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Giant circular dichroism of a molecule in a region of strong plasmon resonances between
two neighboring gold nanocrystals
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‘We report on giant circular dichroism (CD) of a molecule inserted into a plasmonic hot spot. Naturally occurring
molecules and biomolecules typically have CD signals in the UV range, whereas plasmonic nanocrystals exhibit
strong plasmon resonances in the visible spectral interval. Therefore, excitations of chiral molecules and plasmon
resonances are typically off-resonant. Nevertheless, we demonstrate theoretically that it is possible to create
strongly enhanced molecular CD utilizing the plasmons. This task is doubly challenging since it requires both
creation and enhancement of the molecular CD in the visible region. We demonstrate this effect within the model
which incorporates a chiral molecule and a plasmonic dimer. The associated mechanism of plasmonic CD comes
from the Coulomb interaction, which is greatly amplified in a plasmonic hot spot. An important feature of the
system is anisotropy that results in giant enhancement for the molecular dipoles parallel to the dimer axis. The
proposed effect offers very interesting possibilities for enhanced sensing of chiral molecules using visible light.
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I. INTRODUCTION

Plasmon resonances in metal nanostructures provide us
with powerful methods of molecular spectroscopy. One
impressive example is surface enhanced Raman scattering
(SERS), allowing the observation of vibrational spectra of
single molecules.'> The physical mechanism of enhancement
in SERS comes from amplification of electromagnetic fields in
so-called plasmonic hot spots of metal nanocrystals. Another
related example is an effect of plasmon-enhanced emission of
dye molecules in the vicinity of metal nanoparticles (NPs).?
Circular dichroism (CD) is an optical technique very different
from the methods mentioned above. A CD spectrum is
measured as a difference in absorbance of right-handed and
left-handed circularly-polarized photons. Importantly, CD is
sensitive to the symmetry of a molecule;* more precisely, a
CD spectrum tells us about the chiral property of a molecular
object. Historically the CD method has been very successful
in applications to biomolecules and drugs.* For example, it
was a powerful method to differentiate a secondary structure
of proteins which can appear in the forms of « helix, random
coil, or B sheet. Recently the concepts of chirality and CD
have been brought to the field of plasmonics.>>> One of the
motivations for this development is plasmon-enhanced sensing
of chiral molecules.

Here we show theoretically that the chiral property of a
molecule can be both strongly enhanced and transferred to
the visible wavelength range by using a plasmonic hot spot in
a nanoparticle dimer [Fig. 1(a)]. For oriented molecules, the
calculated enhancement factors of CD are 12 and 150 for the
Au and Ag systems, respectively. For randomly oriented chiral
molecules, the enhancements are smaller, 4- and 12-fold. It is
important that the enhancement effect is accomplished by the
transfer of the CD signal from the UV to the visible-wavelength
plasmonic resonances. Our results are in agreement with a
recent experiment on nanocrystal aggregates and short DNA
molecules.'! In particular, this experimental paper'' identified
the aggregation of nanocrystals as a condition to observe
enhanced plasmonic CD. Aggregates are expected to have hot
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plasmonic spots in gaps between nanocrystals. We also should
note that our previous calculations have been performed mostly
for single nanocrystals or dimers with relatively large separa-
tions in the dipole regime of interaction.'*?* Such systems did
not have plasmonic hot spots with giant enhancement and, as a
result, we did not predict plasmon enhancement of CD, but we
found an important effect of transfer of molecular chirality to
the plasmon resonances; the plasmonic CD effect has been
recently observed in experiments with Au NPs and chiral
molecules.'* As an important next step in future developments,
the plasmon enhancement effect can be extended to the concept
of Raman optical activity.?*

II. MODEL

A molecule—gold-dimer hybrid system [Fig. 1(a)] is excited
by an incident light wave with an electric field E. =
Ege ' + Efe', where E is an amplitude; correspondingly,
the magnetic field amplitude By = :” ko x Eo/ko. Here €,
and kg = 27 /) are the relative dielectric constant of matrix
(water) and the photon wave number in vacuum, respectively.
We consider here the quasielectrostatic case, i.e., A > D,
where D is a size of the system. Then, the master equation
for the quantum states of molecule reads

0y
at

h—L =i[p,Hli; — Tij(p), (1)

where H = Hy+ A’ is the Hamiltonian and p is the
density matrix. Here Hy describes the internal electronic
structure of a molecule and H' = —t - E; — - By + Vquad
is the light-matter interaction operator;* E; and By are
the fields acting on the molecule, and fi and m stand for
the electric and magnetic dipolar operators, respectively:
L =ef, M = ﬁf' X P; Vquaa is the quadrupole interaction
defined in the Supplemental Materials.”> By using the rotating-
wave approximation in the linear regime and involving

only two states (1 and 2), we obtain from Eq. (1) (see
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FIG. 1. (Color online) (a) Schematics of a model incorporating a
gold dimer and a chiral molecule. (b) Extinctions of single-molecule
and single noble metal NPs. (c) Extinction of an Au dimer for various
separations d. (d) Enhancement factor A vs the wavelength of incident

light in the center of a gold dimer in the absence of molecule. The
parameters are Ey||z, molecular resonance Ay = 300 nm.

Appendix A)
P21 = o€, pr=p3, d=oapn,
-E 4+my; - B
0y = 21 21 )

Chw—w))+ iy — G’
251 |por - E +my - B
Y2 (@ —wo) +iyn — G*’

022 =

where fiw, () are the energies of the molecular states, wy =
wy — w is the frequency of molecular transition, and E’
is the electric field induced by the incident wave in the
nanostructure at the position of a molecule. This electric field
includes the external field and the plasmonic field induced by
NPs. The magnetic field in a small structure is not affected
much by the plasmonic effects, i.e., B’ & By.!? In addition,
the broadening function G = 4;60 21 - V(@ - p12) + Gquads
where the vector ®, defines the electric potential ®,; which
is induced by the surface charges of NPs in the presence of
an oscillating molecular dipole d; then, the function ¢; =
4”16 % + ®,) gives the total electric potential induced by the
molecular dipole in the presence of NPs, and &, =d - ®,,.
Thus, the total field acting on a molecule is given by E; =
E — L V®,. The function G in Egs. (2) originated from the

4meg
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plasmonic surface charges induced by the molecular dipole d.
Then, the total absorption rate of the system is

0 = Omol + Onp, 3)

where Onp = 2wImenp [yp, [Eio*dV and Qo = @0022722,
in which exp is the permittivity of NPs (exp = €, yp€yac), the
integral is taken over NP volumes, and Ey denotes the total
field inside NPs. A CD signal is defined as the difference
between absorption of left- and right-handed polarized light,

CD = (Q+ — 0-)o = CDmo + CDnp, “

where (- - - ) is the average over the solid angle of the direction
of incident light; this averaging is equivalent to what happens
in experiments performed in solution: hybrid NP complexes
have random orientations, but the incident light has a well
defined direction. Also, £ denotes the two polarizations of
incident field egr = (ey £ iey)/ V2. Since the total field inside
NPs is Er = E' — Vg, the important plasmonic contribution
Onp can be splitinto four terms, Onp = Qo + ONP, diople-field +
QNP, dipole-dipole + QNP, quad> where QO is the absorption by the
NP dimer,

w
ONP, dipole-field = ———Im[exp]Re / dV(E™ - Vo),
TT€Q NPs
° Q)
QNP, dipole-dipole = Tlm[ENP] dv |V(Pd|2 )
8m2eg NPs

Therefore, the CDyp should have three terms since the NP
system itself is nonchiral and Qg does not give contribution to
CD. Finally, we arrive at (see Appendix C)

8./€ woyai| Eol*Immy; - (PTpy2)]
3c [i(w — wo) + iys — GI?
+ CDmoI, quad>

CDnp = CDxp, dipole-field + CDNP, dipole-dipole

CDmol =

+ CDNP, quad-field »

2w./€

| Eo|*(Imexp)
3cmeg

CDnp, dipole-field =

my; - [K (1) V(@(r) -pay)]
xIm - av,
Nps (@ —wo) +iyy — G
_8oyE |EgPImmy - (Plp)]
3¢ |h(w— wo)+iys — GI? ’

(6)

where P and K (r) are the field-enhancement matrices inside a
molecule and NPs, respectively (see Appendix B): E'|y—,, =
PE,, E'(r) = K(r)E, (r € NPs). Also, " is the total electric
potential induced by dipole d inside NPs: ' = & 4 ®,,.

In our study, we solve numerically the near-field Poisson
equation within the local dielectric constant model and beyond
the dipole limit. We expand the electric potentials coming from
the induced surface charges of NPs and the external field in
terms of spherical harmonics.?® For example, the potential
induced by surface charges of one of the NPs can be written
as @t =3, Cmym(9,¢), where Cy, = (C3,,C},.C,) are
coefficients found from the boundary conditions. This method
allows us to compute metal nanostructures with very strong
plasmonic enhancements (Fig. 1). The convergence of the

CDNP, dipole-dipole =
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multipole expiation method was carefully checked; the number
L ax 1n the calculations was around 50 for d = 1 nm and 120
for d = 0.5 nm.

For the molecular dipole, we choose numbers typical
for the experiments. We first define convenient parameters:
iz = le|riz and pyo - my /s = ilelrowory /2. In our cal-
culations, we use rip =2 A, ro=0.05 A, y12 = 0.3 eV.
The key chiral parameter ry determines a CD strength of
a molecule:* CDypo1.0 ~ Im(p12 - m) ~ ry. The parameter ry
is a small number since chirality of a molecule is usually
weak. The above parameters of a chiral molecule yield typical
numbers for the molecular extinction and CD. For the dielectric
functions of metals (Au and Ag), Palik’s data®’ were adopted,;
the optical dielectric constant of the matrix (water) €, o = 1.8.

III. NUMERICAL RESULTS AND DISCUSSIONS

First, we briefly discuss optical properties of the consti-
tuting elements [Fig. 1 (b)]. Molecules and biomolecules
usually have CD lines in the UV or near-UV range. In
Fig. 1(b) we show an example of extinction spectrum of
a molecule with a resonance at 300 nm. Its maximum is
~10* M~'em™!, which is a typical value for molecular
systems. Extinctions of noble metal NPs (Au and Ag) are
much larger and have plasmon resonances in the visible
range (520 and 400 nm). Moreover, plasmonic NP complexes
demonstrate both red shifts of plasmon peaks and remarkable
enhancement of incident electromagnetic fields [Figs. 1(c) and
1(d)]. Especially strong enhancement occurs in the plasmonic
hot spots,zg‘30 i.e., in the center of the dimer. The calculated
enhancement factor A = |E/|?/|Eq|? can be as large as 10* for
small separations d.

Now we turn to the CD effect and first consider an
off-resonant hybrid system with a gold dimer and a molecular
resonance at Ao = 300 nm (Fig. 2). If a chiral molecule is
placed in the vicinity of a single metal NP, the resultant CD
spectrum acquires plasmon structures, but the strength of these
structures is typically moderate'>'* [Fig. 2(a)]. A sign of the
plasmonic CD depends on the orientation of molecular dipole.
Remarkably different spectra appear for the chiral molecule
in a metal NP dimer with small separations d (Figs. 2 and
3). For the Au dimer with (f12]|z), [Fig. 2(b)], we obtain the
following picture: The molecular CD band at 300 nm is now
transformed into an asymmetric structure and the plasmonic
CD structure becomes very strong and broad. The first effect
(i.e., the UV-CD structure) comes from the interference of
incident and induced fields (Fano effect),’*3? whereas the
second originates from the giant enhancement of electric
field at the chiral molecule and from Coulomb interaction
between a chiral object (molecule) and a nonchiral plasmonic
nanostructure. We now introduce a figure of merit for the
plasmon enhancement of CD:

_ CDmax()\ = )\plasm)
CDmol,O,max()\ = )\0).

This enhancement factor, which compares a CD signal in the
plasmonic band with the original molecular CD at 300 nm,
is ~12. We also note that the plasmonic CD structure is
broad because the interparticle Coulomb interaction allows
for excitation of many multipole modes of single NPs. For the

(N
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FIG. 2. (Color online) (a) CD spectra for an isolated molecule
and for molecule—single-NP complexes with two orientations of
a molecular dipole: m||z and p||x. (b), (c) CD signals for the
molecule—Au-dimer complexes with different molecular orientations.
(d) CD signal for the molecule—Au-dimer complex averaged over
the molecular dipole orientation; the inset shows experimental data
obtained in Ref. 11. The parameters of the calculation are R = 10 nm,
d=1nm, Ay =300nm, A =R +d/2.

other orientation (1, L z), the plasmonic CD band is weak
because of the screening effect. The CD spectrum averaged
over the orientation of the molecule should be calculated

s {CD) = (CD; + CD, + CD,)/3 ~ CD,/3. This spectrum
still has a strong plasmon resonance (enhancement factor
~4). Remarkably, this enhancement is comparable with the
experimental data'! obtained for aggregated Au NPs and short
DNA molecules [inset of Fig. 2(d)]. Figure 2(c) also shows the
contribution of the quadrupole interaction. Overall we found
that the quadrupole effect in a molecule is not enhanced by a
plasmonic dimer and, due to the symmetry of the dimer, can
play arole only for the configurations u||x(y) (For details, see
the Supplemental Materials>®). We note that the quadrupole
CD signal from randomly oriented molecules in a solution is
averaged to zero.”*** In our case, the quadrupole effect in the
CD spectrum remains nonzero because of the anisotropy of a
plasmonic dimer.

Figure 3 shows CD spectra for the Ag nanostructure
which has much stronger plasmonic enhancement since the
Ag plasmon resonance is much sharper. In this case, the
configuration with p||z has a CD enhancement factor of 150
for d = 0.5 nm and an averaged CD is enhanced 12-fold for
d =1nm.
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FIG. 3. (Color online) (a) CD spectrum of an Ag dimer for
d =1 nm in the case u||z. The inset shows the CD signal for the
separation d = 0.5 nm. (b) CD spectrum of an Ag dimer averaged

over the molecular orientation. The parameters are R = 10 nm and
Xo = 300 nm.

Some of the biomolecules may have CD signals also in the
blue spectral interval.** This case is shown now in Fig. 4.
A molecule with Ag =400 nm is located in the center of
an Ag dimer. The following effects should be now noticed:
(a) the CD spectrum is amplified 125-fold; (b) multipole
plasmon resonances in the Ag dimer create a broad CD
spectrum with positive and negative bands; and (c) a strong
plasmonic CD signal appears at 500 nm which is a significantly
longer wavelength compared with the original molecular CD
wavelength of 400 nm. In other words, we again observe
simultaneously a strong enhancement effect and a creation
of the optical chirality in the red. Regarding the feature (b),
we confirm the explanation for this effect by looking at the
absorption spectrum of Ag dimer which indeed has strong
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FIG. 4. (Color online) CD spectrum of an Ag dimer for the
molecular resonance Ay = 400 nm and for various separations d.
Inset: Small region of the spectrum.
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multipole resonances in the interval 400-500 nm. Similar
results can be obtained for the Au dimer.

We now look at the mechanism of the enhanced plasmonic
CD. Numerical data (see Appendix D) indicate that for the
most common case (off-resonant exciton-plasmon regime),
as shown in Figs. 2 and 3, the leading term in the CD
signal is CDygipole-fietd- This is the term coming from the
interference of the incident field and the field induced by a
chiral molecular dipole inside the NPs. In the off-resonant
regime (wo — Wplasm > Y12,|G|), a CD signal in the plasmonic
band is proportional the optical rotatory dispersion (ORD) of
a molecule

miafa1
CDuipole-fieta ~ f (@) X ORDporo ~ f(w)————, (3)
W0 — Wplasm

where f(w) is a complex function describing the energy
dissipation inside the metal in the vicinity of molecule placed
in a plasmonic hot spot. Since the function f(w) comes
from the induced dissipative currents inside the plasmonic
NPs, we expect that this function should be greatly amplified
at the plasmon resonances because of the enhancement of
the electric fields in a hot spot. Indeed we see this effect
in our data (Figs. 2 and 3). In our physical model, the
enhanced CD originates from a joint action of the two key
effects: the ORD response of a chiral molecule at the plasmon
wavelength and the plasmonic hot spot effect. We should note
here that the molecule itself does not absorb at the plasmon
resonance. Therefore, the giant CD at the plasmon wavelength
comes from the dissipation inside the metal subsystem. The
plasmon resonances of nonchiral metal NPs interact with
a chiral nonabsorbing environment (a chiral molecule in
the hot spot) and therefore acquire a chiral property, and
demonstrate CD. In our theory, this effect originates from
the term CDnpgipole-fietd in the general equation for CD. This
term describes the energy dissipation inside metal NPs due
to the joint action of the dipolar field of a chiral molecule
and the external field. Since both dipolar and external fields
are greatly enhanced in the vicinity of a hot spot, this term
in CD shows very strong enhancement. The functions G(w)
and CDnpdipole-dipole Play an essential role only for small d
when the molecule-surface distance is small. G(w) generates
broadening of the molecular resonance and CDnpdipole-dipole
appears due to the dissipation inside the metal induced by the
molecular dipolar field. Another qualitative observation is that
the plasmonic CD decreases with wy — wplasm Since it depends
on the molecular ORD at the plasmonic frequency [Eq. (8)].
Notably, for separation d = 1 nm the influence of quantum
effects is very small,*® so that our plasmonic subsystem can be
described by the classical theory of the local dielectric function
and is within the classical regime.

IV. CONCLUSION

To conclude, we have presented a theory of optical activity
of a chiral molecule inserted into a plasmonic hot spot and we
have found an important effect: simultaneous strong plasmonic
enhancement and shift of optical chirality from the UV
range to the visible. The mechanism of enhanced plasmonic
CD signals is based on the Coulomb interaction between a
chiral molecules and plasmonic modes in a hot spot. The
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Coulomb interaction inside the molecule-NP complex is highly
anisotropic that creates strong plasmonic enhancement only
for the molecular dipoles parallel to the dimer axis. Therefore,
an orientation of molecular dipoles in a dimer should be along
the dimer axis to obtain strong CD in the visible. This property
can be crucial for designing anisotropic molecular-plasmonic
structures with strong induced CD at the plasmon wavelength.
Importantly, single spherical NPs are not able to create any
significant enhancement of CD signals and, therefore, the
use of plasmonic hot spots is crucial for the ultrasensitive
CD spectroscopy. The effect of strong plasmonic CD in the
visible range, which is described here, can be utilized for chiral
biosensing and also for construction of novel chiral optically
active materials.
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APPENDIX A: ABSORPTION RATE OF CHIRAL
MOLECULE

Next we shall derive the formula Eq. (2) in the paper. The
master equation for the quantum states of molecule is given by
W0 = ilp A = Ty (o) (A1)
in which H = Hy + H’ is the Hamiltonian, and H' = (—ft -
E; — 1 - By) where the total field are respectively Er =
Ee @ + Ef e and Br = Bie ™ + B e/, Here,
E7,Br are the total electromagnetic fields inside the chiral
molecule. Also, g = er, m = 267} x p stand for the electric
and magnetic dipolar operators, respectively. I'j;j(p) is the
relaxation term, and if we only involve two quantum states,
it will be given by I'11(p) = —I'n2(p) = —y22022,I'12(p0) =
Y1 012,121(0) = ¥21021. Here we note that the effects of the
quadrupole light-matter interaction will be discussed sepa-
rately in the Supplemental Materials.?> Then, after substituting
H into (A1), one has

0021 . .
717 = —ihwopr1 +i(p11 — p22)(My - Er +my; - Br)
— V21021, (A2)
0022 )
7’1? = —i(p2112 — M21012) - Er
— i(pyympy — My p12) - Br — 202, (A3)

where u; ; = (i|ftlj),i = 1,2, and wy = w; — w;. Next, we
adopt the rotating-wave approximation P21 = on1e P prp =
03, and only keep the e’ time dependence in Egs. (A2) and

(A3), thus Egs. (A2) and (A3) become

007 )
Tl? A [il(w — wy) — y21] 021
+ i(p11 — p22)(a) - B +mo1 - Byy), (A4)
dp . . *
ha—tzz ~ —ifo1(ys - By +myn - By,

—o12(y; - Eot +myp - Bio)] — 2020, (AD)
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Since 071 is a new “slowly” varying variable, thus we have
ha;’% ~ (0and hag% ~ 0. Furthermore, E inside the molecule
can be divided into two parts: Ey = E' + E;,E' = Eg + Ejyq,
where E is the incident field, E;.q is the electric field induced
by NPs in the absence of a chiral molecule, and E; is the
electric field coming from charges in the surfaces of NPs
induced only by the molecule. Notably, in the presence of
electromagnetic filed, a molecular dipole moment d,, =
Tr(pp) = de " 4+ d*e'®" will be induced where d = oo 12,
and accordingly E; has the following form:

1
E,=— V(®,  d) = _4_V(<I>a) - R12)021,  (A6)
TTE€Q

4mrey
where € is the electric permittivity of space, and we adopt the
Palik data hereafter. Therefore, Eq. (A4) gives us
0 ~ [ih(w — wo) — yarl 021 + i(p11 — p22)

/ 1 /
X [I’vzl : (E - ZFeOV(q)w . IL12)021) + my; 'B}

_ (p11 = p2)(p21 - E +my - B)
hw — wp) +iya — (p11 — p2)G

= 0 = (A7)
where the G function is defined as G = ﬁﬂm V(P - 12)

and we have used By, ~ B’ ~ By. Similarly, from (A5) we
have

p 2y (it — p2)lpar - E +my - B2
= —— - .
Y2 (w — @) + iy — (o1 — p22)G|?

(A8)

In the linear regime py; < 1, Egs. (A7) and (A8) reduce
to the formula Eq. (2) in the paper. Finally, by using Qo =
woP2Y2n, the absorption rate of the chiral molecule in the
linear regime is given by

|w21 - E +my - B/
[fi(w — wo) +iya1 — GI*

Omol = 2woY21 (A9)

APPENDIX B: GENERAL DIELECTRIC FORMALISM

The general dielectric formalism of a molecule-NP-dimer
complex reads as follows:

V- eVpina =V -€Ey, V- -eVg;=py, BD

where € denotes the dielectric function of the medium and NPs,
¢ind 18 the electric potential induced by NPs in the absence of a
molecule, Ey is the incident field, ¢, is the electric potential of
the complex only induced by molecular dipole d in the absence
of an incident field, while p, is the charge inside molecule.
Then, in the absence of a molecule, the total electric field is
given by E' = —V¢;,q + Eg, and the enhancement matrices
can be defined as

Elzr,, = PEy; E'(r)= KE; (r e NPs). (B2)
P and K are very useful for the following derivations.
Similarly, from the second equation of (B1), we can obtain
the G function as well as the electric potential induced by the
molecular dipole ¢,. In Fig. 5 we show the enhancement factor
A = |P|? in the hot spot of Au and Ag dimers.
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FIG. 5. (Color online) (a) Enhancement factor A vs the wave-
length of incident light in the hot spot of an Au dimer under the
incident light Eg||x. (b), (c) Respectively, the enhancement factor
A for the Ag dimer in the hot spot in the cases Ey||x and Eo||z.
(d) Extinction of the Ag dimer for various separations d under E¢||z.
Other unmentioned parameters are the same as Fig. 1 in the main text.

APPENDIX C: CD SIGNAL OF MOLECULE-NP-DIMER
COMPLEX

Next, we shall derive the formula Eq. (6) in the paper. The
CD signal refers the the difference between absorption of left-
and right-handed polarized light, so that it is given by:

CD = (Q+ — 0-)o = CDmo + CDnp, (ChH)

where (- - - ) is the average over the solid angle of the incident
field, which is equivalent to what happens in experiments:
the hybrid complex has random orientations but the incident
light has well defined direction. Also, £ denotes the two
polarizations of incident field ep+ = (eyp L iey)/ V2. In the
following we shall calculate the two parts, i.e., CDy, and
CDnp.

1. CD signal of molecular part

Substituting the two polarizations into Eq. (A9), we have

Qmol:t
|Eol?| a1 - Pleg Liey) +my - /6 (65 Fieg)/c|?

- eon (@ — wo) + iy21 — G2
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= CDmol = <Qm01+ - Qmolf)Q
_ 8/€ woyai| ol Tm[my; - (Pl

, C2
3¢ |i(w— o) + iy — G| ©

where the enhancement matrix 7 is defined in Eq. (B2)
and used the formula B’ =~ By, (|n - (eg Liey) +m- (e F
ieg)|*)a = 2|p F im|>. Notably, E’ is the actual electric field
in the center of NP dimer in the absence of molecule.

Once the CD signal Eq. (C2) is obtained, we can calculate
it in the standard units of M~!'cm ™! as follows. Since the light
intensity in this case is (S); = 2€yacc /€ |Eo|?, thus the cross
section is (in units of m?)

CD _ 4 woynImimy; - (PTup)]
(S): 3Gvacc2 [(w — wo) + iy — G|2’

where €y,. here is the vacuum permittivity, €, = €¢/€yac, and
c is speed of light in vacuum. Accordingly the CD signal in
units of M~'em™! is given by

(C3)

Omol =

N
A‘Emol = _AAUmol (C4)

0.23
in which N, is the Avogadro constant.

2. CD signal of NP part
The absorption rate of NPs is given by

Owv(@) = 3 0i@) = 20 Y (tmews) [ [EidV. (C5)

where enp is the dielectric function of NPs; E;,, is the total

electric field inside the ith sphere: E;o,c = E' — ﬁv%ipole =
E — #V(d)“" - )12)071 in which € is the electric permittiv-
ity of space; and ®"°(r) = ®, + ®; + @, is the total electric
potential in the ith sphere: r € ith sphere. Considering that

CDnp = <QNP,+ — Qpr_>Q, thus we have

CDnp = CDnp, dipole-fieid + CDN, dipole-dipole (C6)

®
CDnp, dipole-field = ——— E (Imenp)
mey &
1

X Re< / |:(E;* - Véhdipole,i )+

- (E;* : V¢dipole,i)—:|dv> ’ (C7)

Q

®
CDnp, dipole-dipole = =5 E (Imenp)
- cipoledip 871265 -

X</[|V¢dipole,i|2+

— |V¢dipole,i|2_]dV> :
Q

where =+ stands for the different incident directions epy =
(eg T iey)/ V2, € is the permittivity of space, and we have
used |E§|i — [E}|2 =0.
Through simple algebra, one has
(E*(r) - Voipole (™) o+ — (E™ () - Vdipole(T)) o

2¢ai| Eo2 L [KT(r)V(®©U(r) - par)]
3¢ 0 hw—wy)+iy — G

(C8)

()
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where we have used thAe enhancement factor K (r) [Eq. (B2)]:
E'(r) = K(r)Ey = egK(r)Ey with E'(r) being the field in-
duced only by the NP dimer in the position r inside spheres.
Substituting (C9) into (C7), we have
2w./€

“|Eol” ) (Imep)
0 i

CDnp, dipole-field =
3cme

my; - [KI@®)V(®°U(r) - pay)] J
hw—wy)+iy — G

V.

x Im

(C10)

Next, we calculate the second term of CDy p: CDgipole-dipole -
From Eqgs. (A7) and (A8) we can see py o |071]%, so that
CDpoi+ o {|0211%) a4 — {|021]*)q—. From Eq. (C2), we have

_ 4./ |Eo|Tm[my; - (PTp12)]

3¢ |h(a) — (1)0) + i)/21 — G|2’
(C11)

(loai Yo+ — (lo21 1P

thus:

CDNP, dipole-dipole

= ﬁ Z(ImENP)(<|O'2l M et — (loa1]?)e-)
0

x f V(@ - o)2dV

_ oJ&  |Eol Immy; - (Plpp)] )
N 6m2€lc [i(w — wo) + iy — GI? ’
where we have defined J(w)=)_;,(Imenp) [ |V(®*" -
12)|?dV, where —4”15 V(®"“' - y) can be seen as the
field induced by an effoective molecular dipole ;. Thus,
J(w) has the meaning of energy rate. Specifically, in the
presence of a molecule, the absorption rate of metal an-
tiparticles due to energy transfer from molecule to spheres
is given by Q = 163[—“2’63 Zi(lmeNp)f IV(®©Ur) - pu12)2dV;
meanwhile the rate of energy transfer of molecule is given by
E = w x 2Im(—G) = —2wImG. If we neglect the radiation
from the system, then the energy conservation is satisfied, O =
E, with the result that J(w) = —167t26§ImG. Therefore,
Eq. (C12) reduces to

8w./& |Eol*Im[my; - (PTp12)] G
3¢ |i(w— wo) +iys — GI? .
(C13)

Once CDyp is obtained [(C10) and (C13)], the CD signal
in the standard units of M~'cm™! can be obtained similarly to
the derivation of CDyy:

(C12)

CDdipole—dipole = -

CDdipole—ﬁeld + CDdipole—dipole
(S)e

A
A = —A .
ENP 023 ONP

AO’NP =

’

(C14)

APPENDIX D: COMPARISON OF COMPONENTS
OF CD SIGNAL

Next, we see the comparison of components of the CD
signal. In Fig. 6 we show the three components of the CD
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FIG. 6. (Color online) (a) The three components of the CD signal

with varying A under Xy = 300 nm and d = 1 nm for an Au dimer;

(b) the same evolution of the CD signal for an Ag dimer. The molecule

is placed in the center of the dimer, i.e., A = R 4 d/2, and the other
parameters are R = 10 nm, p||z, o = 300 nm.

signal at Ap = 300 nm and small distance d =1 nm for
gold NPs [Fig. 6(a)] and Ag NPs [Fig. 6(b)]. In such an
off-resonant hybrid system, the chiral molecule usually does
not absorb at the plasmonic wavelength, but it provides a chiral
nonabsorbing environment for NPs because it is still optically
active, with the result that the current inside NPs is chiral, and
accordingly the CD signal occurs. Considering that the NPs
are not chiral, thus CDyg;pole-field and CDgipole-dipole are totally
due to the exciton-plasmon interaction between molecule and
NPs. We can see clearly that a large plasmonic peak in the CD

04 —— T
02L@ d=1nm Re[C]
@ 0.0f
o 02f
0.4}
'0.6 + : + : + : T —.d=1nm
(b) = d=2nm
; 04 B = d=4nm
E)/ r —— d=10nm|
& 0.2+ —— d=20nm
b —— d=co
B e e——
0.0 = —
3 + | | N N : N
L(c) [ lo-w]
2 — |G| for d=1nm|
3 17

0 s 1 1 1 n
200 300 400 500 600 700
wavelength, A (nm)

FIG. 7. (Color online) (a) The real and imaginary parts of the G
function for d = 1 nm for a molecule—Ag-dimer system in the case
1 L z; (b) the evolution of |G| for diffirent d for the same system.
(c) Comparison of |w — wy| and |G| under d =1 nm. Other
parameters are the same as in Fig. 6.
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spectrum emerges, while the CDgipole-field term makes the main
contribution. In fact, in the presence of a single NP rather than
a dimer, CDy,, and CDyp can be obtained analytically as!®23
CDpot  1/Aw?, CDyp o 1/Aw under large Aw = wy — w
and |Aw| > yi2. In addition, CDgjpole-dipole & ImG is usually
very small in most cases unless d is very small, since
G ~ d~3. That is why CDyipole-fiela determines the CD signal
at the plasmon frequency in this case. To see it clearly, in
Fig. 7 we show the order of the G function with varying

PHYSICAL REVIEW B 87, 075410 (2013)

separation d, from which we can see G is usually very small
in most cases (|G| K y»21,wp), and for not-small separation,
d > 2 nm for example, it can even be ignored. At very
small separation, such as d = 1 nm in our simulation where
the giant CD effect can be observed, although here G is
comparable with y»; (ReG <K wgy, ImG ~ y»), the influence
of the G function is also small at the plasmon frequency
and CDygipole-field Still dominates the main CD feature (see
Fig. 6).
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