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1 Introduction
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The SPR(surface plasmon resonance)[2] is the century-old technique from the finding
of the Wood’s anomaly for the reflected light from the diffraction gratings[3]. After
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Otto’s demonstration[4] for the surface plasmon excitation by light with attenuated-
total-reflection(ATR) coupler[5], the SPR method applied to the organic films[6] or the
detection of antigen-antibody reaction[7]. The SPR theory is also well established[1],
and the recent advance in the measurements can be reported in the reviews[8, 9, 10].

In the SPR method the dielectric constant change in the sub-nm region from the
surface can be measured and the method can be easily applied to the adsorption phe-
nomena in the electrochemical environment[11, 12], where the capacitance can be
measured simultaneously and get the complementary information of the change in the
dielectric properties on the electrode surface.
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2 Maxwell Equation

The Maxwell equations are described *

divD = »p (1)

divB = 0 (2)
0B

I'OtE = —E (3)

rotH = J+ (98]? (4)

Here we use MKSA-SI unit. The electric field E (Vm™!) and magnetic field H (Am™1)
are related to the electric displacement (or dielectric flux density or electric flux density)
D (Cm~2) and magnetic-flux density (or magnetic induction) B (T:tesla = NA~!m~1)

D = ¢E (5)
B = upH (6)

Here € and ¢y are the dielectric constant (with no dimension) and electric permittivity
of free space [8.854187817 x107'2 Fm~! (= CV~!m™1)], respectively. u and pg are
magnetic permeability (with no dimension) and magnetic permeability of free space
(47 x 1077 NA~2), respectively. We will assume the Ohm’s law for the relation between
the current J and the electric field E

J=0E (7)
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2.1 Energy Conservation and Poynting Vector

The equation of motion of point charges is °

mif; — / dr {e:6(r — ri()E + e8(r — 13(£))#; x B}
If we apply (3°; vi-) from the left, and the velocity is defined as v; = r;

Zmivi v o= Z/dr eid(r —ri(t))vi - E+eid(r —ri(t)) vi - [vi x B]

= Z/dre, t)v;-E (8)

From the definition of the current and the Eq.(4).

J = Zeifi(t)d(r—ri(t)) (9)
oD
= H- — 1
rot ot (10)
Then
d (1 9 B
;a <2mzvi) = /dr <rotH ) -E (11)
10 oD 0B
= E- a—D — H - rotE
ot
4 Lnv?) = /dr[—(E D+B-H)
dr \&2™ 2 Ot
—H - rotE + E - rotH
=—div(ExH)
4 Zlm-v2+ 1/alr(E D+B-H) = —/dS [ExH] n (12)
dt | &2 2 N —
—_——— } Poynting vector

kinetic energy total energy of electromagnetic field

From above equations the Poynting vector S[= E x H] means the energy flux going out
from the system.

2.2 Wave Equations

From Egs.(3) and (6)
OH

9 (13)

rotE = —pupo——
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From Eqs.(4), (5), and (7)

rotH = ocE + eeoa—E (14)
ot
If we apply Vx to Eq.(13) and 9/90t to Eq.(14) and using the relation
i j k i j k
VXVXE:rota%a%%: 8% 8% %

il - k[

_ »’E, OE, OE, N O*E,
N oxdy  Oy? 022 0x0z
o (0E, OE, OE,\ .0 .. J ..
i— —divE 4+ k—divE
183: ( ox + oy + 0z > +J8ydw * 8zdw
~iV?E, — jV?E, — kV’E,
— grad(divE) — V’E (15)

If we assume p = 0, divE = 0 then

OE O0’E
2p
V°E = THH0 5 + [o€0 5 5 (16)
In the same way we can get
OH 0’H
2 —
V°H = e + fiHo€€0 55 (17)

In the case that the electric field has a plane wave form
E = Eoei(k-rfu)t) (18)

where Eg is the polarization vector and the wavevector k is in the direction of the wave
propagation and the magnitude is given from Eq.(16)

k* = iopupow + ppoecow? (19)
In vacuum, e =1, u=1,0 =0 and ¢/v = \,c/w = \/(27),k = 27 /X = w/c then

¢ =1/\/loeo (20)

The complex optical index n may be given by

27 w nw

e (1)
72 = k2 Jw? = pe + i ZE (22)
€ow

n=n-+ik, k=nw/c=(n+ir)w/c (23)
where n and  are the real and imaginary part of the complex optical index, respectively.
E(zt) = Epeilket) = Foemrws/cgilnws/e—wt) (24)

I(2) x E*E=|Ey?e /¢ = [je™®*  (Lambert’s Law)
a = 2krw/c (25)
W? = E=e€ +ie [n=1,0 =0 in Eq.(22)] (26)
e = n®—kK% e =2nk (27)



Here « is the absorption coefficient, € is the complex dielectric constant, €; and e are
the real and imaginary part of the complex dielectric constant, respectively.
If we take divergence of the plane-wave electric filed,

o .9 .0 ;
divE = (iax g+ iaz> - (Bogd + Eoyj + Eo:k)e'Fevthvythzmwt) - (9g)
= i(k‘xEO:p + kyEOy + szOz) =ik - Eg (29)
S ) (30)
€QE

Then we can find that the electric field is transverse wave, i.e. k 1L E.
If the magnetic-flux density B is written as

then the magnetic-flux density satisfies Eq.(3), because

OF OF

E — i z ULy N 2
rot i oy o ) (32)
— ikxE (34)

OB kXxEyp .k
o " (—iw)e (35)
= kxE (36)

In vacuum o

[Eol _ pow _ _pow A0 _ gue oy (37)

Ho| &k eofiow €0

2.3 Boundary Conditions at a Interface Between Different Media

Now we think a interface which is at the boundary medium 1 and 2 as shown in Fig.1.
From Gauss law, we can get the following for the Gauss box which include the interface

inside the box,
/drv.D:/D.ds (38)
1% T s

In the limit that the Gauss box is very thin (6h — 0)

/V drp = Qpox =n - [D1 — Dy]S (39)
where vector n means the surface normal unit vector pointing from media 2 to 1.
n- [D; — Do] = Qpox/S = 012 (40)
where 012 means the interface charge density. From V-B =0
n-[B; — By =0 (41)
As shown in Fig. 2 for a general vector field V(r), Stokes theorem gives

f Vodr = (D)4 (1) + (II) + (IV)
= Vi(zo,yo)dx + Vy(xo + dx,yo)dy + Vi(xo, yo + dy)(—dz) + Vy(x0, yo)(—dy)



oV,
- Vx(x()v yO)dx + [Vy(l‘ﬂa yO) + de]dy

Oz
)%
—[Va (20, yo) + a—ydy]dm — Vy(@o, yo)dy
(aa‘;y - 08‘;;:) dzxdy = (rotV), dzdy

v

A
S
-

medium 1

oL 5

medium 2 b

Figure 1: Gauss and Stokes box

y
A
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p X
Figure 2: Stokes theorem
From Eq.(3) and Stokes theorem we can get
]{ E-dr = /rotE-dS
C S
0B
= — | — -bd
s Ot s
(5T[E1 t1+ Eo - tz] = _6981? -bdéréh — 0
t = t;=—t9

t-[E;—Eo] = 0

Here b is the unit vector defined by b =n x t. From Eq.(4)

%H-dr = /rotH-dS
C S

oD
__L@+m>bw



D
5T[H1 -t + Hy - tg] = <J + 8675) -béréh — J - bérdh
t-[H —Hy] = J, [=surface current density(Am™1)]

3 Reflection and Transmission
Now we define the incident plane wave as
E= Eloei(k-r—wt)7 w = w(k), B— k x Eg 6i(k.r—wt)
w

reflected wave as

/
k' x RO ei(k/~r—w’t)
!/

E/ — Roei(k’~r—w’t)7 u‘}/ — w/(k/)’ B/ —

w
transmitted wave as

"
k" x TO ei(k”l‘—w”t)

SV e
E' = Toez(k r—w t)’ W' = w”(k‘”), B — .

w

EP
T
(20
E;
Uk medium 1

X

y X
I medium 2

. = T,
9 2
A 2
T
k”

Figure 3: Reflection and Transmission of Light

From Fig.3
k = (ksin6,0,kcosf)
k' = (K'sin®,0,k cos®'), m=) = _cos ' + isin®’

K’ = (K'sing”,0,k" cosd”)

The p-wave has the components of & and z, but s-wave has only the y component. 6
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3.1 Condition I: t-[E; —Ey] =0
From Eq.(46) the tangential component of the electric field become

E.+E, = E! atz=0

Ep COS Qez(k sin Oz —wt) + Rp COS Hlei(k’ sin@’'z—w't) _ Tp cos gl/ei(k” sin 0" z—w''t)
For any = at z = 0 this condition should be satisfied, then

/ "
w = W =Ww

ksind = Kk'sin@ =k"sing”
The magnitude of the wavevector is given by Eq.(21)
sinf = sin® = sin(r — ), because k =k’

The incident angle equals to the reflection angle, and

w w//
ksin® = f;—sinf = k" sinf” = fig— sin §”
c c

Then we can get Snell’s law because w = w”
fi1 sin @ = 79 sin 6”

The Eq.(58) becomes
(Ep, — Ry) cos = T, cos "

From Fig.3 we can get

E, cos® —R,cos b T, cost”
Ey = E; yRo = Ry , To = T
—E,sin6 —R,sinf —T,sind”

For y-direction we can get the condition

E,+E, = E; atz=0

(Es + Rs)ei(k sin Oz —wt) Tsei(k” sin 0" x—wt)

(Es + Rs) - Ts
3.2 Condition II: n-(B;—By)=0
For the boundary condition in Eq.(41)
i i k
kxEy = ksinf 0 k cos

E,cos0 E, —E,sinf
= k[~iEscos0 + j(E,cos® 0 + E,sin? ) + kE; sin 0]

—kE, cos0
wB=kxE; = kE,
kEsin 6

(63)

(64)

(69)

(70)

000 (00000070 000000000000000000090°00000000Ms00s000
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i j k
K'xRyg = ksin 6 0 —kcosf
—R,cosf Rs; —R,sinf

= k[iRscos + j(R,cos* 0 + R,sin?0) + kR sin 6] (71)

kR cos0
wB' =K xRy = kR, (72)
kRgsin 6
i j k
kK"xTy = | k"sin0” 0 k"cost”

Typcos0” T, —T,sin”
= K'[~iTscos 0" + j(T, cos® O 4 Tpsin® ") + kT, sin0"]  (73)
—k"T, cos 9"
WwB' =K' x T, = K'T, (74)
k' Tgsin 0"

The boundary condition B, + B., = B! becomes

k sin 6 (Es + Rs)ei(k sinfr—wt) _ K Si)n 0" Tsei(k" sin 0" z—wt) (75)
11 (Es + Rs)sinf = 15T, sin6” (76)
Es + Rs = Ts (77)

We used Snell’s law in the last equation. This equation is the same as Eq.(68).

3.3 Condition III: n-(D; — Dy)
For the boundary condition in Eq.(40)
€~1€0(EZ + E;) = €~260E;, + 012 (78)
€1e0(—E,sinf — R, sin 0)e!Fsm0o=wt) - — g e (— T sin @)K sin0"z=wl) 4 50 (r t)
00 00 )
o12(r,t) = 6(2)/ dk/ dwoyy(k, w)e'kz=wt) (79)
—00 — o0
In Eq.(79) we used the Fourier transformed charge density oi12(k,w). If we apply

(1/27)? [ [ dzdte=" ¥ ="t then we use (1/472) [ [ dzdte!(ksin0s—kw)g=ilw—")t — §(k sin §—
k")6(w — ') and the above equations are held at z =0

é1e0(—Epsind — R, sin6)d(ksind — k')d(w — ') = —€2e0T, sin 0”5 (k" sin 6" — k')
5(&] _ Ld/) + //dk///dw///0_12(klll’w/l/)é(k/// _ kl)é(wlll _ CU) (80)

o12(ksinf, w)

i2(E, + Ry)sinf = 12T, sin 0" + (81)
€0
From Snell’s law (82)
~ - o12(ksinf,w)
m(Bp+Ry) = 10T, + ———t (83)

€gn1 sin 6

Here we can neglect the o1a(ksinf,w) term .

"Laser light(10 mW He-Ne, focused to 20 um, 10*® photons/s/m? = I/(hw) I = ceoE3/2 (J/m?/s
= W/m?) ¢=299792458 m, Ey = 1.5 x 10° V/m ) Bright sunlight (average 480nm, 10*® photons/s/m?



3.4 Condition IV: t-[H; — Hy| = J;
Hy+Hy = Hy+ () (84)
Hy+H, = H]+(J), (85)
B, = ppoHg,...... (86)
(e, )], = / / dhdw[T(k,w)]e®e=<D  (87)
<_ kEgcos 0 n kR cos 9) gilksinfo—wt) _ k"T, cos 6" GO s -t) g
H1pow 1 pow U2 oW
~ 0 ~ 0//
O (B~ Ry = 220074 ol Jy(ksind,w).  (88)
M1 K2
kE kR o H k,/T ; e 1"
< D P >ez(ksm9:):wt) — p ez(k sin 0" z—wt) + [Js(r7t)]y (89)
[ifiow [ fow 2 piow
B, +R)) = 2T, + cuolJs(ksinb,w)l, (90)
%1 K2
3.5 Reflection and Transmission Coefficients
In the end we can obtain the following equation for p-wave
(E, — Ry)cos = T,cosb” (91)
~ . o12(ksiné,w)
E = T+ — 2
71 ( p+Rp) nadp + coriy sin 0 (92)
"B, +R) = 2T, + cuolJs(ksinb,w)], (93)
41 M2
and for s-wave
Es+R, = T, (94)
=~ 0 ~ 9//
O (B —Ry) = 222074 ol sin 0, w)], (95)

M1

12

3.5.1 Usual Solution: No Absorption in the Media 1 and 2.

Here we assume that o12(ksinf,w) = 0, Im(712) = 0 (later we will consider the case
that the optical constant is complex, i.e. the medium absorb the light.), wp; = g =

1, [Js(ksinb,w)], =0, [Js(ksinb,w)], =

0. Then for p-wave we can get

(Ep — Ry)cos = T,cosb”
ni(Ey, + Ry) = naT),
and for s-wave
Es + Rs = Ts

nicosO(Es + Rs) =

ny cos "' T

Ey = 18V/m.) For electrochemical systems o12(ksinf = 0,w = 0) is the order of 10 uC/cm?*= 0.1
C/m? (fully dissociated 3-mercaptopropionic acid in the v/3 x /3 structure on Au(111) surface = 0.74
C/m?). o12/e0 = (1 ~ 8) x 10'® V/m. However, the surface charge at the electrode in the w = 0 limit do

not couple to the photon field at w = wphoton -

10



If we define the amplitude reflection coefficient r and the amplitude transmission
coeflicient for s- and p-waves,

Ry
= 2P 100
Tp Ep ( )
T
t, = L 101
P Ep ( )
R
= — 102
Ts E, ( )
T
te = — 103
s Es ( )
(1—rp)cos = t,cos6” (104)
n1(1 + Tp) = natp (105)
(106)
and for s-wave
l+7rs = t, (107)
nicosf(1 —rs) = mngcosf’ty (108)
We finally get the Fresnel(O O O O ) equations
—nq cos 8" + ng cos
= 109
"» nq cos 0" + ny cos 6 (109)
211 cos 6
— 110
P nq cos 0" + ny cos (110)
n1 cos — no cos §”
= 111
s n1 cos 8 + ngy cos (111)
2 0
b, = n1 cos (112)

n1 cos 6 + ngy cos 0"

The reflectance R is defined as the ratio of the reflected power (or flux)
to the incident power of the light
I'Acost I R?/(2
_ cost I' m /( c,ug):rz (113)
TAcos® I  niE?/(2cu)
The radiant flux density I (W/m?) is given by the averaged Poynting vector < ExH >=
nE?/(2cpp). In the same way the transmittance T may be given by
~ I"Acost" vieT?cos 0" mnocos”

T— _ _ ¢ 114
TAcos vi€; E2 cos 0 ny cos 6 (114)

In Fig.4 and Fig.5 the r,t, R, and T are plotted for the air(1)|water(2) [air—water]
and water(1)|air(2) [water—air] interface, respectively. ® In the both cases t5 and t, are

SFig5 0000000000000 0000000D0ds0D000000D00000D0oooong
UOsOO0000b0oooooooooooobbooooboooooboboooboooooosbboonoonoo
goboooooooooooooooooooooooooooobooooooooboooobOboobo0oooo
gooooooooooocooooooobooooooboOoboooobooooooDbOoboOooooboOoOoOooo
0000000000000 00000000000000000000000LCD(liquid crystaldisplay)
ooooooooooooboooooooobooobo4 0000000000000 Ob0O0 40000000
oooooboboooobobooooooooooonon

00000 |0000000000o0oooooo0o e6°00000000000=10000=00
ooo
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sin(r/2—60) = cosf

A = Scosf

Figure 4: Angle dependency of the intensity of light

always positive, and this means the phase shifts of transmitted wave are always zero.
For the case of air(1)|water(2) [air—water] rs is always negative and r, is positive for
0 < Op,air—water and become negative for 6 > 0, 4ir—water- These means that the phase
shift is 7 for reflected s wave and phase shift become 0 to m at 0, gir—water- For the case of
water(1)|air(2) [water—air] r4 is always positive and r, is negative for 6 < 8, water—air
and become positive for 6 > 0, yater—air- These means that the phase shift is 0 for
reflected s wave and phase shift become 7 to 0 at 0 water—air- In Appnedix the plot of
the phase shift of the reflected s and p waves are shown. We also shown the condition
of the black film formation in Appendix.

Air(n,=1)|Water(n,=1.332) Interface :He-Ne Laser Air(n, =1)|Water(n, =1.332) Interface: He-Ne Laser

1 T T T T T T T T 1
0.8
0.6 08 r
04 |
0.2 — 06

0r S
0.2 f T 04l
-0.4
-0.6 02 r
-0.8

-1 L L L L L L L L 0 T T L 1 L

0O 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
incident angle (degree) incident angle (degree)

Figure 5: Reflection and transmission of He-Ne laser light at air|water interface

3.5.2 Brewster angle

In Figs.4 and 5, we can find the point 7, = R? =0 9and this condition is given by

sin 6

—nycos0” +ngcos = —ny (cosf” — —
sin

C089> =0 (115)

0" 4 o0 i _ =i iy —if i _ =il
(cos@"sin@” — cosfsinf) = : — .
2 21 2 21

‘D00000000,Brewster 000000000000 00 pO0O000O0D00O0OOO0OO0OOsO0O
oooooooooooboooooooooo
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Water(n,=1.332)|Air(n,=1) Interface :He-Ne Laser Water(n, =1.332)|Air(n, =1) Interface: He-Ne Laser

3 1
08 r
— 06 r
S
T 04t
0.5 r
> 02
0 Tp
.05 . . . . . . . . . 0 ; ; T . . L
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
incident angle (degree) incident angle (degree)

Figure 6: Reflection and transmission of He-Ne laser light at water|air interface

011 011 . .
6229 _ 67219 6210 _ 67210

44 41
2isin(260") — 2i sin(26)
= ; p— 0
43
Then -
0 =3 -0 (116)

The angle between the reflected light and the transmitted light is orthogonal.

ng sin 0" = ngsin(r/2 — ) = ny cos @ = ny sinf (117)
OBrewster = tan ! (772) (118)
ni

From air to water reflection, the Brewster angle is 53.10 degree, and from water to
air the angle is 36.90 degree.
3.6 Total Internal Reflection

Now we will consider the case that the angle #” between the transmitted wave and the
surface normal is 90 degree, i.e., sin ¢! = (ny/na)sinf. = 1. Here

12
n

0. = sin

(119)

and should ne < nj. For water to air reflection 6. = 48.66 degree. In this situation the
transmitted light is along the surface parallel direction. What happens if 6 > 6.7

cos " = \/1 —sin? 9" = i\/sim2 0" —1= i\/(n1/n2)2 sin?6 — 1 (120)

The transmitted wave can be written as

E// — Toei(k”~r—w”t) (121)
_ Toei(k” sin 0" z+k" cos 0" z—w''t) (122)
NI/ I, _ L 2 in2 9
_ Toez(k’ sin 0" z—w t)e k"+/(n1/n2)?sin® 6—1z (123)
An2usin6” it _TLQW\/W
= Tee'™ <« %™’ c z (124)

13



2ngw/ (ny/ng)2sin2 -1

z

The transmitted light intensity decays as e~ c . The decay length is
the order of wavelength because ¢/w = \/27. The Poynting vector S in the z direction

in the medium 2,

1
z-(S) = Q;LO,u,Re(E x B") .z
1
= Re[E x (K" xE"*] -z
T [E x ( )]
1 "
— Re[k/l‘E//’2 _ E *(k// . EI/) .z
2p0pw 5
1
= Re( z-k’ E"|?)
2p0pw —~

k'’ cos f=pure imaginary

= 0

(125)
(126)

(127)

(128)

(129)

Thereby the energy flux to z direction in the medium 2 is zero. We call this exponential-
decay wave as evanescent wave, and is used for some interface spectroscopies to detect

species located at the evanescent field.

3.6.1 Phase Shift of the Total Internal Reflection Wave

For the total internal reflection the amplitudes of the incident wave and the reflected

wave are the same but there is a phase shift between them.

nocos® —mnjcosf”’ a—ib  a® —b% —2iab

S _ _ —is,
P nocos @ + nicosf” a4+ ib a? + b2
a = mngcosh, b:nl\/(nl/n2)2sin29—1
2ab
tan(5p) = m
nycosf —ngcos®’ c—id c*—d*—2ied
T = = = = s
y nicos® +ngcosd”  c+id c2 + d?
¢ = mnjcosb, d:ng\/(nl/n2)2sin20—1
2cd
tan(és) = m

3.7 Metal Surface

(130)
(131)
(132)
(133)
(134)

(135)

For the metal surface the optical index becomes complex because some part of the light

is absorbed by the electronic transition of metallic electrons at Fermi level.
Ng = ng +ike, k" =nsw/c= (ng+iky)w/c
From the condition I,
n1sin® = fgsin@” = (ng + ikg) sin§”

Now 0" is complex, and we define[13]

focos®’ = wug +ivy, Here us and vy are real.
n2
(ug +ivg)? = ficos’#’ =n3(1 — T% sin?@) = 72 — n?sin’ 6
7
2

14

(136)

(137)

(138)

(139)
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Figure 7: Phase shift of the TIR wave (He-Ne laser) from water|air interface.

For the real and imaginary parts of Eq.(139)

ud —v: = ni—k3—nisinh? (140)
271,21)2 = 2’)12/4,2 (141)

Then we can get

n3 — k3 —n?sin? 6 + \/(ng — k3 — n?sin?0)2 + 4nk3

ui = 5 (142)
—(n% — K3 —n2sin?0) +\/(nd — K3 — n?sin? 0)2 + 4n3k3
= 2 — k=M \/ 22 2= M 25 (143)
For p wave,

i6, _ T2 cosf) —nycos®”  f3cosf — nyigcos b’ (144)
r, = ppe'Pr = — = - ~
P P Tig cos 6 + nq cos 6" n% cos 8 + ning cos §”

(n3 — K3 + 2ingka) cos O — nq (ug + ivo)

_ 145
(n2 — K2 + 2ingka) cos O + nq (ug + ive) (145)
2
5 (n2 — K3) cos O — nyug + i(2nakg cos § — nqvg) (146)
Pp = (n% — K2) cos O + nyug + i(2naka cos @ + nqvs)
B [(n3 — K3) cos O — njus)? + (2n2k2 cos O — njvg)? (147)
N [(n% — Kk3) cos 0 + nyuz)? + (2nakg cos O + nyvg)?
tang, = {[(n3— K3)cosO + njug)(2nakg cost — nlvg) [(n3 — K2) cos @ — nyus]
(2ngky cos O 4+ n1v9)}/[(n3 — K3)? cos? @ — n3us + 4ndk’ cos § — nivl]
2 — k2
= 2ngcosf natizky — (ng — k3)vs 5 (148)
(n3 + 13)? cos? 0 — ni(u3 + v3)
~ 217 cos 0 21179 cos 6
t — ’LXP — = 149
P € n1cos@”’ +ngcosd  nyingcosf’ + ﬁ% cos (149)
B 2n1m9 cos O + i2n1 ks cos (150)
© naug + (n3 — K3) cos O + i(nyvg + 2naka cos f)
2 2
2 2 2 ny + Ky
= 4 0 = 151
T 11608 [n1ug + (n3 — K3) cos 0] + (n1ve + 2nakg cos )2 (151)
tanx, — 2nycosd nikoUg + Hz(n% — /1%) c;)se — NNV — Qn%ng cos 0 (152)

219 cos O[nFug + ny(nd — Kk3) cos O + nykovy + 2nak3 cos )
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The ¢, in the book "Born and Wolf, Principles of Optics (7th ed) p.575 Egs.(14) and
(15)”[13] may be wrong.

For s wave
S Gide _ T cos 0 — 75 cos 0" _m cos O — (ug + ive) (153)
5 Ps ny cos 6 + ny cos 0" n1 cos f + ug + ivg
9 ‘THCOSQ—U,Q—M)Q 2_ (n1cos® — ug)? + v3 (154)
Ps npcos® +ug +ive|  (ngcosf + uz)? + v3
—2v9n1 cos 6
t = 155
an s n? cos? 0 — u3 — v3 (155)
b= e — 2n7 cos 0 _ 217 cos 6 (156)
nycosf + nocosf”  nmpcosl+ us + ivy
9 2nq cosd 2 4n? cos? 0
TS = . = 5 5 (157)
n1 cos 6 + us + vy (ny cos b + ug)? + v3
2v9m1 cos 6 ()
ta = — = — 158
nXs Qn% cos? 0 + 2usng cos n1 cos 0 + us (158)

For He-Ne laser (632.8 nm) the reflectance at the air|gold surface (n = 0.181,x =
2.99) is shown in Fig.7. For IR light at 3100 nm the reflectance at the air|gold surface
(n=1.728,k = 19.2) is shown in Fig. 8.

250
s-wave
200 \
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o
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ks 5
® g 100
©
=
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50 r
0.86 L L L L L L L L 0 L L L L L L L L
0O 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
incident angle (degree) incident angle (degree)
Figure 8: He-Ne laser (632.8 nm) reflection from air|Au surface
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S 092t e
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T o 80Ff
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Figure 9: IR light (3100 nm) reflection from air|Au surface

The intensities of light in the z- and y-component per unit area on the Au surface
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becomes
(E;‘/EP)Q/COSQ = |Eo, + ROz\Q/Ez/COSQ =|— E,sinf — Rpsin9|2/Eg/cose
| — Epsinf — rpE),sin 9[2/E§/0089
= |- E,sin@ — (p,cos ¢p +ippsing,) Ey sin9p|2/E§/c089

= sin6?(1 + 2p,cos ¢ + pf,)/cos@ (159)
(EV/E)?/cos® = |Eg, + Royl|?/E2/ cost

= |Es+ Rs|*/E?%/cos® = |E, + r,E|*/E? cos 6

= (14 2pscos ¢+ p2)/ cosb (160)

These equations give the basics of the surface sensitivity of the RAIRS(Reflection Ab-
sorption Infrared Spectroscopy) and Polarization-Modulation FTIR spectroscopy, and the
angle dependence are shown in Fig.9. The 180 degree phase change of s-wave leads to
destructive interference and no interaction with surface dynamic dipoles from molecu-
lar vibrations. ' For the surface normal component of the p-wave the interference is
constructive and it can excite the dynamic dipole perpendicular to the surface. The
excitation is efficient for a higher angle of incidence.

45
40
35
30
25

20 p-normal Eq.(159)
15
10

s-parallel Eq.(160) |
O 1 1 1

0 10 20 30 40 50 60 70 80 90
incident angle (degree)

Figure 10: plots of (EpL/Ep)Z/cose and (Eﬂ/ES)Q/COS 6. The IR light is 3100 nm and

the IR light is reflected from the air|Au surface. (E’ﬂ /Es)?/ cos @ is negligible because
the phase shift is almost 180 degree between the incident wave and the reflected wave.

4 Surface Plasmon

The electronic charges on metal boundary can perform coherent fluctuations which are
called surface plasma oscillations. The fluctuations are confined at the boundary and
vanishes both sides of the metal surface. This plasmon waves have p-character because the
surface charge induce the discontinuity of the electric field in the surface normal z-direction,
but s-waves has only E, component (no E, component).

Now we consider the air(medium 2)|metal(medium 1) surface where the electric fields
are dumped both side of the interface.

Using a pure imaginary k.o the electric and magnetic field in medium 2(air, z > 0)

10The surface parallel z-component (not shown here) of p-wave is also negligible.
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can be given by

E;

H,

0 ei(kzgx—&-kzzz—wt)

Hy2 ei(kzzx+k22z—wt)
0

(161)

(162)

Using a pure imaginary k,; the electric and magnetic field in medium 1(metal, z > 0)

can be given by

E;

H,

From the Condition I, we can get

From condition IV,

Hy,

From condition III,

€reob1 =

From Eq.4 and J = 0

En
0 ei(kmlx*k'zlz*“”‘/)
E.
0
Hy | eithnrkaz—on
0
kyo = ky
Eyo
= Exp

Hy

here we assume (Jg), ~ 0

here we assume o19(ky,w) < D1y, Do,

oD
tH = —
ro 5
i j k
.0 0
rotH = | 2 2 2 \— i -[g,+k_—Hy,
Y 0z oz
0 Hy 0
From the i component of the above equation,
ikleyl = —’iweO€1E$1
—ikngyQ = —iweoggExQ
Eazl = Exg then i
k
z1 H L+ 22 Hy2 -0

WEOgl Y w60€2
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(164)

(165)
(166)
(167)

(168)
(169)

(170)
(171)

(172)

(173)

(174)
(175)

(176)



Hyl = Hyg then

k. k.
) (177)

€1 €9

From Egs.(21) and (26)
2
Bo= Btk =6 (“’) (178)
Cc

W 2

K o= & (C) — k% (179)

- o~

From the last two equations Eqs.(179) and (180).

- - 2
2 (Gl > <w> 181
v (51 + € c (181)

22 2
2 €1 w
— z 182
ka1 <€1+€2> (C> 62)

~2 2
K2, = € (“’) 183
22 <€1 + EQ) c ( )

If we remind that é; = €] + i€}, € =€

2 (w)2 (e + i€ )es
T (

c) (ef+iel)+ e

_ (w>2626/1(6/1 +eo) e +ilef () + e2)— 7 Al (184)

c (€] + €2)? + €

If we assume €] < |€}]
rei) = 2 (42 )" "
e = —
v c \ €] + e

w ¢ € 3/2 e
(K _ v 1 1 186
m(kq) c <e’1 —1—62) Pl e

The surface plasmon decay in z-direction can be evaluated from Im(k,) because the
intensity decreased as exp[—2Im(k;)z|. The decay length L;2 may be obtained as

Lo e \ PR
Lyy = [2Im(k,)] " = — —- 187

12 = [2Im(ke )] w (e’1+62> e/ (187)
For the water|metal interface the decay lengths L5 are 6.4 um for gold (16.6 um for air|gold
surface), 12.3 um for silver, and 5.5 um for aluminum. The decay length Lis is the key
parameter to carry out a SPR imaging measurements '!. In addition there is a temporal
decay in w, please refer the Raether’s book for details|[1].

0oO000 SPROOOOOOOOODODODODOODODODODODODODODODODODO
000L,,000000000000000000000 SPROODOOOOODOODOOOO0O0000O
00 [15]
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The dispersion relation k; vs w become close to the light line \/aw/ c at small k,,
because in the limit that w — 0,€] >> €;. At large k; the denominator of Eq.(185)
becomes zero

€ +e=0 (188)
For simple metals the dielectric constant is given by the plasma frequency w,[16] 12
2
/ “p
=1-—= 189
€ w2 ( )

From Egs.(188) and (189) the surface plasma frequency wg, may be obtained as
1
V14 ey

In Fig.10 we plot the dispersion relation Eq.(185).

(190)

Wsp = Wp

35

bulk plasmon energy
3 L

2571 surface plasmon energy
2 L

15
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Figure 11: Surface plasmon dispersion w(k;) on gold surface. The vertical axis is scaled
as hw (eV). The straight solid line in the figure shows the light line k, = \/éw/c. The
energy of bulk plasmon is 3.22 eV, and that of surface plasmon is 2.28 eV and shown as
the arrows in the figure.

In the z-direction the electric field of the surface plasmon decays as E, o e~ [F=illzl,
If we assume €] < |€}| again,

2 2
R <,61 )(w> (191)
€]+ €2 c
2 2
K2, A~ € <w> 192
#2 <e’1 + 62> c (192)

€} + €2 < 0 then k,; is purely imaginary. For He-Ne laser light (632.8 nm) on the gold
surface

1/Re(k,1)(metal) = 32 nm, 1/Re(k.2)(air) = 285 nm (193)
From the k component of rotH = 0D /0t [cf. Eq.(173)]
OH . o
ajl = ik Hy = —iwege1 B (194)
OH
af = ikpoHy = —iweoéaEao (195)

Y0poDO000000D0000000000000000000000000000000000000
ooooooooooobooooooooboooOooOoooboooobooooobooobooboOooonn
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From the i component of Eqs.(172-173) and Eq.(194)

Hy = _WEOkE:IEml _ _W‘EO]lezl (196)
z1 zl
E, - k:):l (197)
Ezl kzl
Hyg _ w€0€~2E$2 _ _W60€~2Ez2 (198)
kzZ km2

Ez2 _ kx2 (199)
E22 kz2

(200)

5 Excitation of Surface Plasmon by Light

5.1 ATR (Attenuated Total Reflection) Coupler Method

We will consider the situation that the light is reflected from a metal surface covered
with a dielectric medium (e, > 1) , e.g. with a BK7 half cylinder glass prism (n=1.515
at 633 nm) or SF10 glass prism (n=1.723 at 643.8 nm). The = and z components of the
wavevector in the prism are given by

kP = \/62,7,E sin 0, = npﬂ sin O, (201)
C C
w w

ké”" — \/6],7* cos Hpr = Ny — COS 9p7« (202)
C C

Here pr means the prism.

di %

Figure 12: Schematic diagram of ATR coupler: Kretschmann-Raether type

The resonance condition of the light in the prism with the surface plasmon
at metal(1)|air(2) interface (Kretschmann-Raether configuration) is '3

[ (203)

BATROOOOOO0O0O0000 |0000 |0000 Kretschmann-Raether 100000 000000
0000000 |000 Otto00O000OOtto 00000 gap 000000 OO0 Kretschmann-Raether O
OOOOOO0OO0OOOOO0ODODODDOKretschmann-Raether 00O0000nm 00000000000COCO0O
gobodoodoobooooboooooooboooboooooooooooboobooooooooboboOoonooa
00000000000000 (3-mercaptopropyl)trimethoxysilane(MPS) 0000 000000000
0000000000 (cf Appendix) ATROODOOOOUOOOODOOOOOOOODOOODOODOOOOO
00000 Otto OO0 [4]0Otto 0 Kretschmann-Raether 00000000 SPROODOOOODOOO
000000000000 000000000000O (?PHOODOOD SPROUODODOODUOOOOOOOODOO
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sin 0,

w
\/Gprz

Here we use Eq.(181) for kP.

€1€2

€1+ €2

()

5.1.1 Prisim|Metal|Medium Three-Layer Model

(204)

The reflectivity R, ;|2 may be given by Frensel’s equations of the prism|metal|air three-

layer system.

~ - ~  kyy ~ k. N kziC nik.pc
P Ny cosO; —njcos O Mk — T . B o T ey
ik ny cos; +n;cosby  fy %f + ﬁl%k % %
kzi _ kzk ~ ~
i ﬁf ﬁi kzi/ei — kzk/ek
T kg ko e =
ﬁ: =+ ﬁzik kzz/fz + kzk/ek
P _  _.P
Tei = ~Tik
For transmission
T
P _ (]
i = = —(1+ry)
k
Ny ny
P _ Py _ »
ty = —( +_Tki)‘_';%f(1 = Tik)
(] 1
pp » D
tatyy = (L) —ry)
The total reflection of the three-layer model becomes
2zk d
R = b, = pr1+7’1 -
= pri2l — 14+ 7. 2627,’621(11
» 7y, cos B; — T; cos Gk cos 0;/n; — cos O /T,
T = — — = — —
ik Nk cosO; + njcos b cosb;/n; + cos O /Ny
Nprsinfy, = n1sinf; = ngsin by
fipcosty = (1 — sin? Gk)l/Q =ng(l— ngr sin 9p,«/nk)1/2 (ﬁi — nzr
~ 2 2 1/2 /= ~ 2 1/2 /=
oo (€ — nyy,. sin” Op;) 12/& — (& —nprsm 20,,)1/% /&,
ik (éi — ngr SiIl2 Qpr)l/Q/gi (Ek — 77,2 sin 9 )1/2/€k
- 2 o 1/2
v 08 Opy /Tupy — (€1 — N, sin HpT) / /€1
Tprl =

08 Opr /Tupr +

(& — nz%r sin? Opr)/2 /&

The above equation for R can be understood by considering

1 + ,rp 2ik,1d1

T'p
prl2 1 _|_ Tprlrl2€21kz1d1

(Tﬁﬂ + ey (1 —
Zlkzldl _ (r

Q

prl + Tl

P
prl

pr1+(

p .0 2k
T‘ 1T12€

p
prl

22

Ah 4 (r 1Dr1)2(7411)2)264“‘&@1 -

2 22k21d1
) 7’12

(rfy)%et™ =1t 4 (r pr1)3(7’12)2 dikady 4

2 2ik,1d 2
prl) 7"126 e +Tpr1[(r£r1) -

(205)

(206)

(207)

(208)

(209)
(210)

(211)

(212)

sin2 0,,)1/2

(213)

(214)

(215)
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ik d
= rha + A+ rh)ria(1—7py) e

p
tprl

diko1d
+ (L4 rp) o (= )ria (1 — oy ) €51

D 4P
r12t1pr

p PP D D
tor1T12 1pr 128 1pr

2ik.1d 4ik1d
= Tgrl + tgrlr;th?pre e + tf)rl’r;fjr;fprert?pre e (216)
phase factor k.1d1 = ki1(dy cosfy) is optical path length. (217)

2 1/2
n
k‘zldl = k‘ldl COS 91 = ﬁlgdl 1-— ~pr sin20 r
Cc n% P

== gdl(gl — n2
C

2 sin® 0,,,)!/? (218)
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Figure 13: SPR curve for SF10(n = 1.723)|gold(50nm, n; = 0.1726+i3.4218) |air(n =
1.0) for He-Ne laser light (633 nm).

The FORTRAN program to get the SPR curve by Eq.(211) is

c234567-- spr_angle_3layer.f ---
C complex calculation
implicit real*8 (a-h,o-z)

complex*16 el,rprl,rl12,rprl2,rpri2c,alpha,ref
complex*16 aaa,fukso,e2

€c=2.99792458d8
hbar=6.5822d-16
pi=acos(-1.040)

c  —m———= air ----
e2=dcmplx(1.0d0,0.0d0)

o SF10 633 nm
enpr=1.723d0

c - gold 633 nm

eln=0.1726d0
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e1k=3.4218d0
elr=eln**2-elk**2
eli=2.0d0*eln*elk
el=dcmplx(elr,eli)

c ---- gold thickness (m)
d1=50.0d-9

ramd=633.0d-9
omega=2.0d0*pi/ramd*c
fukso=dcmplx (0.0d0,1.0d0)
write (6,*) ramd,omega,hbarxomega
c  mmmmm———- angle scan ---—————--
ang0=35.0d0
ang1=45.0d0
do i=1, 1001
theta=(ang0+dble(i-1)/1000.0d0* (angl-ang0))/180.0d0*pi
rpri=(cos(theta)/enpr -

& sqrt (el-enpr**2*sin(theta)**2)/el)
& / (cos(theta)/enpr +
& sqrt (el-enpr**2*sin(theta)**2)/el)

r12=( sqrt(el-enpr**2*sin(theta)**2)/el -

& sqrt (e2-enpr**2*xsin(theta)**2)/e2 )
& / ( sqrt(el-enpr**2*sin(theta)**2)/el +
& sqrt (e2-enpr**2xsin(theta)**2)/e2 )

aaa=2.0d0*omega/c*d1*sqrt (el-enpr**2*sin(theta)**2)
alpha=aaax*fukso

rpri2=(rpri+ ri2+*exp(alpha))/(1.0d0+rpri*ri2*exp(alpha))
rpri2c=conjg(rpri2)

ref=rpri2*rpri2c

write (6,*) theta/pi*180.0d0,dble(ref)

enddo

end

The calculated results are shown in Fig. 12. At resonance or R = 0 the power of the
SPs is lost by internal absorption in the metal. This loss is compensated by the power
of the incoming light. Both have to be equal in the steady state.

If the reflectivity R has lowest value, the intensity of the electromagnetic field reaches
its maximum at the metal surface. For 600 nm light the maximum enhancement
of the electric field intensity is ca. 200 for silver film (60 nm thickness), 30 for gold
film, 40 for aluminum film, and 7 for copper film, respectively[1].

5.2 General solution of N-layer model. [ F. Abelés, Ann. Phys. (Paris)
5, (1950) 596. W. N. Hansen, J. Opt. Soc. Amer. 58 (1968) 380. ]

The tangential fields at the first boundary z = 23 = 0 are related to those at the final
boundary z = zy_1 by

[ Ui ] = MyMs..My_1 l Un-1 ] =M l %Zj ] (219)
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Figure 14: N-layer model for SPR measurement.

For p-wave at boundary k,

and
M,

Here g
1223

qk

Br

It

12

Ue = H) +HJ
Vi = EI+E}
cos Ok —isin Ok /qx
—iqy sin O, cos O
(11 /€)1 cos Oy,
1
- n2sin26,)1/2
(1/6)"? cos Oy, = (6 e )
€k
2m

/\777% cos O (21 — zk—1) = (2 — Zk—1)
0

2T

Ao

(€ —n

The reflection and transmission coefficient for p-wave (TM) is

(Mi1 + Mi2gn)q1 — (May + Maagn)
(Mi1 + Miagn)q1 + (Mo + Maaqn)

_ (JVH M

2q1

) s hi=1,2
ij

(Mi1 + Mi2gn)q1 + (Mar + Maagn)

UNTUL p
= 2L

miny

pnRe(7iy cos Oy /%)

H17M1 COS 91/77,%

= arg(th)

5 ?

For s-wave (TE) the above equations hold except

| €k
qr = 1/ — cos 0,
K

In this sense these equations are easy to calculate the multilayer optical problem.
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Figure 15: SPR curves for (I) the SF10 glass prism(n=1.723)|Au(n + ik =
0.1726+143.4218, 50nm)|Air(n=1.0) and (II) the SF10 prism|Au(50nm)|SAM(n=1.61245,
Inm)|Air systems.

The SPR resonance calculation FORTRAN program for N-layer system is given
in the following, and the results for the 4-layer system [ prism|gold|Self-Assmbled-
Monolayer(SAM, 1 nm thickness)|Air ] is shown in Fig. 14. The SAM film thickness
of 1 nm is clearly seen as the shift of the SPR angle.

c234567-- spr_angle_Nlayer.f ---
c 11 2] 3 ... N-2IN-1|N :N layer system
C complex calculation

implicit real*8 (a-h,o-z)

parameter (nlay=10)

complex*16 e(nlay) , em(nlay,2,2) ,emtot(2,2)
complex*16 emtot1(2,2)

dimension en(nlay), ek(nlay), d(nlay)
complex*16 beta,q,rp,ql,qn,ref,tp,tra
complex*16 fukso

€c=2.99792458d8
hbar=6.5822d-16
pi=acos(-1.040)

c  —mmm—- N layer ----
nlayer=4

c = air ----
en(4)=1.d0
ek(4)=0.0d0
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Figure  16: Field enhancement factor [t/]? for the the SF10

prism|Au(50nm)|SAM(n=1.61245, 1nm)|Air system.

er=en(4)*x*x2-ek (4) **2
ei=2.0d0*en(4)*ek(4)
e(4)=dcmplx(er,ei)

c  -—-——- SF10 633 nm
en(1)=1.723d0
ek(1)=0.04d0
er=en(1)*x*2-ek (1) **2
ei=2.0d0*en (1) *ek (1)
e(1)=dcmplx(er,ei)

c - gold 633 nm
en(2)=0.1726d40
ek (2)=3.4218d0
er=en(2) **2-ek (2) x*2
ei=2.0d0*en (2) *ek (2)
e(2)=dcmplx(er,ei)

c ---- gold thickness (m)
d(2)=50.04-9

o SAM -—————————-
en(3)=1.61245
ek(3)=0.0d0

er=en(3)**2-ek (3) **2
ei=2.0d0*en(3)*ek (3)
e(3)=dcmplx(er,ei)

c  -—-——- SAM thickness —---
d(3)=1.04-9

ramd=633.0d-9
omega=2.0d0*pi/ramd*c
fukso=dcmplx (0.0d0,1.0d0)

write (6,*) ramd,omega,hbar*omega
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————————— angle scan ---—————--
ang0=35.0d0
angl1=45.0d0
do i=1, 1001
theta=(ang0+dble(i-1)/1000.0d0* (angl-ang0))/180.0d0*pi
ql=sqrt(e(1)-en(1)**2*xsin(theta)**2)/e(1)
gn=sqrt(e(nlayer)-en(1)**2*sin(theta) **2) /e (nlayer)
do j=2, nlayer-1
beta=d(j)*2.0d0*pi/ramd*sqrt(e(j)-en(1)**2xsin(theta)**2)
g=sqrt(e(j)-en(1)**2xsin(theta)**2) /e (j)
em(j,1,1)=cos(beta)
em(j,1,2)=-fukso*sin(beta)/q
em(j,2,1)=-fukso*sin(beta)*q
em(j,2,2)=cos(beta)
enddo
emtot (1,1)=dcmplx(1.0d0,0.0d40)
emtot (2,2)=dcmplx(1.0d0,0.0d0)
emtot (1,2)=dcmplx(0.0d0,0.0d40)
emtot (2,1)=dcmplx(0.0d0,0.0d0)
do j=2, nlayer-1
emtot1(1,1)=em(j,1,1)
emtot1(1,2)=em(j,1,2)
emtot1(2,1)=em(j,2,1)
emtot1(2,2)=em(j,2,2)
emtot=matmul (emtot,emtotl)
enddo

rp=( (emtot(1l,1)+emtot(1,2)*qn)*ql -
(emtot (2,1)+emtot (2,2)*qn) )
/ ( (emtot(1,1)+emtot(1,2)*qn)*ql +
(emtot (2,1)+emtot (2,2)*qn) )
tp=2.0d0*q1/( (emtot(1,1)+emtot(1,2)*gn)*ql +
(emtot (2,1)+emtot (2,2)*qn) )

rp=( (emtot(1,1)+emtot(1,2)*qn)*ql -
(emtot (2,1)+emtot(2,2)*qn) )
/ ( (emtot(1,1)+emtot(1,2)*qn)*ql +
(emtot(2,1)+emtot (2,2)*qn) )
tp=2.0d0*q1/( (emtot(1l,1)+emtot(1,2)*qn)*ql +
(emtot(2,1)+emtot (2,2)*qn) )

ref=rp*conjg(rp)

enh=tp*conjg(tp)
tra=tp*conjg(tp)/cos(theta)*en(1)*dble(qgn)
write (6,*) theta/pi*180.0d0,dble(ref),enh
write (6,*) theta/pi*180.0d0,dble(ref),dble(tra)
enddo

end
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Appendix

In Fig.16 the phase shifts of the reflected wave(He-Ne laser light) are shown in the case
of Air(n = 1) —Water(n = 1.332)(top figure) and Water— Air(bottom figure). For the
case of Water— Air the critical angle for total reflection is 48.66 degree and the phase
shift is shown in Fig.6.
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Figure 17: Phase shifts of the reflected wave(He-Ne laser light) are shown in the case
of Air(n = 1) —Water(n = 1.332)(top figure) and Water— Air(bottom figure). For the
case of Water—Air the critical angle for total reflection is 48.66 degree and the phase
shift is shown in Fig.6.
In Fig.17 schematic diagram of light reflection from black film is shown. When the
incident angle is small, the phase shift of s wave is m for OC and zero for OAB and the
phase shift of p wave is zero for OC and 7 for OAB.(Please see Fig.16) If the film
thickness d is much smaller than the wavelength/4, the interference between OC and
wave from B become destructive.(Please note that the formulation is shown in the inset
of Fig.17). Then we can see no light from thin film like lipid bilayer or soap bubble.



[OA|=|AB|=d/cos O,

imsin 8; = nosin B,

|OC| = |OB|sin 6;= 2dtan 0,
optical path length difference =
21y d / cos B -2 nydtan B,

=2d[n," — ny’sin 6>

phase shift =

amdmny’—nsin )V A+

=7 [1 + (n>— ny’sin 0)2 d/( 1 /4)]

if d/(A/4)<<1=> black film

»

i

Figure 18: Schematic diagram of light reflection for black film. When the incident angle
is small, the phase shift of s wave is 7 for OC and zero for OAB and the phase shift of
p wave is zero for OC and 7 for OAB.(Please see Fig.16) If the film thickness d is much
smaller than the wavelength/4, the interference between OC and wave from B become
destructive. Please note that the formulation is shown in the inset. Then we can see no
light from thin film like lipid bilayer or soap bubble.
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Appendix

Home-made SPR Apparatus (by A. Shirakami)
Beam splitter

ND filt Rotating stage
He-Ne laser et / & 8tag

628.3 nm |—| I—l “

Polarizer
PC Lens <& Lens
Detector

Detector

A/D converter
Electrochemical Cell for SPR

m/
Glass slide~

] "4

Gold layer -~

SF-10 hemicylindrical

prism

Working electrode
P

Potentiostat

Reference /L,.I 7
electrode Counter electrode

Details of the Sample Setup

SF10 glass Prism
n matching oil
SF10 slide glass
MPS

Au film (50nm)

Figure 19:
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