (a|x]a)=—b/2, (b|x|b)=b/2 (b being the molecular bond
R (5)  length. Thus, we have
-la 1b
The transmission probability is given by e2w3p2
_ R(ki,w)= W|C§,fcb,i—c’§,f0a,i|2- (10)
L,o(k') osin(k'd)
T=|t] =t = (6) . .
v(k) sin(kd) To calculate the emission rate as a function of photon energy,

we must consider all electron states of the system, incoming
from both the source and drain contacts. Since we assume
the temperature to be 0 K, all states up to the electrochemical
Botential of the appropriate contact are occupigdmust be
initially unoccupied, and it must be of lower energy than
Therefore, we consider transitions from occupied initial
'states that are incoming from the source, to final states within
the electrochemical potential window that are incoming from
the drain. After normalizing the wave functions and convert-
_2e(nus ing the sum ovek states(and spin into an integral over
| = Y T(E,Vpias) dE. (7) ener ] o
. gy, an expression for the photon emission spectfam

a given bias voltageis obtained:
Here we assume the temperature to be 0 K, so the Fermi

whereuv (k) is the velocity of the incoming wave andk')
is the velocity of the transmitted wave. In our modElde-
pends on the energy of the incoming electron, as well as o
Vpias- The Vyias dependence arises from the effect\gfias

on the site energies of the contattescribed aboyeand of
the molecule that will be discussed below. Using the Land
auer theory?® an expression for the current is obtained:

functions are trivial, and the transmission probability is only 1 [us R(k; o)
integrated through the Fermi energy window. f(w)= 2—j +kddEi (12)
To calculate emission spectra for the molecular wire we 7 J up+no— Bsin(kid)

use the expression for the spontaneous emission rate of a ] ) o
System em|tt|ng photons into empty Space, using Fermi’s In Order to Interpl‘et our reSU|tS phySIca”y, itis Useful to

golden rule®®. The emission rate is given by relate the emission spectra to total occupations of the mo-
lecular orbitals, as a function of bias voltage. For this pur-
5 3 pose, we project eigenstates of the system given by(Hq.
&w (el X| )2 (8) onto the bonding and antibonding orbitals of the isolated
3#c® e molecule, whose coefficients will be labeled and co«,

o ] . respectively. Their total occupations are calculated by sum-
wherey; and ¢ represent initial and final states, afid is  ming over all occupied electron statéscluding spin in-

their difference in energy. We consider emission only fromcoming from both contacts. This sum is converted into an
the molecular sites andb. The emission rate is therefore jntegral, and an expression for the total bonding and anti-

approximated by bonding orbital occupationsQ,0*) is obtained:
R—:|c* ca(alx|a)+cf cpi(bxb)[2,  (9) 00 )=~ 3 f Co.Corl” o (12
3ncd afral 0. , ©. 27 corftacts i —Bsinkd) "
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Changes in the occupations of the bonding and antibondin¢ 3 ol .
orbitals in response to changes of the applied bias voltage __ 2 1 Sog|® |
. . . S o v
may result in some charging of the molecule. If this occurs, @ 1 1 296l |
. . . v
the charging causes an electrostatic shift of the moleculal & © 1 S04l |
energy levels that in turn severely limits the actual charging ::J“‘ 1 Bool |
that takes placé In the present work we approximate the g [ N -
shift of the molecular levels in response to the applied bias _ 5 6 §
Bias voltage (V) =

by adjustinge, and €, equally so as to maintain the net
charge that the molecule has at zero bias. The simplicity 01(_‘I 2
this approximation is in keeping with the generic nature of 5
the molecular wire model that we consider here. It yields 8 £
behavior of the molecular levels with bias that is physically ‘—§ §
reasonable and, as will be seen in Sec. IlIB, remarkably2 &
similar to that obtained fronab initio calculations for some = o
molecular wire systems.
In the remainder of this paper we will consider the case

Molecular orbital
occupation

0 1 2 3 4 5 &
Bias Voltage (V)

where the Fermi level of the leads at zero bias falls within % o '

the HOMO-LUMO gap of the molecule, as is typical of mo- & &

lecular wires such as the Au/benzene-dithiolate/Au system & p

Thus we will identify the bonding and antibonding orbit&ls § §

and O* with the HOMO and LUMO, respectively, of the % 5

isolated molecule(The termsO and HOMO will henceforth ) D R B e T
be used interchangeably as W and LUMO) Our model £ Bias Voltage (V) Photon energy (V)

parameters will be chosen so that at zero bias the Fermi level
of the leads lies betwee@ andO*. As will be seen below, FIG. 2. Symmetrically coupled molecular wires for which at
if the Fermi level is well abov® and well belowO* (but O zero bias the HOMO-LUMO gap is centered at the Fermi level of
andO* are within the electronic energy band of the leatls the contacts an@cqniacts= €a= €, - (8) Source and drain electro-
follows from Eq.(12) that at zero biag) is almost com- chemical potentialgs andup and energies of the bondirt®) and
pletely filled with electrons and* is almost empty, al- antibonding O*) orbitals as a function of bias voltage, fBr1,
though O is nevertotally full and O* is never completely = /B1p="—1.0 V. (b) Probability for the transmission of an elec-
empty because of the level broadening that occurs due tgon through the molecular wire as a function of glectron energy, for
hybridization between the states of the molecule and lead¥/bias=0 @ndB-1,=pB1,=—1.0 V. (c) Occupations of the mo-

In this way the HOMO and LUMO character of i@ and  'ccular bonding and antibonding orbitals, fof_1a=p1p

O* orbitals is expressed within our model when the mol-—,_ -0 &V: (@ for B-1,=p1,=—0.2 eV. (¢ Total integrated
ecule couples to the leads. By choosing different values o:hftg ; ir\n/usas#;rgi,i)asﬁa f”j‘;“’”:of f 'Sse://()l:%geE’n(j?srgarl{a; '[Z t;:)l‘a
the site energies, and e, at zero bias, the energies and ¢ o oo ons b;eigvoltlé:)gesa(_. B —1.0 eV). P
occupations of th© andO* orbitals can be varied. Thus the ta PLb

effects of differing amounts of charge transfer between theontacts, and the molecule-contact couplings have equal val-
molecule and leads can also be studied within our model. ues. First, we consider the case where these couplings have

We also note in passing that although our results are deralues similar to those in chemically bonded molecular wire
scribed here in terms of electron transport and optical transystems B_;,=8;,=—1.0 eV). Figure 2a) shows how
sitions between occupied and empty electron states, athe source and drain electrochemical potentialsand up ,
equivalent description can be given in terms of electron anénd the energies of the bondiri@) and antibonding ©*)
hole transport and optical transitions. orbitals behave when a bias is applied to the contacts. At
zero bias,O is located at—1.5 eV andO* at +1.5 eV.
Figure 2b) shows the electron transmission probability
through the molecule at zero bias obtained from ®g. The

We consider the case where the energy bands of the colronding and antibonding orbitals provide channels for elec-
tacts are partially filledK= 7/2d). In the numerical results tron transmission, so there are peaks at electron energies of
presented below, the hopping parameters are chosen to havel.5 eV and+1.5 eV. The transmission peaks are some-
values typical of molecular wire systemg£ —5 eV, 8,,  What broadened due to the coupling of the molecule to the
=—1.5 eV), resulting in a HOMO-LUMO gap of 3 eV for contacts, which causes the discrete molecular orbi@lar{d
the isolated molecule. O*) to hybridize with the continuum of states in the con-
tacts. Returning to Fig.(8), asV,;,s increases, the electro-
chemical potentials of the sourcg§) and drain {up) sepa-
rate. At Vyias=3 V, ug moves aboveD* and up moves
below O. In this symmetric case, this does not result in any

In this section, the HOMO-LUMO gap of the molecule is change in the energies € andO*. Figure Zc) shows the
chosen to be centered at the zero-bias Fermi level of thelectron occupation of the molecular wire, as projected onto

Ill. RESULTS

A. Symmetric molecule-contact couplings; HOMO-LUMO gap
centered atEg
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the bonding(O) and antibonding ©*) orbitals of the iso- e . 3 = —
lated molecule. At zero bia§) is almost fully occupied and & 2-(@) Q 1 <2 L®) P
O* is almost empty. A¥/,;,5 iNncreasesp partially empties. 9; g) “S i % :) - 5 |
tp Moves belowO in energy, so electrons from the drainno £ | \_}/ > My ]
longer contribute to the filling of the bonding orbital, while G 5| L 1 Gl |
electrons from the source continue to contribute,Csbe- 3 T 3 T
comes half filled. Similarly, electrons from the source start to o1 Biis Vg’ltagi (V;r’ 6 0 1 Bizs Vglta ‘; (V‘;S 6
fill O* asug approache®* in energy, and finallyO* be- g
comes half-filled as well. A© and O* empty and fill with _ 2 © = 2 o
Vpias, the total occupation remains constémto electrong % c 1 B¢ (@ _
bias 25 O 2 5

due to the symmetric placement Bf, at the center of the g g1l i g§1 | |
HOMO-LUMO gap. Therefore, there is no tendency for the 3 3 33 *
molecule to charge, and the orbital energies remain constar & f £3s i
[Fig. 2(@)]. Notice that the filling and emptying @ andO*, = =5 4 4 & 6 = O —— 34—+ %

as a function oW\, is gradual. This is due to the fact that Bias Voltage (V) Bias Voltage (V)

the continuous density of states associated with the broad g

ened resonances in Fig(t} enters the electrochemical- £ [’ b ol '
potential window betweep g and wp gradually. Figure @) 2 ®

shows the orbital occupation for the case of weak molecule- & 5

contact coupling B_,,=81p,=—0.2 eV). The weak cou- o 8

pling results in a more sharply peaked molecular density of ‘% g

states, soO and O* empty and fill much more abruptly. 0 1 2-3 4 5 6 0 12 3 4 5 6
Figure Ze) shows the resulting total photon emission rate for = Bias Voltage (V) Photon energy (eV)

(i) B-1a=P1p=—0.2eV and(ii) B_1,=p1p=—1.0eV. .

Emission is strong when the energiesandO* are inside FIG. 3. The case oE close to either the HOMO or LUMO at
the electrochemical potential window. In cagg emission 2670 bias.f-1,=p1,=—1.0 eV for the entire figure(a) E is
increases more rapidly with bias nedg;,=3.0 V than in Clo.se o .the H*OMO at zero bias. Energies .Of the bondidpand
casel(ii), becaused and O* empty and fill more abruptly. aptlbondlng (@) *) orbitals as a function of bias voltagéh) Engr-
Figure Zf) shows how, within our model, the emission spec—?é)es(')?;(j 2':%25 'oifg rat: § gf S(feoc:if eCL?tiZttic;rll_ liJr(l\g)o (Zt) %ecrgubug_s.
trum for casd(ii) changes with bias. As expected, emission is P : ' P

- tions of O and O*, for the situation in(b). (e) Total photon emis-
peaked around the transition energy of the moleBileV) at sion rate for the situation ie) [emission rate for the situation {)

higher bias.(Weaker molecule-contact couplings would re- is yery similai. (f) Emission spectrum for the situation ia) for
sult in more sharply peaked emission spectra, due to Weak%iaszﬁ V [similar spectrum the for situation ifo)].

hybridization and broadening of molecular orbitalSince
photons cannot be emitted at energies higher ) s, self-consistent density-functional calculations for the HOMO
the spectra cut off at this energy. This is one of the factorsind LUMO energies of a gold nanowire attached to two gold
that contributes to the noticeable shift of the emission peakontacts’’ suggesting that our model’s approach to charging
upwards in energy with increasingy;,s. Another factor can be quite a good approximation for some molecular wires.
contributing to this blueshift is the cubic dependence of the~igure 3c) shows the orbital occupations for the caseQof
emission rate on the photon enerlyy in Eq. (9). This ex-  just belowEr in energy at zero biagsame situation as Fig.
plains the significant photon emission seen in Fig) for  3(8)]. The total occupation is less than two electrdfist
Vpias=6 V at energies well above the molecule’s nominalelectron$ due to the fact that at zero bias,is very close to
HOMO-LUMO gap energy, due to transitions from the Eg, so that its high-energy tail is abo¥g- and is unoccu-
higher-energy tail o©*, and to the lower-energy tail @. pied. Asup decreases, the molecular orbitals drop in energy
so that the total molecular charge is maintained at its zero-
bias value. Eventually, agg increases, it approaches the
antibonding energy, causin@* to start to fill. The orbitals
stop dropping in energy, so that any filling 6f is accom-

In many experimental situations, the HOMO-LUMO gap panied by an emptying a. OnceO is significantly above
is not centered at the Fermi level of the contacts. Ofteny, its occupation becomes constant with further changes in
either the HOMO or the LUMO is close ®©.>??%In Fig.  bias, at about one electron, as only the source contact con-
3(a), O has a zero-bias energy located just below. In our  tributes electrons. Both orbitals now move upwards in en-
model, asvy,;,s increasesO andO* first decrease in energy ergy, causing* to stop filling so that the total charge is still
following up. Then, at around 3 V, as the energy ©f maintained at its zero-bias value. The high-energy taDbf
approachegts, O andO* begin to rise in energy withus. stays aboveug, so that the orbital only fills to about 0.6
The opposite situation occurs whét has a zero-bias value electrons. Figure @) similarly shows the orbital occupations
just aboveEr [Fig. 3(b)]. In this case© andO* firstrise in  for the case oD* just aboveEg at zero biagthe situation in
energy withug, then fall with up after V,;,s=3 V. This  Fig. 3b)]. In this case, the total occupation is more than two
behavior is nearly identical to recent results obtained througlelectrons(2.4 electronsdue to the fact tha©* is partially

B. Symmetric molecule-contact couplingsg ¢ close to HOMO
or LUMO
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- N W
T
n

o =N Ww

Energy (eV)
o
occupation

|

-1
or e} J
-3

Energy (eV)

Molecular orbital

Bias Voltage (V)

FIG. 4. The energies dd andO* as a function of bias voltage,
for the case of a HOMO-LUMO gap that is centered at the zero-bias
Fermi level of the contacts, with highly asymmetric contact cou-
plings (B_;,=—0.1eV, B;,=—1.0 eV).

Current

occupied at zero bias, because its low-energy tail is below
Er. O partially empties an®®* partially fills as the orbitals
enter the electrochemical-potential window at a bias voltage
near 3 V. The occupation @* becomes about one electron, (e)
coming from the source contact. The occupationQofis
greater(1.4 electrons because the low-energy tail @ is
still below up. Figure 3e) shows the total emission rate )
predicted by our model for the case wh@és just belowEr |
at zero bias. A nearly identical emission rate is predicted for % 04 06 08 1
the case ofO* just aboveEf. In both cases, emission be- B,q

comes strong abowé,;,s=3 V. This is the point at whicl®

and O* enter the electrochemical potential window, and FIG. 5. The case of a HOMO-LUMO gap that is centered at the
therefore are both partially occupied. Emission at high bias ifermi level of the contacts at zero bias, for various asym.metric
less than half as strong as in the case of HOMO and LuUmcFontact couplings(a) B.,,=—0.6 eV, B1,=—1.0 V. Energies
that are symmetric abolg (Fig. 2), due to the fact that o_f the bonding(O) and ar_wtlbondlng 0*) Srbltals as a fL_mctlon of
eitherO* is not as highly occupiefFig. 3(c)] or O is not as ~ 2ias voltage(b) Occupations o0 and 0%, corresponding to the
empty[Fig. 3(d)], as in Fig. 2c). Figure 3f) shows the emis- situation in(a). (c) Total photon emission rates, for various values
sion spectrum for the case 6f just belowEg at zero bias, OIB ~1a- B 1”’:___11'006\(/".‘ a”ﬁases(d) C)ZUFELeT for various vallgdes
for Vi,.c=6 V. (A very similar spectrum is predicted for the . B-1a- Bup=—10 eV in all cases(e) Photon emissiorisoli

* . . line) and currentdotted ling as a function of source contact cou-
case ofO* just aboveEr.) The spectrum is not blueshifted pling B_1, for B1p=—1.0 V, Vyias=6 V. Vertical scales are ar-

as strongly as in Fig.(®), because the higher-energy tail of piyrary (f) Total photon emission vs current, f@;,=—1.0 V,
O* remains unoccupiefFig. @] or the lower-energy tail v, =g v. ’

of O remains fully occupiedFig. 3(b)], resulting in fewer
high-energy transitions. pation increases very slightly. This causes a slight deviation
of the orbital energies from a straight line, &sempties
slightly by moving closer in energy tap. The occupation
of O remains close to two electrons throughout, add
remains almost completely unoccupied. In agreement with
By examining the effects of varying_, , andB;, we are  this, our model predicts that photon emission is extremely
also able explore the behavior of photon emission from moweak in this situation. If the values 8_,, and g, are
lecular wires with asymmetric molecule-contact couplings,switched, O and O* rise in energy withug instead. The
such as systems where one of the contacts is an STM tip. lorbital occupations are similar to those in the opposite situ-
this section, we consider the case where the HOMO-LUMGation, since this time the source has a much greater effect on
gap of the molecule is centered at the zero-bias Fermi levedccupations. So, photon emission in this reverse situation is
of the contacts. First, we consider highly asymmetric cou-also negligible. This lack of significant photon emission from
plings: B_;,=—0.1eV, B;,=—1.0 eV. Figure 4 shows the molecule, caused by the asymmetry of the contact cou-
how O andO* change in energy as a function of bias. Theplings, is a possible explanation for the lack of molecular-
coupling of the molecule to the drain is much greater than tdbased photon emission observed in recent STM-HBDC
the source, so the drain has a much greater effect on orbitahonolayer experiments by Hoffmaret al >’
occupations. Ad/,;,s increases from 0 V, the energy levels  To understand better the dependence of the photon emis-
of O andO* drop at the same rate as, . In this way the  sion on the asymmetry of the couplings, it is useful to con-
occupations ofO (although a part of its high-energy tail is sider an intermediate case of asymmetric couplings shown in
aboveup) andO* (due to the part of its low-energy tail that Fig. 5: 8_;,=—0.6 eV, B;,=—1.0 eV. Figure %) shows
is belowup) change little, and the total charge is maintainedhow the model predict® and O* to change in energy as a
at its zero-bias value. A®* crossesus in energy, its occu- function of bias. Up toVy,;,c=3 V, O andO* change little

Integrated emission rate

0.4
0 1 2 3 4 5 & 0 1 2 3 4 5 6
Bias Voltage (V) )

Integrated emission rate

Current

C. Asymmetric molecule-contact couplings; HOMO-LUMO
gap centered atEg
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in energy. AboveV,;,s=3 V, both O and O* descend in
energy withup . Figure §b) shows the orbital occupations.
For Vpias<3 V, O* fills significantly as it approachess.

For this reason, &/,;,s<3 V, O andO* do not drop much

in energy, as they do in Fig. 4 due to the emptying of the
high-energy tail ofO. At V,;,s=3 V, O* patrtially fills as it L ‘ ]
crossesus, but the drain couples more strongly to the mol- 0 1 2 3 4 56 60 1 2 3 56
ecule. ThereforeQ andO* are pulled down withup , such Bias Voltage (V) Bias Voltage (V)
that O only empties to the extent th&@* fills, so that the
total charge is maintained at its zero-bias level. The result is
that O empties to about 1.5 electrons, a@d fills to 0.5
electrons. Figure () shows photon emission for this case
and other intermediate cases. For this cas@_if
=—0.6 eV), emission is quite drastically reduced compared . L /T
to the case of symmetric couplings, but is not negligible. For 0 1 2 3 4 5 6 01 2 3 4 5 6
the reverse situationd_; ,= —1.0 eV, 81,= —0.6 eV), the Bias Voltage (V) Photon energy (eV)
reverse arguments apply, and the result is that the emission i e
similar. The degree of contact coupling asymmetry clearly _ @ “s i
plays a key role in determining the strength of photon emis-g 0 " . 7
sion. Our results indicate that in order for an STM experi- z-2f o Q .
ment to detect molecular-based photon emission, the STNS _4[ )
tip must not be very weakly coupled with the molecule. * L] 9 ‘ N ______
Since coupling strength varies exponentially with coupling 0 1 2 3 4 5 8 0 1 2 38 4 5 b
distance, any molecular-based photon emission observed i.. Bias Voltage (V) Bias Voltage (V)

an STM experiment will be very sensitive to the tip-sample

distance. If the tip is too far from the sample, emission W'”voltage, for the case oD located atEy at zero bias, with highly

be negligible. . . . . . asymmetric contact coupling®(,,=—0.1 eV, B1,=—1.0 eV).
In order to facilitate comparison of this prediction with " Epergies of O and O* for reversed couplings A ;4

the results of potential experiments, it is useful to relate con—_1 g ey, g,,=—0.1 eV). () Total photon emission, corre-
tact coupling asymmetry to the amount of current flowingsponding to the situation ifa). (d) Emission spectrum, correspond-
through a molecular wire as well, because, unlike couplingng to the situation in(a), for V,.s=6 V. () Energies of
strength, current is a directly measurable quantity. Figuré and O*, for the case ofO* located atEr at zero bias, with
5(d) shows how the currerjpbtained from Eq(7)] changes g ;,=-0.1eV, ;,=—1.0 eV. (f) Energies ofO and O*, for
with Vy,s for various values ofs_1 5, holding 8, fixed at  reversed couplings.
—1.0eV. AsO and O* enter the Fermi energy window,
these orbitals act as channels for electron transmission, artl EF at zero bias. This coupling configuration is analogous
the current increases as a result. Asymmetric contact coli® an STM experiment performed under forward bittse
plings result in reduced current flow. Notice, however, thatSTM tip acts as théweakly coupled source, from which
the current flow is not affected by strongly asymmetric cou-€lectrons  flo. The opposite configuration S( 14
plings as much as is the photon emission rate. Figyep 5 =—1.0 eV, 8;,=—0.1 eV) is analogous to an STM experi-
compares how photon emission and current depend on cofrent performed under reverse bldise STM tip acts as the
tact coupling asymmetry, fo¥,;,s=6 V. Emission has a (weakly coupledidrain]. Figure a) shows how, for the for-
power-law dependendgoughly ,Bfl,a&%y while the depen- Ward bias situationQ andO* change in energy as a function
dence of the current on the asymmetry is clearly much lesef the bias, for the case @ very close toEg atVpas=0. O
strong. Figure &) shows the calculated photon emission vsandO* drop in energy following the electrochemical poten-
the current forV,;,c=6 V. At weak currents, the photon tial up of the strongly coupled contact. Even@3 crosses
emission rapidly becomes negligible. This is an importantus, the orbital energies continue to decrease almost linearly
consideration to keep in mind when attempting to observéecause, unlike in Fig. 4 is very close toup, so that the
molecular photon emission experimentally. density of states gip is high and the weak filling o®* that
occurs as it crossesg can be compensated by a weak emp-
tying of O with only a very small deviation 0O from its
linear behavior. Figure(6) shows the energies @ andO*
for the case of reversed contact coupling strengiBs,(
Our results suggest that for a HOMO-LUMO gap that is=—1.0 eV, B;,=—0.1 eV), which is equivalent to per-
symmetric aboutEr, asymmetric molecule-contact cou- forming an STM experiment under reverse bias. This ti@®e,
plings, such as those where one of the contacts is an STlnd O* rise in energy following the electrochemical poten-
tip, result in very low photon emission rates. We considettial 5. O* never approachesg, so it remains empty. Fig-
now strongly asymmetric coupling®B(,,=—0.1 eV, B ures @c,d) show photon emission for the forward bias situ-
=—1.0 eV) for the case of the HOMO or LUMO very close ation[Fig. 6(a)]. Biases above 3 V result in a small amount

Energy (eV)
F
Q
Energy (eV)
TR CREN NN
o
O

3
2
-1
-2
-3

Emission rate

Integrated emission rate

i) 5

Energy (eV)

FIG. 6. (a) The energies ofD and O* as a function of bias

D. Asymmetric molecule-contact couplings;
Eg close to HOMO or LUMO
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of photon emission because, unlike in the case of Fi@ ¥, photon emission. Emission from strongly asymmetrically
only partially occupied, so some transitions frddf may coupled systemsgsuch as some STM-molecular monolayer
occur. Emission is still weatone to two orders of magnitude systems is predicted to be extremely weak if the zero-bias
less than for symmetric contagtbecaus€©* becomes only value Fermi levelEg of the contacts is not close to the
weakly occupied when crossing the Fermi level of theHOMO or LUMO energy of the molecule. Er is close to
weakly coupled contagts. The emission spectrum, shown the HOMO or LUMO energy, the amount of photon emission
in Fig. 6(d), is peaked at an energy slightly less than 3 eVghserved under forward bias and under reverse bias, in an
because the lower-energy tail 6fis completely filled, and g1\ experiment, may be compared in order to determine
may not receive transitions. In the reversed coupling situagnich of the orbitals is close in energy B .

tion [Fig. 6b)], photon emiss:ion is negligible, sinc@*. WhetherEg is close to the HOMO or LUMO energy is a
never approachegs and remains empty. Now we consider difficult unresolved issue in current research on molecular

* i L= ;
gzg f)c]a SAeSa\i’:]h?Lég eéser\/(iae)é fgsaen;ogf ?cgll\c/)?/\l/a?heo F[eFrI?m wires such as BDT attached to gold contaets;initio cal-
1. Agan, g culations based on different models and

level of the strongly coupled contact. Therefore, for the case A 2528 . : . .
of weak source contact couplifi@ig. 6e)], there is negli- approximationst have yielded opposite results in this

gible emission becaus® never crossesup and remains regard. It is believed that the HOMO and LUMO of BDT

completely filled. For the case of weak drain contact cou2itached to gold contacts are composed of bonding and anti-

pling [Fig. 6(f)], there is(weak photon emission, becauge _bonding orbitals ¢ endrr*). The present work sugg_est thaF
enters the electrochemical-potential window aistightly) if the contact coupl_lngs are symmetric, photon emission will
empties[The emission curves for this case are very similarot be drastically different whethé: is close to the HOMO

to F|gs QC,d)]. This property of asymmetrica"y Coup]ed or to the LUMO: Each orbital will become partlally OCCUpied
systems may be used to help distinguish a system where ti@&s the bias voltage becomes greater than the HOMO-LUMO
HOMO is close toEg from a system where the LUMO is gap, and, so long a&* — 7 transitions are allowed, this will
close toEg, with the use of an STM as the weakly coupled result in photon emission. Optical transitions are forbidden if
contact. Within our model, if the HOMO is close By, the  (#|X|#;)=0. We have used the extendeddHel theory to
result is photon emission under high forward bias and negliexamine the HOMO and LUMO of BD¥: The contacts
gible emission under reverse bias, whereas if the LUMO igvere not included in this calculation. By symmetry analysis
close toEg, the result is emission under high reverse biasof the HOMO and LUMO, we found that
and negligible emission under forward bias. The implication HOMOJy|LUMO)#0, wherey is in the direction of the

of this may be important for molecular electronics researchplane of the molecule, perpendicular to the contacts. There-
For example, currently there is disagreement over whethdpre, optical transitions should be allowed, and would result
Er is located close to the HOMO or the LUMO in the sys- in the emission ofy-polarized photons. Experimental evi-
tem of BDT attached to gold contadfs!®?125283he pho-  dence of BDT optical transitions is available in the form of
ton emission characteristics of such a system could help d@bsorption spectra for BDT in hexafieAbsorption occurs
termine the locations of the HOMO and LUMO, and for energies higher than about 4 eV, indicating a possible

therefore which type of model is more appropriate for such &xperimental value for BDT's HOMO-LUMO energy gap.
system. Transport measurements on Au/BDT/Au molecular wires

have been reported at bias voltages as high as approximately
5 V.! Thus it appears to be quite reasonable to undertake an
IV. CONCLUSIONS experimental search for electroluminescence due to molecu-
lar transitions in Au/BDT/Au systems. An experimental de-
We have examined theoretically the possibility of photontermination of the HOMO-LUMO gap of BDT in the pres-
emission occuring due to molecular transitions in current€nce of the Au contacts by this means would be an important
carrying molecular wires. Our results suggest that significanteSt of the validity of various theories of molecular wires. If
photon emission may occur for bias voltages near or abov8Ne of the Au contacts is an STM tip, eIectrqumlne_scence
the HOMO-LUMO energy gap of the molecule, dependingmeesurements may also be expected to be helpful in deter-
on the specifics of the electronic structure of the moleculdnining the location of the Fermi level of Au relative to the
and contacts and of the couplings between the molecule atdOMO and LUMO states of the molecular wire. _
the source and drain. The predicted photon spectra are The stu.dy of electroluminescence from molecu_lar wires
peaked near the gap enefyif two molecular orbitals are has only just be.gun.. We hope that the_theoretlcal ideas
located in the energy window between the electrochemica‘i’r‘?semed here Wll! st_lmulate.further experlm'ental' and theo-
potentials of the contacts, they will both be partially OCCu_ret|_cal work on this interesting and potentially important
pied and, as long as transitions between the orbitals are n&RPIC-
forbidden, transitions from the higher-energy orbital to the
lower-energy orbital should occur, resulting in photon emis-
sion. We find that varying the strength of the molecule- ACKNOWLEDGMENTS
contact couplings changes the emission strength and spec-
trum. Weak, symmetric couplings result in a sharply peaked This work was supported by NSERC and by the Canadian
emission spectrum. Asymmetric couplings result in reducednstitute for Advanced Research.
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