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Near-field scanning microscopy and nonlinear spectroscopy on a molecular scale involve weakly
interacting subsystems that dynamically exchange electrons and electromagnetic energy. The
theoretical description of such processes requires unified approach to the electron-near-field
dynamics. By considering electronic structure and dynamics of two distant clusters or atoms we
show that adiabatic local spin-density approximation 共ALSDA兲 fails to describe 共even qualitatively兲
essential details of electron dynamics in weakly interacting systems. A recently developed functional
addresses these ailments within a time-dependent setting. With this method we study the
spectroscopy of a composite system, namely, two weakly coupled metallic clusters. The near-field
共dipole-dipole兲 coupling and electron transfer display an interesting interplay, producing exponential
sensitivity of emission yield to the intercomponent distance. © 2006 American Institute of Physics.
关DOI: 10.1063/1.2335841兴
I. INTRODUCTION

Nanometer-scale characterization and control of materials, catalytic processes, interfaces, and nanostructures are of
prime importance in materials science and related technology. A suite of techniques that enable such feats is obtained
by combining near-field methods1,2 with molecular
spectroscopy.3–5 Near-field scanning optical microscopy
共NSOM兲 makes use of subwavelength light sources and
scanning probes, producing images with resolution well beyond the diffraction limit.5,6 Such techniques are routine in
various fields in chemistry, biology, and materials
science.7–11 An impressively large body of theoretical work
forms the basis for interpreting and understanding NSOM
measurements. Aiming at image prediction and
interpretation,4,6,12–20 the focus is on the electromagnetic
field. Matter is less important at length scales much beyond
10 nm and can thus be described using a Drude model.21
This is appropriate when the external fields are sufficiently
weak to suppress nonlinear responses. Such NSOM theories
therefore apply for systems with length scale Ⰷ10 nm. Yet
smaller length scales are vigorously pursued as molecular
resolution is becoming available using smaller tips and
probes.22–26 Here, new challenges emerge. Interpretation of
near-field measurements is complex due to the proximity of
the subsystems, which enables electron transfer reactions to
take place. Furthermore, manipulating and controlling near
fields on the molecular scale are challenging. One example is
the need for accurate delivery of electromagnetic energy to
specific locations in a nanometric system. Experimental
progress in this direction was made recently by coupling
optical light to the collective electronic charge oscillations
a兲
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共localized surface plasmons兲 near metallic surfaces10,27 or by
propagating light through crystalline nanowires.28,29
It is possible to go beyond the Drude model and treat the
near field and the electron dynamics in a more balanced way
using the time-dependent density functional theory 共TDDFT兲. A similar idea was suggested long ago, where a predecessor of TDDFT, the electron gas random phase approximation 共RPA兲, was used to study the dynamics of
electromagnetic near fields at surfaces and inside metals.30 In
applications such as excited states in molecules and metallic
clusters TDDFT delivers a good combination of accuracy
and efficiency.31 However, as we show below, typical local
functionals 共including RPA兲 are unsuitable for treating
weakly coupled systems which is our focus here. Instead,
most applications use TDDFT within linear-response theory
in the frequency domain. 32–35 TDDFT in real time36–43 is a
less common approach, although it has a wider scope of
applicability and it can go beyond linear response. We will
use time-dependent methods in this paper. A growing number
of applications of TDDFT are in the domain of strong laser
fields.44–48 TDDFT is also useful for studying the dynamics
of electrons in small metal clusters and nanodots.35,41,49–52
In this article, we develop a theory for molecular scale
near fields based on TDDFT. Applying TDDFT to this problem is not trivial. Functionals such as the adiabatic local
spin-density approximation 共ALSDA兲 are often successful
for excited electronic states of molecules and clusters but are
inappropriate for weakly coupled systems. We developed a
functional for overcoming the long-range self-interaction
problem plaguing local functionals in DFT and TDDFT.53 An
important paper developed a similar approach to long-range
correction functionals54 leading to more consistent dipole
moments, polarizabilities, and hyperpolarizabilities of push-
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pull -conjugated systems.55 We explain here why these approaches are necessary for a correct qualitative behavior of
weakly coupled systems.
Using the new theory, we study in detail a simple model
for a near-field microscope: a system consisting of two
weakly coupled metallic entities having variable distance.
We subject this composite system to a short ultraviolet laser
pulse, showing that the induced emission is sensitive to the
tip-substrate distance. There is growing experimental interest
in “nanometric rulers” of this type.56–60 Even though our
original driving field is not a “near field,” the induced charge
oscillations and currents in each part generate electrical fields
that affect all other parts. At long distances, such an interaction is predominantly dipole-dipole. However, at small distances, and in the presence of bias potentials, other effects
may be important. These include overlap or charge transfer
effects as well as screening in metallic systems. The various
parts of the system create and react to local near fields. As
the two subsystems approach, electron currents can form between them and new effects kick in; these merging subsystems rapidly change their spectroscopic behavior. It is
possible to find transitions that display dramatic changes in
the absorption and emission properties in response to small
variations of the distances.
We present the theory for computing near field on the
molecular scale in Sec. II, followed by the application in
Sec. III. A summary and discussion then follows in
Sec. IV. We add an appendix with the details of the new
functional.

II. THEORY

We consider here the response properties of a composite
system consisting of two well-separated, weakly interacting
subsystems. We wish to determine the emission response of
the system on exposure to electromagnetic far-field radiation.
This response is dependent on a complex series of physical
processes. Not only do we have to compute the quantum
dynamics of the electrons localized in each subsystem, based
on the external electromagnetic fields, but we need also to
take account of the near-field interaction between the subsystems. In weakly coupled subsystems, the new complication is the tendency of electrons to localize in subsystems.
Therefore, long-range interactions play an important role.
This is a weakness of the local functionals often used in
TDDFT 关such as ALSDA, generalized gradient approximation 共GGA兲, and even the simpler RPA兴. For single entity
systems, ALSDA is often a good theory. However, as we
show in Secs. II A and II B, for composite systems it may
not even be qualitatively correct. In Sec. II C, we discuss a
long-range self-interaction correction, allowing for a qualitatively correct long-range interaction.
Let us briefly cover a few methodological and numerical
details on the calculations reported in this paper. The electronic structure and dynamical calculations employ a planewave basis-set method and the jellium calculations use a
simulation cell size of 20⫻ 20⫻ 72a30 and cutoff kinetic energy of 1.2 Eh. We used an image screening technique to
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isolate the cell.61 For the time-dependent calculations, a fifth
order adaptive Runge-Kutta method62 solves the timedependent Kohn-Sham 共KS兲 equations.
A. Charge quantization and derivative discontinuities

The local spin-density approximation 共LSDA兲 involves
the use of the polarized homogeneous gas exchange- correlation 共XC兲 energy as a local functional of the density
hom
关n↑ , n↓兴. This functional replaces the exact XC funcEXC
tional of DFT in the Kohn-Sham equations.63 This approximation often leads to accurate estimates of the electron spin
densities n↑共r兲 and n↓共r兲 关where r denotes a point in threedimensional 共3D兲 space兴 in strongly interacting, chemically
bound systems. However, in composite systems this is not
usually the case. Suppose a LSDA calculation yields a good
approximation to the ground-state densities nA共r兲 and nB共r兲
of systems A and B separately 共for clarity, we suppress the
spin indices in this discussion兲. Furthermore, suppose the
two densities are localized in two well-separated regions, so
they are nonoverlapping. Then, the extensive nature of the
energy demands that Egs关AB兴 = Egs关A兴 + Egs关B兴. However, the
KS energy within the LSDA does not obey this constraint.53
This is surprising, since the LSDA XC energy functional is
hom
hom
hom
strictly additive: EXC
关nA + nB兴 = EXC
关nA兴 + EXC
关nB兴.
This problem is a result of the combination of the variational KS approach and the LSDA XC functional. This blend
tends to produce electron densities that violate the principle
of charge quantization, namely, that each subsystem has an
integer number of electrons. Thus, the electron density nA
changes when system B is introduced no matter how far it is
and even though they should be physically noninteracting.
For example, consider the simplest one-electron system, H+2 .
One nucleus, we label A is at a point R̃ / 2 and the other, B at
−R̃ / 2, so the distance between the two nuclei is R̃. We assume R̃ is large. For the electron, a symmetric double well
forms. The two 1s states in each well combine to form two
molecular orbitals with minute tunneling splitting ⌬ ⬀ exp关
−R̃ / a0兴 → 0. The ground-state density of the electron in this
double well delocalizes over the two wells, and at very large
R̃:
n共r兲 = 关n1s共r + R̃/2兲 + n1s共r − R̃/2兲兴/2.

共2.1兲

This delocalization exists only when exceptional symmetric
conditions prevail. Large values of R̃ destroy the localization
because of the high sensitivity to fluctuations. Indeed, consider a small change in the surrounding, which biases one of
the nuclei 共say A兲, changing its energy by a small amount 
with 兩兩 ⬎ ⌬. It is obvious that the density response of the
system will be dramatic since the electron will localize in the
lower energy well:
n共r兲 = n共r − R̃/2兲 + O共⌬兲,
共2.2兲
n−共r兲 = n共r + R̃/2兲 + O共⌬兲.
As R̃ grows, this relation exponentially becomes a “density
discontinuity,” where a minute change in the bias causes a

074709-3

J. Chem. Phys. 125, 074709 共2006兲

Theoretical studies of molecular scale electron dynamics

huge large change in the ground-state density. This is the
source of “derivative discontinuities”64 in the XC functionals
of many-electron systems.
In many chemical systems, even the simplest ones, local
density functionals violate harshly the charge quantization
rule and fail to display or approximate the required derivative discontinuity.53 As an example, consider a widely spaced
hydrogen-nitrogen cationic system, denoted 关H . . . N兴+, and
suppose that for definiteness the interatomic distance is
10 Å. The ionization potential of the nitrogen atom is higher
than that of hydrogen by 1 eV. Thus, in the ground state this
system consists of a neutral nitrogen atom and a bare proton
10 Å away. Yet the LSDA calculation 共with spin z
component= 3 / 2兲 finds the two species share electrons. The
average electronic charge near the nitrogen atom in LSDA is
6.6e and near the proton is 0.4e. Furthermore, the energy is
asymptotically Coulombic proportional to R̃−1. This “bond
energy” is the same no matter how far the systems are.
This false behavior of LSDA exists in many weakly
coupled systems. Sometimes the problem is not dramatic.
For example, in 关H . . . F兴+ with a HF distance of 10 Å the
charge on the more electronegative fluorine atom is 8.97e,
that is close to 9e and on the proton 0.03e–close to 0.
We note that this malady of LSDA is an expression of
spurious long-range self-interaction and therefore plagues all
local functionals, such as GGA.
B. Problem of ALSDA for weakly coupled systems

The approximation where LSDA is used as an instantaneous XC functional in TDDFT is called the adiabatic
LSDA.32 We now wish to study ALSDA for weakly interacting systems. We consider a system of metallic character,
namely, two separated metallic jellium spheres. A jellium
sphere is simply a static smeared positive charge in the form
of a sphere with electrons added to it. For example, a sphere
centered at the origin of radius a and density n0 is described
by the following positive charge distribution:
n0
.
n+共r兲 =
1 + e共r−a兲/w

共2.3兲

The sphere radius a is chosen such that the total charge,
兰n+共r兲d3r = N+, is an integer. The parameter w is a smoothing
parameter that prevents abrupt discontinuity of the density at
the jellium surface; its value in all calculations we present
below is w = 0.4a0. Such spheres are good approximations for
clusters of alkali metals.65,66 The density n0 determines the
“material” the sphere is made of. We consider two such
spheres, each containing eight nuclei 共i.e., having N+ = 8
charges兲. One sphere is made of a high density material, such
as aluminum, with a density of 0.03a−3
0 . The other sphere can
be thought of as made of silver 共although silver is not an
alkali metal兲 with a density of 0.0088a−3
0 . Below we refer to
the high density sphere as H 共hard兲 and the low density
sphere as S 共soft兲. The relevant characteristics of the spheres
are given in Table I.
We performed separate LSDA calculations on each
sphere and determined its ionization potentials 共IPs兲. Note
that in DFT one can determine the ionization potential in 共at

TABLE I. The parameters and calculated properties of the H and S jellium
spheres.
Property/Parameter
Basic density n0 / a−3
0
Radius a / a0
Total positive charge N+
Ionization
LSDA
potential
共IP兲 共eV兲
␥=1

⌬SCF
HOMO
⌬SCF
HOMO

H sphere

S sphere

0.03
4
8
7.1
4.7
6.5
7.1

0.0088
6
8
5.5
3.6
4.9
5.4

least兲 two ways: either as the difference between the groundstate energies of the neutral and the ion 共⌬SCF兲 or as the
energy of the highest occupied molecular orbital 共HOMO兲.67
The ionization results for the LSDA are both shown in Table
I. Note that the two types of IP estimates come out in LSDA
very different. This is a known defect of LSDA. One sees
that the IP of the H sphere is higher by 1.6 eV than that of
the S sphere. This means that the ground state of the weakly
coupled cation 关H . . . S兴+ is H . . . S+. However, a LSDA calculation of a combined system, where both spheres are present
but far from each other, does not bear this out. It turns out
that the charge on the H sphere is 7.8e while on the S sphere
is 0.2e. This means that LSDA does not predict the correct
charge distribution for this system to start with. This is similar to the nitrogen-hydrogen cation we considered in
Sec. II A.
The conclusion is that the initial charge distribution and
the Kohn-Sham orbitals of LSDA are not a proper starting
point for TDDFT. To see the consequence of starting with a
wrong initial distribution, let us consider the absorption spectrum of the 关H . . . S兴+ system. First, take each subsystem
separately. There are four components: H, H+, S, and S+. We
compute their photoabsorption spectra within ALSDA in the
following way. We expose the system to a short Gaussian
electric field pulse:
E共t兲 = E0e−共t − T兲

2/22

cos t,

共2.4兲

−1
with E0 = 10−4 Eh共ea0兲−1, T = 8ប E−1
h ,  = 2ប Eh , and 
−1
= 0 Ehប . The field couples to the system via the electronic
dipole operator. Because of this time-dependent perturbation,
the system is set into motion and we record the electronic
dipole moment d共t兲 = 兰n共r , t兲rd3r at constant intervals of
time. Fourier analysis of this transient gives the absorption
cross section or the emission yields as a function of
frequency.39,43 The results for the four types of spheres are
shown in Fig. 1. It is interesting to note that the absorption
spectrum of the cationic system is dominated by a single
absorption line while the neutral system has several lines of
comparable strengths.
Physical intuition has it that the photoabsorption cross
section of the 关H . . . S兴+ system, given in Fig. 2, should resemble the combination of the H and S+ spectrum although
lines may shift a little due to weak interactions between the
spheres 共the sphere centers are 24a0 apart兲. An inspection of
Fig. 2 reveals that indeed the strongest lines are due to H and
S+ spheres but these are shifted quite a bit. For example, the
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FIG. 1. The LSDA photoabsorption spectrum for the H, H+, S, and S+ systems.

line of the isolated S+ sphere at 4.13 eV is redshifted in the
presence of the H sphere to 3.99 eV, as shown in Fig. 2. The
3.31 eV line of the isolated H sphere is blueshifted to
3.55 eV in the presence of S+. We have built a table of the
transition lines of the isolated H and S+ spheres and the
combined 关H . . . S兴+ system for a large separation 共of 24a0兲.
The assignment of a spectral line in the composite system
considers the location with respect to the separate subsystems and their response to a localized bias potential as
described below. The lines in the 5 – 6 eV range are difficult
to assign because both spheres have spectral lines in this
range so there is strong dipole coupling 共see below兲.

Let us now also study the effect of a local perturbation
on one of the spheres on the combined spectrum. We apply a
small bias potential on the H sphere. The functional form of
this bias potential is
ubias共r兲 =

,

b = − 0.4 eV,

共2.5兲

where RH is the radius vector to the center of the H sphere.
This potential affects only electrons in the H sphere, and not
in the S+ sphere. It deepens the external electrostatic potential in the H sphere making the potential gradient steeper. An
electron in the H sphere thus feels a stronger localizing force
at the sphere surface. Upon application of the bias, the transitions associated with the H sphere will therefore slightly
shift to the blue while those associated with the S sphere
should be unaffected. In Fig. 2, we observe that this behavior
is approximately obeyed. Lines associated with internal transitions in the H sphere are blueshifted by 0.07 eV, while
those corresponding to internal transitions in the S+ sphere
are blueshifted by 0.02 eV.
Summarizing, we find two problems with the ALSDA
functional when treating weakly coupled systems:
共1兲

FIG. 2. The LSDA absorption spectrum of the 关H . . . S兴+ system at
R = 24a0.

b
1 + e共兩r−RH兩−a兲/w

共2兲

The spectral lines are shifted considerably. In our case
the lines of the H sphere are shifted to the blue by more
than 0.2 eV and those originating in the S+ sphere are
shifted to the red by more than 0.1 eV. This is a direct
result of the partial, noninteger charge transfer.
The lines of the S+ sphere are too sensitive to the local
bias exerted on the H sphere. This sensitivity is not
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FIG. 3. The ␥ = 1 photoabsorption spectrum for the H, H+, S, and S+ systems.

physical and is again a result of the partial charge
transfer, which makes the system too “ultranonlocal.”
We now show how to eliminate these problems by using a
long-range self-repulsion corrected functional.

sphere in Fig. 3, and for the combined 关H . . . S兴+ system at
R = 24a0 in Fig. 4. When comparing to the results of the
ALSDA functional, one should note two striking differences.
共1兲

C. Long-range self-repulsion correction

The ailments of ALSDA discussed above are all associated with the self-repulsion problem: each electron repels
itself, so it is energetically advantageous for the Kohn-Sham
orbitals to delocalize between the two atoms or metal
clusters, causing false charge sharing. Furthermore,
the same problem has the result that in ALSDA the
energy required for charge transfer excitations is much too
small.68
Recently we described53 a functional with the correct
long-range behavior which introduces in a rigorous manner a
long-range correction through a new density functional ␥关n兴.
Details of the functional are given in the Appendix. Using
this functional we obtain the ionization energies shown in
Table I. These are similar to the LSDA values, but notice that
the HOMO energies are much closer to the ionization energies. Furthermore, when the ground state of the 关H . . . S兴+
system is computed the resulting charge distribution yields
integer values for the charge on each subsystem: eight electrons on the H sphere and seven electrons on the S sphere.
In order to study the performance of the new functional
for the response properties of the weakly coupled systems,
consider the photoabsorption spectrum, as computed for each

共2兲

The absorption lines of the combined system in Fig. 4
are almost exactly the same as those of the separate
systems in Fig. 3, except for lines which interact electromagnetically in the range of 5 – 6 eV, discussed below.
There is a complete indifference of the levels on the S+
sphere to the localized bias potential exerted on the H
sphere. This is physical and unlike in the ALSDA case,
where the S+ sphere is affected 共although less than the
H sphere itself兲.

FIG. 4. The ␥ = 1 absorption spectrum of the 关H . . . S兴+ system at R = 24a0.
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Thus we find that the new functional is better suited to
study the spectrum of weakly coupled systems, as it gives
correct qualitative behavior.
D. Dipole-dipole coupling

Lastly, we discuss the phenomenon of dipole coupling
which is seen in the 5 – 6 eV range where the two spheres
have similar absorption lines. The TDDFT calculations we
present already take account of this phenomenon 共except for
retardation effects, which are negligible on this scale兲. In
order to understand why the line positions and intensities are
sensitive to the distance R we invoke the well known theory
of dipole-dipole coupling due to Eisenschitz and London.69
Consider two coupled spectroscopic lines, one on each
subsystem, with similar frequencies i, where i = H, S+. The
dipole coupling is C ⬇ dHdS+ / R3, where di is the relevant
transition dipole moment on each sphere. The resulting spectral lines can be determined by diagonalizing a 2 ⫻ 2 matrix,
giving frequencies

FIG. 5. The absorption spectrum of the 关H . . . S兴+ system for several
distances.

III. DISTANCE SENSITIVE EMISSION YIELD

2 of the S+ sphere to give a pair of “dressed” lines given by
共2.6兲. When the frequency difference ⌬ is comparable to the
dipole-dipole coupling C the position and yield of the new
lines will be sensitive to C, or since C ⬀ R−3 to the distance R.
As a result, one can easily find, for small enough R, an
absorption line of 关H . . . S兴+, such as 5.6 eV, which is not an
absorption line of the H sphere or the S+ sphere separately.
Illuminating the system in this frequency will result in a
sensitive probe: the emission yield will be sensitive to the
distance R. In Fig. 6 we plot the emission yield following
exposure to a 5 fs Gaussian pulse of frequency 5.6 eV.
We used the electric field given in Eq. 共2.4兲, with
 = 200ប E−1
and
E0 = 10−4 Eh共ea0兲−1, T = 600ប E−1
h ,
h ,
−1
 = 0.206 Ehប . During and after the application of the pulse
we computed the time-dependent dipole moment from which
the emission yield is deferred. The total emission in the
5 – 6 eV interval is shown in Fig. 7 as a function of R. The
emission yield increases by an order of magnitude as the
distance changes from 26a0 to 21a0. We find emission extremely sensitive to R and angstrom resolution is possible.
Since the spheres approach each other quite significantly,
a question may be raised as to the role of charge transfer and
“overlap” of the electronic clouds in shifting the lines. The
sharp response to the distance is indicative of an exponential

In the previous section, we studied a TDDFT functional
which is appropriate for describing a composite system consisting of weakly coupled components. In the 关H . . . S兴+ system we considered, we found strong dipole-dipole coupling
between the two spheres for transitions in the 5 – 6 eV range.
Here, we investigate the consequences of this in more detail.
We first discuss the absorption spectrum and then show an
application where the dipole coupling affects the emission.
The absorption spectrum of the two-sphere system in the
5 – 6 eV range as a function of the distance between the
spheres is shown in Fig. 5. One sees that the position and
strength of the absorption lines are very sensitive to the distance R. This can be explained in terms of the dipole-dipole
interaction discussed in Sec. II D, where we found that an
absorption line 1 on the H sphere can combine with a line

FIG. 6. The 5.6 eV stimulated emission as a function of the distance between the spheres.

¯ ± 冑⌬2 + C2 ,
⍀± = 

共2.6兲

¯ = 共H + S+兲 / 2 and an overall
where ⌬ = 共H − S+兲 / 2 and 
transition dipole for each line:

冉 冊冉

cos /2 sin /2
D+
=
− sin /2 cos /2
D−

冊冉 冊

dH
,
d S+

共2.7兲

where tan  = C / ⌬. When 兩⌬兩 is much larger than 兩C兩 the
energy level splitting ⍀+ − ⍀⫺is sensitive to C2 / ⌬ proportional to R−6. But when 兩⌬兩 is much smaller, the splitting is
proportional to 兩C兩, i.e., R−3. In this latter case  is close to
 / 2 共assuming C ⬎ 0兲 and we find large attenuation of the
total transition dipole: D+ is the sum of the dipoles 共superradiance兲 and D− is their difference 共subradiance兲.
In our case, C is of the order of 0.05 eV and in the
5 – 6 eV range there are two pairs of transitions 共at least兲 that
can interact quite strongly via the dipole coupling. Thus, the
combined spectrum is sensitive to the distance between the
spheres. As discussed below, when this distance is further
reduced by 1.5 Å an additional phenomenon comes in—
charge transfer and direct 共overlap兲 interaction. To account
for this in the above two-level theory, we can change C.
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FIG. 7. The stimulated emission yield 共at 5.6 eV兲 and the charge transferred
as a function of distance R 共lines are shown as a guide to the eye兲.

dependence of the coupling on the distance. In Fig. 7 we
observe charge being transferred from the H to the S+ sphere.
This sets in concurrently with the steep rise in emission
yield. This indicates that significant overlap or direct interactions are becoming important. However, it is difficult to
assess the rate of charge transfer because of the weak pulses
being used 共the amount of excitation is very small to begin
with兲.
The temporal dynamics of the charge transfer is studied
in Fig. 8 for several intersphere distances R 共these are filtered
transients, where high-frequency oscillations were eliminated兲. Notice that charge transfer appears tens of femtoseconds after the pulse is over. Concluding this section, we have
shown that it is possible to achieve a fine 共angstrom兲 distance
sensitivity by monitoring the emission yield following excitation by a short Gaussian pulse.
IV. SUMMARY AND DISCUSSION

We studied here some aspects of the electronic spectroscopy of a system composed of two weakly coupled entities.
ALSDA, which is useful in other contexts, was shown here
to be unsuitable because it harnesses self-interaction, causing
unphysical ultra-non-local coupling between the two entities.
We then considered a new functional for TDDFT and we
demonstrated that it overcomes these difficulties. Using the

new theory, we studied the spectroscopy of a composite system of two weakly coupled spherical metal clusters as a
function of their distance.
The new functional will be useful to describe many processes in near-field molecular and molecular electronics applications. Specifically, conductivity of molecular system under bias with or without a driving field; the electric field can
result from a tip or, as here, be an external field. An important future direction is the study of nonlinear effects in
weakly coupled systems.
We have identified a specific spectral region where each
of the two components exhibits optical activity. In this region
the weakly coupled system can interact via dipole-dipole
coupling, and we indeed found sensitivity of the absorption
lines to distance, even at large distances R. Once the distance
between them is sufficiently reduced to about 0.7 nm, charge
transfer excitations become increasingly important and the
combination of increased sensitivity of the emission yield to
R is observed. We have mentioned an additional handle on
the system, namely, a bias potential, which is useful to fine
tune the dipole-coupled resonances.
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APPENDIX: THE ␥ = 1 FUNCTIONAL
1. Time-independent DFT

We will not repeat here the derivation of the functional
共see Ref. 53兲 and merely state the theorem that the exact
ground-state energy can be written as a sum of density functionals:
␥
Ev,N关n兴 = Ts关n兴 + Eext关n兴 + EH关n兴 + EX␥ 关n兴 + EXC
关n兴.

共A1兲
The usual DFT terms such as Ts关n兴, Eext关n兴, and EH关n兴 are,
respectively, the noninteracting kinetic energy functional of
Kohn and Sham and the energy associated with the electronnuclear potential and the Hartree energy,
EH关n兴 +

1
2

冕

n共r兲n共r⬘兲 3 3
d rd r⬘ .
兩r − r⬘兩

共A2兲

Also, an explicit Kohn-Sham exchange energy appears:
EX␥ 关n兴 = −

1
2

冕

兩P关n兴共r,r⬘兲兩2u␥共兩r − r⬘兩兲d3rd3r⬘ ,

共A3兲

with P关n兴共r , r⬘兲 being the density matrix of noninteracting
electrons having density n and
u␥共r兲 =

FIG. 8. The smoothed transient of charge transfer following exposure to a
weak 5 fs pulse at a frequency of 5.6 eV as a function of time for several
distances R.

1 − e −␥r
r

共A4兲

is a descreened electron-electron interaction potential. We
proved that the descreening parameter ␥ is a density functional 共i.e., it is a single-valued parameter depending on the
density, ␥ = ␥关n兴兲. The last term is the new XC energy:
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␥
EXC
关n兴 = 具⌿gs兩Ŷ ␥兩⌿gs典 −

1
2

冕

TABLE II. The parameters Ai for the ␥ functional.

n共r兲n共r⬘兲

⫻y ␥共兩r − r⬘兩兲d3rd3r⬘ ,

共A5兲

where ⌿gs is the exact ground-state wave function and Ŷ ␥
= 1 / 2兺i⫽j y ␥共r̂ij兲 with
y ␥共r兲 = e−␥r/r.

共A6兲

The first approximation is to assume ␥关n兴 to be independent
of the density and take a value of ␥ = 1a−1
0 . The functional
共A5兲 is then treated as a local density approximation, based
on a Monte Carlo evaluation of the first term on the right of
共A5兲 for a homogeneous electron gas. The result of this procedure gives
␥
关n兴 ⬇
EXC

冕

␥
XC
共n共r兲兲n共r兲d3r,

and
␥
XC
共n兲 = −

where kF = 共3 n兲
density n and

共A7兲

共A9兲

is the Fermi momentum associated with

冉冊

冉 冊

2
4
q2
q2 4q
tan−1
+ 共12 + q2兲ln 2 + 1
H共q兲 = 1 − −
6
24
3
q
q

共A10兲
is the exchange energy per particle of a homogeneous gas of
particles of density n interacting via the force derived from
Eq. 共A4兲. Finally
C␥ 共n兲 = ␥共␥rs兲G共n兲,

共A11兲

where C共n兲 is the LSDA correlation energy and

␥共x兲 =

A␥0

0
1
2
3
4

5.377 083 59
−2.224 929 99
0.140 242 88
7.090 280 96
15.675 084 16

4.327 613 43
−1.796 749 68
0.180 797 73
2.531 119 42
23.052 568 19

冕 再兺

S关n兴 =

冎

Ne

tl

i

具 j兩˙ j典 − Ev,N关n共t兲兴 dt,

j=1

共A13兲

producing Kohn-Sham equations for the Ne orbitals  j共r , t兲
of the form
i˙ j共r,t兲 = HKS关n共t兲兴共t兲 j共r,t兲,

共A14兲

where HKS关n兴 is the Kohn-Sham Hamiltonian:

冉冊

1/3

␥ = 0.8a−1
0

tion by which the equations of motion are obtained by finding the stationary value of the following “noninteracting”
action:

共A8兲

3kF
␥
H
,
4
kF

2

␥ = 1a−1
0

0

with
␥
XC
共n兲 = X␥ 共n兲 + C␥ 共n兲,

i

C
B
.
+ 2 3
1
3 3/2
2
+ A ␥x + x
A␥x + A␥x + 共A␥4 − ln x兲x
共A12兲

This form and selection of C = 1.6976, B = 12.8 ensure correct
asymptotic rs → ⬁ and rs → 0 limits. The low density behavior of  is determined from an analog of Wigner’s theory for
low density gas of particles interacting by a screened Coulomb potential70 and the high density limit is based on correlation energy estimates given in Ref. 71. The parameters
A␥i , i = 0 , . . . , 4, are determined using Monte Carlo calcula−1
tions, as described in Ref. 53. For ␥ = 1a−1
0 and 0.8a0 they
are given in Table II.

2. Time-dependent DFT

The application of the functional as a TD method can be
done using the optimized effective potential method. This,
however, is numerically costly and we make an approxima-

␥
HKS = Ts + vext共r,t兲 + vH共r,t兲 + K̂X␥ + vXC
共n共r,t兲兲,

共A15兲

while 储共r , t兲 = 兰n共r⬘ , t兲 / 兩r − r⬘兩d3r⬘ is the Hartree potential
and
K̂X␥ 共r,t兲 = −

冕

P共r,r⬘,t兲共r⬘兲u␥共兩r − r⬘兩兲d3r⬘

共A16兲

␥
共n兲
is the relevant exchange operator. Finally, XC共n兲 = XC
␥
+ XC
⬘ 共n兲n.
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