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Linear and nonlinear optical properties of gold nanospheres immobilized on a metallic surface
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We studied linear and nonlinear optical properties of surface-immobilized gold nanospheres (SIGNs) above
a metallic surface with a gap distance of a few nanometers. The nanogap is supported by self-assembled
monolayers (SAMs); they are used as spacers. A localized surface plasmon resonance (LPR) band (A
=600-700 nm) redshifted from the LPR band of isolated gold nanospheres (A ~520 nm) is observed in the
p-polarized reflection absorption spectra with oblique incidence. This band originates from the electromagnetic
interaction of the gold nanospheres with their images produced in the metallic substrate. The amount of redshift
depends on the gap distance, which is controlled by the thickness of the SAMs. These optical properties can be
simulated using theoretical calculations obtained by considering multipolar interactions based on a quasistatic
approximation. Further, in SIGNs above a metal, we observed a significantly enhanced optical second-
harmonic generation (SHG). The field enhancement factor was found to be greater than 10 at 1064 nm. This is
due to an increase in local electric fields in SIGN systems at both fundamental and SHG wavelengths (A%
=532 nm). Local electric field calculations imply that the SHG from the nanogap does not dominate even

under the LPR condition because the nanogap region is almost centrosymmetrical.
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I. INTRODUCTION

Optical properties of metallic nanostructures have at-
tracted considerable attention.'”* Colloidal gold spheres in
liquid represent one of the simplest metallic nanostructures.
They exhibit a ruby-red color because the cooperative oscil-
lation of free electrons in the nanostructure is resonant with
green light.* This resonance phenomenon is termed localized
surface plasmon resonance (LPR). Under the LPR condition,
a large electric field is generated around nanospheres. When
two gold nanospheres are aggregated to form a dimer with a
gap distance of a few nanometers, their electromagnetic in-
teraction results in the appearance of another redshifted LPR
band.>® Theoretical calculations predict that a strong electric
field enhanced 100 times is generated in the nanogap of a
silver dimer. This large electric field is used for single-
molecule Raman spectroscopy.’™

The optical properties of surface-immobilized gold nano-
spheres (SIGNs) above a metallic surface with a gap distance
of a few nanometers are similar to those of dimer gold nano-
spheres because the nanospheres are mirrored in the metallic
surface. The redshifted band can be observed in reflection
absorption (RA) spectra. The theoretical calculations also re-
veal that the electric field in the nanogap is significantly
intensified similar to a dimer. These systems have been theo-
retically investigated by several groups'®'? and experimen-
tally studied by other groups employing linear optical
spectroscopy.'>!* Okamoto et al. formed SIGNs above a
gold surface by using a self-assembled monolayer (SAM) of
aminoethanethiol as a spacer; they also demonstrated that the
amount of redshift depends on the size of gold nano-
spheres.'* These experimental results imply that the optical
properties of the SIGN systems are similar to those of nano-
sphere dimers due to the electromagnetic interaction between
the nanospheres and their images in a metallic surface.
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Therefore, SIGNs above a metal might serve as a promising
system to investigate the optical properties of metallic nano-
structures.

Experimental measurements of enhanced electric fields in
nanostructures are essential to gain a detailed understanding
of the electromagnetic interaction. Although some studies
based on fluorescence spectroscopy'>'® and metallic-tip-
enhanced light scattering measurements'’-'” have been con-
ducted, they did not produce quantitative values of enhance-
ment factors since fluorescence occasionally quenches at a
metallic surface and these are incoherent physical processes.
Nonlinear optical effects are coherent and devoid of quench-
ing even when a radiation source is located near a metallic
surface. Therefore, they represent a powerful tool to investi-
gate the electric field in nanostructures. In this paper, we
performed both RA spectroscopy and optical second-har-
monic generation (SHG) measurements for SIGNs above
metallic surfaces. The experimental results are discussed us-
ing theoretical calculations obtained by considering multipo-
lar interactions based on a quasistatic approximation. SHG is
a type of second-order nonlinear optical effect; it is prohib-
ited in a system with an inversion center under the electric
dipole approximation.?’ Metallic surfaces exhibit SHG activ-
ity that primarily originates from the noncentrosymmetry of
a surface and an interface.?!>3 Hence, the SHG activity in
isolated gold nanospheres and their dimers is small due to
the presence of an inversion center although SHG from
quardrupoles should be taken into account in a detailed con-
sideration.”*?> Actually our preliminary experiments have re-
vealed that SIGNs above a dielectric substrate of silica show
a small SHG response. The SHG activity in SIGN systems
above a metal might be absent due to their similarity with
gold nanosphere dimers. However, SIGN systems exhibit
considerably higher SHG activity than metallic surfaces, as
demonstrated in this paper. Further, we performed theoretical
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calculations of the RA spectra and SHG, which are essential
to understand the enhancement in SHG in detail.

II. EXPERIMENT

A SIGN system comprises gold nanospheres immobilized
above a metallic surface supported by aminoalkanethiol
SAMs [H,N(CH,),SH] with different chain lengths (n
=2,6,8,11). Two types of substrates—gold and silver—are
used to investigate the optical properties of the SIGN sys-
tems above a metallic substrate with different dielectric con-
stants. SIGNs above gold obtained using a SAM of
H,N(CH,),SH are termed SIGN-(n)-gold and SIGNs above
silver are termed SIGN-(n)-silver, where 7 is the number of
CH, groups in the aminoalkanethiol. The number 7 is sup-
pressed unless necessary.

The gold nanospheres were prepared by the reduction of
NaAuCl,.>® An aqueous solution of 0.254 mM NaAuCl,
(100 ml) was maintained at 95 °C in a water bath, and an
aqueous solution of 33.3 mM citrate (5.0 ml) was added
with stirring. The color of the solution immediately changed
to ruby red. It was further stirred for 10 min, and cooled
to room temperature. The diameter of the resulting gold
nanospheres  was  40.8+12.6 nm.  Aminoethanethiol
[H,N(CH,),SH, AET], aminohexanethiol [H,N(CH,)SH,
AHT], aminooctanethiol [H,N(CH,)¢SH, AOT], and ami-
noundecanethiol [H,N(CH,),;SH, AUT] were used for sur-
face modification. They were dissolved in ethanol and used
as a | mM solution.

Gold and silver substrates were prepared by depositing a
300-nm-thick gold or silver film on a silica substrate by a
vacuum evaporation method under a base pressure lower
than 1073 Pa. In order to deposit aminoalkanethiol SAMs,
the substrate was immersed in the aminoalkanethiol solution
for 2 h, followed by rinsing with ethanol to remove excess
aminoalkanethiol molecules. Gold nanospheres were depos-
ited on the substrate by immersing it in their solution for 2 h.
The area occupied by the gold nanospheres was evaluated by
scanning electron microscopy (SEM).

The RA spectra were obtained with an MCPD-3000 spec-
trometer (Otsuka Electronics Co., Ltd., Japan). Light from a
halogen lamp (150 W) was guided to the surface by an op-
tical fiber and was passed through a polarizer. Reflected light
was conveyed to the spectrometer by another optical fiber.
Reflected spectra at the bare metallic surface without any
gold nanospheres were used as a reference.

The SHG measurements were carried out with the optical
setup shown in Fig. 1(a). A neodymium-doped yttrium alu-
minum garnet (Nd:YAG) laser (LS-2135, LOTIS TII, Ltd.)
was used as the light source; it was operated at its fundamen-
tal wavelength (\=1064 nm) and at a frequency of 10 Hz
with a pulse width of 10 ns. The polarization of the incident
light was chosen with a combination of a half-wave plate and
Glan laser prism. The angle of incidence was fixed at 45°.
The laser light was incident on the sample surface with no
focusing; the spot size at the sample surface was 5 mm in
diameter. The power density of the fundamental light was
reduced to be approximately 27 mJ/cm? with neutral density
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FIG. 1. (a) Optical setup for SHG measurements. (b) Optical
geometry for phase measurements of SHG.

filters. We checked that the samples were not damaged with
this power density. The reflected SH light was detected using
an R-955 photomultiplier tube (PMT, Hamamatsu Photonics
K.K., Japan) after the removal of fundamental light with
color and interference filters. The polarization of the re-
flected light was selected using a linear polarizer. The PMT
output was averaged by a boxcar integrator for 10 s.

SHG phase measurements were performed by measuring
interference profiles of SHG light using a local oscillator, as
shown in Fig. 1(b).?”"?® A docosylaminonitropyridine Lang-
muir-Blodgett (DCANP LB) film comprising 10 mono-
layers®® was used as the local oscillator; it is a useful SHG
source for phase measurements.>! The largest second-order
susceptibility component of the DCANP LB film is along the
dipping direction of the LB film. A silica plate with a thick-
ness of approximately 1 mm was installed between the local
oscillator and the sample in order to vary the retardation of
the SH light relative to the fundamental light. This is because
the refractive index of the silica plate for fundamental light,
n®, slightly differs from that for the SHG light, n>®. The
retardation is varied by rotating the silica plate in order to
obtain an SHG interference profile relative to the angle of
incidence of the silica plate.?'

III. THEORY
A. Local electric field

We consider the local field associated with the LPR in
SIGNs above a metal. Suppose that a single gold nanosphere
with a radius R is located above a substrate with a gap dis-
tance d. The cross section of this system normal to the sub-
strate is illustrated in Fig. 2(a). Mediums 1, 2, and 3 refer to
the ambience, substrate, and nanosphere, respectively. The
dielectric constant of medium i is denoted by &,;. Based on
the description by Wind et al.,'? spherical coordinates (p, 6,
¢) are used to describe the local electric field at a point P in
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FIG. 2. (a) Geometry for theoretical calcula-
tions of SIGNs above a metallic surface. SEM

medium 1. In order to generalize the description, a reduced
potential at the point P, ¢, in medium 1 is introduced as

l!/:__’ (1)

where V is the potential and E| is the external electric field.
The reduced potential induced by the electric field perpen-
dicular to the surface, ¢, can be written as a series of mul-
tipoles as follows:!?

W, =rcos 0+ >, (W +A;V(]»)(r,cos 0)). (2)
=0

The reduced potential induced by an in-plane electric field,
i, is expressed as follows:

- B.P!(cos 6)cos
¢=rsinﬁcos¢+%( 2 (r(i“)) ¢
j=

+B;] V}(r,cos f)cos qb), (3)

where A, A , and B are the multipole coefficients and r
is the dlstance from the origin normalized by the radius of
the nanosphere R(r=p/R). P;"(cos 0) is the associated Leg-
endre function of the first kind with a degree j and order m.
Vi!(r,cos 6) is defined by the following equation:

Pm< rcos 0—2r, )
I\ - 4rrycos 0+ 4r(2))1/2

V;”(r,cos 0) = (m=0,1),

(r* = 4rry cos 0+ 4r(2))("+1)/2

(4)

where ro=d/R. The multipole coefficients A; and B; are de-
termined from the following linear equations:

- k(k + j)!(e5 — -
2 <5kj+ : (k+'+]1) (e2—21)(e; — &3) Aj)
= k1 2re) ™ (e + ) ((k+ 1)e; + kes)
€183
= 1> 5
281 +8g k ( a)

images of (b) SIGN-(n)-gold and (c) SIGN-
(n)-silver (n=2,6,8,11).

s

J=1

k(k+))!(e,— &1)(g; — &3) )
(k+ DIG = D12rg)** (&5 + &) ((k + e, +k83)
&1 — 83
21+ &4 K (5b)

A; and B]f are obtained from A; and B; as follows:

A== yia,, (6a)
e1+é&

P j+1

Bj= 22 1)1, (6b)
8]+82

It is convenient to use Cartesian coordinates to decide the
local electric fields at the surface of the substrate. A local
electric field e at a point S (r, 6, ¢) at the substrate surface
can be written in Cartesian coordinates as follows:

J cos fcos ¢ d sin ¢ d
e, =sin Gcoszﬁ l'/l o3 _ .¢_¢i, (7a)
r r d0 rsin 0dd
cos #sin ¢ d cos ¢ d
ey —sm05m¢ ¢ ¢—¢+ : ¢_¢, (7b)
r r 40  rsin 0dd
J 69
e, =cos 60— l// sin —I/I (7¢)
or r d0

On the other hand, it is convenient to use spherical coordi-
nates to describe the local electric fields at the surface of the
nanosphere. Therefore, the reduced electric field e can be
expressed as follows:

oy 1 01,0) ®)
dr’r a0’ rsin 69¢

€= (er’ease¢) = (
B. Absorption spectra of the SIGN system

The absorption efficiency C,,, was calculated based on
the procedure of Okamoto et al.'* The polarizability of the
SIGN above a metal for p-polarized incident light is given by

a, =4me RA,, (9a)
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o, =4me R By, (9b)

where A and B, are given by Eq. (5) and «, and «; are the
polarizabilities in the z and x directions, respectively. Fur-
ther, C,, is the sum of the contributions of both the perpen-
dicular and parallel components for an arbitrary polarization.
By considering the reflection of the incident light at the sub-
strate surface, we determined the absorption efficiency for
p-polarized incident light as follows:

2 .
Caps = W{[Im(“ + F1,|Sll’1 aai)]Z
+[Im(|1 = F |cos 6ay) ]}, (10)

where ¢ is the angle of incidence, and F, is the Fresnel
coefficient of reflection for p-polarized light at the surface.

C. SHG from SIGN systems

The SHG field E>“ generated from a single SIGN system
by the fundamental field E“ can be written in the following
manner:

E*= f L3*x5:(LYE®)(LYE®)do
+ f L3°x3:(LYE®)(LYE®)d o, (11)
P

where y, and x; denote the surface susceptibilities of the
metallic substrate and gold nanospheres, respectively, and
do=rsin #dOd¢. The first and second terms represent inte-
grals over the surface areas of the metallic substrate and gold
nanosphere, respectively. L? and Lgl denote local field fac-
tors at a frequency ) ((l=w,2w) obtained from the calcu-
lated local electric fields. The local field factors at w are used
to determine the local field with an electric field of incident
light E“. They depend on position and frequency. The local
field factors at 2w are obtained similarly.

D. Phase measurement of SHG light

The phase measurements are performed using SHG inter-
ferometry. As shown in Fig. 1(b), the SHG measurements are
performed by varying the optical path between the two SHG
sources and rotating a silica plate with refractive index n'}. ,
at a frequency (). The total SHG intensity /7 detected in the
phase measurement is written as follows:

IZu) — |Eig|2 + |E2w

sample

[+ 2/ERe £

sample

|cos A(OF).

(12)
Here, E{¢ and Eif”mple denote the SHG fields from the local
oscillator and sample, respectively. The retardation of the SH
light relative to the fundamental light, A(@Y’), is expressed as
a function of the incident angle to the silica plate @{:2831-32
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A(OY) =

2mwD 1
u ( [122, = cos(@2 — 029)]

20 20
A\” \cos O3

1
- o[ iica — cOS(O7 - @;,)]) +4y, (13)
cos OF

where ®F is the angle of refraction at a frequency Q (Q
=w,2w) in the silica plate; D is the thickness of the silica
plate; \3“ is the vacuum wavelength of SHG light; and A, is
a constant term independent of ®F. The negligible dispersion
in air yields the relation ®}=07”. The difference between
0% and O3 due to the frequency dispersion of silica results
not only in the difference in retardation within the silica sub-
strate but also in retardation in air. Therefore, A(OY) in-
creases with an increase in the incident angle of the silica
plate, OF.

IV. RESULTS AND DISCUSSION

A. Reflection absorption spectroscopy

Figure 2 shows the SEM images of SIGN-(n)-gold
samples (n=2,6,8,11). The gold nanospheres appear to be
dispersed uniformly with the following surface coverages:
0,=0.11, 04=0.15, 03=0.17, and 0;=0.20, where the sub-
script refers to the number of CH, units in aminoalkanethiol.
The low coverage of SIGN-(2)-gold observed in the SEM
image suggests a poor-quality sample. Furthermore, Fig. 2(c)
shows the SEM images of SIGN-(n)-silver. The nanospheres
appear to be uniformly dispersed in SIGN-(8)-silver and
SIGN-(11)-silver, although they are partially aggregated in
SIGN-(6)-silver and are highly aggregated in SIGN-(2)-
silver. The surface coverages of 03=0.17 and 0,=0.16 are
evaluated from the SEM images. It should be noted that the
quality of the samples of SIGN-(2)-silver and SIGN-(6)-
silver is not sufficient for the SHG measurements.

Figure 3(a) shows the p-polarized RA spectra of SIGN-
(n)-gold in air at an incident angle of 45°. Two absorption
bands are observed in each spectrum: one at approximately
520 nm (the first band) and the other at 600—700 nm (the
second band). In the first band, two contributions are found
to overlap. One is attributed to the resonance of the multipo-
lar interaction between the nanosphere and the substrate sur-
face, which has a normal component to the surface. The
other is similar to the resonance of isolated nanospheres with
both in-plane and normal components. Therefore, the first
band can generally be observed with both p- and s-polarized
light. The second band is redshifted from the first one and is
attributed to the resonance due to the multipolar interaction.
The observation of the second band only in p-polarized ex-
citation indicates that it has a normal component. The peak
wavelength strongly depends on the thickness of the SAMs
used as a spacer.

The RA spectra are simulated using Eq. (10), as shown in
Fig. 4(a). The absorption efficiency in air is calculated for
four reduced gap distances d/R ranging from 1/40 to 1/10.
The ambient dielectric constant £;=1.3 was used as the most
appropriate average value of air and the SAMs were used as
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FIG. 3. RA spectra of various SIGN systems
at an incident angle of 45°. (a) SIGN-(n)-gold in

air, (b) SIGN-(n)-gold in water, (c) SIGN-
(n)-silver in air, and (d) SIGN-(n)-silver in water.
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a spacer in accordance with a suggestion in a previous
paper.'* The amount of redshift increases with a decrease in
the gap distance. The gap distance produced by the AET (n
=2) SAM is 0.8 nm according to the molecular model with
the assumption that the molecular long axis is aligned normal
to the surface. The corresponding peak wavelength is calcu-
lated to be 680 nm, which is in good agreement with the
experimental results shown in Fig. 3(a). The gap distances
produced by AHT (n=6), AOT (n=8), and AUT (n=11)

Wavelength (nm})

SAMs are 1.3, 1.6, and 2.0 nm, respectively. The corre-
sponding peak wavelengths are calculated to be 640, 620,
and 600 nm, respectively; these values are also in good
agreement with the experimental results shown in Fig. 3(a).
On the other hand, the intensity and shape of the peak in the
actual spectra are not in good agreement, because of the
distribution of the nanosphere size.

Figure 3(b) shows the RA spectra of SIGN-(n)-gold in
water. Since the surrounding dielectric constant of water is

FIG. 4. Calculated RA spectra at an incident
angle of 45°. (a) SIGN-(n)-gold in air, (b) SIGN-

(@ 1 . , (b) 2 ; :
45 deg\. . B + — water
air I —
— \ (%) I
) I | 2 | 1 i
= i 5 (Gold ] I
§ | yg [Gaa] | | - o
] N g !
g [ o phi sl it
= -== 0075 [ c AN
s U 8 4t 0.1 (Lo
go55 —— 005 | 1 21 ---o075 I
5 0.025 ] —-— 0.05 bl
3 4 2 s 0,025 L
< < | \
400 600 800 400 600 800
Wavelength (nm) Wavelength (nm)
d
(©) @
- )

2 2 i

= = 0

5 2 il :'l

g 8 j

g 5 i

= c [N

5 S R

i g 3

& s ¥

8 a2 i!

< |

(n)-gold in water, (c) SIGN-(n)-silver in air, and
(d) SIGN-(n)-silver in water.
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larger than unity, the second band appears at a wavelength
that is approximately 40 nm greater than that in air. As
shown in Fig. 4(b), the redshift of the second peak is also
simulated; this shift is slightly larger than that in the experi-
mental results. A possible reason for this discrepancy is that
the nanosphere is not completely covered with water because
gaps are produced between the nanosphere and the SAM;
therefore, the average dielectric constant is slightly smaller
than that of water. This possibility is consistent with our
experimental results of SHG that the SIGNs are not com-
pletely covered with chromophoric SAMs when the substrate
is simply immersed in a solution.>* Another possible reason
is a slight expansion of the nanogap in water. The hydro-
philic surface of the nanosphere yields good wetability for
water.

Similarly, SIGN-(n)-silver with various n values is exam-
ined in air and water, as shown in Figs. 3(c) and 3(d), re-
spectively. The corresponding spectra calculated in the same
manner are shown in Figs. 4(c) and 4(d). In Fig. 3(c), the
second absorption band of SIGN-(2)-silver in air is absent
because of the aggregation of the nanospheres, as shown in
the SEM image. However, a broad peak of SIGN-(2)-silver
in water is observed at 735 nm. The amount of redshift of the
second band of SIGN-(n)-silver is smaller than that in the
corresponding spectra of SIGN-(n)-gold in air and water.
The imaginary part of the dielectric constant of silver is very
small and therefore, it behaves as an ideal metal even in the
visible light region. The images of the nanospheres on the
silver surface are perfect in comparison with those in the
gold surface. The lines of electric force from the gold nano-
spheres are normal to the surface. On the other hand, a rela-
tively large imaginary part of the dielectric constant of gold
causes an imperfect image in the gold surface; namely, the
lines of electric force from the gold nanosphere are oblique
to the gold surface. Hence, the effective gap distance be-
tween the SIGN and its image may be reduced, thereby re-
sulting in a larger redshift than that of a silver surface.

B. SHG measurements

Figure 5(a) shows the SHG intensity from SIGN-(n)-gold
normalized by that from a bare gold surface covered with
aminoalkanethiol SAMs without any SIGNs. Further, Fig.
5(b) shows the SHG intensity from SIGN-(n)-silver normal-
ized by that from a bare silver surface. The normalized SHG
intensity from SIGN-(n)-gold samples (n=6,8,11) is 6-7,
although the coverage of the gold nanospheres, o, is signifi-
cantly smaller than unity. The SHG intensity from SIGNs-
(n)-silver samples (n=8,11) is nearly the same as that from
a bare gold surface. Partially aggregated nanospheres ob-
served in the SEM images do not contribute to the SHG
response. The relatively large SHG intensity from SIGN-(2)-
silver in air may be due to hot spots in the aggregate nano-
spheres.

The observed SHG intensity /> from the SIGN samples
can be written as follows:

, (14)
where E3i.y is the SHG field from a unit area of the SIGN

surface and Eb;‘;e is that from the metallic surface with no
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FIG. 5. Experimental results of SHG intensity measured in air
and water for (a) SIGN-(n)-gold and (b) SIGN-(n)-silver.

SIGNs. We introduce a field enhancement factor due to the
presence of the gold nanospheres, Az‘“; it is defined by

2w
Azw ESIGN
E2(u E2w

bare | bare

o Al (15)

Since the phase of ESIGN is not necessarily the same as that
of Ei® . the relative phase difference between them, 4,
should be considered. The phase measurements of SHG in
air were performed using the optical geometry shown in Fig.
1(b) for SIGN-(n)-gold. It was determined that Eggy and
E, .. are almost in phase. Therefore, we neglect the phase
difference in the evaluation of A% values.

Using the o values obtained from the SEM images, we
determined the absolute values of A%® and they are summa-
rized in Table I. In SIGN-(n)-gold (n=8,11), the enhance-
ment factors |[A%¢| in air are greater than 10, whereas those in
water are smaller. The A>° values of SIGN-(2)-gold are
negative. The negative enhancement factor means that the
SHG intensity from the SIGN system is smaller than that
from a bare gold surface. There are two possible reasons: one
is that the SHG fields of the SIGNs and bare gold surface are
out of phase. The theoretical calculation described below
does not predict such a large phase change with the param-
eters of SIGN-(2)-gold. Hence this is not the main reason for
the negative value. Another possible reason is that the SIGN-
(2)-gold sample of bad quality weakens the SHG intensity.

035416-6



LINEAR AND NONLINEAR OPTICAL PROPERTIES OF...

TABLE I. Absolute value of the field enhancement factor |A42¢|
for SIGN-(11)-gold in air and water. It should be noted that the A%
values of SIGN-(2)-gold are negative, since the SHG intensity is
smaller then that of the bare gold surface, as shown in Fig. 5.

SIGN-(2)-gold SIGN-(6)-gold SIGN-(8)-gold SIGN-(11)-gold

PHYSICAL REVIEW B 74, 035416 (2006)

TABLE II. Absolute value of field enhancement factor |A%¢| for
the SIGN-(n)-silver system in air and in water. Note that the data
for the SIGN-(2)-silver and SIGN-(6)-silver samples are not avail-
able since the surface coverage o of the nanospheres cannot be
estimated due to aggregation of the nanospheres, as shown in the
SEM images.

In air

-1.30 10.5 11.0 9.33

In water

-4.92 4.66 6.28 3.87

The RA spectrum of SIGN-(2)-gold in Figs. 3(a) and 3(b)
has a large offset at 600—800 nm, probably due to aggrega-
tion of the gold nanospheres. The aggregated parts do not
contribute to the SHG response, resulting in a decrease in the
SHG intensity. The values of |A2“| for the SIGN-(n)-silver
are summarized in Table II. The values of |A?“| for SIGN-
(2)-silver and SIGN-(6)-silver cannot be obtained because
the o values cannot be determined from the SEM images of
the poor-quality samples. In SIGN-(6)-silver and SIGN-(8)-
silver, the particles are highly dispersed; however, the |A%¢|
values are smaller than those of SIGN-(n)-gold due to the
partial aggregation of silver nanospheres.

SIGN-(8)-silver sample SIGN-(11)-silver sample

In air

2.89 1.47

In water

1.79 1.34

C. Calculation of local field

We discuss the results for the calculated local electric
fields. In the SIGN systems, it is calculated that the electric
field induced by a surface-normal electric field is much
larger than that by the in-plane component. The actual ratio
of the electric field is 3700:1 at the nanogap. Hence we re-
gard the coefficients B in Eq. (5) as negligibly small, and we
evaluate only the coefficients A in this study. The dielectric
constants used in the calculations are provided in the
literature.>* Figure 6(a) shows the absolute value and phase
of the electric field in the r direction at the surface of the
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field and phase in the SIGN sys-
tems at d/R=1/10. The calculated
results at o are plotted with a
solid line and those at 2w with a
dashed line. (a) Absolute value
and phase of the enhanced electric
field in the r direction at the sur-
face of the nanosphere in the
SIGN-gold system plotted as a
function of 6, (b) the z direction at
the gold surface of the substrate in
the SIGN-gold system plotted as a
function of x/R, (c) the r direction
at the surface of the nanosphere in
the SIGN-silver system plotted as
a function of 6, and (d) the z di-
rection at the silver surface of the
substrate in the SIGN-silver sys-
tem plotted as a function of x/R.
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gold nanosphere at d/R=1/10 as a function of . |E,| exhib-
its two peaks: one at #=0 and the other at #=1r. The field at
6=0 is enhanced by a factor of 10 at w and 28 at 2w. The
field is minimum near #=7/2 and —/2; however, it devi-
ates slightly from 6=/2 and —/2 due to the surface effect.
The full width at half maximum (FWHM) in @ is approxi-
mately /4 for w and /6 for 2w. The profiles of |E,| at
and 2w are identical with the exception that the absolute field
at 2w is larger. However, the phase profile at w is different
from that at 2w. The phase at w is constant at 0 or at —7r; this
implies that E, is real. The discontinuous jumps at approxi-
mately 6=—(1/2)7r and 6=(1/2)7 occur due to the use of
spherical coordinates. In contrast, the phase at 2w continu-
ously varies from —(3/4)m to (3/4)7 in the region of @
=—(1/2)7r to #=(1/2)m. This large phase change is com-
posed of two components. By eliminating a phase change of
7 occurring due to spherical coordinates, a large phase
change with a peak at =0 originating from the multipolar
LPR is observed. The constant phase of the other region
corresponding to the upper hemisphere surface involves the
resonance character of isolated nanospheres, which enhances
the electric field without any phase change.

Figure 6(b) shows the |E_| and arg(E,) profiles of the gold
substrate surface. It should be noted that the direction of E, is
the same as that of E, at w and 6=0. Each |E,| profile at @
and 2w exhibits a peak at x/R=0 with a FWHM of 0.4. The
maximum values of |E,| are 10 at w and 25 at 2. Similar to
the E, profiles, the phase profile of E, at 2w varies signifi-
cantly and the profile at w is constant at zero. Both enhance-
ment of the electric field and the large phase change is ob-
served under the resonance condition at 2w, whereas only
enhancement of the electric field is observed at w. The phase
response is more sensitive to the resonance condition.

In addition, the values of |E,| and arg(E.) for the SIGN-
silver system at d/R=1/10 are calculated and plotted in
Figs. 6(c) and 6(d). The profiles are similar to those of the
SIGN-gold system with the exception of the following. The
maximum |E,| and |E,| values are larger than those of gold,
while the phase change is smaller. The electric field is en-
hanced considerably by stronger resonance due to the small
imaginary part of the dielectric constant of silver. This part is
also responsible for the small phase change in the SIGN-
silver system in comparison with that in the SIGN-gold sys-
tem.

D. Calculation of SHG response

The absolute value of the enhancement factor |A%¢| of the
SIGN systems is calculated using Eq. (11). The first term of
this equation is integrated within the cross-sectional circular
area of the metallic surface with a radius R below the nano-
sphere since most of the enhanced field is limited within this
area, as shown in Fig. 6(b). Two mechanisms can be consid-
ered to account for the enhancement in the SHG intensity.
One is that the presence of SIGNs above a metallic substrate
increases the surface susceptibility, and the other is that the
local electric field in the SIGN system increases due to LPR.
The present calculation is based on the second mechanism
because it is difficult to consider the former mechanism. The
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FIG. 7. Calculated field enhancement factor |A2®| in air (solid
line) and water (dashed line) plotted as a function of d/R for (a)
SIGN-gold and (b) SIGN-silver systems. The experimental results
listed in Tables I and II are also plotted. The error bars indicate the
standard deviation of the nanosphere size.

calculations of SHG for SIGN-gold were performed under
the assumption that |x,|=|xs| since the nanospheres and sub-
strate are composed of the same material. Figure 7(a) shows
the |A2¢| values of the SIGN-gold as a function of the gap
distance in air and water. The |A%¢| value is 10-20, it in-
creases with a decrease in the gap distance, and its value in
air is almost the same as that in water. The experimental
results listed in Table I are also plotted in the figure. The
error bar indicates the standard deviations of the nanosphere
size. Both theoretical and experimental results are in rough
agreement and are within the same order. A possible reason
for the disagreement is that the macroscopic local field is
smaller than the external field. Since the polarizability of the
SIGN system is larger than unity, the effective field in the z
direction is smaller than the external field, due to continuity
of normal component of the displacement fields.> One may
also find that the theoretical results do not reproduce the
experimental in the case of the SIGN systems in water. This
tendency is also observed in the RA spectra. The possible
reason is that the nanogap slightly expanded in water prob-
ably since the surface of the nanospheres is hydrophilic and
high wetability to water.
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Figure 7(b) shows the |A??| values of SIGN-silver ob-
tained using the relation x,=(1.74+0.284i) x3; they are mea-
sured from the SHG experiments of gold and silver surfaces
with no nanospheres. The experimental results listed in Table
II are also plotted in the figure. The |A2“| values of SIGN-
silver are considerably larger than those of SIGN-gold. The
experimental results do not agree with the calculated values
because nanospheres are partially aggregated and the effec-
tive nanospheres for the SHG enhancement are less than the
coverage.

In order to investigate the SHG response in detail, we
divided the SIGN above gold into three parts: the surface of
the upper hemisphere (part I, AIZ‘“) of the nanosphere, the
surface of the lower hemisphere (part II, AIZI‘"), and the sur-
face of the substrate (part III, A7%), as shown in the inset of
Fig. 8(a). We also calculated the enhancement factor in each
case. Figure 8(a) shows the absolute values of A7, A%”, and
AIZI‘I" indicated by solid, broken, and dotted lines, respectively,
as a function of the gap distance ratio d/R; Fig. 8(b) shows
their phases. The values of |[AZ”| and |A7%| are close and
increase sharply with a decrease in the gap distance d,
whereas |A7”| is considerably smaller than the other two.
Since AZ® and A? are out of phase, they interfere destruc-
tively. This implies that the SHG light generated in the nan-
ogap is small despite the large enhancement factors. Figures
8(c) and 8(d) show the absolute values and phases of A%“’ and
AZ°+AZY, respectively. The absolute values are close and
remain almost constant over the gap distance from 0.05 to
0.25. The factors of A7 and Aj”+AZ% are out of phase for
the large gap distance. As the gap distance decreases, the

phase difference between A?® and AZ°+AZ? decreases con-
siderably, thereby resulting in a sharp increase in the SHG.

Finally, in Fig. 9, we show the calculated enhancement
factors of SIGN-gold as a function of the fundamental wave-
length @ for d/R=1/10. The spectrum comprises two struc-
tures: one at approximately 1400 nm and the other at
600 nm. The former is due to the resonance of SHG light to
the second LPR band in the RA spectra at 700 nm and the
latter is due to the resonance of fundamental light to the
second band. The resonance structure corresponding to the
first band at 530 nm observed in the RA spectra is absent

108} 3

102§

|A% ()]

100

1200 1600
Wavelength (nm)

400 800 2000

FIG. 9. Calculated field enhancement factor at d/R=1/10 plot-
ted as a function of the fundamental wavelength for the SIGN-gold
systems in air and water.
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because of the centrosymmetric character of this band. The
calculated results are consistent with those of the experimen-
tal study on the frequency dispersion of SHG in SIGN sys-
tems, which were performed with a frequency-tunable laser
system.3®

V. CONCLUSION

The linear and nonlinear optical properties of SIGNs
above gold and silver surfaces were studied by considering
gap distances ranging from 0.5 to 2.0 nm. A redshifted band
is observed due to the multipolar interaction of the gold
nanospheres with their images produced in the metallic sub-
strate. The amount of redshift increases with a decrease in
the gap distance. The wavelength at which the redshifted
band of SIGNs-gold is observed is greater than that at which
the redshifted band of SIGNs-silver is observed; this is in
good agreement with the theoretical calculation. Moreover,
we observed a significant enhancement in the SHG light
from the SIGN systems at a fundamental wavelength of
1064 nm. In the SIGN-gold system, the field enhancement

PHYSICAL REVIEW B 74, 035416 (2006)

factor was greater than 10, while in the SIGN-silver system,
it was less than 3. The former values are roughly in agree-
ment with the calculated results of the SIGN-gold systems;
however, the latter values are not in agreement probably due
to the poor quality of the samples. A further detailed calcu-
lation for the SIGN-gold system shows that the SHG from
the nanogap is not dominant even under the LPR condition
because the nanogap region is almost centrosymmetrical.
The enhanced SHG field in the SIGN system originates from
the combination of the SHG fields from the upper-
hemisphere surface and gap region.
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