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1.Surface enhanced Raman spectroscopy



Hot spot/ Nanogap for huge SERS(EM) enhance

Coupling Plasmons for Single Molecule SERS

e Ag sol mixed with 10-11M Hb
Hb/Ag particles — 1:4

e Ag dimers can be observed,
which is most likely
connected by Hb

g

1400 1600

Xu et al. PRL 83 4357 (1999)
&
Xu &Aizpurua et al. PRE 62 4318 (2000)



Plasmon optical forces Plasmochemistry

Dimer Antenna Plasmon hybrization

Receival Antenna (| E/E,|?)

Emission Antenna (|E/E,|?)

Quantum plasmon

' (coupling)
Nanogap/Hot spot ...
for SERS Nonlinear
' / plasmonic

effects

The base of

many directions
in plasmonics

h

\

Xu et al. PRL 83 4357 (1999); Xu &Aizpurua et al. PRE 62 4318 (2000)



Remote-Excitation Raman Using Propagating Surface Plasmons

Fang&Wei et al, Nano Lett. 9, 2049 (2009) -

Wei et al., Nano Lett., 8, 2497, 2008



Remote-Excitation Raman Using Propagating Surface Plasmons
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Raman spectra of
malachite green isothiocyanate

(MGITC)



Remote-Excitation Raman Using Propagating Surface Plasmons

Finite Element Method COMSOL
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Remote-Excitation Raman Using Propagating Surface Plasmons

Advantages of Remote sensing for SERS

* Nano light source
* Background free

* Low damage

Nano Lett. 9, 2049 (2009)



STM tip Raman

Y

Au

Normal TERS setup Double-tip TERS setup

/m Mag EFM Displaped




Plasmon-Assisted Chemical
Reactions



Surface catalyzed reaction of PATP dimerizing
to DMAB
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Mechanism of surface catalyzed reaction

Hot electrons?

'hot" electrons from plasmon M=Ag metal
/" hv+de?

v+4e”

/H H\
ws{ 5N+ s - ws{ Hon
i s

Scheme 1. The mechanism of plasmon-assisted surface catalyzed reaction.



The pH-controlled plasmon-assisted
surface catalyzed reaction
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Remote-excitation surface catalyzed reaction
by plasmonic waveguide
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surface catalyzed reaction of ANBT dimerizing
to DMAB

—— DMAB from PATP in Ag sol

1—— DMAB from 4NBT in Cu sol A=632.8 NM i : y

Raman Intensity
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(f) Wavenumber / cm?
J. Raman Spectroscopy, 2011, 42, 1205.



Controlling such chemical reaction

(a) (b)
on Cu film on Cu film .
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surface catalyzed reaction in Ag
nanoparticle- molecule-Ag/Au films
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From Plasmon Chemical Reactions to
Surface catalyzed reaction on Au film in HV-TERS

Institute of Physics, CAS
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Plasmon-driven chemical reaction
on Silver film

DMAB
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Controlled dynamics of chemical
reaction
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Hot-electrons
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Morte complex chemical reactions on Au film?

1V, 1nA

A Fluctuation is weak

As
M HV-TERS spectra is quilt different

from SERS spectra of DMAB
and NRS spectrum PATP powder

First conclusion:
Surface catalyzed reaction occurred
on Au film, because above spectra

Intensity (a.u.)

Why are they different ?
Produced new molecules (not DMAB)?

e -~

1000 1200 1400 1600

Wavenumber [cm™]

M. T. Sun, Y. Fang, Z. Y Zhang, H. X. Xu, Activated Vibrational Modes and Fermi Resonance in Tip-
Enhanced Raman Spectroscopy, Submitted.



TERS intensity (a.u.)
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Assignment of HV-TERS spectra

(a) and (b) HV-TERS spectra of DMAB
(c) Simulated Raman spectra
(d) Simulated IR spectra of DMAB.
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Electric Field Gradient Effects in Raman Spectroscopy

E.J. Ayars and H.D. Hallen
Physics Department, North Carolina State University, Raleigh, North Carolina 27695-8202

C.L. Jahncke

Physics Department, St. Lawrence University, Canton, New York 13617
(Received 15 February 2000)

Raman spectra of materials subject to strong electric field gradients, such as those present near a metal
surface, can show significantly altered selection rules. We describe a new mechanism by which the field
gradients can produce Raman-like lines. We develop a theoretical model for this “gradient-field Raman™
effect, discuss selection rules, and compare to other mechanisms that produce Raman-like lines in the
presence of strong field gradients. The mechanism can explain the origin and intensity of some Raman
modes observed in SERS and through a near-field optical microscope (NSOM-Raman).

PACS numbers: 78.30.—j, 33.20.Fb, 78.66.Vs, 82.80.Ch

It was theoretically predicted that Raman-active
and IR active modes could be observed
simultaneously due to the enhanced electric field
radient effect in the nanocavity between tip and
surface.

Our HV-TERS spectra realized their theoretical
prediction 10 years ago
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Electric field gradient effect
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Fermi Resonance

1 (@)

Intensity (a.u.)

Y

——— - — —

—— Experimental

- - - Simulated Raman
- Simulated IR

/

rd

agy;3

/\
\

ag;3 .

~

-

o © ® -
> o o o o o o o o o S omoem®o am o o = e = %= o=

bu13

1180 1200 1220 1240 1260 1280 1300

| E(bge1+E(@ge)-E@g15<1 cm™

E(ags)+E(bug)=1268 cm1

_ /

’:?: agis iFR bu, FR

B | b 1

Z*i( )

C

D . .~ bu,au, s/ .. @ug
i a AT

£ | PBYs| [aQ4 ags /bus bg,| | lag,
450 500 550 600 650 700 750

Wavenumber [cm™1]

Fermi resonances:

overtone or a
combination modes
appearing In the
vibrational spectra by
gaining intensity from
a fundamental mode.

E. Fermi, Z.
Phys. 71, 250 (1931).



—— Experimental

1 (a) - - - Simulated Raman
Simulated IR

agis

Intensity (a.u.)

._~__— -

1180 1200 1240 1260 1280 1300

E(bg6)+E(ag6) E(ag13)<1 cm? E(ags)+E(bug)=1268 cm™*

1220

agla u, FR

)

- bu, au,
ag,

Intensity (a.u.)

1 bgs|

450 500 550 600 650 700 750
Wavenumber [cm™1]

Resonance

E.+E E.-E I-I
E, = +
2 2 I +1_
E+E E -E 1 -I
EB: — X
2 2 I.+1
:—(E +E, )4 ,,H.(E —E,)? +4¢°

¢ 1s the FR coupliug coefficient

Plag;;) =

(b_

ZAE (ag,;) =102 cm™

— 6.88 cm’

(a) The experimentally observed Fermi resonance and stmulated 1 EKS spectra ot
DMAB for Raman-active symmetric ag,, and IR-active asymmetric bu,; modes. (b)
The calculated vibrational modes and the combinational modes for Fermi resonance.



2.Nanophotonic Circuits
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Propagating Surface Plasmons: to build plasmonic circuits

Nobel Prize in Physics 2009—K Kao: "for
groundbreaking achievements
concerning the transmission of light in
fibers for optical communication”

VSICS

Metallic
nanoplasmonics

Semiconductor
electronics

Operating speed

| | ! | ! -
10nm 100nm 1um 10um 100 pum 1 mm

Critical device dimension (nm)

Science 328, 440 (2010) Surface-plasmon circuitry



Outline

Near-field, Network and Logic

Wire plasmon modes/Chiral wire plasmons
Tunable wire plasmons
Substrate-Mediated Plasmon

Plasmon Amplification



Outline

Near-field, Network and Logic

Wire plasmon modes/Chiral wire plasmons
Tunable wire plasmons
Substrate-Mediated Plasmon

Plasmon Amplification



Sample Structure

= QDs
— Al0s Al203 coating
— Ag NW
- Glass 30 nm
CdSe@ZnS Quasi core-shell NWs

Quantum Dots

Intensity

1 Fluorescence

640 660 680 700 720
Wavelength (nm)



Quantum dot fluorescence imaging the near-field distribution

Wide field End Polarization
excitation excitation

QD fluorescence images the near field of SPP.
Increasing the polarization angle shifts the local field from one side to the other.

H. Wei et al., Nano Lett. 11, 471 (2011)




Hongxing Xu Lab, CAS



Origin of plasmon nodes in Ag NW waveguide

E X 500 nm J—
«>IERED fEEEEND m=0

? e ™ ., m=1
Li et al. Nano Lett. 9, 4383 (2009)
Interference of m=0 and m=1 plasmon modes

result in large period near field modulation

FDTD simulated
E field intensity

SNOM image




Controlling scattering intensity by tuning near-field distribution

When the near-field intensity is large in the junction, plasmons
can be efficiently transferred to connected structure.

H. Wei et al., Nano Lett. 11, 471 (2011)



Assembly of nanowire networks with a micromanipulator




Plasmon Router/Splitter

Output intensity as function of
incident polarization angles 11 and 12
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When the near field in junction
IS large, the energy will be
routed to the branch NW.




Controllable Plasmon Routers

power (a.u.)
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Plasmon Switchs in Plasmonic Network

N\

Plasmon Switch #1
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l1l. Plasmon interference and networks
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Hongxing Xu Lab, CAS



Plasmon Switchs in Plasmonic Network

\I
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Plasmon Switch #2



Plasmon interference and networks

Phase Change

The interference between
SPPs generated at inputs |1
and 12 determines output at

O1 and O2.

H. Wei et al. Nano Lett. 11, 471 (2011)
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Hongxing Xu Lab, CAS



Plasmon Switchs in Plasmonic Network
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Plasmon Switch#3
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Plasmon Switchs in Plasmonic Network
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Plasmon-Based Interferometric Logic and Computing

AND 8—L§mpty 2% é—Ls 1 D
0 0] 0] 1
0 B 0 Q. 1 Q. 1 QB
OR 0 0 1 1 0 1 1 1
0] 0] 1 1
1 _control 1
NOT 0 1 S
OLempty (])_L % Q. 1L
NAND
1= 1= 1= 1=
control 1 1 0]
0] 0] 1 1
0 QB 0 1L 1 OL 1 1L 0
Adder ¥ 0 ¥ 0 E 0 1

0+0=(0 0) O+1=01) 1+0=(01) 1+1=(10)

Complete set of Boolean logic functions can be realized!
H. Wei et al. Nano Lett. 11, 471 (2011)




« Examples of Boolean Logic



21607 uvajoogy

OR Gate

Input Output
A B A ORB
0 0 0
0 1 1
1 0 1
1 1 1




21507 uvajoog

NOT Gate

( B < )

Input

Input — Output

Input Output
0 1
1 0




AND Gate
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@ (0,1) —0 (1,0) —0 (1,1) —1
Y
= Input Output
QN A B A AND B
.
S 0 1 0)
1 0 0)
1 1 1
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Half Adder

Half-adder:

Add two one-bit binary number A and B.

S is the sum, C is the value carried on to the
next addition.

A+B=(C S)

1 1

‘j¥ A, S
S ﬁo ﬁ

0+1=(0 1) 1+0=(0 1) 1+1=(1 0)




Cascaded Plasmonic Logic Gates

laser 1 =———
laser 2—— OR

Control laser

The control signal inverts the output of the OR gate, resulting in

the NOR operation.

2 laser
"n—|—| SBC1 |—||—
i ‘ ‘ N BS
PLR A2 PL CcCD
BS%»‘—- SBC2 ‘ \'\
PLR A /2 PL ‘ BS <«  —~——=lens
g
| N\ BS
S —5—n
PLR A2 PL e

Wei et al., Nature Communications 2, 387 (2011)




Cascaded Plasmonic Logic Gates
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Cascaded Plasmonic Logic Gates

Table 1| Outputs of logic gates.

Input Output
1 2 Y\ C OI1=110RI2 (01,C)=NOTO1 {O=11NORI2)
0 0 1 0 1 1
0 1 1 1 0 0
1 0 1 1 0 0
1 1 1 1 0 0
AL y,

OR

- Wb
i = = /_.'. &

The control signal inverts the output of the OR gate, resulting In

the NOR operation. Wei et al., Nature Communications 2, 387 (2011)



Mechanism

The local field intensity at the C
branch junction determines how well
the interference can be, i.e.,
determines if the OR operation can
be inverted by the control beam.

Wei et al., Nature Communications 2, 387 (2011)
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Near-field, Network and Logic

Wire plasmon modes/Chiral wire
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Tunable wire plasmons
Substrate-Mediated Plasmon

Plasmon Amplification



Plasmon modes excited in metal nanowire

Zhang et al

s
N 4

m=2

., PRL 107, 096801 (2011)



Mode characteristic

symmetric Asymmetric

Field distribution outside Ag
nanowire:

E,,(1) = A,K,, (k,r) exp(ik.2)

Effective refractive index: vy
Ny = kP/ Ko

Symmetric
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24}
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3 20f E
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1.8 F
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L ‘ Stop propagation Evolve into
Aot for increasing loss plane wave
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Mode superposition
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Chiral surface plasmon polaritons

Zhang et al., PRL 107, 096801 (2011)



Chiral surface plasmon polaritons

Helically propagating
chiral SPPs

Zhang et al., PRL 107, 096801 (2011)



Deqgree of circular polarization C
~ AE(HE (1)sin(d, — 5.))
(Ex(1)) + (E3(1)) + (EZ(1))

Figure of merit f

f=1XC*

Zhang et al., PRL 107, 096801 (2011)
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5 B U R 5 — Controlling near field beating period

Al203 thickness

30 nm
Medium
 ()Ds
= . 50 nm
- L Ag NW
¥ Substrate
80 nm

Ag NW of radius

155 nm coated Period
with 30 nm Al,O4

2.9 um 1.3 um
+ 5 nm Al,O,

3.3 um 4.4 um
+ 10 nm Al,O,




Energy (eVv)

{‘I.Su bstrate Effect
5 E

15

Re(k,) (")

Il. Coating Effect




Controlling plasmon transmission in NW networks

Intensity (au)

Intensity (au)

. F

@w

n

=

™

original
+5nm
+10 nm

TerminaI:A

@w £

original
+5nm!
+10 nnk

_ TerminaI:B
[

500 600 700 800 900

wavelength (nm)

original

+5 nm

+10 nm

By controlling the dielectric coating thickness, plasmons of
certain wavelengths can be routed to different branches.



Mode
conversion

Induced by
Structure

Symmetry
Broken

-----------------




Particle-mediated mode conversion

g X Ty Symmetry:
A 4 z

y direction: broken

_ x direction: - preserved
I : ~

2 T _ / / S is Hermitan matrix
Sdle 1wl = [lho 1ol |
Off-diagonal element is
conversion efficiency

Simulation for conversion from mO to m1 -
|*| max

27
(neff mo neff ,m1)7 LC =7




Experiment proof

nanowire radius: 150nm




Theoretical description

€ Expression of plasmon modes
| 2)={-E E| o)={E E}

Power of the two modes: |, =1,

®TM, as incident: 7%|p,)={-E E}

I i : - : T(R T'(R
scattering mainly influence field on one side - w0

F {8 E}-(861)/2l0)-(1)/2]0)

"= (\f’/(g +1) I, / 2 S, =(Pa1) /4 s, =(86-1) /4




Two conversion processes

| Direct scattering: ‘ s
J:j:/ Dipole: radiative

A

¥ - F - + -

T

A=633 nm
Off Resonance




Two conversion processes

Il Recollection: arg (¥4
Quadrupole:

near field coupling

NN

S

A= 500 nm
Phase retardation



Process | dominant region:

Transmittance

Power of two modes at output for
varying h. (Normalized by input power)

120nm

1.0 . . - .

0.6 F

0.4t

- — - mO-process | !

0.2

n=1.56

—

1. Get simulation result
2. Coefficient [t]:

N

3. Conversion efficiency of
through process |

- mi-process| \\» (|Bfex 1)2 / 4

0.0

-
— e
— o

A =633nM Rs=60nm far away

from quadrupole resonance ® .4




Process Il dominant region:

Power of two modes at output for Conversion efficiency for Process
varying wavelength (h=7nm)

1.0 T T ' T T T T T ! J " T ) T
T imuta
0shk : g | simulation l 0.4+
2 oo , 3
- — - m1-process | i
é 06 L |- TR ! equation §
g L
S 04f J g o02r
= | = |,
02} //_
00 —".—-.4-”’. —.n _T--| i :"" 0.0 . ! . ! : L
400 480 560 640 720 400 500 600 700
wavelength (nm) wavelength (nm)
N J
Y H—/ |
Process Il dominat: Process | dominat: QuadrUpo € resonance
—
Far from @ quad Far from @ quad — o neff ,mO0



Application for switch
(b) 0.4 -

-
03k < e

Iout/ I0
"

single-pole double-throw switch 0 a6 12 08 04

(c)
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Substrate-Mediated Plasmon Coupling

A B‘_-=@CO

1R OMORED,
l% - 4 = d = e
wire SPPs in air 4 Coupling via substrate = Hybridized modes

Zhang & Xu ACS Nano, accepted



Leaky radiation into substrate

A 60— .G=w
e G=0nm
aG=5nm
v R=60nm
<« ng=25

The propagation length of the
H, mode can be larger in NWOS
than that in air.

Wavelength (nm)

Leaky region

When the phase constant 3 < n_k,, the A 4 7
mode can leak into the substrate as it
propagates along the nanowire. This is an S 3.
big drawback for the NWOS configuration. O M,
> { HE;
e s | — HE
| } | i — Hy
/_L\:_L\‘—Lk glass {: g;
1 L] L] L] L] 1 LJ |
substrate 0 20 30 40
Shegai T et al., Unidirectional Emission ... B (um)

Nano Lett. 11 706=711 (2011) Zhang & Xu ACS Nano, accepted



Bound vs. Leaky region

A =685nm
20 nm _
| ] 3
N

n,=2.5,R=40 nm

N A=950 nm
o -

( N y X . 0 1.0 2.0 3.0
20 —— : - X (um)
| l
€ | I _ —a— 685 nm —e— 950 nm
3. 10 ' ' -
= n,=2.5 ' : S
| l ®
O — T
500 600 700 800 900 1000
Wavelength (nm) 05 1.0 15 2.0 25

x (um)
Leakage raises the propagation losses, which prevents the NWOS to work with high-

permittivity substrate and in long-wavelength region Zhang & Xu ACS Nano, accepted



Layered substrate provides an optical barrier

)

N max

Si =

=

Silica N

§ E

z g

c o, g

g Silica N
(=

A =1550 nm

The thickness of
the Si layer T=30
nm in (i).

Heat (a.u.)

05 10 15 20 25
x (um) Zhang & Xu ACS Nano, accepted
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CdSe nanobelt/Al,0,/Ag hybrid plasmonic waveguide

CdSe NB

Al,05
Ag

plasmonic photonic

Liu N, et al., Scientific Reports 3, 1967 (2013)



Weak signal amplification in plasmonic waveguides

“Pump-Probe” setup to measure optical gain of plasmonic waveguides

6501£20 nm
Pump Amplified
signal
73015 nm
Signal Tt

probe only  pump only  probe+pump

awof w0
4000 t All wavelengths in the probe signal,
B . . spanning over 10 nm, are amplified.
3 20001 I ' broadband loss compensation
1000{ | ! BK -
{] 1
o 4 8 700 720 740 760
Time (s) Wavelength (nm)

Liu N, ez al., Scientific Reports 3, 1967 (2013)



gain for TM and TE modes

Ion o Is
G(dB)=101log (Tp> =101og(G) output intensity 25 pump location

T T T Ty
... 1
8. -
2 6. ) S120.
~— @ —
& " 5 80
4 - &)
| 40 . u
e
ey T—TTrTTTY =TT r— 0 1 2 3 4
0.01 0.1 1

. _ Position (um)
Pump intensity (kWW/cm?2)

m : parallel polarization (TM)
® : perpendicular polarization (TE)

Propagation loss coetficient:
6230 cm-1 for TM mode;
11420 cm-1 for TE mode.

Internal gain coefficient:
g = 6140 cm-1 for TM mode;
g = 6755 cm-1 for TE mode.

The propagation loss of TM mode was almost fully compensated.

Liu N, et al., Scientific Reports 3, 1967 (2013)



Emission polarization for input signals of TM and TE polarization

A8

>
probe: 0 = 0
° pump: 0 =0

The polarization of the compensated
signal (green) follows the polarization of
the probe signal (red). 270

Liu N, et al., Scientific Reports 3, 1967 (2013)

210



Comparison of gain in plasmonic and photonic waveguides

G=Gyln— |,: transparency pump intensity, indicating the start of gain
-rrrmrr......m T 1.2  BEEELEEE E S e e S e S e |
. —
84 p| : il .
| Flasmonic "n | __ 084 Photonic .
=~ o
- 6 =
o O 04 - -
4.
| , 004 o . .
2. Itr:2.8W/Cm2' Itr:3OOW/Cm .
04 4t
0.01 0.1 1 02 04 06 08 10 12 14 16
Pump intensity (kW/cm?2) Pump intensity (kW/cm2)

Internal gain coefficient g = fg

f: fractional factor as the ratio of electric field in CdSe nanobelt and in entire structure.
£=0.64 for plasmonic, f{=0.52 for photonic

g _: material gain coefficient

Pump rate determined by the electric field intensity within the CdSe nanobelt: 2.34

The transfer of photo-generated hot electrons from Ag film to CdSe nanobelt results in t
large difference of |, for plasmonic and photonic waveguides.



Summary

——

® Quantum dot near field imaging

® Plasmon-based nanowire devices:
switch, splitter, router, A/4 wave plate,

® Interferometric logic, cascade

® Effect of dielectric environment,
controlling the beating periods

® Directional propagation in Ag film

w
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N
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