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Chapter 1 Introduction

1-1 The second harmonic generation from higher order

mechanisms

According to a symmetrical consideration, the second-
harmoni_c gevneration (SHG) is forbidden for a centrosymmetric
system under the electric dipole approximation. However, going
beyond the electric dipole approximation and including multipole
interactions, the SHG is also allowed in centrosymmetric systems.
Theory in SHG including the higher order contributions was
developed in 1960's [1-4]. Adler [2] classified the origin of sum
frequency generation into five possible mechanisms (the electric
dipole (ED) mechanism, the electric quadrupole coupling (EQC)
mechanism, the magnetic dipole coupling (MDC) mechanism, the
electric quadrupole (EQ) mechanism and the magnetic dipole (MD)
mechanism), in which the last four mechanisms are also allowed in
centrosymmetric systems, about which we will describe in chapter 2.
In experimental, Terhune et al. [5] observed the SHG from a calcite
which has an inversion symmetry for the first time. Subsequently,
the SHG from inorganic insulators such as alkali halides and
semiconductors such as Ge and Si and metals such as Au and Ag was
observed [4,6]. In the m'easurem‘ents, not only the bulk contribution
but also the surface contribution for the SHG were discussed. After
that, many researchers pointed out the significant bulk contribution
for the SHG from Si and Ge with well-controlled experiments {7-9].
They also observed the rotational anisotropy reflection SHG with |
various polarization conditions from Si(001) face, which implies the

contribution of the bulk anisotropic term constructed from the
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tensor components of EQ and EQC mechanisms, as will be described
in chapter 2. Sipe et al. [10] presented the phenomenological theory
of the SHG obtained in reflection from the surface and the bulk of
cubic centrosymmetric single crystal with more general form.
Recently, the relatively strong SHG from Cggo [11-18] and
copper phthalocyanine (CuPc) [19-21] vacuum evaporation films has
been observed and considerable attention has been paid to the origin
of the SHG. Koopmans et al. [16] performed the thickness scan of
SHG with various polarization conditions for Cgg films using 689 nm
'fundamental wavelength and demonstrated that the resonant SHG in
Cso films is of bulk character and is due to the MDC mechanism and
the dominance originates from the- resonant MD transition
(1Ag—)1T1g) at the fundamental frequency. They also obtained an
effective value (1.8x10-8 esu) for a general x(2), which is an order of
magnitude larger than the non-resonant (%) value (1.9x109 esu) of
quartz. Wilk et al. [18] indicated that the SHG in Cgp films at 1064
nm fundamental wavelength originates from the ED transition and
the vibration-assisted ED transition at SH frequency (the MDC
mechanism and the EQC mechanism) and the EQ transition at the
SH frequency (the EQ mechanism). Qin et al [22] calculated the
dispersion of the nonlinear susceptibilities for EQ mechanism in a
Cgo molecule on the basis of the Su-Schrieffer-Heeger (SSH) model,
while Shuai and Brédas [23-25] calculated those for EQC and MDC
mechanisms using a valence effctive Hamiltonian (VEH) mgthod.
Chollet et al. {19] observed the relatively strong SHG for a CuPc
film using 1064 nm fundamental wavelength for the first time.
Kumagai et al. [21] also measured the thickness dependence of SHG
for CuPc films using 1064 nm fundamental wavelength and obtained

the %(2) value (4.5x10-8 (esu)). Then, they assumed that the film is

-2-



polar (Ceoy) with respect to the surface normal as a bulk, and analyzed
it on the basis of the electric dipole mechanism and considered no
other possibilities.

Considerable attention [26-3»6] also has been paid to the SHG
from systems consisted of chiral molecules apart from
centrorsymmetric or noncentrosymmetric systems. Some of them
have relation to higher order mechanisms (especially, MD and/or
MDC mechanisms).

Recently, it has been possible to use wavelength-changeable
coherent light sources due to the evolution of laser and the invention
of many useful nonlinear optical crystals. Using these light sources,
the nonlinear optical spectroscopy such as third-harmonic
generation (THG), and two-photon absorption (TPA), sum-frequency
generation (SFG) [37,38], was introduced in order to clarify the
electronic structure including the electric dipole forbidden states for
atomic vapors. For inorganic semiconductors and insulators, the
nonlinear spectroscopy was used in order to investigate the various
electronic excited states. Recently, considerable attention has been
paid to the nonlinear spectroscopy which have relation to a magnetic
dipole transition and an electric quadrupole transition [39-41}]. For
organic materials, nonlinear optical spectroscopy such as THG and
TPA spectrum measurements has been ever used, while SFG (SHG)
spectrum measurement have been little concerhed as a means of
probing electric dipole forbidden states.

In this study, we performed the SHG spectrum measurement
in ordér to clarify the origin of the SHG from phthalocyanine films.
The resonant enhancement was observed at an SH frequency due to
the EQ mechanism and was used to investigate the electric dipole

forbidden states. Thickness dependent SHG measurement was also
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performed to support the assignment of the origin. The rotational
angle dependent SHG measurement using the epitaxially grown
phthalocyanine films on alkali halides also gives us useful

informations on the origin of the SHG.

1-2 The electronic structure and linear absorption spectrum of

phthalocyanines

Considerable attention has been paid to the electric properties
and the optical properties of the phthalocyanines from fundamental
and application viewpoints, about which many aﬁthors have written
books [42,43] and review articles [44,45].— Here, we briefly describe
the electronic structures and linear absorption spectra of
phthalocyanines. The molecular structures of general
phthalocyanines are illustrated in Figs. 1-2-1(a) and 1-2-1(b). Thus,
phthalocyanines have a n-conjugate ring system and belong to Dflh or
Dap structure except some phthalocyanines. In phthalocyanines, ©
type, 0 type and metal dominant d molecular orbitals construct the
molecular levels. We show character tables and the correlation table
for D4p and Doy system in Table 1-2-1, which are useful for the
folowing discussion.

At first, we consider m type corbitals shown in Fig. 1-2-2.
Electrons are occupied till a;,y and agy orbitals for D4y systems and ay
and byy for the Dgp system, and eg”, byy” and bay” orbitals for Dgn
systems and bag", bag", ay” and biy," orbitals for the Doy system are
unoccupied. The strong absorption in visible region originates from
the m-n* transition (ajy—eg ) for Dgn systems or (auy—bag", bag") for
the Doy system, which is called by the name of Q-absorption band.

The strong absorption in ultra-vioret region comes from the n-n*
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MPc Hz2Pc
Fig. 1-2-1 The molecular structure of phthalocyanines.
Here, the "M" and "Pc" in MPc mean a metal
element and phthalocyanine, respectively.
bau(r*) , — biu(n)
b1u(m*) — au(n*)
. b3g(r")
eg(‘[t ) A bQQ(n*)
Q band
B band
—o-0— aiu(n) —@-0— au(n)
—0— agu(n) —0— b1u(1‘t)
D4h D2h

Fig. 1-2-2 = type orbitals of phthalocyanines.



ot
2
e
ak
—
()
)
[ E
€ - -~ L
|-~ - = £l ©
N .
S T AR © -
R o N N N
«~ &% %
— == O
3 - - =
. > *
L] N om X n
= = . = - . o x )} © “<0ow<<oauw
- e - o Py 0
. e - >
T - - © S I ) - - . - - ~ -
j 5 B < Pa R T N N
R -
. - [¢b} ]
e N ,mllllllll [@)) = 5o B B DA B0 I 3 o
TS T ° . .5 B c ®] AABBEAABBEU
©
T T TTes e El e o L o - - - .nnu e NS TR
< - - - v a < < 0 awmma@a < < w
- e~ @
ST T T - e — = L oL @ o
- ; T c P~ - -
, o— - —_ N = e
YUl = e om0~ L~ oa _ c [STaNe] < < 20 Wwom< < w
e il i «©
. G| T T T T o ~ 2
"7~ 7e~=2~-.-o % 7 g
0 . +
5 = N IV BN R R
e e ] = VA (<o g <0< ddg<g
K
_ ~ . . L e Q
m llul..ﬂlll\ﬁ [&] [ . m < w0 + m
. b bo 2 2 o AI"I
“w—= . o~y g\lglzu‘lu,-nl
e I R " U a <a<@aa<dlam
al W e L, El wmEx .,z e g << 0" < w”
-~ —_ -~ M= 22 2 W O E
N IR e N PP P a <~ QO @@ < o aa 0
o
(@] a 2 b b b0 > 5 o o
— — N b -
® a < < @Ol <o
=
154

Table 1-2-1 Character tables for D4h and D2h symmetries and the correlation table.



transition (agy—eg") for Dy systems or (biy—bog’, bag") for the Doy
system which is called by the name of B-absorption band. The
results of Extended Hiichel calculations under one electron

approximation for the various phthalocyanines are displayed in Fig. 1-

2-3, which is quoted from refs. [46,47]. Thus, we find o type and
metal dominant d orbitals in addition to n type orbitals. Though
there exist some ¢ orbitals near ajy(n) and agy(m) for D4y systems and
ay(m) and biy(rn) for the Doy system, these levels may be located lower
than agyu(n) level according to the recent ab-initio calculations for
magnesium phthalcyanine (MgPc) [48]. In fact, Schaffer et al
peinted out that the positions of these ¢ orbitals have poor reliability
in ref. [46].

The samples studied were CuPc, metal-free phthalocyanine
(HoPc) and vanadyl phthalocyanine (VOPc) which have Dgp, Don and
C4y symmetries, respectively. We used the vacuum evaporation films
on the glass substarate or the alkali halide substrate of the
phthalocyanines as the sample films. Such films are made of the
polycrystals of phthalocyanine. In general, molecular crystals are
molecular condensed matters in which molecules are connected
weekly by van der Waals force and/or intermolecular dipole-dipole
interaction. Therefore, electronic structure in a molecular crystal is
some different from that in the orientation gas model due to the
existence of interactions between molecules. States such as charge
transfer excitons [49,50] have also been observed in phthalocyanine
crystals [51,52]. However, the orientation gas model may be

adequate to use as the first approximation.
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This figure is quoted from refs. [46,47].



1-8 Purpose and outline of this thesis

This thesis was undertaken to clarify the origin of the relatively
strong SHG from phthalocyanine thin films. For this purpose, we
performed the thickness, rotational and spectral dependent SHG
measurements for phthalocyanine films on glass substrates and
epitaxially grown phthalocyanine films on alkali halides. Especially,
we noticed that the SHG spectrum measurement provides us with a
useful tool for studying electric-dipole-forbidden states and electric-
quadrupole allowed and/or magnetic-dipole-allowed states.

In chapter 2, we described expressions of the nonlinear
susceptibilities of SHG from higher order mechanisms and the
analysis for various systems and geometries, which include systems
used in this study.

In chapter 3, we mentioned experimental results of thickness
dependent SHG for CuPc films on a glass substrate. Then, we found
the deviation from the ED mechanism as a bulk which has ever been
proposed. The experimental results were reproduced with higher
order mechanisms except for the MD mechanism.

In chapter 4, in-plane anisotropic SHG was observed in CuPc
films epitaxially grown on KCl and VOPc films epitaxially grown on
KBr. The observed periodic signal indicates the significant
contribution of EQ and EQC mechanisms.

In chapter 5, spectral dependent SHG for CuPc and HaPc films
on a glass substrate and the epitaxially grown VOPc film were
investigated. Then, a sharp peak was observed at the high-energy
edge of the Q-absorption band for both CuPc and HoPc films on the
glass substrate at 1100 nm fundamental wavelength, which implies

the dominance of the EQ mechanism due to the EQ resonant
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tra‘nsition at SH frequency. We discussed the brigin with the
orientation gas model, which was supported by rotational anisotropic
SHG described in chapter 4. We also observed a resonant peak at the
high-energy edge of the Q-absorption band for the epitaxially grown
VOPc film.

In chapter 6, the main results of previous chapters were

summarized.
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Chapter 2 Theoretical Background
2-1 Microscopic origin of sum frequency generation

In order to clarify the microscopic origin of sum-frequency
generation (SFG), including a centrosymmtric system [1], we
describe the microscopic expressions of the nonlinear
susceptibilities for SFG on the basis of the time dependent
perturbation theory [2]. The modification of obtained results to
second-harmonic generation (SHG) can be made easily.

We assume that all of the properties of the atomic or the
molecular system can be described in terms of the wave function

Wr,1) ,which is the solution to the time dependent Schrédinger

equation
LAY A
Wor =HY (2-1-1)

Here H is the Hamiltonian operator

H=H,+ V(1) , , (2-1-2)

which is written as the sum of the Hamiltonian ﬁo for a free
molecule (atom) and an interaction Hamiltonian V(r, ) ,which
describes the interaction of the molecule (atom) with the

electromagnetic field. We take the interaction Hamiltonian as

follows.

Ve, =-p-Ee,n-m-Hr, 0 -gVErn (2-1-3)
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where A , § ,and M are an electric dipole operator, an
electric quadrupole operator which is symmetric and traceless
tensor and a magnetic dipole operator, respectively. These

components are described as

A,=—efy (2-1-4a)
I PP
an— 6e(3rarﬁ r 5(1[3) , (2—1—4b)
5 =€ T
=" e (2-1-4c¢)
L=rxto
( i oF ; the angular momentum operator).

The electric field and magnetic field are defined as

Er.0=2E@e™  Ew)=E)e | E0)=E®)  (3.1-5a)
A, t)=ZH(wi)e“'“f’ . H@)=HYw)e""  H-0)=H®)  (2.1-5p)
and the summation is to be taken over positive- and negative-

frequency. Then, eq. (2-1-3) is rewritten as

Vr, 1) =2 V(w)e ™ - Vo) = V() (2-1-6)

In order to solve eq. (2-1-1) in terms of a perturbation expansion, we

replace the Hamiltonian (2-1-2) by

A=H,+2V(r, 1 (2-1-7)

where A is a continuous varying parameter ranging from zero to
unity which characterizes the strength of the interaction. To seek a |
solution in the Schrédinger equation, the wave function is expanded

in the form of a power series in A1 as follows.

-16-



v, D =0, 0+ Ay, 0+ AP D+ e (2-1-8)

We substitute eq. (2-1-8) to eq. (2-1-1) and require that all terms

proportional to AP satisfy the equality, so that we obtain the set of

equations

LA S

m;g(t;)—How‘ , (2-1-9a)
. — B M L Uy N1 =

ih—5= =Hy™ + VY0 (N=1,2,3,) (2-1-9b)

We assume that when the fields causing perturbation are turned on
slowly, the system is initially in state g (fypically the ground), so that

the solution for the Schrédinger equation under no applied field is
0 - i =8
YO, D =u e’ @0==% (2-1-10)

where Eg is an energy eigenvalue of state g. In order to solve eq. (2-
1-8b), we use the fact that the energy eigenfunctions of the system
constitute a complete set of basis function and any wave functions are

expanded in terms of them. Then, ¥ @1 is described as

W, 1) = 2 afurie (2-1-11)

H

where u(r) and a™() give the spatially varying part of the
energy eigenfunction and the probability amplitude, respectively.
The following relations between the probability amplitudes are

obtained by substituting eq.(2-2-11) into eq. (2-1-9b).
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ih Zl) a™(urye- o = Z a () Vu(r)e (2-1-12)

If we multiply each side from the left by u,(r) and integrate the

resulting equation over all space, we obtain the equation -

a® = 1_1‘1‘1‘: ai™=b(1) <u, \Viu>e i

m , (2-1-13)
where ©,=0,—-® . In the calculation, we used the orthonormality
condition of eigenfunctions

<u,lu>=3,, , (2-1-14)

Since we have assumed that the fields causing perturbation are

turned on exponentially slowly at [=— , when the system is in a

state g, al  can be obtained by time integration of eq. (2-1-13) in
successive orders.

V(0>

— e

<u
a“) = l "
w () ft; 0,y — @, (2-1-15a)

) — ___1___ <um|‘7(wq)lug> <”,,.|V(03,,)lug>
a, (t) - fl2 ;; ((’Ong — (Dp _wq) (0), _ wp)

(o, —wp)

e:(w,,,g -0, ~ coq)r

(2-1-15b)

ng

Here, we used the relation @”=8,, on the basis of our assumption
and described up to aly terms, which are needed to describe SFG
(SHG). Hence, y@ , Y , énd y?  were obtained. We seek the
second-order contribution <G%> (i.e. the contribution of the
second order in 14 ) in the expectation value

<G>=<G" + <GM> + <G¥>+ - =<yIGly> . Here, vy is obtained with A |

set equal to one in eq. (2-1-8). <G”> s described by the equation
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~ 2 o~ -~ ~
<GP = <yOIGIY?s + <y MG + <yl Ghy@>
1 ;E (<u8IGIu,,> <u,,IV(u)q)lu,,,> <u,,,lV(c0p)Iug>
== e
B2 P i (@, ~ 0, — W)W, — ©,)
<u V(> <uGlu,> <u, V(0>
(('ong - mq)(mmg - (Dp)
<u \V(@)lu> <u V(o) u> <u,lGlu>
(4

((Dng - (Dp)(mmg - O*)p - wq)

—i(mp + mq)l

=i, — @)

i(wp + o)q)l)

If we replace ®, by -®, in the second term in eq. (2-1-16) and,
®, by -0 and ®, by —®, in the third term in eq. (2-1-16),
respectively, this equation can be rendered more transparent. These

substitutions can be permitted because we take the summation over

. (2-1-18)

positive- and negative- frequency. Therefore, eq. (2-1-18) is

expressed in the form

el ZZ (<uglGlu,,> <u V(@ )u,> <u,\V(0,)u>
A (@, — 0, = O H®,, — By)
<u V(O Nu,> <u|Glu, > <u, |V(0,)lu>
(o), + 0 )®,,— ©,)
<u V(0 )u,> <u,IV(w,)lu,, > <“""G|L‘g>)e—i(w,, o
(0, + 0,) (W, + W, + 1)

ng
A — i, + @, )
<G> = qu G(®, + @, )@+

, (2-1-17Db)

where,
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Clo+0)=LF (<ugIG{u,,> <u V(@ )u,> <ut, [V(03 >
P 7 hz mn ((Dng - mp - O‘)q)((omg - mp)
<u V(> <uGlu,> <u,\V(®)lu>
(wng + (Dq)((l),,,g - (Dp)
<ulV(©)u,> <u V(o )u,, > <u, |Glu>
(0, + @, )00y, + ®, + ©,)
<u|Glu,> <u, V(@) > <u, |V (0,)lu>
(mng - (Dq - (Dp)(mmg - ('oq)
<u V(o )lu,> <u,|Glu,> <u, V(w,)u>
((Dng + (op)(o‘),“g - mq)
<u V(o> <u lV(w)u, > <u,|Glu,>
(@, + @), + 0 + ) : (2-1-18)

In this expression, the standard definition of the second-order
susceptibility is introduced. Damping phenomena are treated with a
crude way in these expressions. ®, and ®, are taken as

r
— 0 .
COmg - wmg - [7,"

(D* 2(00 4 ="

mg mg l 2 , (2-1-19)
where @), and T, are the real transition frequency and the
population decay rate of the upper level m, respectively. We

-~

consider an equivalent polarization operator for G  as follows.

G=p-V §-——5—Vxim

17 Yo, + o) (2-1-20)

G(w,+®,) can be obtained by collecting the contributions which
come from the combinations of various terms in V(®,) , V(@)
and G . We describe the following five interesting contributions

(a)~(e) and do not consider contributions from further higher order.

Hereafter, we replace ug, up and up as g, m and n for a simplification.
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(a) Electric dipole mechanism (ED mechanism)

We choose the cdmbination

{G=p,V()=-p Ew), V(®,)=-0"E®,) ) (2-1-21)

for mechanism (a), so that we obtain

(0, + ©,) =X B ,E (0,)E(0,) (2-1 -'22)

B. = 1 <gl@in> <nid Im> <mif,|g>
ijk h?- mn ((()"g - (’Op - O)Q)(O‘)mg - wp)
<gl@in> <nlptim> <mif,|g>
(w;g + wq)((omg - wp)
<gl@jin> <nlIm> <mifilg>
(o, + 0,)(W,, + W, + ®,)
<gl@in> <nilm> <miQ lg>
(O*)ng - Cl)q - (Dp)(mmg - Cl)q)
<glddn> <nllm> <mif |g>
(0 + W), — @)
<gldn> <nlft im> <mlftig>

(W, + O N, + ©, + 1)

(2-1-283)

(b) Electric quadrupole coupling mechanism (EQC mechanism)
Similarly,
{G=pV(0)=-0-Ew,), V(w)=-4:V E®,)}

(2-1-24)

/1,-(03’) + (Dq) = Z 8:;1’1' quj((op) ak El((oq) (2- 1- 2 5)
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1 <gl@ln> <nlglm> <mif lg>
ull _Z
TR (W, - 0, - 0)(W,, — ©,)
<glqk,ln> <nlfim> <mlQ lg>
(a0 + 00,)(00,,, — @)
<g|qk,ln> <nlfim> <miftlg>
(O, + © )0, + W, + )
<g|p, n> <nlflm> <mlg, |g>
(wng - wq - (Dp)(a)mg - (Dq)
<gip jln> <nlim> <mlglg>
( + (D )( Illg (Dq)
<glf jln> <nlg,lm> <mlflg>

(0, + W), + @, + ®,)

and

{G=p,V(w)=--E®), V(@) =-G§V Ew,) }

UL, + @,) =X 8% PE(w,) 0, E(®,)

1 1y <glﬂ In> <nlf fm> <mlg,|g>
Ufl h— mn (J) — 0) () )( hng ™ )
<glf Jln> <nlp Im> <mig,\g>
( + , )( mg (Dp)
<gln jln> <nlg lm> <mifig>
(0 + 0N, + O, + @)
<glfin> <nlgylm> <ml/1 1g>
(wn (1) ('0 )( mg ('oq)
<g|quln> <n|,a Im><mif Ig>
(00, + ©,)(00,,, — ©)
<glcik,ln> <nljm> <mifilg>

(0 + @ (W, + O, + W)

(2-1-26)

(2-1-27)

(2-1-28)

(2-1-29)

(c) Magnetic dipole coupling mechanism (MDC mechanism)

Similarly,
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{G=pV(©)=-R E@®), V()=-m H@,)

(@, + 0)= S “E(w,) H(®,)

i © 1 ) (<glﬂ,1n> <nliylm> <miQlg>
opr Vg o=
i B (W, — 0, — 0)(®,, — ©,)
<gliyln> <nifilm> <mif 1g>
(('O:g + mq)(mmg - (Op)
<gliyln> <nlf1 Im> <miflg>
(@ + W (W, + ®, + )
<glfln> <nlf Im> <mlig>
((Dng - o‘)q - wp)(wmg - (Dq)
<glfin> <nlim> <mlmylg>
(O‘)ng + wp)(mmg - mq)
<glin> <nliilm> <mifilg>

(@, + © )@, + ©, + 0,)

and

{G=nV()=- EW®,), V(0,)=-1m HWw, }

U, + w,) =X Yir P E(0)H (0,)

Yo = L <gif\n> <nlifd fm> <mirnJg>
i B (0, — 0, — ©)0,, — 0,)
<glfiin> <nlftim> <miii,\g>
(mng + O‘)q)(wmg - (Dp)
<glf\n> <nlimylm> <ml@lg>
(0 + W)W, + O, + ©)
<glfln> <nlmtm> <mil 1g>
((0,18 - (Dq - (Dp)(mmg - (’Jq)
<gliln> <nlfilm> <mlQ 1g>
((D;g + wp)(mmg - (Dq)
<glmyln> <nlf1 im> <mifig>

(@ + W)W, + O, + ®,)
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(2-1-32)

(2-1-33)

(2-1-34)
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(d) Electric quadrupole mechanism (EQ mechanism)

Similarly,
(G=-V 3, V(©)=-0"Ew), V(w)=--E@®,)} (2-1-36)
40, + ) = A E(w)E(w,) , (2-1-37)

1 <glgin> <nlim> <min\g>
;"ijkl = _zz ( o —
h i (wng (Dp (l)q)((l),,,g wp)
<gldn> <nig Im> <mifig>

(w:g + wq)(wmg - wp)
<glQIn> <niflm> <mlg,lg>
(0 + ®, )@, + O, + )
<glg,in> <nltm> <mif,1g>
(wng - Cl)q - (Dp)(wmg - (Dq)
<glAjn> <nlgim> <mip,|g>
(u)ng + O‘)p)(wmg - (Dq)
<gl@jn> <nldIm> <mig,lg>

(O + )0, + O, + 00) * (2-1-38)

i component of the equivalent electric polarization is obtained by

ZJ: —0,g,(w, + ®,) ’ (2-1-39)

(e) Magnetic dipole mechanism (MD mechanism)

Similarly,_
¢ 1 S— .V =—0- % =—0-
(6= eV ¥ V@) == B@). V@)= E@))
m=% E.vijkEj(wq)Ek(wp) , (2-1-41)
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£ = 1 » (<g|n‘1,.ln> <l lm> <mif,lg>
[/ Sy .
v hz mn ((Dng - OJP - (Dq)((l)mg - ('Op)
<gl@in> <nlmlm> <miflg>
(O‘);g + (Dq)(mmg - wp)
<glin> <nlft Im> <mi|g>
(@, + 0, )W, + ©, + ©,)
<glmn> <nlfdlm> <mif |g>
(wng - (J)q - COp)(('omg - (Dq)
<gl@In> <nliim> <mip |g>
((D;g + mp)(o‘)mg - (Dq)
<gl@In> <niftim> <miriig>

((D;g + mq)(w;lg + 0, + @) . (2-1-42)

The equivalent electric polarization is obtained by

—— € __Vxm
{0, + @) . (2-1-43)

These microscopic quantities are related to macroscopic
quantities (X, A, I, A and &), respectively, about which we will
describe in the section 2-2, by considering orientation distribution
functions of molecules (atoms) and the number (N) of molecules
(atoms) per unit volume under week interactions. Most organic
crystals are molecular condensed matters held together by van der
Waals and dipole-dipole intermolecular forces. Therefore, we have to
consider a local field correction more correctly [3].

In the case of SHG, we set 0p, 0q;, and Wp+Wq as ®, O, and 20,
respectively. In this case, the following relations exist in

mechanisms (b) and (c).

Ok =85 | (2-1-44)
Yie =Y (2-1-45)
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Therefore, we take either O™ or 0% and either Yi ™  or
Yt and replace them as O and Vi , respectively.

Crude order estimations of the SH amplitudes of the
mechanisms (b)~(e) compared with that of the mechanism (a) can be
done under the off-resonant condition and the condition that
mechanisms (a)~(e) are allowed [1,4,5]. Mechanisms (b)~(e) include
two electric dipole transitions and, an electric quadrupole transition
or a magnetic dipole transition in each SH optical process, while
mechanism (a) comes from three electric dipole transitions. If we
take F as ~10"°(cm) | the ratios of the SH amplitudes of the
mechanisms (b)~(e) to that of the mechanism (a) in the optical

region are estimated as follows,

€k _ 173,10

€dy (for mechanisms (b) and (d)),
h

zel_£=~10*3

édy (for mechanism (c) and (e)),

where £k 1is the wavevector of the incident field.

Next, let us discuss the reason why mechanisms (b)~(e) are
also allowed for centrosymmetric systems and their resonance
conditions. We can define a parity for systems with an inversion
symmetry. ED mechanism is not allowed for centrosymmetric
systems as follows. The parity of electric dipole operator is odd, so
that an electric dipole (ED) transition is allowed between states with
different parity. We can not find any combinations of states g, m, and
n which fulfill the condition <glAl><nlflim><miflig>#0  ¢or ED
mechanism. However, mechanisms (b)~(e) include an electric
quadrupole (EQ) transition or an magnetic dipole (MD) transition,’

which is a transition between states with the same parity in each SH
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optical process. Hence, mechanisms (b)~(e) are also allowed in
centrosymmetric systems. We depict the resonance terms of the
microscopic expressions for mechanisms (b)~(e) in the case of SHG.
The EQC mechanism or the MDC mechanism is due to an EQ
transition or a MD transition at one input field, respectively, and an
ED transition at the other input field and an ED transition at the
output field. The EQ mechanism or the MD mechanism is due to ED
transitions at both input fields and an EQ transition or a MD
transition at the output field, respectively. Such SH optical

processes are schematically displayed in Fig. 2-1-1.

(b)EQC  (c) MDC (d) EQ (e) MD
e T o S
EQ MD

(ED) (ED) ED ED
""A"" ED "K"" ED ....A-... EO ....A.-... MD
ED ED

o) =2 ED ED

v | v Y Y

Fig. 2-1-1  Schematic illustration of microscopic views of
four SHG processes, (b) the electric quadrupole coupling
(EQC) mechanism, (c) the magnetic dipole coupling
(MDC) mechanism, (d) the electric quadrupole (EQ,
mechanism and (e) the magnetic dipole (MD) mechanism.

This figure implies that it is possible to probe the ED forbidden and
the EQ and/or the MD allowed transition states for centrosymmetric
systems, if SH spectra are measured. In this study, SH spectrum"

measurement is used to clarify the origin of SHG from
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phthalocyanines and the electronic structures of them. Similar
discussion can also be done for SFG.

So far, we have considered media made of molecules (atoms)
under weak interaction. However, the SFG (SHG) spectrum
measurement can be generally applied for media such as inorganic
semiconductors and insulators in order to clarify the various

electronic excited states.
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2-2 Rotational angle dependent, polarization dependent and
thickness dependent SHG from ED, EQC, MDC, EQ and MD

mechanisms

The SHG of a bulk origin from EQC, MDC, EQ, and MD
mechanisms show characteristic polarization and rotational angle
dependences, which depend not only on the symmetry in each
system but also on the geometry. The charactevristic behaviors come
from the form PizgijklEjakEl of the nonlinear electric polarization,
where the forth rank tensor g is a gereralized nonlinear
susceptibility as will be described later.

In this section, the bulk SHG from an effective nonlinear
polarization including higher order mechanisms is considered.
Here, we also treat the SHG from isotropic (Kp) system and Op
system such as Si and Ge cubic crystals about which a lot of studies
[6-12] have been made both theoretically and experimentally, in
addition to those from anisotropic point group systems (Deh, Coov,
D4pn, and C4y systems) which are relevant to the present study. Of
course, the electric dipole mechanism should be dominant for the
non-centrosymmetric systems (Cey and Cgy) in general. Analytical
expressions of the SHG intensities were obtained under the three-
layer model [13] illustrated in Fig. 2-2-1(a), in which a nonlinear
active layer is embedded between two layers whose nonlinearity is
negligible. Analytical expressions of the reflection SHG from the
geometry shown in Fig. 2-2-1(b) can be also obtained by modifying

those for the three layer model
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2-2A Sources of SHG

In general, sburces of SHG are expressed as an effective
polarization
R,,,«:P—V-Q—ﬁVxM , (2-24-1)
where P is the nonlinear electric polarization, Q the nonlinear
electric quadrupole polarization, and M the nonlinear magnetization.
Following the previous section, we consider five possible
mechanisms (the electric dipole, the electric quadrupole coupling,
the magnetic dipole coupling, the electric quadrupole and the
magnetic dipole mechanisms). The first term in eq. (2-2A-1) is
related to the electric dipole, the electric quadrupole coupling, and
the magnetic dipole coupling mechanisms. The second and the
third terms bring about the electric qudrupole and the magnetic
dipole mechanisms, respectively. Let us first describe the nonzero
components of the nonlinear optical coefficients in the five
mechanisms for systems with Kp, Op, Dewh, Cowov, Dgn, or Csy
symmetry. The crystal axes are taken to be the standard axes for Op
system. The symmetry axis C. coincides with axis 3 for Dep or Cey

symmetries. For Dg4p or C4y symmetries, the symmetry axis C4 is

defined as axis 3 in the crystal axes.
(a) Electric dipole mechanism (ED mechanism)

The electric dipole mechanism is allowed only in polar systems |

like Coy and C4y symmetries. The nonlinear electric polarization is

expressed as
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Fi=2yuEE: | (2-2A-2)
where the nonzero components of the third rank tensor ) are;

X113 = X223 = Xiz1 = Xam

Xan = Aso2
X33, | (2-2A-3)

for Cooy and C4y symmetries.
(b) Electric quadrupole coupling mechanism (EQC mechanism)

In this mechanism, both the electric dipole interaction and the
electric quadrupole interaction perturb the system, and the following

nonlinear electric polarization is produced.

P=ZAuEQE, (2-2A-4)

where A is a forth rank tensor. In Kp, Op, Den, Ceov, Dgn and Cyy
symmetries, the nonzero components of A have the following forms,
Aiiii, Aijij Agjjio and Ajjjj (i#j). According to the quantum mechanical
expression of A, index Kkl in Ajjk; originates from an electric
quadrupolar operator that is a symmetric traceless tensor. Thus, the

following relations should be satisfied.

A= By (2-2A-5)

Ay + Ay + 853=0 ' (2-2A-6)
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In Ky, symmetry, there also exist the relations

By = Dy + Ay + Ay (02 ) . (2-2A-7)

Therefore, only one independent component exists as follows.

=A

i —

[/ T/ A

(2-2A-8)

In Op symmetry, two independent components exist as follows.

-1 P
Ay = 2Aiiii (i#)) _ . (2-2A-9)
In Doph and Cey Symmetries, there are five independent components.

App =8 =D = Ay

Asi3 = Bogys = Ay = Ay

Asizr = Byozy = Ay = Aspas

A=A,

Asyy = Ay . (2-2A-10)

The other components are given by the above five components as

follows.
Allll = A2222 = AHZ'Z + 2A1’.’12

Apzy = gy = =245, 2455
Ayyy =245, (2-2A-11)
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In D4n and C4y symmetries, there are six independent

components.
Ay = Bog = A1y = Aoy
A3 = B3 = A3y = Ay
Agpzy = Bygy = Ay = Agy
Ay =By,
Ay = Ay
A =48, | (2-2A-12)

The other nonzero components are determined by the above

components,

Ay = Ay = A y ~Apy
Ay = 2443 } (2-2A-13)

(c) Magnetic dipole coupling mechanism (MDC mechanism)

In this mechanism, the nonlinear electric polarization arises

from the coupling product of an electric field and a magnetic field.

PiZZFiJ'AEij , (2-2A-14)

Since a magnetic field is expressed as

_c
H=;0VXE (2-2A-15)

’

the nonlinear electric polarization is expressed as
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Pi=zrijk1EjakEl , (2-2A-186)

where " is a forth rank tensor.

In Kn and Op symmetries, we have only one independent component.
Uy=-Tyu@2)) (2-24-17)
In Deopyy Cooyy Dap and C4y symmetries, the nonzero components are;

sz = rzm = —rl?.Zl = “rzm
Iﬂ2323 = r1313 = —F2332 = ‘“le

Dy =Tap =I5 =T (2-2A-18)

and these three components are independent.

(d) Electric quadrupole mechanism (EQ mechanism)

The nonlinear electric quadrupole polarization Qjj is expressed

Qy=XAjEE (2-2A-19)

where A is a forth rank tensor. Since Qjj is a symmetric and

traceless tensor, the following relations exist.

A=A (2-2A-20)

Ayt Apyy+Asyy=0 . (2-2A-21)

In SHG process, the following relation exist.
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Aju=A ijlk

In Kn symmetry, there also exists the relation

A=A,

iiii ljij+A :+Au_u(l¢.])

Therefore, the only one component exists as follows.

A

iij = A\ i 5 i =

In O symmetry, two independent components exist.

Aijji = Aijij (i#))

~_3A -3 T
Ayi= 4Aiiii i=#))

(2-2A-22)

(2-2A-23)

(2-2A-24)

(2-2A-25)

In Dep and Cwy symmetries, there are four independent

components as follows;

A3 = Aoy

App= A3131 = A1331 = A3113 =Ny = A3232 =Nz = Ao

(2-2A-26)

The other components are described using the above four

components;

Ay =Asn =—2A 1 -2A 55

Apy= Ay = Anzz +2A )
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Mgy =—2A 15 ) (2-2A-27)

In Dgn and C4y symmetries, there are five independent

components.

Apm=An,

App=Asn =A 1 =Ay,

Ay =Apy,

Anp=Ass = A = A3 = A = Ay = A gy = Ao

A =Ag ] (2-2A-28)

Other nonzero components are determined using the above

componernts,

Ay =Ag=—A 0 —A
Ay ==2A,5 } (2-2A-29)

This electric quadrupole polarization is equivalent to the nonlinear

electric polarization of the following formation,
(e) Magnetic dipole mechanism (MD mechanism)

The nonlinear magnetization M is produced as the square

products of an electric field.

M;=E,EE, (2-2A-31)
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Since the magnetization is proportional to a vector product of

position r and momentum p, we define a forth rank tensor Z' as

—-t yp =2
2mcPi = SwbiEr (2-2A-32)

Then, M is expressed as

Ml = (32323 + 52332 - 53223 - E3‘132)£?2E‘3

.

M, = (5;113 + E"‘3131 —Ei3— E'1331)E3E|
M= (E 5+ E iy — By — Eain)E E, (2-2A-33)
where the nonzero components of the forth rank tensor =' has the
forms of Z'jjij and Z'ijji (i#)) and should satisfy the relation, Z'jji;=2'ijji
because of SHG process.
In K and Oy symmetries, all components of M vanish.

In Dep, Cowv, Dgn and Cygy symmetries, this mechanism {s
described by only one independent parameter, (£'1313-2'3131)- This
magnetization is equivalent to the formation of the following

nonlinear electric polarization.
R
ng V<M ' (2-2A-34)
(f) Relations between the mechanisms

As mentioned above, all the nonlinear electric polarizations
produced by the electric quadrupole coupling, the magnetic dipole
coupling, the electric quadrupole, the magnetic dipole mechanisms

are expressed as
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P=XguEQE, : ' (2-2A-35)

Here, the forth rank tensor g has nonzero components, giiii 8iijj»
gijij» &ijji- In Kn, On, Dwh, Ceov, D4n and C4y symmetries, we have the
relations.

+2(E,— )

i i

8y = Ny 2,

ij

8ijj = Dy + = 2A

iijf

8isi = Ay + Ty = 28 5+ 2(E — Z )

8ii = Ny =2y (#)) , (2-2A-36)

— )
- —
—

where the forth rank tensor Z is defined as "o~ . In fact, we
can remove the term 2(3,-,,-1‘-—51-,-7) for Kp and Op symmetries, since
the magnetic dipole mechanism does not contribute to the SHG for

those symmeties.

In Kp symmetry, we have three independent g tensor

components as follows.
Siiii» 8ijip 8ujio &iii = i t Gijig + i =) (2-2A-37)

In O symmetry, there exist four independent g¢ components of the

forms,
i &ip 8o i U#EJ) (2-2A-38)

In Dewp and Cey symmetries, we have ten independent g tensor

components.

83311 = L322 &1133= £33 12 = B2
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83131 = &332, §1313= Lanon §1212 = Bau2i

8313 = &3m3, 81331 = 82332 81221 = Bann

83333 i1 =820 = 8unt ot ux | (2-2A-39)

In D4n and C4y symmetries, we have eleven independent g tensor

components.

83311 = &322 1133 = 8o2an 11 = 8ot
83131 = &332 81313 = &amrs L1212 = &t

83113 = 8323, L1331 = £33 81221 = £2112

83333 81 =8 | (2-2A-40)
On the basis of experimentals, we can determine g tensor

components. Then, the form of g tensor components manifest the

dominant mechanism.
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2-2B SHG intensities under a three-layer model

Let us consider infinite media with Ky symmetry. When a
fundamental wave of the plane wave form propagates in Kp
symmetry, we define the direction of the wave vector as axis 3. The
electric field of the fundamental wave has components of E; and Es.
We consider the nonlinear polarization from higher order
mechanisms. In this coordinates, only the nonzero component dyk is
d3. Since all the components gljsi and g2j31 are zero among all the g
components in eq. 2-2A-37, both P; and P2 components are zero,
though P3 component is not zero due to nonzero components in £3j31
components. Such a polarization can not radiate in the infinite
media. However, for a finite media shown in Figs. 2-2-1(a) and 2-2-
1(b), the nonlinear polarization from higher order mechanisms can
radiate both into the media and out of the media, if we treat the
boundary conditions properly as described below. |

To calculéte SH intensity, we use a three-layer model shown in
Fig. 2-2-1(a), which is firstly treated by Bloembergen and Pershan.
In this model, top and bottom layers are materials with isotropic
dielectric tensors, in which nonlinear optical effect is negligible, and
a middle layer with thickness d is treated as an uniaxial SH active
materials whose optical axis is normal to the layer surface, since we
deal with not only Ky and Op systems but also anisotropic systems
such as Dup, Covy, Dgn and Cyy point group symmetries.

For Kp, Ceov and Dep symmetries, the coordinates are in accord
with the laboratory coordinates about which we will state later,
although the symmetry axis (Co. axis) must be coincided with the
Z(3) axis in the laboratory coordinates for Cey and Do symmetries.

For Op symmetry, one of the standard axes, which we call z(3) axis in
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The top layer

Y(2) X(1)
The middle layer
(The nonlinear active layer)
Z(3)
The bottom layer
(b)
The top layer
Y(2) X(1)
The middle layer
(The nonlinear active layer)
Z(3)

Fig. 2-2-1 The laboratory coordinates and the geometries
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the crystal coordinates, coincide with Z(3) axis in the laboratory
coordinates, though the other standard axes x(1) and y(2) are not in
accord with X(1) and Y(2) axes in laboratory coordinate in general
This implys that the the SHG from (001) face for Si and Ge crystals
with Op symmetry is treated. The SHG gives us significant
informations as for the bulk higher order mechanisms, if we rotate
the crystal around the surface normal.

In this thesis, we use sample films grown epitaxially on
KCI(001) or KBr(001) surface as well as those on a glass substrate.
For such films with D4p and C4y symmetries, the symmetry axis Cy4
also coincides with Z(3) axis in the laboratory coordinates, though
the other axes x(1) and y(2) are not generally in accord with X(1)
and Y(2) axes in laboratory coordinates. The SHG for such films also
gives us significant informations as for the bulk higher order
mechanisms, if we rotate the crystal around the surface normal.

We should notice that g tensor components in this section 2-
2B are defined for the laboratory coordinates becaﬁse the SH
intensity is dependent on the orientation of the crystal for Op, D4n
and C4y symmetries. The g tensor components in the laboratory
coordinates for those symmetries are described as gl in order to
distinguish from those in the crystal coordinates, which will be
discussed in the section 2-2C. |

The dielectric constants of the top, bottom, and middle layers
at a fundamental angular frequency ® are denoted as €, &, Eum
(parallel to the surface) and &, (perpendicular to the surface),
respectively. At a SH angular frequency 2w, their dieleictric
constants are denoted as &R, €T, &m (parallel) and s
(perpendicular). In order to describe vector components, laboratory

coordinates {X(1), Y(2), Z(3)} are introduced, where X is parallel to
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the layer surface and Z is perpendicular to the surface. An incident
light propagates in XZ plane toward the positive Z direction. The
incident fundamental wave is assumed to be a linearly polarized plane
wave. The polarization direction makes an angle yp with respect to
the incident (XZ) plane and the electric field amplitude is Ei®, When

it impinges on the top layer with the angle of incidence 0g, the X and

Y components of the amplitude are expressed by

EY=E"cos¥, cos 6,

E7 =E"siny, (2-2B-1)

respectively. The X component of the wavevector is given by

k=@ g sing, (2-2B-2)

Under the circumstance mentioned above, the wave equation in
nonmagnetic system

e OE  4nc OE _
VXVXE+ 5557 +202 5r=0 (2-2B-3)

is solved under electromagnetic boundary conditions at the
top/middle and middle/bottom layers. The conductivity tensor ¢
appears in the middle layer to take account of absorption. It is
assumed that the top layer and the bottom layer consist of materials
with isotropic dielectric tensors whose dielectric constants are real

The electric field in the middle layer is expressed as a sum of
forward (mf) and backward (mb) waves, which also depend on the .
polarization directions (s and p). There are also a reflection (r) wave

in the top layer and a transmission (t) wave in the bottom layer. The
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X components of the wavevectors for these waves are equal to k;

because of the boundary condition. The Z componénts of the
wavevectors for r, t, mf and mb waves are determined by following

dispersion relations.

2

(O 2
rEoy e sk
032 2
I= *“2‘8‘-—1(31
f ? 2
mg = E?gml 1
2 g
f—, /@ _ Smiy2
"y \/ &g | (2-2B-4)

where &, and &, are the X component (parallel to the surface)
and the Z component (perpendicular to the surface) of the complex
dielectric tensor ( &,=€,+i(4nG,/®) ) in the middle layer,
respectively, and m{ and m, are the Z components of the
wavevectors for mf waves with s and p polarizations, respectively.
The components for mb waves ( m! and mf, ) are obtained by
b

— b __ s
mi=-m{ and m,=-m) . The boundary conditions are expressed

by the relations between the amplitudes of the waves (E0). For the s

component,
1 -1 -1 0 EY -Ey
r -mf m! 0 EY | rEY
0 eim_(d e—im[d -1 E;“w - 0
0 m{eirlx[d _ m{e—imfd —t Eéo 0

(2-2B-5)

For the p component,
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1 -1 -1 0

_EiO
0 1
& _ gml Eml 0 El er i0
7 my m! Em™ | | FEI
0 eimﬂd e—im{d -1 E;“bo 0
0
E; 0
0 gmleinlid _ gmle— im{d _ E
m! m} !

(2-2B-6)

We can obtain the electric field amplitudes of the mf and mb waves
by solving eqgs. (2-2B-5) and (2-2B-86).
by

The Z components are given

E;nfO - gmxklf EllnfO
m3mp
émlkl

By = =L
m3mp

(2-2B-7)

The electric field in the middle layer is expressed as a sum of

the mf and mb waves, namely,

E=E"+E" (2-2B-8)

Consequently, the nonlinear electric polarization for higher order

mechanisms is expressed as

Py =X gupys Ey 0y Es = Zysoy Supys Ef 0y EY (2-2B-9)

where the indices p and p' express mf and mb states. It must be

noted that gopys in eq.(2-2B-9) is defined for the laboratory

coordinates. For Oy, Dgn and C4y symmetries, we describe it as -
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gLaBy& Each term is of the plane wave form and the amplitude (PO)

is given by

P’ =i k(E?) gops EF° ES°

(2-2B-10)
where %(E3) s the Y component of the wavevector for EY . The
wavevector (K) for this plane wave is given by

K,=0
K, = ky(Ef) + ky(ED) (2-2B-11)

We can also treat with the similar procedure for the electric dipole

mechanism as follows.

Pa =2 Xuﬂ&EﬁES = ZBSpp' XaBSEEESP'

(2-2B-12)
P® = s E" EZ° (2-2B-13)
K, =2k,

K,=0

K, = ky(Ep) + ky(EF) (2-2B-14)

The SH wave produced by the effective nonlinear polarization

Perr is given by solving the wave equation in a nonmagnetic system,

2 o°P.
VxVXE _37_8{3 47508E=—4—7} =
N - TER- I T (2-2B-15)

where the conductivity tensor ¢ appears in the middle layer in order -

to take the absorption effect into account. It is assumed that the top
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layer and the bottom layer consist of materials with isotropic
dielectric tensors whose dielectric constants at SH frequency are

real. Pegr consists of the electric dipole, the electric quadrupole

coupling, the magnetic dipole coupling, the electric quadrupole and
magnetic dipole mechanisms. We use the form of eq (2-2B-9) for

higher order mechanisms in Pef. Since P is expressed as linear

combinations of the plane waves,

P=3%XP =X P ¢itKarr-200 (2-2B-16)

the SH electric field is expressed as

E=3E,=XE, ¢®ar-2 (2-2B-17)

Each component Ea is obtained by solving

40)2?/]\,1 _167t0)2
-~ K XK XE,~-—" E,=—5—F, (2-2B-18)

where E&y=&y+i(2n0y/®) stands for the complex dielectric tensor

in the middle layer at angular frequency 2. The magnetic field is

obtained by

_c
H, =75 K, XE, (2-2B-19)

using the Maxwell's equation.
We first solve eq. (2-2B-18) to obtain the inhomogeneous wave
(I) EZ! for P5. Then, the solution E=XE, is obtained. For the s wave, .

the inhomogeneous electric field Eg and the corresponding Hj

component are given by
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EI - a2
@t 2
— (K] +K,;) - &
4(0_( 1 3) Ml (2-2B-20)
H = (:K,,3E‘I,2
a 2m . (2-2B-21)

For the p wave, E; component of the inhomogeneous electric field

and the corresponding Hg component are given by

Am((K2 -2 & )P, + K, K5 Py)

C’l

Ezlu = 4>
(7 Evi Evs — K By — K3 Ey) (2-2B-22)
._f_..H[ _ 475(ng K| Pg}"'gMZ.KaBPaI)
2077 4’ 2 2
("6‘3‘ & ng—Kl ng_Kn.s gMl) (2-2B-23)

To satisfy boundary conditions, homogeneous solution must be
introduced. The homogeneous wave in the middle layer is obtained
by solving eq. (2-2B-15) with P.s=0, and is expressed as a sum of
forward (MF) and backward (MB) waves, which also depend on the
polarization directions (s and p). There are also a reflection (R) wave
in the top layer, and a transmission (T) wave in the bottom layer.
The X components of the wavevectors for these waves are equal to

Kj. The following dispersion relations give the Z components for the

R, T, MF, and MB waves.

/ 40° 2
R=- ?ER_KI

2

4m° 2
T = 7ET—K1

— _')g -
P 2 MU By ! (2-2B-24)
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where M

F F
s and M,

are the Z components of the wavevectors for

the MF waves with s and p polarizations, respectively. Boundary

conditions are written in the form of matrix equation.

wave,

For the s

1 -1 -1 0 E}° T EY
R -Mr Mr 0 EX® SK,EY
0 oMEd o MEd _1 EM®0 ~Teikad EY
0 Mﬁmﬁ _M&ﬂmu _T E? ~Te¥adK EN
(2-2B-25)
For the p wave,
1 -1 -1 0
ZEIO
Ex _EML EML 0 EP c mxo
R M; M, E™ 20 2 He
eMbd oMb 1 E;MBO —X giKard Efg
\E? _ L3 piknd {1
0 ﬂ@ efod _ ?«_m e iMyd Er 20 )
F F
M; M; T

(2-2B-26)

Then, reflected and transmitted SH waves can be obtained by solving

eqs. (2-2B-25) and (2-2B-26).

In our experimental geometry, an analyzer is located before the

detector. ‘When the polarization direction of the analyzer makes an

angle Yo with respect to the incident plane, the amplitudes of the

electric field components that pass the analyzer are given by

E,’ =sinY, E5° - cos ¥,

ER =siny, E;" + cos ¥,

20/ ER

cR (2-2B-27)
20§/€; 10

cT E, (2-2B-28)
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Finally, the intensity of SHG are obtained by

R _ | RO |2 :
I=1EY (2-2B-29)
T _ 4 =70 2

Lh=1ERP | (2-2B-30)

In the case of Ky and O symmetries, an isotropic dielectric

tensor should be taken into consideration, so that we make the

substitutions
En=En=En (2-2B-31)
Em=Em =&y | (2-2B-32)

Using above relations, the following replacements can be also made.

m =m{=mf=\/ S ¥, -1} (2-2B-33)
mb=mb=mt=—m (2-2B-34)
M =Ml=M]=\/ S eu-K (2-2B-35)
M'=M}=M,=-M' (2-2B-36)

The analytical expressions for the reflection SHG from the
geometry shown in Fig. 2-2-1(b) can be obtained as follows. There
exist the r wave in addition to the incident wave in the top layer and
mf waves, which depend on the polarization directions (s and p) in
the middle layer, at the angular frequency ®. Hence, we pick up the
terms concerning with these waves in eqgs. (2-2B-1)~(2-2B-14),

although we need to modify eqs. (2-2B-5) and (2-2B-6) to the forms

e e
—wmf mfo | i0 v
ro—ml | E;® |7\ rE (2-2B-37)
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R AN,
& &y \E) |\ B
:

(2-2B-38)

At the angular frequency 2m, we pick up the terms concerning with
the nonlinear electric polarization produced by the mf waves and the
corresponding inhomogeneous waves in eqs. (2-2B-15)~(2-2B-23).
In this geometry, there exist the R wave in the top layer and the
homogeneous MF waves, which depend on the polarization
directions (s and p) in the middle layer. Therefore we pick up the
terms accompanied with these waves in eqs. (2-2B-24)~(2-2B-30).

Here, we need to modify eqgs. (2-2B-25) and (2-2B-26) to the forms

1 -1 E§°)_ s EY
R -MT\EY®| \2K,EY
M. \ B2 2 (2-2B-39)
I =1 Vgl | ZE;
& _Ew EY" 2C I Hg
R "M’
P ) (2-2B-40)

For Ky and Op system in this geometry, the substitutions (eq. (2-2B-
31), (2-2B-32), (2-2B-33) and (2-2B-35)) are also effective. The
expressions of P components in the labratory coordinates for each

system in each geometry will be described in the section 2-2C.
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2-2C Rotational angle dependence and polarization angle

dependence in SHG

In this section, we describe the rotational angle and the
polarization angle dependences of the SHG for systems argued in the
previous section.

For Kp, Deweh and Cey symmetries, the polarization dependence
of the SHG are listed in Table 2-2-1. We can further transfigure the
expressions in Table 2-2-1 for Ky symmetry, so that we find some
important informations. The P, P and Pg components for the
polarization conditions (p—p, s—p and 45°-s) in the geometries

shown in Fig. 2-2-1(a) and 2-2-1(b) are described as follows.

For p—p condition,

P =g nE9\E, + 8E 0:E; + 8131330, E; + 133, E30:E,

= (i + 8y + gijji)ElalEl + giiijla3E3 + 840, E5 + gijjiEsasEx
= ginl(alEl +0,E3) + —zl-gijual(E;z + Eg) + gijji(Elal + E;0,)E,
Py = g33E,0,\E5 + g313,E\0:E, + 8331, E30,E + 83333E30:E5

= gijjiElalEB + 8ijiy 10sE, + giiij3alEl + gy + &y t+ giw)E3a3E3

= gins(alEl +0,E;) + %guuaJ(Elz + E;) + gijji(Elal + E30,)E, . (2-2C-1)

For s—p condition,
P, = g120Eq0,\E,

= ‘%g ijUal(Eg)
P=g 11E403E,

-1 2
=58i0(E) (2-2C-2)

For 45°>s condition,
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Table 2-2-1 Expressions of nonlinear polarizations in higher order
mechanisms for Ky and De.p and Cwy systems and those in the
electric dipole mechanism for C.y system. Here, only the elements
which contribute to SHG in each polarization condition are listed.

Py =g11,E0,E, + 8,3E\0,E; + 8,5)3E:0,E5 + 8,33, E305E,
Py = 83,13E,0,E;5 + 83,3, E 0B, + 8331, E30,E| + 83333E40,E,

Py =113 j‘ Xm)Exgs
Py =Y B + X3Es

e e e s s e e e e e e e e e e R ee e e e e e he e T e e e e e = e e e A e v M e e e e = e e e e en e R e

P = g1212E2alE2
P= g3232EzazE2

The electric field E in nonlinear active layer is described as

E=E"+E™ (for the geometry shown in Fig. 2-2-1(a)),
E,=E" (for the geometry shown in Fig. 2-2-1(b)).

For K symmetry, the following relations between g components
should be satisfied.

Siiip i i &iiii = iy ¥ Lijyg T 8 =)

We should consider an isotropic dielectric tensor for Ky symmetry.
Therefore, the relations also exist.

gm = gml = gm3
Eu=Ew=8&un
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We can perform further transformation for Ky symmetry using the
relations, so that we obtain some important informations as
described in the section 2-2C.

For Dwh and Cwy symmetry, the following relations between g
components should be satisfied.

8111 = np 81133 = o233 1122 = 822
83131 = 83n2 81313 = 82323 L1212 = 82121
83113 = 83223 81331 = 8233 L1221 = 2112
8333 81 = 8222 = 8zt &i2in T 8

For Cwy symmetry, the relation between )} components should be
satisfied.

X113 = Xaa1 = Xans = X232

X3 = Xsn
X333
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Py= g2112EIalE2 + 8 Ea0 By + 82233E283E3 + gzsazEsazEz
= g(E (0, + Es0y)E, + g;;E(0,E, + 05E3) ) (2-2C-3)

In the caluculation, we used the relations which are satisfied in kh
symmtry as described in Table 2-2-1. The results can be directly
obtained acéording to the Appendix. For the geometry shown in Fig.
2-2-1(b), the electric field in nonlinear active layer is E=E"

Then, the Py, Po and Pg for the polarization conditions (p—p, s—p

and 45°-3s) in the geometry are described as follows.

For p—p condition,

P =g, 2k )BT + E57)
P, =L, (2m ) EP + E1%)

(2-2C-4)
For s—p condition,
P, = 58,2, E3 "
__1_ . £y pme2
Py= zga‘ij(lzm )E; ) (2-2C-5)

For 45°-s condition,

=0 (2-2C-6)
In the calculation, we used the relation El;“mkx*‘E'snmmf:O . We find
s-polarized SH light of the bulk origin from higher order

mechanisms can not be observed and only the term g;jjj; appears for:

Kp system in the geometry (Fig. 2-2-1(b)).
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For the geometry shown in Fig. 2-2-1(a), the electric field in
the nonlinear active layer is described as E=E"+E™ _ Then, the

Py, P2 and P3 components are described for each polarization as

follows.

For p—p condition,

Py = 4,12k )(EP® + B3 + 2E7ET® + 2EYED + EM + ES™)

+ g, ik QEVE) — im/ET'ET® + im/ EY°E™)

Py= 40,2 )ET™ + E5®) — (2m/)(EP + E5*)

+8,0k (ET'ET™+ ET°EY") | - (2-2C-7)

For s—p condition,

P, =L, 2k )(ES® + 2E1'ES + EZ)
Py= Lg (@m)ES® - @2m)ES) (2-2C-8)

For 45°-s condition,
P, = g,ik (EYES® + ET°ES") + im/ES'ES° — im/ES°Ey") (2-2C-9)

In this 'calculation, we used the relations E;"mkl*'E's“mmf:O
EMk +E™m’=0 and m'=-m’ | For Ky symmetry, the nonlinear
pelarization due to the. gijji terms arises only from the product of the
fields of forward and backward waves in the nonlinear active layer for
all polarization conditions. This fact is consistent with no existence
of gijji terms in eqgs. (2-2C-4), (2-2C-5) and (2-2C-6) for the
geometry (Fig. 2-2-1(b)) where the backward wave do not exist. -

Moreover, the bulk SHG comes only from the gjjjj terms for the
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polarization condition (45°-s). Thus, both gjj;; and gijij components
are evaluated in the geometry (Fig 2-2-1(b)). In fact, Koopmans et al

[14,15] clarified the dominant origin of SHG from vacuum evaporated

Ceo films by measuring the thickness and the polarization dependent
SHG and evaluating the ratio g;j;i/gijijz They obtained gijji/ Eijij=-1
which indicates the dominance of the magnetic dipole coupling
mechanism (see eqs. (2-2A-17) and (2-2A-36)) and concluded that
the dominance comes from the resonant magnetic dipole transition
(1Ag—>1T1g) at a fundamental frequency.

Further transfiguration is not so effective for Cwy and Dep
symmetries as for Kn symmetry since we have many independent
tensor components and an anisotropic dielectric tensor. In the’s_e
symmetries, the SHG in the polarization condition (45°—s) should be
observed for both geometries (Figs. 2-2-1(a) and 2-2-1(b)).

For Op, D4 and C4y symmetries, the relation between the
crystal coordinates and the laboratory coordinates is the same one,
about which we described in the section 2-2B. We define the
rotational angle ¢ which is the one between X(1) axis in the
laboratory coordinates and x(1) axis in the crystal coordinates. By

using the tansformation matrix,

a,, ap a3 Cos@ smnQ 0
(y Gy Gy |=| —SINQ cos@ O
\ @31 A3 G35 0 0 1

(2-2C-10)

the tensor components in the laboratory coordinates are calculated

by

8apys = T Aoilly 0yyOsi8ia (2-2C-11)
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Here, the g components with the superscript L stand for those in the
laboratery coordinates. The polarization and rotational angle
dependences of the SHG are summarized in Table 2-2-2.

In O system, we can perform further transfiguration for the
expressions. The Pj, P2 and P3 components for the polarization

conditions (p—p, s—p, 45°>s, p—os and s—s) are described as

follows.

For p—p condition,

Py =ghnE0\E, + gl13:E10:E; + 8131350, E5 + glL331E3asE1

= (711: (cos 4@ + 3)(giii— Giy — i — &) + iy + Ly + gijji))ElalEl

+8iE\05E + 840, E; + g:jjiESaSEl

= % (cos 4@ + 3)g°E\0,E,

+ 8i;E1(0,E, + 0,E;) + %gij,’ja;(Elz + E3) + g,:(E\0, + E50,)E,

P, = ghiysEs0,E; + 853, £30,E, + 85,5, E\0:E, + g3113E10, E;

= (&t =&y — &Gy =~ i) — (giijj+ 8ijii t gijji))E3asE3 + 8;E:0.E, + gijijEla3E1 + gijjfElalEs
=g'E;0E; + giij_/"EB(alEl +0,E;) + %gwas(Eiz + Ezz) + g:jii(Elal + E;0,)E;

(2-2C-12)

For s—p condition,

P, = gi,E,0,E,

= (%(1 — COS 40X &iiii — iy — 8ijy — Gui) + 8ipE0,E,
= %{‘(1 —cos 4¢)g°E,0,E, + %‘ gijijal(Eg)

P, = g}E10,E,

= gijijEZaJE?.

_1 2
=28i0xE) (2-2C-13)

For 45°>s condition,
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Table 2-2-2 Expressions of nonlinear polarizations in higher order
mechanisms for Oy, C4y and Dgn systems and those in the electric
dipole mechanism for C4y system in the laboratory coordinates. The
relation between the crystal coordinates and the laboratory
coordinates is defined in the section 2-2B. Here, only the elements
which contribute to SHG in each polarization condition are listed.

Py =g E0,E, + glissE 0:E; + g5 13E,0 | E; + 8133, E105E,

p—p
Py = giy33E405Es + 853, B30 \E| + 8515, E\0,E, + 85,E,0\E;
P = j’ X131)E1§3
Py=%50E7 + Y3nEs
s—p P, = gh,E,0,E,
P, = ghE,05E,
P = X327E§
P, =gy E0,E, + g5 ,E\0,E, + g5 \E,0\E, + g5,,,E,0 E,
45° s + gi33E 03B, + 8533 E205E,
Py = (Y03 + X2 EnEs
p—s P, =giE0.E,
P,=0
5—s P, = g5 ,E-0, E,

The components for the fundamental electric field E and the
nonlinear polarization P in the nonlinear active layer and the gl
tensor components are defined for the laboratory coordinates. We

removed the superscript L for ¥ components, since ) in C4y system
does not change under the transformation (eq. 2-2C-10). The
electric field in the nonlinear active layer is described as

_ pmf mb

Ei=LE" +E (for the geometry shown in Fig. 2-2-1(a)),
_ mf

E;=E"  (for the geometry shown in Fig. 2-2-1(b)).

We should consider an isotropic dielectric tensor for O symmetry.
Therefore, the following relations also exist.

ém = éml = ng
Ev=Ewi =&\
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The independent g tensor components in crystal coordinates are
described as

i Bijip G i U #J)
for Op symmetry, and

83311 = &332 81133 &2 1122 = 8oy
83131 = £ £1313= 82323 L1212 = 821
83113 7 £33 1331 = 8233 1221 = 8212

83333 &1 = g

for D4 and C4y symmetries.

The independent j tensor components in crystal coordinates are
described as

X113 = X131 = Xo23 = Xoze
X3 = A
X333

for C4y symmetry.

The gl tensor components are related to the g tensor component
using the transformation matrix defined in the section 2-2-C as
follows.

ghn = 21[ (cos 40 + 3)(81111 — un — iz — &) + (i F 212 + Lio21)

815 = G , 81313 = 8133 , 8l = G

8313 = ana ) &1 = 8an , giim1 = G331 , 8313 = 83113
glelz:"%(l‘0054(9)(6’1111‘gllzz”glzxz‘gml)+gn212 ’
85 = &

ghn :""}_Sin 40 (8111 = &un— Li2n— &1221)

8= 21[ (1 —cos 40)(gy111 ~ & — &2z — &1221) + &1
81 2%(1 —COS 40)(g) 111~ 8z~ L1212 — G1aa) + 81ima

8= % Sin4Q (g1~ un — &2~ i)

L L _
89332 = L1331 8733 = 81133

Here, we used the relations which are satisfied in both Oy, Dgy and
C4y symmetries in the caluculation. For Op symmetry, further
transfiguration are made in order to obtain some significant

informations as described in section 2-2C. '
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P, =gl EO\E, + 85112E 0,E, + 851 Eq0,E, + 8521,E40 E,
+ gh0E303Es + g3y Fa0,F,

=(- % $in 40 (giii = &iy— 8y — 8y E\0, Ey
+ (% (1 —cos 40)(g;ii — &ij — iy — &) + 8 Er0,E
+ (& (1= 08 40) (g~ 81y~ 8y~ 1) + 8 ED,E,
+ (5 Sin 40 (84~ 8y~ 84y~ 8N ED\Es + 8uEsdEs + giyEd s
= g~ sin 40E D E+ $(1- cos 4)E,d, E+ (1= c0s 4Q)E,D,E -+ Ssin 40E,),E,)
+ 8(Ed, + EQ)E, + g,,Ex(d,E, + 3:E;)
(2-2C-15)

For p—s condition,

P, =g5,E\0,E,
'_'_% sin 49 (i — iy — &y — ) E10,E,

__ 1
==7 sin 4¢ g,,Exa1E1 (2-2(:-1'6)

For s—s condition,

>0

ggopE a E
sin 49 (g;; — 8iij — &iji — gw,-)Eaa E,
sin 4¢ g E,0,E, . (2-2C-17)

It
N -N*-—* il

Here, we introduced a parameter &°=8ii— 8y~ 8yii— 8y . The same
results can be directly obtained according to Appendix.
For the geometry shown in Fig. 2-2-1(b), the electric field in

nonlinear active layer is E;=E" . Then, the Py, Py and P3 for the
polarization conditions (p—p, s—p, 45°—>s, p—s and s—s) in this

geometry are described as follows.

For p—p condition,

= L (cos 4 + 3)ge(ik )EP™ + 5 L g, 2k )EP® + EF?)
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P, = g(im")E3" + %g,.j,-j(imf)(E'lnf2 +EM)

(2-2C-18)
For s—p condition,
P =1(1 - cos 4)g(ik DEP® + L g, (i2k JEP®
157 Q)G UK )L, 5 St DE;
=1, (pmHE™
Py= zgij:;i(lzm )E; (2-2C-19)

For 45°-s condition,

P, = (- Jsin 49 (ik)ET™+2(L(1- cos 40) ik DEFET) + Lsin 4q(ik )EF™)

(2-2C-20)
For p—s condition,
P, =~ Lsin 4¢ g (ik )EP®
277G = (2-2C-21)
For s—s condition,
P, = Lsin 4¢ g7 (ik ) ET®
27 4 v (2-2C-22)

In this calculation, we used the relations Ellnmkl +E'3nmmf=0 At first,
we note that the bulk SHG can be observed even for the polarizations
(45°->s8), (p—s) and (s—s) in contrast to Ky system in the same

geometry and the g2 terms are added for all polarization conditions.
Especially, the polarization conditions (45°>s, p—s and s—s) possess
only the g2 terms. It is also noted that all the rotational angle
dependent terms are multiplied by a parameter
8" = &iiii — i — 8ijij — 8
We can perform further calculation for On symmetry using eqs. .
(2-2A-9), (2-2A-17), (2-2A-25) and (2-2A-36), so that we obtain the

relation
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8" = 8iii = &ij — 8ijy — &ji = (%Aiiii =28 + (A + 4A ) ) (2-2C-23)

Thus, the g2 comes from only the EQC and EQ mechanisms. This is
important from the viewpoint that we can distinguish the origin of
higher order SHG of EQC and EQ mechanisms from that of MDC and
MD mechanism. The gijij and g2 terms are evaluated in the
geometry (Fig. 2-2-1(b)).

So far, we have not considered the SHG from the effective
surface polarization [11]. Here, we also briefly discuss such
contribution in order to recognize the significance of the rotational
dependent SHG. If we treat the SHG from (001) surface in Op
systems such as Si and Ge crystals, the surface have C4y symmetry
[11], in which the symmetry axis is parallel to the surface normal
direction. The surface contribution appears at the polarization
conditions (p—p, s—p and 45°-s). Howéver. the SHG due to such a
surface contribution does not show the rotational angle dependence,
since %(2) does not distinguish C4y symmetry from Coy symmetry.
Thus, the rotational angle dependence in the SHG implies the
contribution from the bulk EQ and EQC mechanisms. Moreover, the
rotational angle dependent SHG from the polarization conditions
(p—s) and (s—s) is entirely caused by the bulk EQC and EQ
mechanisms, since both the surface contribution and the
contribution from the isotropic terms which comes from EQ, EQC
and MDC mechanisms as a bulk are not included in these polarization
conditions. Many researchers [6-11] observed the rotational
anisotropy of the reflection SHG from Si(001) face with various
polarization conditions and pointed out the significance of the bulk

contribution. Figs. 2-2-2(a) and 2-2-2(b) show the rotational angle
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In the experiments, pump radialion of a wavelength of 532 nm was used.
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dependence of SHG from Si(001) face, which are quoted from refs
[6,10].

For the geometry shown in Fig. 2-2-1(a), the electric field in
the nonlinear active layer is described as E;=E;"f+E;nb . Then, the

P1, Po and P3 components are'described for each polarization as

follows.

For p—p condition,

P =1 (cos 4 + 3)g°(ik JET™ + 2B + B}

+ 10,2k Y(ET® + E5© + 2EV'ED + 2B)EY® + EY + E5™)

+ g, ik, QEYET) — im™EY'E + im/ EY"EY)

P, = g"((im")E3" ~ (im!)E3™)

+ 20 (@2m)EF® + E5) = (2m )ET™ + E5™)) + gy ik JETES ™+ ETES)
(2-2C-24)

For s—p condition,
P = 2(1 - cos 4@)g(ik J(ES" + 2E5 ES" + E5™)

+ 0,12 J(ER® + 2E7 BT + E5*)
P,= g, ((2mNES® - (2m)ET™) (2-2C-25)

For 45°—s condition,

P, = g'(~ £sin 49 (ik )ET® + 2E7'E + ET™)
+ 2(5(1- cos 4Q)(ik J(ET'E}" +EV'ER” + ET°E3* + ET™)
1. . mf2 ‘ mf ymb mb2
sin 4@ (ik )(E7 +2E7Ey” + E™) _ (2-2C-26)

+_
4
For p—s condition,

P,=—Jsin 4 g ik )(ET® + 2EVET + ET) (2-2C-27)
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For s—s condition,

P, = Lsin 4¢ g (ikJEF™ + 2EES® + E5™)

(2-2C-28)

In this calculation, we used the relations £k +E"m’=0 and
mb0 bO,

Ek +E3 m?=0 , ml=—m/ | The gijij» &ijji and g2 terms are

included in this geometry. Of cource, we can make the same

discussion as described above.

Further transfiguration is not so effective for C4y and Dgp
symmetries as for Op symmetry, since we have many independent
tensor components and an anisotropic dielectric tensor. In these
symmetries, rotational dependent tensor components in gl are also

characterized by a parameter

(@ = &un = &ioa— &) = (A1 = Ay = 241509 + (2A 1), + 2A 15y + 4A 1))

In the calculation, we used eqgs. (2-2A-12), (2-2A-18), (2-2A-28), and
(2-2A-36). It is also noted that (€~ &2~ 82— &) comes only
from EQC and EQ mechanisms in these symmetries. Similar
discussion to the case of Oy symmetry can also be made as for the

rotational anisotropy of SHG. We can add an significant information

in Cy4y system. In C4y system, the bulk itself is also non-
centrosymmetric, so that the contribution of electric dipole
mechanism as a bulk may be large in general and the contribution
~appears at the polarization conditions (p—p, s—p, 45°>s). Again, we
recognize the significance of the rotational anisotropy of the
polarization conditions (p—s, s—s), because EQ and EQC
mechanisms can be probed even in the non-centrosymmetric system

such as C4y symmetry.
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Chapter 83 Thickness Dependence of SHG in Vacuum Deposited

Phthalocyanine Films

3-1 Intrbduction

Recently, the relatively strong SHG from CuPc vacuum
evaporation films has been observed by Chollet et al. [1] and Kumagai
et al. Kumagai et al. [2] performed the thickness dependent SHG for
CuPc films and confirmed that the SH intensity is proportional to the
square of the thickness in the thin film region. Then, they ascribed
the SHG to the contribution from electric dipo/le mechanism, which
is caused by the breaking of the inversion symmetry to the surface
normal direction produced during the film growth. Here, we also
have performed the thickness scan of the SHG from a CuPc film.
Then, we took adyantages of in situ observation of the SH intensity
during vacuum evaporation. The main advantages are: (1) The
precise thickness dependent SHG can be observed using a sample
film. (2) The SHG measurement can be performed without ekposing
it' to the atmosphere. As for the advantage (2), however, we
confirmed that the change of the SH intensity from CuPc films due to

exposing it to the atmosphere is negligible.
3-2 Experiment

Fig. 3-2-1(a) shows the optical arrangement around a vacuum
chamber (Kitano Seiki Co. Ltd.) which has optical viewports. A
substrate glass plate (Matsunami micro slide glass) was placed in a Cu
mount at room temperature without special temperature regulation.

CuPc after purification by sublimation was evaporated in a vacuum of
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Fig. 3-2-1 (a) The optical arragement and (b) the gometry around a sample.

The color filters (F1) and (F2) in the figure (a) are introduced to remove

the SH light from various optical componerts and to eliminate the fundamenial
light, respectively.
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1.2x10-3 Pa (1.5x10-5 Torr) at the rate of 1.2 nm/min. The
thickness was monitored by a Leybold Inficon XTM/2 using a quartz
oscillator and was calibrated by direct observation of the film
thickness by means of an atomic forcé microscope (Seiko SPI-3700).
The fundamental beam from an Nd:YAG laser (Quanta-Ray DCR-11,
1064 nm, 12 Hz) was attenuated to about 1 md/pulse and was
focused upon the sample after passing through a polarizer, a half-
wave plate (at 1064 nm), a visible cut filter to .eliminate SH light
from various optical components, a lens and the glass substrate. The
SH light from the sample after passing through the glass substrate,
an infrared cut filter to remove the fundamental light and an analyzer
was detected by a photomultiplier tube (PMT Hafnamatsu R955) in
the reflection direction. The geometry around a sample is also
shown in Fig. 3-2-1(b), where the laboratory coordinates {X(1), Y(2),
Z(3)} are defined. In the figure, we find that the X(1) axis is parallel
to the film surface, the Z(3) axis is perpendicular to the film surface
and Yp-polarized incident fundamental beam propagates in the XZ
plane toward the positive Z(3) direction. The yg-polarized SH light
from the film was detected in the reflection direction. The incident
angle to the glass substrate was 45° which corresponds to the
incident angle (28.47°) from the glass substrate to the CuPc film as
described below. Absorption spectra of several samples with
different film thicknesses were measured using a spectrophotometer
(Hitachi U-3400), although the measurement was not in situ
observation. It was confirmed that the spectra have the same
profiles, indicating that there is no structural change within the
range of the film thickness at which SHG measurement was.

performed.

-70-



3-3 Result and discussion

In this film preparation condition, the film has beeh reported

to form a polycrystal of a-type-cristalline domains [3] and to have
some anisotropy with respect to the surface normal [2], apart from
polar (Cwy) or non-polar (Dep). Here, we discuss contributions from
higher order mechanisms and the electric dipole mechanism as a
bulk for the SHG.

For s—s (yp=90° 7a=90°) and p—s (yp=0° va=90°) polarization
conditions, the SHG should not be observed for both the electric
dipole mechanism and higher order mechanisms. At first, we
confirmed that this is actually the case: Figs. 3-3-1(a), 3-3-1(b) and
3-3-1(c) show the thickness dependent SHG from CuPc film for p—p
(Yp=0°, Ya=0°), s—>p (Yp=920° va=0°) and 45°—>s (Yp=45° Ya=90°)
polarization conditions, respectively. We can calculate the thickness
dependent SHG on the presumption of the electric dipole
mechanism according to the procedure described in chapter 2. In
Table 2-2-1, we note that s—p and 45°—>s polarization conditions in
the electric dipole mechanism depend on only one parameter,
respectively, and the thickness dependences are uniquely
determined. Figs. 3-3-2(a) and 3-3-2(b) show the calculated
thickness dependent SHG in s—p and 45°—s polarization conditions
for the electric dipole mechanism, respectively. The parameters

used for the calculation are
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0, = 28.47 (sin , = SI043

V2.2
g =g=22
g=¢e:=1.0
B, =33
Ep=d
B =2.21+0.18i
By =2.05 + 0.32i
ho = 2C = 1064 (nm) ’ (3-3-1)

where the dielectric constants of CuPc film are those reported by
AKumagai et al. We also used the ratio Xzyy:Xyzy=1:-0.26 according to
the result by Kumagai et al. Thus, we find the significant deviation
from the electric dipole mechanism. Kumagai et al. have already
observed SHG of the similar geometry. However, they mainly paid
attention to the quadratic dependence of SHG on the thickness in
the range thinner than 100 nm. The agreement between the
experiment and the calculation on the electric dipole model in this
thickness range does not allow us to conclude that the origin is due
to the electric dipole mechanism, since the SHG from higher order
mechanisms does show the quadratic dependence in the thickness
region as illustrated below. We took advantage of in situ observation
and could perform experiments on the precise thickness
dependence of SHG up to 330 nm.

Next, we discuss the thickness dependent SHG from higher
order mechanisms. In Dw.p and C.y symmetries, we have ten
independent parameter according to eq. (2-2A-39). Moreover, the
parameters should be treated as complex quantities in general
Thus, it is difficult to simulate for all polarization conditions in such
systems. However, s—p polarization condition includes only two
parameters (g1212 and gz232) according to Table 2-2-1. Therefore,

we discuss this polarization condition in detail
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At first, we note that g1512 and gz232 de‘scribed as
g1212 = I“121’.’ + A1212 - 2A 1122
8 =T+ Ay~ 2A 33, ,
using eq. (2-2A-36) and do not include nonzero components of E.
Therefore, the SHG should not be observed in this polarization
condition, if the MD mechanism is dominant. In the present
experiments, we observed the strong SHG in this condition. Thus,
the MD mechanism is not a dominant origin for the present SHG.

In this film preparation condition, the film may have small
anisotropy, so that we assume that the relation &i22=8»» | although
we allow the anisotropic dielectric tensor. According to therl
procedure described in chapter 2, we can calculate the thickness
dependent SHG for s—p polarization conditions using eq. (3-3-1) as
shown in Fig. 3-3-3. For consistence, let us also assume the isotropic
dielectric tensor for the CuPc film by taking the averaged value of

Em and & for fundamental frequency and that of &w and

Ew; for SH frequency. The calculated result is shown in Fig. 3-3-4.
Thus, the agreement between the experimental one (Fig. 3-3-1(b))
and the calculate.d ones (Figs. 3-3-3, and 3-3-4) is satisfactory. The
slight difference may be caused by the assumption we have made.

Koopmans et al. [4,5] stated that the thickness dependent SHG
in the s—p polarization condition from bulk higher order
mechanisms in Ky symmetry is indistinguishable from that from
surface contributions at the two interfaces (the top layer/the middle
layer and the middle layer/the bottom layer) if the effective surface
nonlinear susceptibilities [6,7] localized in the two interfaces have
same magnitude but opposite sign each other. However, rotational
dependent SHG observed in the epitaxially grown phthalocyanine

films on alkali halides implies the significant contribution from bulk
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function of the film thickness assuming higher order
mechanisms. In the calculation, we assumed the relation
g1212=g3232, although we allowed the anisotropy for the
dielectric tensor as described in section 3-3.
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g1212=g3232 and the isotropy for the dielectric tensor as
described in section 3-3. '
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higher order mechanisms (especially, EQ and EQC mechanisms),
about which we will describe in chapter 4.

In the paper [7], we analyzed.the thickness dependent SHG
under Dop symmetry for each mechanism assuming that the SHG is
off-resonant. Under such an assumption, the experimental results
are successfully reproduced for all polarization conditions with EQ or

EQC or MDC mechanism.
3-4 Conclusion

In conclusion, we measured thickness dependent SHG from a
CuPc film in various polarization conditions by taking advantage of in
situ observation. We attributed the SHG using 1064 nm fundamental
wavelength to higher order mechanisms except for MD mechanism

rather than the ED mechanism which have ever been proposed.
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Chapter 4 Rotational Angle Dependence of SHG in Epitaxially Grown

Phthalocyanine Films
4-1 Introduction

The molecular-beam epitaxy (MBE) technique is one of the
most useful technique to control crystal growth and to produce
various crystalline thin films. The systematic studies of epitaxial
growth of organic system have been recently performed [1-12].
Hoshi and Maruyama et al. [5-11] succeeded in forming the
epitaxially grown phthalocyanine films on alkali halide substrates. In
this study, we used the CuPc film epitaxially grown on a KCI(001)
- substrate which has the C4 rotational axis about the film plane
normal. Ashida [13] carvried out the electron diffraction
measurement of the CuPc/KCI(001) film and confirmed the epitaxial
structure with Dgp symmetry. We also investigated the VOPc
epitaxial film on a KBr(001) substrate, where the stack columns of
VOPc molecules are perpend-icular to the substrate and form square
lattices that match with the [110] direction of the KBr(001)
substrate, so that the epitaxial film forms tetragonal systems apart
from Cg4, Sg, C4pn, D4, Dad, C4y or Dgp system. Thus, there exist many
possible symmetries for the epitaxial film, since a VOPc molecule has
pelar C4y symmetry.

The epitaxial films were produced by br. Hoshi, a group
member in Takezoe and Ishikawa labofatory. The CuPc epitaxial film
on a KCJ(001) substrate was obtained according to th'é ‘following
procedure. The base pressure of the MBE chamber was 1x10-9 Torr
and the substrate located in the chamber was baked at 4QO°C before

the deposition. The substrate temperature during deposition was
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40°C. CuPc was sublimated at about 350°C from a Knudsen cell. The
epitaxially grown VOPc film on KBr(001) substrate was obtained with
the same procedure except that the substrate temperature was kept
at 80°C.

Here, we have observed the rotational angle dependence [14-
17] of the SH ‘intensity by rotating the epitaxial films about the
surface normal. Experiments were performed in air. The results
provide us with significant informations as for the origin of the SHG

from phthalocyanine thin films.
4-2 Experiment

Fig. 4-2-1(a) shows the optical arrangement to observe the
rotational angle dependent SHG for an epitaxially grown CuPc film.
The fundamental light from an Nd:YAG laser (BMI-compact 501/100,
1064 nm, 30 Hz, and 6 ns) was attenuated to about 1 mJ/pulsé and
was irradiated upon the sample after passing through a polarizer, a
half-wave plate (at 1064 nm), a visible cut filter to remove SH light
from various optical components and a lens. The SH light from the
sample after passing through the KCl substrate, an infrared cut filter
to eliminate the fundamental light, an analyzer and a 532 nm
interference filter was detected by a photomultiplier tube (PMT
Hamamatsu R955) in the transmission direction.

The geometry around the sample is shown in Fig. 4-2-1(b),
where the laboratory coordinates {X(1), Y(2), Z(3)} are defined. In
the figure, we find that the X(1) axis is parallel to the film surface,
the Z(8) axis is perpendicular to the film surface and the yp-polarized
incident fundamental beam propagates with the incident angle of 10°

‘in the XZ plane toward the positive Z(3) direction. We observed the
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Fig. 4-2-1 (a) The optical arrangement used in the experiment for an epitaxially grown CuPc film.
The color filters, (F1) and (F2) are introduced to remove the SH light from various
optical components and to eliminate the fundamental light, respectively.

(b) The geometry around the sample.
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rotational angle dependence of the intensity of the yg-polarized SH
light from the sample in the transmission direction, by rotating the
sample about the surface normal.

Fig. 4-2-2(a) exhibits the optical arrangement to observe the
rotational angle dependence of SHG from an epitaxially grown VOPc
film. The fundamental light of the wavelength 1140 nm was obtained
by the optical parametric oscillation of a beta-barium-borate (BBO)
crystal (BMI OP 8901.355) pumped by the third harmonic light of a
Nd:YAG laser (BMI 501-D.NS 710). The fundamental light of about 2
md/pulse ran at the repetition frequency of 10 Hz. The pelarization
of the fundamental light was adjusted by a combination of a phase
compensator and a polarizer. The fundamental light after passing
through a lens and a color filter to remove SH light from optical
components was cast upon the sample. The SH light from the
sample after passing through the KBr substrate was filtered by an
infrared cut filter to remove the fundamental light, an analyzer, a
lens and a monochromator (Ritus MC-10N) and was detected by a
photomultiplier tube (PMT Hamamatsu R955) in the transmission
direction.

The geometry around the sample is shown in Fig. 4-2-2(b).
The laboratory coordinates in Fig. 4-2-2(b) are identical with those in
Fig. 4-2-1(b). The 'yp-polarized incident fundamental beam
propagates with the incident angle of 20° in the XZ plane toward the
positive Z(3) direction. The rotational angle dependence of the
intensity of the ya-polarized SH light from the sample was observed
by rotating the sample about the surface normal.

We confirmed that the SHG from substrates (KCl, KBr) has

negligible contribution.
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Fig. 4-2-2 (a) The optical arrangement used in the experiment for an epitaxially grown VOPc film.
The color filters, (F1) and (F2) are introduced to remove the SH light from various
optical components and to eliminate the fundamental light, respectively.

(b) The geometry around the sample.
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4-3 Result and Discussion

At first, we consider the rotational dependent SHG from the
epitaxial CuPc film (D4p symmetry) on KCI(001) surface. Let us
define the relation between the crystal coordinates {x(1), y(2), z(3)}
for the epitaxially grown CuPc film and the laboratory coordinates
{(X(1), Y(1), Z(3)}. ‘Z(3) axis is in accord with z(3) axis and the
direction of x(1) axis coincides with the [100] direction in KC1(001)
surface. The rotational angle ¢ is defined as the angle between the
direction of X(1) axis and that of x(1) axis. By using the

transformation matrix,

a,, a,, 4y, cos® sin@ 0
Gy Oy Gy3 =] —sin@ cos¢@ O
a3 Ay, 33 0 0 1

(4-3-1)

the tensor components in the laboratory coordinates are calculated

by

85;375 =% ol A58t (4-3-2)

Here, the g components with the superscript L stand for those in the

laboratory coordinates. According to the calculation, nonzero @-

dependent tensor components are,

g =’}T(COS 40 +3)(g1n — &z — L2z — Li2) + Bz + Gizna + S1221) (4-3-3)

for the p—p polarization condition (yp=0° Ya=0°),
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1
ghn = Z(l — €08 40)(g1111 — 81122 — 1212~ &1oo1) + 8laro (4-3-4)

for the s—p polarization condition (yp=90°, y,=0°),

8hn = 211‘ $in4¢ (111~ 81122 — 81212 — 81221)
8= % (1 —cos 40)(g1111 — 81122 — 1212 — 81221) + 8ot

8o = % (1 —cos 40)(g1111 — 81122 — L1212~ &1221) + i
852 =%Sin 40 (81111 — &1z — 81212~ 8izo1) (4-3-5)

for the 45°—s polarization condition (Yp=45° ya=90°),

g =- % Sin 49 (81111~ 81z — 81212~ &12) (4-3-6)

for the p—s polarization condition ('Yp=90°, Ya=0°),

82L212=211'Sin 40 (81111~ 8un — 81212 = L1 (4-3-7)

for the s—s polarization condition (yp=90° v,=90°) as summarized in
Table 2-2-2.
Thus, rotational dependent tensor components in gl for all

polarization conditions are characterized by the parameter

(81111 = 81122~ 81212 — 81221) = By — Ay = 28100) + (24111 + 2A 1 +4A 1)
(4-3-8)
which arises only from EQC and EQ mechanisms. Therefore, the
rotational angle dependent SHG implies the significant contribution

u

of EQC and EQ mechanisms, while MDC and MD mechanisms do not

lead to the rotational dependence even in D4y symmetry. It is also
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noted that the ED mechanism due to the bulk and surface
contributions in this sample does not lead to the rotational angle
dependence, either, because the nonlinear susceptibility tensor (%)
for the ED mechanism does not distinguish Cg4y symmetry from Ceoy
symmetry. Since we have already ruled out the contributions of the
bulk ED and MD mechanisms in chapter 3, we do not discuss them
hereafter. One of the polarization conditions, such as s—p
polarization condition, is enough to verify the existence of EQ and/or
EQC mechanisms.

Fig. 4-3-1 shows the rotational angle dependence of SHG from
the CuPc epitaxial film with the s—p polarization condition. The
experiment was performed according to the procedure described in
section 4-2. Thus, we find the large @-dependent SHG with 90°
periodicity. Therefore, the observed rotational dependence is the
direct evidence that EQ and/or EQC mechanisms significantly
contribute to SHG in CuPc films. The background signal in Fig. 4-3-1
may come from the ¢@-independent nature due to EQ and EQC
mechanisms in gl components, although we can not deny the
contribution from the ¢@-independent nature due to the MDC
rﬁechanism in gl components and due to the effective surface
polarizations at two interfaces. It is also impossible to distinguish EQ
mechanism from EQC mechanism based on the rotational angle
dependence.' However, we will show that the SHG from CuPc films
originates from the EQ mechanism by the SH spectrum
measurement as will be described in chapter 5.

Next, let us consider the SHG from the epitaxially grown VOPc
film on KBr(001) surface. In order to proceed the analysis, we
define the relation between the crystal coordinates {x(1), y(2), z(3)}

for the VOPc tetragonal crystal and the laboratory coordinates {X(1),
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Fig. 4-3-1 Rotational angle depencence of SHG from
the eptaxial CuPc film on a KCI substrate.
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Y(2), Z(8)}. The Z(3) axis is in accord with the z(8) axis. The
direction of the x(1) axis coincides with [110] direction in KBr(001)
surface. The rotational angle ¢ is defined as the angle between the
direction of the X(1) axis and that of the x(1) axis.

The symmetry of the film have not been known well except
that the film consists in tetragonal systems. Before we show
experimental results of the SHG measurement for an epitaxially
grown VOPc film on the KBr(001) substrate, it is valuable to refer to
the résults of the third-harmonic generation (THG) measurement for
the same film which was performed by Fang. et al. According to
their results, we can dispel the possibility that the film hés Cyg, S4 or
C4pn symmetry as described below.

For Cg4, S4 and C4p symmetry, there are 41 nonzero and 21
independent Yxjjk1 tensor components in the crystal coordinates

defined above, where X;ji's stand for the nonlinear susceptibility

tensor components for THG. They are:

X = Xa222 X333

X311 = X3z X233 = Xo133 X2 = Xoms Xi1i2 = ~Xao21
X133 = X223 3312 = —Azz200 X1212 = X2i2e Xi2r = X212
X3131 = X322 Xiz2s = ~Xasiz Xizar = Xanz Xizn = ~Xaiz

X313 = Koz A2 = ~Yassi Zorn = X222
X113 = Aann X313 = —Aaas
X331 = X233 iz = Xasare (4-3-9)

By using the transformation matrix,

ay Ay, Oy cos@ sing 0
Qs; Ay Oy 0 0 1

(4-3-10)
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The tensor components in the laboratory coordinates are calculated

by
Aoy = Z Ao 0y s (4-3-11)

Here, the 3 components with the superscript L stand for those in the
laboratory coordinates. Fang et al. [18-20] measured the incident
angle dependence of THG with the s—p polarization condition for
the VOPc epitaxial film with the orientation of ¢=0° when the crystal
coordinates are in accord with the laboratory coordinates.
Therefore, we can remove the superscript L for xLijkl's. The
nonlinear polarization elements in the laboratory coordinates which

contribute to THG with the polarization condition are described as

P = szEzEzEz
F=0 . | (4-3-12)

Because the electric field E5 in the film is a function of the incident
angle 0, the incident angle dependence of THG should be observed
provided that X122#0 | However, they found that the THG intensity
is negligible for any incident angle, which implies that X122 =0
Therefore, the VOPc epitaxial film is not a C4, Sq or C4p system.

Let us consider the possibility that the film has D4, Dog4, C4y or
D4y symmetry. Because Dy, Doq and Cy4y systems are polaf systems,
SHG due to the electric dipole mechanism should be dominant in
general. Firstly, we consider the SHG from the electric dipole
mechanism for Dggq system. For Daq symmetry, nonzero J)ijk

components in the crystal coordinates are:
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X123 = Aoz = Xis2 = X2z Xzi2 = Xaar (4-3-13)

Using eq. (4-3-10), the tensor components in the laboratory

coordinates are calculated by
Nopy=Z Aulp By | (4-3-14)

where the 3 components with superscript L stand for those in the
laboratory coordinates. The nonlinear polarization in p—p, s—p,
45°—->s, p—s and s—s polarization conditions in the laboratory
coordinates is summarized in Table 4-3-1. It should be noted that
the SHG due to the electric dipole mechanism cannot be observed in
the s—s polarization condition for any rotational angle.

Secondly, we consider the SHG from the electric dipole
mechanism for D4 system. For D4 symmetry, nonzero Xijjk

components for in the crystal coordinates are:
X=X =X =~ Xoz1 (4-3-15)

Using eqs. (4-3-10) (4-3-14) and (4-3-15), the tensor components in
the laboratory coordinates are calculated. According to the
calculation, the tensor components in the laboratory coordinates
coincide with those in the crystal coordinates, which imply Xjjk's in
D4 system are invariant under the transformation (eq. (4-3-10)). The
nonlinear polarization in p—p, s—>p, 45°—>s, p—=s and s—s
polarization conditions in the laboratory coordinates is summarized
in Table 4-3-2, where superscript L for ¥ components is removedA

because of the reasan stated above.

-90-



Table 4-3-1 Expressions of nonlinear polarizations in the electric
dipole mechanism for Dpg system in the laboratory coordinates. The
relation between the crystal coordinates and the laboratory
coordinates is defined in the section 4-3. Here only the elements
which contribute to SHG in each polarization condition are listed.

Py =(hs + X)EE,
PP P3=X§11E1E1
P =0
s—p P= X§22E'>Ev
45°—s Py = (5 + A5 EEs + (s + A EREs
p—s Py = (X5 + X5)EEs
858 p,=0

Xiis = Aos = Sin 20 Y3
X511 = $in 20 Y31,

A2 = Sin_Z(P X312

A3 = A3 = — $in 20 Y13
X513 = X331 = CO8 20 Y13

In the calculation, we used eqgs. (4-3-10), (4-3-13) and (4-3-14) in
the section 4-3.
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Table 4-3-2 Expressions of nonlinear polarizations in the electric
dipole mechanism for D4 system in the laboratory coordinates. The
relation between the crystal coordinates and the laboratory
coordinates is defined in the section 4-3. Here only the elements
which contribute to SHG in each polarization condition are listed.

P,=0
p—p Py=0

R=0
S—p P=0
45°>s Py = (Yo + Xas)ELEs
p—s Py = (X3 + Xas)ELES
s—s /=0
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As for C4y system, we have already shown that ) in C4y does not
change under the transformation (eq. (4-3-10)) and the contribution
appears only in p—p, s—>p, 45—s polarization conditions with no
rotational angle dependence as described in Table 2-2-2.

Figs. 4-3-2(a), 4-3-2(b) and 4-3-2(c) show the rotational angle
dependence of SHG in the p—p, p—s and s—s polarization
conditions, respectively. Thus, the observed rotational angle
dependent SHG implies that the present SHG cannot be interpreted
on the basis of the electric dipole mechanism for D4, C4y and Dag
systems. Since it is reasonable that the electric dipole mechanism
should be dominant rather than the higher order mechanisms for
polar D4, C4y and Dg4 systems, we can remove the possibility of the
film being Dg4, C4y or Dgag4 system.

Next, let us interpret the experimental results on the basis of
higﬁer order mechanisms for Dgn symmetry. The rotational angle
-dependence of SHG in D4y symmetry have been described in the
chapter 2. The rotational dependences observed in the experiment

are consistent with those theoretically expected in Dgp system. The

rotational dependence is caused by the parameter

(i — 8uze = 81212~ &1z2)) = By = Apion = 280510) + (=281, 4+ 215 + 40 1510)
(4-3-186)
which include only tensor components of nonlinear susceptibilities
for EQC and EQ mechanisms. Therefore, the rotational angle
dependent SHG indicates the significant contribution of EQC and EQ
mechanisms. Thus, we also found significant contributions of EQ
‘and/or EQC mechanisms for the SHG from the VOPc epitaxial film

using 1140 nm fundamental wavelength. In the following chapter,

-03-



o
n

_ i
R | ° ®
S 02|® .
é? o Y
s .| ® )
= 0.1L e ® o -
® 0o %00 ®ec®e

0.0 . ! . 1 . I X
45 90 135 180 225
Rotation angle (deg.)
0.2
%)
= ®
> °
Qo o
8 01}
. °-
£ o * i oo °
) °
= 0 ,°° o0 o i
z ® ® o0 o,
OO 1 1 N i | L
45 90 135 180 225
Rotation angle (deg.)
0.12
@ )

0 0.10 . ‘ -

c : ° ]

S 0.08L ® i

o) [

— . [ ] -

& ®

> e % ,*

£ 004L o * o

9 °

£ ® L :

0.02 | A
oool o . . . e . 9
45 90 135 180 225

Rotation angle (deg.)

Fig. 4-3-2 Rotational angle dependence of SHG in (a) p—p polarization condition ,

(b) p—s polarization condition and (¢) s—s polarization condition for
a VOPc epitaxial film on a KBr(100) substrate.
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we will show that the SHG from the VOPc epitaxial film originates
from the EQ mechanism by the SH resonant spectrum measurement.

At last, we have to state that the present experimental results
can also be explained on the basis of the higher order mechanisms
(especially, EQ and EQC mechanisms) even in the D4, C4y and Dgg
symmetries, if we assume that higher order mechanisms (especially,
EQ and EQC mechanisms) are dominant rather thah the electric
dipole mechanism, because nonzero and independent tensor
components of the nonlinear susceptibilities of higher order

mechanisms for these symmetries are the same with those for Dgp

symmetry.
4-4 Conclusion

We observed the rotational angle dependent SHG for the CuPc
film epitaxially grown on a KCI(001) substrate and the VOPc film
epitaxially grown on a KBr(001l) substrate, using 1064 nm
fundamental wavelength and 1140 nm fundamental wavelength,
respectively. These results lead to the conclusion that the SHG from
the CuPc film at 1064 nm fundamental wavelength and that from the
VOPc film at 1140 nm fundamental wavelength originate from EQ

and/or EQC mechanisms.
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Chapter 5 Spectral Dependence of SHG in Phthalocyanine Films

5-1 Introduction

In this chapter, we describe SHG spectra for CuPc and HyPc
films on a glass substrate which have D. symmetry and an epitaxially
grown VOPc film on KBr substrate. In order to clarify the origin of
SHG, we make use of the feature that resonance conditions for each
of EQC, MDC, EQ and MD mechanisms [1] differ from those for the
others, as described in chapter 2. We also discuss the origin of the
resonance from microscopic views.

For organic materials, sophisticated methods such as electro-
absorption, two-photon absorption, electric-field-induced second-
harmonic generation and third-harmonic generation spectrum have
been ever used in order to investigate the electronic states including
the electric dipole forbidden states, while the SHG spectrum
measurement have been little concerned from such a viewpoint.

In this chapter, we have used the SHG spectrum measurement
in order to clarify the origin of SHG from phthalocyanine thin films
and have also obtained informations about the electric-dipole-

forbidden states.

5-2 Experimental

Firstly, let us describe the experimental conditions for CuPc

and HoPc films on a glass substrate. The sample films were prepared

by vacuum evaporation in a vacuum chamber whose base pressure was

2x10-6 Torr. The film thickness was monitored by Leybold Inficon

XTM/2 and was calibrated by a direct observation of the film
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thickness by means of an atomic force microscope (Seiko SPI-3700).
The film thickness for the present experiments was about 110 nm.
The SHG measurement was carried out without exposing the film to
atmosphere.

Figs. 5-2-1(a) and b5-2-1(b) exhibit the experimental
arrangement and the geometry around the sample where the
laboratory coordinates {X(1), Y(2), Z(3)} are defined. The
fundamental light ranging from 1000 nm to 1400 nm was obtained
by the optical parametric oscillation of a beta-barium-borate crystal
(BMI OP 901.355/70) pumped by the third harmonic light of a
Nd:YAG laser (Quanta Ray DCR-11). ’i‘he fundamental light of 3~5
md/pulse ran at the repetition frequency of 10 Hz. The polarization
of fundamental light was adjusted by a combination. of a phase
compensator and a polarizer to obtain p- (Yp=0°) or s- (Yp=90°)
polarized fundamental light. The fundamental light after passing
through a lens and a color filter to remove SH light from optical
components was cast upon the film. The fundamental light was
impinged on the film side with the incident angle of 45°. The p-
polarized SH light (y4=0°) filtered through a color filter to remove
the fundamental light, an analyzer, a lens and a monochromator
(Ritsu MC-10N) was detected by a photomultiplier (Hamamatsu
R955) in the transmission direction. The frequency and the
polarization dependence of the effective efficiency for the detector
system was calibrated using a standard halogen lamp. The frequency
dependence of the fundamental light power was calibrated using a
power-meter (Gentec TPM-310 or Gentec EM-1).

Next, let us describe the experimental conditions for
épitaxially grown VOPc film on a KBr(001) substrate. The sample is

the same with that described in chapter 4. The thickness was about
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160 nm. The experimental arrangement was the same with that in
Fig. 5-2-1(a) except that a Nd:YAG laser (BMI 501D.NS 710) and a
optical parametric oscillator (BMI OP901.355) were used. The SHG
spectrum measurement was performed with the p—s polarization
condition (Yp=0° ¥3=90°) at the incident angle of 45° in air. Fig. 5-2-
2(a) shows the geometry around the sample where the laboratory
coordinates {X(1), Y(2), Z(3)} are defined. The relation between the
laboratory coordinates {X(1), Y(2), Z(3)} and the crystal coordinates
{x(1), y(2), z(3)} is defined as follows. Z(3) axis is in accord with z(3)
axis and the direction of x(1) axis coincides with the {110] direction
in a KBr(001) surface. The rotational angle ¢ is defined as the angle
between the direction of X(1) axis and x(1) axis and ¢=22.5° was
chosen for the present experiment as illustrated in Fig. 5-2-2(b).

The linear absorption spectra for CuPc and HgPc films on a
glass substrate and the epitaxial VOPc film on KBr(100) surface were

measured using a spectrophotometer (Hitach U-3400).

5-3 Result and Discussion

Let us discuss the experimental results for CuPc and HoPc films
on a glass substrate which have D.n symmetry. In general, a bulk -
optical nonlinear polarization in centrosymmetric De.py symmetry is
written in the form F=guEdE and the nonzero g components are
characteristic in the four mechanisms as described in chapter 2.
Here, we describe the resonant terms of microscopic expressions for
four mechanisms. The EQC mechanism or the MDC mechanism is
due to an EQ transition or a MD transition at one input field,'
respectively, and an ED transition at the other input field and an ED

transition at the output field as illustrated in Figs. 5-3-1(a) and 5-3-
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Fig. 5-3-1. Schematic illustration of microscopic views
of four SHG processes, (a) the electric quadrupole
coupling (EQC) mechanism, (b) the magnetic dipole
coupling (MDC) mechanism, (c) the electric quadrupole
(EQ) mechanism and (d) the magnetic dipole (MD)
mechanism.
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1(b). The EQ mechanism or the MD mechanism is due to ED
transitions at both the input fields and an EQ transition or a MD
transition at the output field, respectively, as illustrated in Figs. 5-3-
1(c) and 5-3-1(d). Among them, the MD mechanism can be ruled
out from a symmetrical consideration.

The SH spectra and the absorption spectra for a CuPc film and
a HoPc film are displayed in Figs. 5-3-2 and 5-83-3, respectively,
where [I'(s—=p) |, for example, stands for p-polarized SH intensity
under the incidence of s-polarized fundamental light. It was
confirmed that I'(p—>$) and I'(s—5) are negligible as expected
from a symmetrical consideration. A sharp resonance peak was
observed at high energy edge (550 nm) of the Q-absorption band in
both films.

Let us first examine the effect of the absorption on the SH
intensity. Not only the frequency dispersion of the nonlinear
susceptibility but also the dispersion of a dielectric constant
influence the SH intensity. Debe et al. [2] measured a dielectric
dispersion in visible region for a CuPc film. We estimated the
influence of dielectric dispersion using their values as follows. For
the polarization condition of [I(s—=p) ,the bulk nonlinear
polarization P involves P; and Pz, where 3-axis is along the film
surface normal and l-axis is parallel to the film surface and to the

optic plane illustrated in Fig. 5-2-1(b). They are expressed as

P = AszzalEz + T 010F00, Ey — A 100, E5
= (A + Thapn = 2A 1) E0, B,
= 81212E:0,E,

Py = AyyoEy03Ey + TyypEr03Ey — Adyy03E3
= (Agz + Taapn = 2A330) E0: B,
= g332Eq0:E,
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The SH intensities, 1 T (p—p) and | T (s—p), are plotted for the SH wavelength.
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where A, T, and A are nonlinear susceptibilities for the EQC, MDC,
and EQ mechanisms, respectively. The electric field E of
fundamental light in the film is expressed as a sum of the forward

and the backward waves, that is
E,=E+E"

In order to examine the effect of the dielectric dispersion, we
assumed the relation gig12=g3232. We calculated I'(s—p) at two
wavelengths, 550nm (SH resonance peak) and 620 nm (absorption
beak), only by taking account of the dielectric dispersion assuming
that g has no frequency dependence. The calculation was performed
by solving the wave equations at ® and 20 subject to the Maxwell
boundary conditions [3]. In the calculation, we used the values,

Ewi (550 nm)=2.3+0.3i, &w (550 nm)=1.9+0.7i, &w (620
nm)=2.0+1.6i and €ws (620 nm)=3.4+4.2i. For dielectric constants
at 1100 nm and 1240 nm, a value at 1064 nm ( €. (1064 nm)=3.3)
obtained by Kumagai et al. [4] was used. The calculation leads to

I"(s = p, 620 nm) / I'(s = p, 550 nm)=0.65  for the film of 110 nm
thickness. The value 0.65 is solely caused by the dielectric
dispersion. However, IT(s——>p,620nm)/IT(s——)p,550nm)=0.036
obtained by the experiment is much smaller than the simulation.
This fact indicates that the influence of the absorption in the film
exists but is not serious since the film is not thick, and that a
frequency dispersion of the nonlinear susceptibility plays an
important part in the present SH spectra.

Let us discuss the SH spectré based on an orientation gas
model i.n which optical properties of a free molecule directly reflect

to a bulk optical properties through a molecular orientation
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distribution function. The energy diagram for a free CuPc molecule
is shown in Fig. 5-8-4(a). The relative energy intervals between the
levels correspond to the energy diagram gi.ven in ref. [5]. Although
one electron is located on the metal dominant blg(dx2_y2) level
according to their results, this level has no influence upon the
present SH optical process, since the SH resonance peak appears at
the same wavelength in a HoPc film as that in a CuPc film. Since the
Q-absorption band originates from the lowest m-n* transition,
(2B 1g(ground state)-2Eu (alu(n)—>eg(n"))) for CuPc, there are no
energy levels which contribute to the resonance in the fundamental
frequency region used in this experiment, including MD, EQ and ED
transitions. Furthermore, the resonance wavelength 550 nm is far
from the peak of the Q-absorption band, indicating that the resonant
excited state must be for the ED forbidden transition. Judging from
the energy diagram, the EQ and MD allowed transitions,
bog(Npo)—eg(n®*) and ajg(Npo)—eg(n®), are the candidates for the
resonance at the SH frequency, since b2g(Npo) and alg(Npc) levels
exist near ajy(n) level. However, the energy level calculation for the
Npo orbitals in various phthalocyanines has poor reliability [5]. In
fact, such o-orbitals exist lower than ag,(n) level according to a
recent calculation for magnesium phthalocyanine (MgPc) [G].
Moreover, it is questionable whether the large nonlinearity occurs in
the optical process which includes the localized o-orbital electron
excitation. The EQ allowed transition (?Bjg(ground state)-2A1g
(a1u(m)—>b1u(n*)) or (?Bg(ground state)-2Azg4 (a1u(m)—b2u(n*))) can
contribute to the resonance at SH frequency, since the bjy(n*) and

bou(n*) levels exist at a reasonable position according to the recent

calculation [6].
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Fig. 5-3-4 (a) The energy diagram for a free CuPc, which is quoted from ref. [5].
(b) The resonance conditions using 1100 nm fundamental wavelength.
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An alternative interpretation for the resonance peak is the one
based on charge transfer (CT) excitons [7,8] in phthalocyanine
crystals. Tokura et al. [9,10] measured an electro-abs'orption (EA)
spectrum and suggested the existence of an antisymmetric CT
exciton state. Since this state is ED-transition-forbidden and lies
above the main absorption band, the observed resonance SHG may be
attributed to the EQ transition to this state. However, this idea can
be ruled out by the observation of in-plane anisotropy of SHG in CuPc
films. epitaxially grown by molecular beam epitaxy, as briefly

mentioned in the following.

Epitaxial CuPc films on KC1 (001) substrate surface have Dgp
symmetry [11]. In D4n symmetry, I'(s—>p) is expressed as a sum
of p-independent and @-dependent terms in gl, where ¢ is a rotation
angle about the film surface normal. In the experirhent using 1064
nm fundamental wavelength, we observed large ¢-dependent SHG
with 90° periodicity as described in chapter 4. It should be also
noted that the SH wavelength 532 nm is within resonance band.

According to the analysis described in chapter 4, the parameter

@nu"gnn_gmzf&nJ:(Amx‘Ann—ZAmﬁ+%"2Ann+2Ann+4Anm)

where in-plane components of A and/or A in the crystal coordinates
are included, plays an important role in the rotational anisotropy of
the SHG. The plane-like CuPc molecules tend to lie pérallel to KCI
(001) plane, so that in-plane components in the crystal coordinate
system are related to in-plane components of the molecular
coordinate system. The resonance at SH frequency due to the EQ
allowed transition (2Bjg(ground state)-2A1g (a1u(®)—>b1u(r*)))

illustrated in Fig. 5-3-4(b) produces dominant tensor components
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(Klqu=7»22qq (q=1, 2, or 3)), where Ajjki's are microscopic
susceptibility tensor components for EQ mechanism, while the
resonance at SH frequency due to the EQ allowed transition
(2B 1g(ground state)-2Ag¢ (a1u(m)—bay(n*))) illustrated in Fig. 5-3-4(b)
produces dominant tensor components (Aj212=A1221). For

I's—>p) ,the terms A1111=A2222 and A1122=A2211, of A1212=A1221
mainly contribute to the angle dependence. Thus, rotational angle
dependent SHG is also consistent with the interpretation of the SH
spectrum based on the orientation gas model. In casé of CT-exciton
states, on the other hand, out-of-plane components must play a role,
since CT exciton states have large anisotropy to the direction of

stack axis.

In the case of a HoPc film, the resonance at the SH frequency
originates from the quadrupole transition (1Ag(ground state)-lAg
(au(m)—ay(n*))) or (1Ag(ground state)-1B1g (au(n)—b1u(n*))) if we refer
to Figs. 5-3-b(a) and 5-3-5(b), which is also quoted from ref. [12],
and consider with the simmilar procedure,.

Next, let us discuss the experimental results for a VOPc
epitaxial film on a KBr(001) substrate. The SH spectrum in the p—s
polarization condition at ¢=22.5° and the absorption spectra for the
film are displayed in Fig. 5-3-6. A sharp resonance peak (5670 nm)
and a shoulder structure (650 nm) were observed at the high energy
edge of the Q-absorption band for the VOPc film. It is reasonable
that a frequency dispersion of the nonlinear susceptibility plays an
important part in the SH spectrum for the VOPc film since the film
is thin. We have already shown the rotational anisotropy of the SHG
using 1140 nm fundamental wavelength in the p-—s polarization_
condition as illustrated in Fig. 4-3-2(b). The rotatiobnal anisotropy is

caused by the parameter.
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Fig. 5-3-5 (a)The energy diagram for a free H2Pc, which is quoted from ref. [12].
(b) The resonant condtions using 1100 nm fundamental wavelength.
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(G111 = 8122~ &i21a = &ioa) = Byt = Ay = 2A0510) + (—2A 1y + 2A 1 + 4A 1))

where in-plane components of A and/or A in the crystal coordinates
are included apart from Dgp, C4qy, Dag, or D4 system, macroscopically.
Since the stack columns for VOPc molecules are perpendicular to
the substrate, VOPc molecules lie parallel to KBr (001) plane.
Therefore, in-plane components in the crystal coordinate system are
related to in-plane components of the molecular coordinate system.
It seems reasonable to suppose that levels (bg(n*) and bi(n*) in Cgy
point group) such as bjiy(n*) and byy(n*) in a CuPc molecule also
exists in a VOPc molecule, since they are not metal dominant
molecular orbitals. According to the simmilar consideration with
CuPc and HyPc films, we attribute the peak at 570 nm to the
resonance at SH frequeﬁcy due to the EQ allowed transition, where
the in-plain components of melecular nonlinear susceptibility of the

EQ mechanism significantly cotributes to the SHG.
5-4 Conculusion

Second harmonic generation (SHG) spectra were measured in thin

films of CuPc and HoPc and an epitaxially grown VOPc film. A sharp

resonant peak was observed at the high energy edge of the Q-
absorption band using 1100 nm fundamental light for HaPc and CuPc
films and using 1140 nm fundamental light for the VOPc epitaxial
film, respectively, and was attributed to the resonant enhancement
of the electric quadrupole transition at SH frequency. We discusseq

the origin based on an orientation gas model

-114-



References

[1] E. Adler, Phys. Rev. 134, A728 (1964).

[2] M. K. Debe, J. Vac. Sci. Technol. A 10, 2816 (1991).

[3] N. Bloembergen and P. S. Parshan, Phys. Rev. 128, 606 (1962).

[4] K. Kumagai, G. Mizutani, H. Tsukioka, T. Yamauchi, and S.
Ushioda, Phys. Rev. B 48, 14488 (1993).

(5] A. M. Schaffer, M. Gouterman, and E. R. Davidson, Theoret,.
chim. Acta (Berl) 30, 9 (1973).

[6] M. G. Cory, H. Hirose, and M. C. Zerner, Inorg. Chem. 34, 2969
(1995).

(7] J. P. Hernandez and S. Choi, J. Chem. Phys. 50, 1524 (1969).

8] W. L. Pollans and S. Choi, J. Chem. Phys. 52, 3691 (1970).

(9] Y. Tokura, T. Koda, Y. Iyechika, and H. Kuroda, Chem. Phys.
Letters 102, 174 (1983).

[10] H. Yoshida, Y. Tokura, and T. Koda, Chem. Phys. 109, 375

| (1986).
[11] M. Ashida, Bull. Chem. Soc. Jpn. 39, 2632 (1966).
[12] A. M. Schaffer and M. Gouterman, Theoret. chim. Acta (Berl.)

25, 62 (1972).

-115-



Chapter 6 Concluding Remarks

This thesis was undertaken to clarify the origin of the relatively
strong SHG from phthalocyanine thin films. For this purpose, we
performed the thickness, rotational, and spectral dependent SHG
measurements for phthalocyanine films on glass substrates and
epitaxially grown phthalocyanine on alkali halides. Especially, we
noticed that SHG spectrum measurement provide us with a useful
tool for study-ing electric dipole forbidden and electric quadrupole

and/or magnetic dipole allowed states.

In chapter 1, we stated an ‘overview of SHG from
centrosymmetric system and described briefly electronic structures
of phthalocyanine molecules, including samples studied. We also

stated purpose of this study.

In chapter 2, we described the expressions of the nonlinear
susceptibilities from higher order mechanisms and the analysis
under various systems and geometries, which include systems used
in this study. The expressions and the analysis.are used in the

following chapters.

In chapter 3, we have measured thickness dependent SHG for
CuPc films on a glass substrate by taking advantage of in situ
observation. The experimental results exhibited the significant
deviation from the ED mechanism as a bulk which has ever been
proposed. We attributed the SHG using 1064 nm fundamental

wavelength to higher order mechanisms except for MD mechanism.
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In chapter 4, we have investigated in-plane anisotropic SHG for
CuPc films epitaxially grown on KCIl and VOPc films epitaxially grown
on KBr using 1064 nm fundamental wavelength and 1140 nm
fundamental wavelength, respectively. The periodic signals were
observed for both films, which implies the signifi‘cant contribution of
EQ and/or EQC mechanisms for the present SHG. We also discussed

the symmetry of a VOPc epitaxial film.

In chapter 5, spectral dependent SHG for CuPc and HoPc films
on a glass substrate and an epitaxially grown VOPc film have been
studied. A sharp peak was observed at the high-energy edge of the
Q-ab‘sorption band for both of CuPc and HsPc films on the glass
substrate at 1100 nm fundamental wavelength, which implies the
dominance of the EQ mechanism due to the EQ resonant transition
at SH frequency. We discussed the origin with the orientation gas
model, which was supported by rotational anisotropic SHG described
in chapter 4. A sharp resonant peak was observed at the high-energy
edge of the Q-absorption band for the epitaxially grown VOPc film
using 1140 nm fundamental wavelength. We also attributed the SHG

to the resonant enhancement of the electric quadrupole transition at

SH frequency.

At laét, we describe extensions to the work presented in this
thesis. The immediate application of SHG spectrum measurement to
various systems (ex. polydiacetylene and polyacetylene) is very
interesting, which will help to understand the electronic structure
for each system.

If we can use two wavelength-tunable beams as pump beams,

we can measure the SFG spectrum which originates from higher
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order mechanisms. The doubly resonance may be possible by
adjusting wp and wq. The SFG measurement also provides us with a
variety of polarization dependences, since we can choose the
polarization conditions of two pump beams, independently. These
advantages may allow us to probe various excited states.

According to experiments for Cgp and phthalocyanines, Jthe
effective %(2) values under the resonance conditions due to higher
order mechanisms are an order of magnitude larger than the non-
resonant %(2) value (1.9x10-92 esu) of quartz. From application
viewpoints, it may be possible to produce SHG devices by making use
of resonances with forbidden states at fundamental or SH frequency
and the phase matching condition.” For such devices, non-

centrosymmetric structures are not needed.
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Appendix

In many papers [1-9], the vector notations are used in order to
describe the nonlinear electric polarization from higher order

mechanisms for Ky and Op symmetries. Here, we obtain the vector

notations from the general tensor expressions.

For Kp symmetry, the P; component of the nonlinear electric
pelarization is expressed with the general tensor expressions as
follows.

P =gE0\E,
+ 81nEi10:E; + g113,E10;E;

+ 81212E20,E; + 81313E50, B
+ g1 Es0.E, +81331E383E1 . (A-1)

Using the relations which are satisfied for K symmetry,

8z = 8un= &ijp &1212 = 81313 = Gijipp 1221 = 1331 = o it = i = g T &g + i
(A-2)

eq. (A-1) is expressed as

- P, =g;E\(0,E, + 0,E, + 0,E,)
+ gijij(ElalEl + E)0,E, + E10,E5)
+ gijji(Elal + E,0, + E30,)E,
= gii_[iEl(alEl +0,E, + 0,E;)

+ 8yl E10y + Ex0, + Ex0)E, (4-8)

According to the same procedure, the P2 and P3 components can be

also obtained, so that we get the vector notation
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P,=gyE V- E) + %2, (E - E) + g, - VE,

(A-4)
In many papers, Py is expressed with the form.
P,=BE(V-E)+Y0(E-E)+(&-P-20)(E - V)E,
= -1 —B-2y=
(B—giijjv'Y- A 8iijip o- 27 =gy . (A-5)

In this expression, each of the three terms gives us a vector
vmultiplied by a constant. Therefore, these three terms do not
depend on the orientation of the material, which reflects Kp
symmetry. We summarized expressions of the nonlinear polarization
from higher order mechanisms for Kp system in the laboratory
coordinates defined in Figs. 2-2-1(a) and 2-2-2(b), in Table A-1.

In the standard coordinates for Op symmetry, the P
component of the nonlinear electric polarization is expressed with
the general tensor expressions as follows.

P, =g.,E9,E,
+ 811nE10,E; + 81135E105E;

+ 81212E20, B, + 81313E0\E;
+ 81 Er0hE| + 8133, Ey0sE, (A-6)

It is worthwhile recalling that the forth rank tensor for Op symmetry

can be distinguished from that for K symmetry due to the relation.

8iii T ijij t 8 ¥ Siiii

Therefore, we introduce a parameter g2 which express the deviation

from Ky symmetry as follows.
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iii = (Giiii = &y — &ijy — &)+ Qi + 8ijii + 8y = 8"+ iy + Gy + L
(gnlzgiiii—giiﬂ_gijij_gijji) (A-7)

Using the relations which are fulfilled in Op symmetry,

822 = 8uss = iy 1212 = 81313 = &ijijp 1221 = &3z = &igio Eninr = Giiii = Qi + &y + i + &7
(A-8)

eq. (A-7) is expressed as

P, = g;E\(0,\E, + 0,E, + 0,E3)
+ gijij(ElalEl + E,0,E, + Ey0,E;)
+ gwi(Elal + E,0, + E;0,)E,
+g°E|0,E,

= giiijl(a]El +0,E, + d,E,)

+1,)\(EE, + EE, + E;E)
+ gijji(EJa ) + Ex0, + E50,)E,
+8°E\0\E, ) (A-9)

According to the same procedure, the Py and P3 components can be

also obtained, so that we get the expression

Pv = gEv(V ' E) + %gijijav(E ’ E) + gijji(E : V)Ev + gnEvava

w (A-10)
In many papers [1-9], Py is expressed with the form
Pv = ﬁEv(V : E) + Yav(E ’ E) + (8 - B - 27)(E ’ V)Ev + CEvava
.y - — o0
(Bzgiwv'Y“”z‘gijij’S‘B_Z'Y—gij,mC“g) . (A-11)

In this expression, the first three terms have an isotoropic
character, while the last term depends on the crystal orientation. -

We consider the transformation about the last term from the crystal
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to the laboratory coordinates defined in Figs. 2-2-1(a) and 2-2-1(b),
since the first three term are invariant under this transformation

because of the isotoropic character. Therefore, we rewrite eq. (A-

10) or (A-11) as

ONE - E) + g,:i(E - V)E, + g"kE0,E,

1,

P =g EV-E)+1ig. |
V=8V - E) + 5g; (A-12)

(P,=BE(V-E) + WO E-E)+(3-B-29)(E - V)E, +(kEDE) = (a.13)

where X is a forth rank tensor defined for the crystal coordinates

which have only the components
Ky =Koy =Ky =1 ‘ (A-14)

If we treat the SHG from the (001) surface in the laboratory
coordinates illustrated in Figs. 2-2-1(a) and 2-2-1(b), the

tansformation matrix is described as

a, ap a; cosQ sing 0
Ay Gy Gy |=| —sin@ cos¢@ O
as; Ay, A3z 0 0 1

(A-15)

) L
and the tensor components in laboratory coordinates Kipp are

calculated by
Kapy = Z Qup0udsKu ' (A-18)
so that we obtain the expressions in the laboratory coordinates

Po=8uyFulV - E) + Lg,0.(E - B) + gu(E - VIE, + g T kbgaEyd Es (A-17)
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(P,=BELV - E) + Y0, (E - E) + (8- B-2Y)(E - V)E, + { Z K{,5E50,Ep)
(A-18)

We summarized the expressions of the nonlinear polarization in

higher order mechanisms for Op system in the laboratory

coordinates in Table A-2.

A5G-



~Table A-1 Expressions of nonlinear polarizations in higher order
mechanisms for K system in the laboratory coordinates illustrated
in Figs 2-2-1(a) and 2-2-1(b). Here only the elements which
contribute to SHG in each polarization condition are listed.

P, =g, E0,E, +3 E3)+2gw8 (B} + E3) + g, {Ed, + EJ,)E,

P—pP
Py =g, E(0,E, + 0,E;) + fg"f"f O (ET+ ED + 8;ilE\0, + E;03)E,
'S;""""""';'gﬁfa' @ o
Py= jgiju 9+(E3)
asoss | PmguEd+EE
oss RS0
s R=0 T

In this caluculation, we used only the relation 92=0. However,
further transfigurations which are also dependent on the geometries
(Figs. 2-2-1(a) and 2-2-1(b)) can be made as described in the section
2-2C.
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Table A-2 Expressions of nonlinear polarizations in higher order
mechanisms for Op system in the laboratory coordinates illustrated
in Figs. 2-2-1(a) and 2-2-1(b). The relation between the crystal
coordinates and the laboratory coordinates is defined in the section
2-2-B. Here only the elements which contribute to SHG in each
polarization condition are listed.

P = ii'j'El(aiEl +0;E3) +%gij,jal(E:- + Eg) + gij_‘/'i(Elal + E;0,)E,

//

+ g1, E\0,E,

p—p
P, :giiijS(alEl +0,E;) + %gijijaz(Exz + Eg) + gijji(Elal + E30,)E,
+ 8°K5333E40Es
s—p P = 'Ql‘gijijal(Eg) + 8 K{y1.E10,E,
P= %gijl]a3(E:.72)
P, = gij/‘i(Elal + Esaa)Ez
45° g +8° (k5,,,E\0,E, + ¥, E20,E| + K5,),E,0,E, + K5,,E,0,E,)
p—s P, =g"x5,E0,E,
s—s P, = g" ¥5,,E,0, E,

I
Ko = 00,0,,01,8,, K 11 + Q15819815015K 0y = Z(COS 4¢ + 3)
Lo _
K3 = Kagpz = 1
KLy n = A,,00,0,,05,K 111 F A2l 1505, K =—1-(1—cos4(p)
1212 = @11y 81,89 Ky + Q1aln@1282K oy = o

1 .
Kiapa = Gy 0y, 01,89 K 111 + Qasln@ 502K 50y = 4 sin 4¢

In this caluculation, we used only the relation 92=0. However,

further transfigurations which are also dependent on the geometries
(Figs. 2-2-1(a) and 2-2-1(b)) can be made as described in the section

2-2C.
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