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performe d. The pycof polyer 'andC molecuaI r d ynamical function-f,

A _ A. l A 3 iA I II...I.I ,

tetbook dlelsign mechanisns for non-von-Neumarmr pr,--1r, illormaat.n

fusion and cnrter*t-ddressable resonanc.e .r'c on The enormous variety -.-
-- 7.--r,"'c oes.vn;er:ter variety f

Yf polymer ald molecular .. rl.... offers i al e .. e-
architectural designs once the mind-set is discr:arded of the classical digital-
4swit.h as the Inly building liock for architectures. New ,-olymer-based.-

-rchitectures cff-er more efficient analog transformations and silnp'iP&{ more
robust architectures dedicated to function. O ptical (boson) processing, unlike
'. electronic r i:,. prOCe.- also resistant to electromagnetic.*: nterieren,::e..-"-:.-

The use of laser-induced cemt irc" heri'al synthesis techniques, -

L;Eguir-Bl..dett monolayer sel.f -r...rin and precision chemical reartion
-oping , offer chemical device fabrication and lithographic te.chniques with
advantages over current etch lithog:raphy. Precision in the achievement of
electron mobilities and Ferni-levels can be obtained with chemical synthesis
of donor-accept-r compounds Multiple-quantum-well structures can also be
-.Clieved-with monolayer techniques and electrodeposition.

The fields of polymer and molecular physics and chemistry offer an
enormous variety of material properties usable in polymer engineering.
Pre.sently, there is a requirement for fundamental studies of (a) barriers
made from thin films and (b) methods to achieve molecular order. The use of
electric and magnetic fields in polvmer processing for ordered materials is a
*-subject under study.

in the first five chapters the theoretical physics and chemistry which
underpin evice function is introduced. Chapters six to nine address the
problems of material orga zation. Chapters ten to fifte.en address
applications. An attempt has been made in these chapters to indicate the
possibilities and opportunities in this emerging field but. at t2e same tire,

to:: indic::ate the difficultie-s. There are roses to be pi:ked in this field, but they
are surrounded by thorns. Guarding against, scratches, how.. ever, does not

- - .... .... ',,, Ko
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I Polymer Semiconductors

In 1964 Little suggested the possibility of synthesizing a polymeric, organic
conductor of high transition temperature. The mechanism suggested for
achieving, this superconductivity at. room temperature was an electron-
electron coupling or one involving the exchange of molecular excitations
instead of phonons. The suggestion was thus named an "exciton" mechanism
(Ginzburg, 1968) and can be contrasted with the BCS tleory involving
e -lectron pairs coupled to phonons. If not at room temperature (but at O.90
Kelvin). the first organic superconductors have at least appeared. They
consist primarily of stacks of tetrarmethiyltetraselenafulvalene (TMTSF), the
molecules of which are said to be donors in that they tend to give up their
valence electrons. Crystals are grown in which the TMTSF molecules are

*. adjacent to acceptor ions, and they have paths of easy electrical conduction
which are essentially molecular corridors. Along the favored direction, an
electron is scattered appro:dmately once every 1000 molecules, which is ten

* to twenty times less frequently than in a typical metal. These materials are
now known as Bechgaard salts.

The search for the true room temperature superconductor continues (Little,
1963), but in the meantime, polymeric organic semiconductors and metals
and even organic superconductors of moderately low transition temperature
(Jerome et al.. 1900; Chaikin et al 1903) have come along. The first organic
compound shown to display metallic conductivity is also now intensively

*.-"- . studied (tetrathiafulvalene -tetracyanoquinodimethane (TTF-TCNQ)). -"-

It has been known for many years that organic molecules can be
semiconductors (Kallmann & Silver, 1960; Gutman & Lyons, 1967; Katon,
19681 Meier, 1974; Kao & Hwa.ng, 1981; Pope & Swenberg, 1902, Seanor,
192) but sustained interest began with the experimental studies of dark

-conductivity in phthalocyanines by Eley (194) in England and Vartanyan
(9I 4' in the Soviet. Union. The phthalocyanines (Moser & Thomas, 1983)
and the porphyrins (Lever & Gray, 1963) continue to be of interest and so
does photoconductivity (Bube, 1960). The organic conducting field in general

* .-. _... has attracted numerous investigators and some of the important results have
been summarized in recent reviews (Wegner, 1901; Baughman et al, 1982;
Simionescu and Perec, 1902; Duke & Gibson, 190 2 Etemad & Neeger, 1902).

_* There will continue to be theoretical difficulties in the treatment of
polymer semiconductors. This is because the conductance is dependent upon
delocalized pi-orbitals, which are treated by many approximation methods
with varying degrees of success, e.g., valence band theory, molecular orbital

* : theory, free electron theory, etc. It is instructive, therefore, to trace the
r development of free electron theory and note the problems still to be solved.

In the 1920s the band theory of crystals was developed resulting in the
Bloch scheme describing independent motion of charge carrying electrons

.. > . 9..."



and hjoles. In 19.31 the ,concept of exciton arose (Frenkel, 1931; Peierls,
1932), which is an electronic excitation wave which does not carry electric
current - but does carry energy - and involves correlated motion of electrons
and holes. Excitons have been found in all basic types of nonmetallic crystals,
as well as certain rare earths and intermetallics. There are three basic types
of excitons: (1) the Frenkel type, which have no energy levels; (2) the
charge-transfer type, where an electron exists on a different atom to a
hole; anid (3) the Wannier type (Wannier, 1()937), where there are energy
levels of charge transfer in analogy to the energy levels of the hydrogen
atom. Excitons can be associated with any critical point in the band structure,
the criterion for existence being that the electron and hole have equal
velocity.

A related concept is that of polaron, which had an initial meaning of an
electron interacting with long-wave optic vibrations. The wider meaning is
now of a self-trapped electron or exciton and it is this meaning which is used
in descriptions of conduction in organics with nondegenerate ground states.
Another concept is that of polariton, which arises when an e.m. field
interacts with an exciton in a very specific way. The conditions for this
interaction come about because the exciton has a polarization which can be
either longitudinal or transverse and only the transverse exciton can interact
with the e.m. field. The polariton is created by an exciting photon and the
transverse exciton mix in a crossover region, both losing their identity in a
combined particle of the polariton.

If one wishes to study polymeric semiconduction, one should be aware at
the start that there is even a difficulty in knowing, theoretically, what is
meant by semiconduction. For the delocalized states of the pi-electrons
there are a number of theories of carrier transport, all of which have
advantages and disadvantages (Kao & Hw/ang. 1981). For example, there is
the energy band model - which is only appropriate for high mobilities.
Then there is the tunneling model - which has failed to explain negative

_, temperature dependence of mobility and the difference between electron
and hole mobilities. Or the hopping model - which only succeeds if the
electron-phonon interaction is strong. Or the polaron theory - the validity -.-.

of which is in doubt for the cases in which the interaction between electron
and surroundings depends on electron velocity. There is also a fundamental
difference between semiconduction in inorganics and organics. It is known
that the basic mechanism of charge transport depends on the nature of the

--.- electron exchange interactions and the electron phonon interactions.
Whereas, on the one hand, in inorganic semiconductors the electron
interactions are much larger than the electron-phonon interactions, so that
the electrons behave as quasi-free particles occasionally scattered by
phonons causing the charge transport to be coherent, in organic -.-
semiconductors, on the other hand, the electron exchange interactions are -.

.. . . . . . . . . .
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much smaller, while the electron-phonon interactions may be the same. so
that electron-phonon interactions may dominate. There are further
difficulties.

For en.mple, in order to describe the dielectric susceptibilities of these-
organics there are a variety of models, e g., the resonance oscillator model
and the self-consistent solution mod..lel Unfortunately, there is no single._
unique form for the spatially dispersive dielectric function. In 1 957
Pekar, in the Soviet Union, pointed out the wave-vector dependence of the

i,, dielectric r ; s, no, fntion. Thi < m......dilecri repos funcion his. mreans that" the cornstitutive relation."--

-" between induced polarization and inducing electric field is not spatially
local. The determination of the correct linear combination of exciton-field
can be reduced to a boundary value problem, which is known as the problem
of additional boundary conditions or the "abc problem". The origin of this
problem (of nonlocality) is due to the propagation of the excited state.

So the desired characteristic of excitation propagation due to delocalized
electrons brings with it theoretical intransigence. There are theoretical

o- attempts on the abc problem, e.g., the "semirnlacroscopic solution" of Pekar
and the Hopfield and Thomas (1963) solution, but each is based on
unverifiable assumptions and is also macroscopic, so a complete solution
must await the development of combined Maxwell-Schr6dinger
equations. Attempts in this direction include Zeyher et al (1974) and
Hyzhnyakov et al(1975), both having found limited success (Birman, 1982).

There are two types of conducting polymers (Wynne & 'treet., 1962). The
first category is a category of one - (SN)3, which is an intrinsically

conducting polymer, and the only one. (SN), has open shell electronic

structure and has metallic conductivity. The more numerous second class
includes those in which the pi-bonding system, (not the closed valence.
shells), have been modified by oidation or reduction. Oxidation leads to a
partial emptying of previously filled bands, while reduction leads tQ partial
filling of previously empty bands giving rise to p- and n-type conductivity,
respectively. The conducting polymers include. poly(sulfur nitride),
polyacetylene, poly(1,6-heptadiyne), polypyrrole, polythiophene, poly(p-
phenylene), poly (p -phenylene sulfide), poly (p -phenylene vinylene,
poly (pyrrole tetrafluoroborate) and bridge-st.cked phthalocyanines.
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II Physical Bases of Excitons

A half a century ago the concept of e:tonwas conceived and since then
there have been many attempts toc? refine the concept. with work still in
progress (Rashba., Sturge., 1W32). However, there are few unambigu,:us_
exp eriments which d'.remonstrate the most important property of the exitc'rn.
namely its ability t:) transport energy over large distances large in

. cormnparisor with atomic dirrienslons.. vie shall commence then with some
* definitions off what at exciton is It is:

0 a quanturn of electronic e:xcitation energy traveling in a periodic
structure (nearly impossible to --achieve enpirically). ,,hose motion is
characterized by a wave vector (De.ter & H-.. I 9().
(.2 a particle able t.: transfer er'Er: y, but no.t charge, in "wave n.r.cets" Off
e .- ,c.itatiort. C:ncernirig this latter one may ,bserve that although there are
e:.-perinent.:s to show that art excitorn moves, there are none to show how far

* it moves. Given these definitions, and comments, the reader will realise
imediately that the concept of e.:lton is an idealised theoretcl c, ne

However, if the exciton :oncep t is not actuaHly an -.-rTbeon hn hrce an. "* , ser, -abler-e then there"-:.--__

are, at least, many experients requiring interprettion which urgently need
to invoke it-s ep-:lanatory power.

P'robes of e:,citors in .semlti,:,duc.,:tors include resonant Raman and Brillouin
-> .spectroscopy (Yu, 1979, and the rtonraarnagnetic nature of electrical

rtconduction in most polymers indicate. the existence of charged Bose
particles which may be excitons or polarorts or bipolarors (E.-razovskii ,
Kirova. 196 1). From the theorist.s point of view, the field is a unique meeting

place of transport theory from a non-equilibriurn statistic:al mechanics
orientation, which addresses the movement. of the excitons, as well as the
interact.:ion of light with matter and the creation and radiative decay of
excit" n s (Kenkre & Reireker, 19 62 '.. s rrent major theme e, :iton theory'

is the development c:f an account of the absct pti cn of light in materials
(Davydov, 1962, Knox, 1963, 196.).

More recently, a new field has been created for the study of excitons at
"'".- high density irn semiconductors (Haken & Nikitine, 1975) These consist. of

..hydrogen-like e-citorns which are made up of an electro," n in the c::Onductio-
band and a hole in the valence band coupled together by Coulomb

-- interaction and perhaps modified by polarization effects The creation of high
- concentratiors of excit,:o.,ns (by shining laser light. on insulating crystals) has

* -:-: resulted in the st.udy of different species of excitoris There are excitcnic
-: n~, molecules (" biec:itors"), possibly Bose condensation of excitons; possibly
* such condensation c4 be.'tns, electron-hole droplets whtich are bound .

maly by W l e a. ,:Winge intera:tion between electrons aind holes:
- - p....il. .plye'..r itcn- and e 'er :y,.-.. excitons in ,7hich a quantum

. . -- - .. .. .- .. "..... ......



- .-. - .y - . -

crystal is formed within a Crystal. All of sUh species are possible, recause
the mass ratio between the exciton and hole may vary over a wide range. -

Returning now tn the theoretical underpinning for the concept., and
assumirg purely electronic states in perfectly periodic systems, the two

jorimgs a a solid, nar ely, the "ticht-binding approximation" and the

"Bloch description both lead to the conclusion that there must exist low- - _i tigI
enery, excited 0ta.te of insulating crystals. The "tight-binding ..

appro:mation" picture is of a periodic array of atoms or molecules. The
"Bloch description" emphasizes electrons traveling around in a periodicthe ucurs only -lei
potential provided by the positive nuclei. In biological structures, only
chlorophyll arrays have shown clear-cut evidence of delocalization of
electronic energy., perhaps some nucleic acids, and perhaps also, the purple
membrane of some salt-loving bacteria (Perlstein, 1962). Excitons confined
to a single molecule without charge-transfer and without energy levels are
Frenkel excitons, and intramolecular vibrational excitations may be
considered as vibrational Frenkel excitations (Belousov, 1932). Such excitons
may also be of importance in conduction in organics.

For example, associated with the charge-densicy wave in organics is a
localized electronic state or states within the bandgap. Before doping, the
organic polymer isi sometes paramagnetic, indicating the e:dstence of spin. ..-__..

The rationale is that if the localized state contains one electron, a soliton (or .
c:harge-density wave) is neutral, with spin 1/2, and therefore is .---.
paramagnetic. On the other hand, if the localized state is empty (doubly '
occupied) the soliton is positively (negatively) charged, with spin 0 and .-
nonmagnetic. Therefore: doping results in conductivity or the ability to - -

transfer charge, an absence of spin (the socalled charge-spin exchange), and
effectively a "hole" or "holes" created in the bandgap. If these "holes" are
paired with electrons of the dopant, then one has a type of exciton. This -

would necessarily stretch the definition, as in the past the concept of exciton
has been associated with energy transfer but not charge.
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III Soliton Physics and Quantum EngIneerIng

f0

I,!IT - ' .. . - 2 4;> , ' 4

".FF]i!4 1 47."zl::: t: 24 ' -.. '. t , -. " 4! .. . .'-.-.. ~ 4 . . ... .. "-

ftl l l.- iti r ' *  
l hI .F -' i'j, r rr .7. t ::, '!:l;t -" I -.".Il : S

_' - - .... 4 '_I* _ .. .. . .

.. ,1 them- a zi-_ , §ft r ", -, " - - I * - . i4-<. nonlInear
analytical mechanics v : +. . ,- . i , " . ,, a. :V

*0 4j~t''iFfi ~ ~-Ff~ iiti t
t Iti two

p,,,i b, "I-,+' "- "t tb bz '-p.'''+ p-i h *nv'.t.

'pn'r'-t. - tWO distinctly different examples of conduction- :' t'Ifl1,- 'h-t ' t:I" l.q ii! ft,7b, -,I 1Ii . -. ,, I t'-I'-_- " w- } l ;,:tVt I ,'I I # ' - . '-:

,:tp ~ F... / 'tI ti' Fl ''II I -. +;, iT r t; lt ,, ,f fC't i i

7, T. T T-1 Davydov Sio
r 4,e, 4m n .v1 :~ :e, :,-,l r-q v t :: e1en.-': t l]2-,the : tan2. 1I
i ~F- t IT Iyhl i

tllL P. ,i, I .-_-Ui'&nt1tt ,ti&C Ct halr' e (ieti:dtV.

*2 ir~ Etrt , lF, e t t,::, ' ,:,:.n.-u Uh ,imptle a t iic, : tri lme<,Th ,: av,- e .: et. a- ,S

A " .". .it ( :t' mU t rna, ,,-a-

" ."- " -'1 ' ,.,Fr' ,,It ':' i r ...... 1' I:1 r .... tt ' r:, t:,h.'.71lF f 'i 'F-

"1. -I.t _ . - tu f I,.:i : ' , F : .- .: ii ....-:,-- tl± in v e r s e s c a tte r in g
transform ', II 1 1 '-I ......-... M B ckun
transform : ,:nd~ th F,:at r-- tn- i, ,tt±± I'- 11-,I- Ft~ F1o11114.-IF -' ... i-i:_ 9

* t:,:-,t I '- .' , .. .. F ,[i' ",4' .- Pfaffian form , i, p a-.F"_ i t id ff-i -nItil: i '.,_ - '. ...',

-'-I P° ' 
- '_,.htIi f 11 l f - ti ' I IIL e- '"'t a tFtf-R lf v 1 :i.

'1 ' ' -rltimi 1 '.i e nf idn i) 2,]~ :it I. ,- i tad i- ,in i SO l5F 1,_ l M ,,I tv,:ns'- 4. l : t1--

* a . "S"

": ~ ~ ~~~~ ~ ~ ~ thai : '"" """ - - :"t d t'' l m ' ' ' '' ' '' -



. - .. ... - i i p * -,u . . .. .. u * ----- Y . -

1 ""Q.n Dr vn'-'. ', I" i; ....lW..!:l t~ if t ' -" "tio

- 4' I T 1 at. 0

- ,. . . . .o

: .:• " the (en teni d ' , n ent noilineat ities cd the system
are in balAeij wQ th I(fr Irq ' . y dip r Io:. .>.. :. -:

"-4.., r . . . . - - ". " . i' 4 * * - ."' :; It : . . -, . . -., 4, 4 l,-i l ll ] :

..... 4,.--. . . . . 11 _. . " ' 1 ; - " -
'  
; -

0 .I " -,0

to p o lo g ic a lly in v a .,ia n t q u a n titie s in 0,:: -t n ,, ; : r -: , I , l r : r -

C 1 *. . ... I, - -1 -ri2 ht,

Vt .i . . 3D e ri"l"I'tl91
a moing omai wall t-a

- ' 4 ,,:, i t'~ .i,, 2 ,, , iI .... ' 't4 , "a -f 4 --

, ,, .,-.,-. .. . . *: . . - < ..... . i H-I; U i une., l eft ii, t i

I ph

44t!,:,:~ " 4 h .. ... . j.,_: ...7p.. j%. Cr:m t er. V, 4-

A -I

a oigdoanwl
1~' ~ r 4 I'h' ''peare *flrfl'



14 

10'
T -tt and1 and ual ence

, , ',. a Yz' :l sd i n lesicriing -,i in in, fo ex mple,
'it f p-t-t if ainal1 ou - -P.ll' - ..- in for tran -

I -, -r t' tip- .. . l .. nt.. .. ,,r,".nd :tats There is thusi
S.1 ,- i sin tals and

" f.2, t±er. that tar-ns-pdlyaietylene at certaint dopant
1 i . : -. r Vi s n-,:ond uc tor . aV. t other dc pant levels '1nducts

* --ilI vep n indj th-at, whereas? anac; e Can be made
S..- ,, b : t_,ctre mrodel, fhr example, between metals, semi-

0 i'.I "- i th , ie h,:ind :rid oro.arii:-, on the other, at the physical
1.- ri level,.x, t-h other hand, -all three are different And again:

.... iiak se--'_. ;&-ns e. when the temperature-dependence cf the
i. . .. ., ,hlv dop.ed tr.11-p-cyacetvlere is considered, to call such

=.: m_n:. a nth-etic metal", at the level of the physical mechanism,
't" - 1.-,lipon I,:n.r:tIe Wtates- in the case of trans-polyacetylene and
g Iffere,,:es bet'een filled and unfilled electronic levels in the case of

rh. metf: 1,,1 the physcral mechanism is nonetheless different. Nor should
Ii- rr te Iounci states be considered the defining attribute of organic

,,nits, as examples will be noted below of organic conductors without
I,- ,4fr4ate g::t~round states Furthermore, the soliton mechanism itself is

-I-ritiV not oni-dered to be the sine qua non of organic conduction at
all d,-,pant levels and in all organics (see Chien, 1984b) And finally: the

-- in lion. ',,h.h -an be defined so rigorously as a moving, dynamic
mathematical entity, is sometimes used in the literature to refer to a---,-a
stationary dislocation The reader may, at least., remain assured that

ra _, do, indeed, conduct (even with conductivities as high as IM'.
ohm rn ) and await a completed theory of conduction so necessary to ""

craft{ in'g2 of., viv::,rner to funcstion. -" "

Nw, the HarniltoIinan derived by .u et al (1979, 1980) which vas written ..
in terms of creatioi and annihilation operators and is now known as the SSH
Hamiltonian, ,:an be rewritten in the partial differential equation form to " --

ojbtain the Cointinun limit (Brazovsku, 7 ,, 1980. Takayama et al. 1980). , - -

From this Hamilt,::,nian one obtains a pair of Bogoliubov-de Gennes
equations (inetic equations) the solution of which is the total mean field
ener!y C arnpbell arid Bishop (19611 1982at) Bishop, 1980) observed that

these bugliu~v-de Gennes equattions deronstrate that the conduction
mec,1ti"hanisr is polaron-like Using the analogy of the relativistic-field-

theory of ss and Neveu (Gross & Neveu, 1974, Dashen et al, 1974,
1 9a b, Andrei & Lowenstein., 1979), they further demonstrated that the Su

-4 sl (slitor) kink-anti-kink pair has a single electron spectrum with two
statps syrnmetrically placed at the band-gap These states only est when

*A



thr w I: h r oitv sta th- Pj4. fi on :,-r the hol1 I is

Tim- n aol flf± 1J j T.): Pf' suid&Tiwp1' mIPn f

n~iien~d i' ymes.ondu~til-ri anisotropy is to be- exece ard hsbe

Slt1 ')prfisdan itrsitn foimcinmcaim ob

th rim-, n us -mindied: a n i nte r-s to. tion~ r -d omain -wal cnduc tion
zi n cisiinIii . The- , e~-es the , 'n f bott- a. ta solitori and

I_111P1 ~fr I t s7.ite

ii! Lida ii v n I has(-* two decenerat-k:<ite 'riAJ uts lctrical codcto canan '

111 ' l f organics 'w'ith rinci er jfrnp 1m sate The mca I isc

diopant. As a res-ult the polymier becomesre ionizedJ ca fhe quilibrium
g~retvin the io-nizedl staite is- dif ferent fromn- that jtin - " um state-

crai a F ranck -Condon -like ionized state. If ric ldF istnrtio n or.I
eoritrv r ielaxation ciir; thP en ai hole* is cre;ated in the Tv4-u-bador i

other- words, -an elec--.tron is- created in f1he -co-nductio--n banmd 'Ii edC., 19Kit4) If
it is ere2eialJfavorable tC. loc-alize: th; haIJI e on the po-lymer chinit then
alocal dlisto rtion of the ltie <i n itin' 'tm in the,- a ierrce f l c

eliectfr.nic states in th, banidor~a pI wrn hi qp ii aspclaroisor I -ii n s
f 'spin 1/2). The p ola binin energy is 0.115e, in trans pol'nt,7l e

IIE r a t a. 2:0'e.v iplypar -iel-ne (Br -RIlas et al, I' W nc1
* '12 v in poYpyrrnl (bredac -t al., 1P 'a',. W-he--n two(- charges are present

t- ona-olmrchairi w1111i nio ndcr..I1 ~ria. t* t~grc-urld states. h formatiOn of al
4 bipolaro)n I'S nrtil f avored1( (A bipolarori is defined a~a pa--ir of ike

* n~harue (cliicn associted wth a stoglattice disto~frtin) Howvr becaus
tF,n- 11C. Ioy$tW&l nha a i-3~~t icrnl -tate . two -. cnsprte.

t oe the 1011 ti1 tic. f'~H ininII tw,,o isolate chargedshoi
rn thenr thai.n a3 tiprlacron (CSu et .31 1- Rn -A 1 :19 Thus, trans polyacetlne

P een onsieredto be,: a special case ::L)f dutn olmria ie

tlvin i a fotoyfe (rea, n Th - -inthVP eti. alpreictions cI a ri-4 A7

1 ~ ~ ~ ~ ~ ~ 11: s-* soitn -sfrpctil pli.n i'-'mehes, w.%h Ich als pises
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thus iritrinsK t, the ,rganv polymer. in doped inorganic semionductrs, cn
the other han, the st-at-es in the tanngap are dcopant levels (Bredas et :1,
1964b) In the case .of p-ty,-,pe doping .f organics, the bipolaron levels in the
gap are empty Contr-ely. in the case of n-type doping of organics, the
I::polaron levels in the ga.p are fully oc:cupied. The bipolarons are thus

spinless

References:

Andrei, N. and Lowenst.e H, Phys. R v Lett-, 4 (1979) l.
Bishop,. A.R, Solid State Comm 5 955
Boudreaux, I. S., Chance, R R , Elsenbaurner, R.L., Fromrner, J.E., B6das, JL. and
Silbey R,:'hys Rev. B 1, l '... in press
Frazcvskii, ,.. JETP Lett, 2a (1978) 6 N-::- .
Bred:, I L Mol. Cryst Liq Cryst in preE;- (19 14
Breias, j L, Chance, K.R and Silbey, R., Phys Rev , B26 (1982) 5843.__3
Bredas. J L " ''tt. Sl .YaC uhi, K and Street, J ,.. Phys Rev B30 (1964a)
1023
SBredas, J.L., Themans, B, Fripiat, JG, Andre, J M and Chance, R.R., Phys.
Rev. B2'4 ( 14 b) 6761
Braz,.vskii, S, v Phys JETP 51 (190) 342.

Campbell, D K. and Fshop., A.R., *ys1 Rev., B24 (19 ) 97. -
Campbell, E C. and Bishop, A cl.ar hysc B200 (1 2..1)6 97. -

Canpbell. LK and Bishop, AR., " inolarc in Polyacetylene", preprint
:: ,: 1962b) '::

-hiarn:, (IC. Fncher, C R, Park, Y.W Heeger, A.J, Shirakawa, H., Louis, E.J., '
* . au, S C and Maciarmid, A', Phys. Rev. Lett ., (1977) 10.-

Chien, IC.M, Polyacetylene: Chemistry, Physics and Material Science,
A,: adernic, New York ( I 98' a)'
Chien, j C N , Am-. Chen So. Annual Meeting, August 26th-3 1st,

* Philadelphia, PA, Paper 153 'Mechanisrms of Electionic Conduction in 7"

Organic "Metals ' (1984b)
Dashen. R F. Hasslacher. B and Neveu, A., Phys Rev,. 10 (1974a) 4114; I 10
1970) 4 130, 10 (197c) 436., 11 ( 1975a) 342; 12 (1975b) 2443.

Dlavvdov, A S. I Theor hol. 66 (977) 379,
DaL yQv. A S, Phys StRt Sol (b) 90 1978) 457.
Davyd, v. A S, Int I Quant (hen, 16 (1979) 5
La.vydcv, A S, Sov Phs JETP 51 19a .- Oa,3,.
L .vydo , A S, Ph, Sta-t Zol (b) 102 (190b) 275
K Iivel n, S ., Iol Cryst LTiq Cryst 7 7 ( 1 1 a) g 5
Ki, i'..I ... . Pn S Tys Rev Lett, 4!6 (1, IN I344

vFelson, S, Phys Rev '- 2 1 %
.Ri M J, Phys Lpt , AT I l171) I,2

- . . - : . . . . . ., . . . .. . -. . . _ . . .7



17

Scott., A.C., pp. 9-82 in Enns. R.H., Jones, B.L., Miura, R.M. and Rangnekkar,
S... (eds) Nonlinear Phenomena in Physics and Biology. Plenum,
New York (1981).
Shirakawa, H., Louis, E.J., MacDiarmid, A.G., Chiang, C.K. and Heeger, A.J., J.

Chem. Soc. Them. Comm. (1977) p 578.
Su, W.P., Schrieffer, J.R. and Heeger, A.J., Phys. Rev. Lett., 42 (1979) 1698.
Su, W.P,. Schrieffer, J.R. and Heeger, AJ., Phys• Rev. B 22 (1980) 2099.
Takayama, H. Lin-Liu, Y.R. and Maki, K., Phys• Rev., B2 1 (1980) 233.
Zabusky, N.J. and Kruskal, M.D., Phys. Rev. Let.t. 13 (1965) 240.

* S

. .-.-.. ..
*.- ... . . .... . . . . .

. . .. . . . . . . . . . . . . . ..



18-.

IV Photon Molecular Switching

IV.I. Bistable Molecules and Photon Switching

Optical bistability requires some combination of microscopic nonlinearity
with some microscopic feedback We shall first. consider nonlinearity in
polymeric materials and then address how the feedback may be achieved.

Recent developments in the field of nonlinear optics hold promise for
applications in optical information processing. This field has emerged from
solid-state physics and has become of great interest since the realization
that organic and polymeric materials with very large delocalized pi-electron
systems can exhibit extremely large nonlinear responses (chi( 3), for example) ...

- larger, in some instances, than those of most inorganic materials. It is now
recognized that thin films of organic materials with even second-order
nonlinearities offer the possibility of novel phenomena and devices for laser
modulation, frequency conversion, deflection, power limiting and
information control in optical circuitry, When large third-order nonlinearities
are available, then degenerate four-wave mixing (DFWM) is possible for
use in integrated circuits with for a variety of purposes. The physical
mechanisms underlying the large responses of organics are different from
those underlying the responses of inorganics (Williams, 1963). The origin of
the nonlinear effects in organics is the polarization of the pi-electron cloud
as opposed to displacement or rearrangement of nuclear coordinates found
in inorganic materials. An additional benefit of this circumstance is that
there is a potential use of organics in very high frequency applications
(due to the relative fast response time of the electron cloud) versus the
relatively slower response time of nuclear rearrangements (Franck-Condon
principle).

The theoretical prediction that a particular polymer in bulk will possess
large nonlinear character is difficult. This is because a theoretical analysis at
the single polymer level is difficult to extrapolate to the macroscopic or bulk
material. For example, the second order molecular hyperpolarizability is zero
in centrosymmetric media and is related to the bulk material second order
susceptibility through summations over the number of contributing atoms or
molecules per unit volume corrected for contributions from neighboring
molecular fields. Therefore, a molecule which is asymmetric and possessing a
second order hyperpolarizability may still exist in a centrosymmetric crystal
or a molecular environment in which orientations are averaged (liquid or
amorphous polymer). The bulk material, in this instance, will exhibit a small

U second order susceptibility despite the large single molecular or polymer
,"- - .hyperpolarizability-

Despite this theoretical difficulty., the organics offer an empirical
opportunity to tailor charge asymmetry and provide the polymeric

-.- ,. . , . . ... - • . .'.. ' J,. -- -.... -. . . ....'° "...........................................................................................................A.. - ,
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conditions for radiation induced nonlinear effects in one part of the radiation
spectrum but transparency in another.

. Examples of optically nonlinear single crystal polymers possessing three-
dimensional long range order include diacetylene (Garito & Singer, 1982),

. 1,6-bis(2,4-dinitro-phenoxy)-2.4-hexadiyne or DNP (McGhie et al, 198 1) and
2-methyl-4-nitroaniline or MNA substituted diacetylenes known as NTDA
and MNADA (Garito & Singer, 1982). Flytzanis (1983) has observed that in
polyacenes and polydiacetylenes Pople-Walmsley (1962) defects can occ ur
which are the conditions for soliton-type motion. The electron delocalization
length determines the optical third order susceptibility of polydiacetylene
and its dynamical behavior is dictated by soliton mechanics. These defects
(optical solitons) can be created by excitation near the main visible
absorption peak.

Such organics are, however, essentially one-dimensional and their unique
properties arise from this one-dimensionality. The nonlinear response
requires response times longer than 1-4 psec. which are the diffusion times
of conjugation defects along the constraints of th9 polymer chain. In three-
dimensional semiconductors, on the other hand, the response is almost
instantaneous.

An interesting technique for the investigation of the third-order nonlinear
susceptibility of multilayers of polydiacetylene has been reported by Carter
-0t 31 (1983). This measurement technique has possible device applications.
Polydiacetylene was deposited to a thickness of 5000 A one monolayer at a

time using the Langmuir-Blodgett technique on a silver overcoated grating
etched on a silicon wafer. The third order effect was measured indirectly by
its effect on the refractive index. The grating permitted coupling of a freely
propagating laser beam into the planar waveguide structure formed by the
polydiacetylene on the metal. The third order susceptibility is intensity
dependent, so changing the intensity of the laser beam permitted the.
observation of a change in coupling angle to the waveguide mode. From this
an estimate of the nonlinear index of refraction of the polydiacetylene near -- .
the absorption edge was obtained.

We turn now to the use of these organic nonlinearities in optical switches
based on the principle of optical bistability Optical bistability requires a
combination of microscopic (material) nonlinearity, which we have already
discussed, with some macroscopic feedback, so that a device's tiansmission
depends upon the output intensity. This occurs when a nonlinear optical
medium interacting with a coherent. driving field has more than one stable
steady state. Now, the nonhinearities discussed above are intensity .. "

* dependent, thus it should come as no surprise that the current problems
with optically bistable switches involve the difficulty of obtaining

-..:. adequately fast switching times at sufficiently low powers or switching -K energy to make useful devices Attempts t.o minimize switching energy have

_ 0



involved the use of Fabry-Perot res nant cavities (Agrawal & Carmichael,c)7(" Git:, et ". _. , gr-- Fvt
I-)7., :.s et al, I N)0; Aorawal & Flytzanis, 1981), but, of course, this
increases the difficulty of fabrication.
The quantum theory of optical bistability has undergone some recent

ieveloprnernt (Drurnrnond Walls, 19'81 Carmichael et al, 1983). The
Observatiorn of bistability can occur either in the absorptive operation, or in
dispersive operation with detuning of the laser and interferometer from the
atc,mic t-ansition. Cooperative effects- in resonance fluorescence are also
possible (F.cnifacio & Lugiato, 1978 Donifacio et al. 1979). Radiative and
c*6:lhsional damping of atoms and losses at cavity mirrors are modeled by
coupling the atoms and cavity mode to thermal reservoirs resulting in a
Fokker-Planck equation or quantum-statistical treatment. The
theory remains, however, without empirical confirmation.

Recently, however, a new type of optical bistabilitv has been discovered
,which requires only on a material whose absorption increases as the
imaterial becomes excited (Miller et al, I 94a). No mirrors or other external
feedback are required, as the feedback is internal and positive. Furthermore,
new electroabsorptive processes, 1arger than those in conventional
serniconductors, are seen in room-temperature GaAs/GaAIAs multiple
quantum well (MQW) material (Chemla et al, 1983; Wood et al 1964).
These new developments have been combined to make a hybrid version of
optical bistabilitv in which a micron-thick piece of MQ is used as both
detector and electroabsorptive modulator (Miller et al, 1984b). With only a
series resistor and a constant voltage bias added to a p-i-n diode (where i
refers to the MQW material) the resulting device is referred to as a self-
electro-optic effect device (SEED). The switch is activated by incident
light at a vavelength near the exciton resonance position for zero voltage

.- -. across the diode.
With low optical power, nearly all the supply voltage of the SEED is dropped

-- across the diode as there is little photocurrent. This voltage shifts the
excitation absorption to longer wavelengths, i.e., lower energies, and there
the optical absorption is relatively low. Increasing the optical power . -

increases the photocurrent, reducing the voltage across the diode. This
reduced voltage, however, gives increased absorption as the exciton
resonances move back, resulting in further increased photocurrent. This can
lead to regenerative feedback and switching. Switching time has been
demonstratted in the nanosecond range.

There is a large family of organo-metallic compound semiconductors
thich possess threshold and memory switching. The electron acceptor

molecules 7,7.6,-tetracyanoquinodimethane (TCNQ) and 11, 11, 12,12-
0 tetracyano -2,6 -napthoquinodimethane (TNAP) have been shown to produce
• - -electrically conducting solids with aromatic heterocyclics, as well as with

alkali, and divalent transition metal counterions. The electrical conductivities . -

.'.."'-. .,... -'-
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Of TCNrf and TN A P Cirlexed ,,,ith e1e,letron donfo rs su ch as

tetrathiofulvalene (TTF) have also been intensively investigated. Sharp
changes hav been report d in electrical conductivity due to phase
transition, in both TCNO. and TNAP complexes induced by varying the

.tperature :f the material. More remarkably,, a reversible electric field
(light or em. field) induced phase transition has been observed in films of
either copper or silver complexed wlth the electron acceptors TCNQ, TNAP or

* ~~oth~er TONY derivatives (P:oternber et al, lI -?" Poeleetl,194:Beso
et al.. 1983). Thi; remarkable t-ransition is accompanied by an abrupt
increase in the electrical conductivity of the organic semiconductor ,.hen the
applied field surpasses a threshold value. The highly conductive state
remains intact as long as the field is present. On removal of the field, the

- .: system can either return to the high impedance state, or, if a voltage
significantly higher than the threshold voltage was used to induce the highly
conductive state, the material will remain in the low-impedance state after .

0 the applied field is removed.
For inte,:rmediat field stretths,. it is p ssible to operate a device using,

e .g., Cu-TCNQ, as either a memory switch or a threshold switch by varying
the strength or duration of the applied field in the low-impedance state.
Although the limiting speed of response is not presently known, a Cu-TNAP
sample was able to switch and follow the rise time of a 4 nanosec. pulse
(Potember &C Poehler, 192). It has also been demonstrated that optical
switching in such sermiconducting organometallic films can be erased using

-" " the heat from C02 laser radiation (Benson et al, 1933). Of special interest is
the possibility that below threshold a device using these films might add
inputs algebraically, a capability offering the possibility of the fabrication of
analog-digital hybrid computer elements.

WI.. Switches Activated by Polarized Light.
Refraction is one consequence of the scattering of light by the electrons

and nuclei in the constituent molecules of the medium, and can be
- accompanied by Rayleigh and Raman scattering in all directions. Raman

-.- activity is dependent upon an induced polarizability due, almost alavys, to
an induced electric dipole moment. An induced magnetic dipole

.-.. moment also can occur, but. usually at. a magnitude I06 less than the
- induced electric dipole (Chiu, 1970). An exception to this magnitude

differential occurs if the incident light is (a) in resonance with a magnetic
substate split in zero field, and (tb) an effective magnetic field able to interact.

* with magnetic states, i.e., the light is circularly polarized. When conditions (a)
and (b) apply, the ratio of induced electric to magnetic dipole is 1:1 (Barrett,
191 1, 1932)

- - - i . .. . . . .. - .-- .s.-*- -7 - " - -- . - "- - . . , ""- , "
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If the itera,ction of light and magnetic substa'te is of the kid in 'hich the
substate is filled by an electron from a donating molecule, then a special
interaction occurs in which the substate, populated by circularly polarized
light photon energy, is "otherwi se occu.pied", and cannot play the role of
electron acceptor If the electron ,jonlatinc, molecule, now prevented frorr.
donating, becoimes a p-semiconductor when it is able to:, donate, the molecule -
now be,::omes less of ; conductor.

This. situation was reported to oc,ur in the phthalocyanines (Pc), whi,.ch are
the lec tror donating species, ard o xygen, which was the electron accepting
spe.ies, and the magnetic sutbstates of w,,,hich were filled by incident
circularly polarized radiation (Barrett.. 196.3; Barrett, Wohlt.jen & Snow,..-

Light interaction with the Pcs in an oxygen or electron-accepting
at osphere is possible from two points of view. On the one hand, magnetic
incular dichroism studies of the metal Pcs indicate resonance interaction

with the central metal in the red (long wavelength) end of the visible
'E:ectruI , On the other hand, light interaction with 02 adsorbed t.. the Pc
ring o -c.-urs over most of the visible spectrum. However, the two effects were
dissociated by studying both metal substituted and metal-free Pcs. The
demnstrated ability to modulate, with circularly polarized (versus linearly
polarized) light, the electrical conductance of Pc films sublimed onto an 0
interdigital electrode surface is due to light interaction with the electron

-- . acceptor, 02, rather than with metal d electrons. The effect offers the
-.: possibility of fast light-induced switching in electron- donating/electron-

, accepting sandwiches. More investigation is required with monolayer
sandwiches and other semiconducting organics.
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* - V. Properties of Bioconductors -
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VI I Organization of Polymeric Conductors

In ecet yars nuieruspt'l eK materials have been synthe~e
vn 1, on r clwi il complexes with codciiisin the

semiin n to -t-me~l rrlr~Tb nzato oYf these cofliup;3tk.d V.akb-ne..-

7ol _ni- -. 1Cheel1 1lt n' lectr,::n donor or acceiptors to,. po-lyr
.- ti -- ti k:, I l-i jj-:ra-phe&nylenei, polypyrrole.
pold p1t ~peyte uiA ~Jp ltphene The simnilarity of thne

dc~~~ ~~ 1t11 f yerisI i ~ -irsreslte in a search for a unif inQ.
un1i> Fmdlt. t I- ~it'dc io propertles. The concept. of
cnn n -i in',x ~lrP -h f V asIntroduced byv Su, Schrieffer and

Hee' :-'1 ' r *'ppli-- tcf rt -in-plvcetln This model wa-S extended
to pp'1V lA-:r~-vl~rn: 1 f' -las t al, 1 (4 '2, to polyparaphenylene

1: Bdri's t al, ~ 1 4 -'~ vai aIv p.'vho rie (ea-1 ,t, al, I C1 a, 1 'vw:
Th ~ ~ ~ n( -)fi t 1 11tu tu-i the model4 have aIso been explored

17~akauarna tA al. Ic 1it a k: 1a, 1 y2a b~c. E-aensvyl and Maki, I19W')
It appar ta t trnpo ?ctyli;ne (ard also the as:- ye(t unyt e

r,- lX~eeehce Dura 4~11 1cfl qijte differerint frorn other,

nFuatd olmers'_ in that. the grround -4ate -~~dn ge, et, is
I enrteOe oseunc f this uiqueness is that in the doped

Vimpla:eyeecomplex the". possicbility exiusts fo--r intrachain transport
Ic islae c re soiton rs Howver, thei lack ofsiilar degenerate& ground
V tsin otheir do-ped- polymrs leadsI to a des--cription of mobile defects as

cope2airs of s olito*1nlike1 defects, referred o a pL arons or Lolarons;
The eplanaion o el~triaonut in or-ganics is even more

c r sd in that nt a-ll the-- empricl vidne related to conrduction in these
crg'ainic 1 s in a,2reement with the sci~nmodel (Chien, 194.In fact, the

tnitthat canbe-:ai frtiw 3 ha cnuctio by roditon -like mnechanisms
lii, atf dt I pint levels, but pro bably not all At. the time of

wri~~~~~inu~~~ i''- f--i7'iico leewch sup~posedly c-onduct using
solb i ii i ii Ii IdliiLAJth ft-t cV~'cv-f conductors descrbed

Vip -V ac 1afitnishTed tb&eoretical picture of

Thzr 'i.~nin :,eit (6o1110- by th us;ual lithographic
I I1 ju~ ~ ~o l ih i - tha--t the: condtcting mnatierial is a

complex, t1 V is,, the or:onI tin-2. a u rer kurcor re-quires ionization
ari tisluI. nc i dpin D pii~ iy c~ivntlorinal mnetho,-ds would preclude

any; cheicial svnthesr;l for A- hrv de~vice fabrication Attempt; in this
* liectin wuld e gratl ad .jnced if the organic complex could be-

Iri t-;eI J E~ Luri the oanic coplx could be synthesized, the
cnp~ue ml: lewilbe-1 onet: of many sucvh, w,,hich together form a
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1 :ductn elenient of a device Inter-corplex electron h-,.:,ppizg must a!W:,'7:
,:::,c,::'sir therefore. -

The organization of different organic complexes in one device must
encounter the Iifficu.ltie.s of interfacing materials of different lattice
constants Thfe great, advantage of superlattvCes is that lattice constants d"
not have t, be rnat :lhed, but their methodi of conduction is not solitonlike. It
is clear, therefore, that the organization of soliton conductors requires
further research,
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VIII Devices- Materials Considerations

A broad classfic-atior: of ,roa.nic ds with enhared eletrica .rperties
into two tyes,,. has been attemted Vay:i.kurnar and Pohl, 198i The first
type consists Af the charge-transfer complexes ;and w,uid-include the-
charge-transfer salts arid also those organio. with slitc r propertes wose"
conductivity also depends upon spin- hare eha.ie, eg. trans-

.. .r aIc e I ". I .. / . .lyti.phe e, olypyr ,tc. ''"h prn , pnly 7e nylere
sulfide). Correlated t lectrn-hole stt. t-it ha - _patial x-etent of one or
two lattice constants w,,-ere termed onic .tat,.' by Lris l 1'67) and are now
called charge-transfer eZcitons (P.ope and Swenberg, 1".)- These
interm..ediate ec.ons can be thought of as distorted Wannier -like 'excitorns
due to the anistropic nature of the molecular crystals. The second type
consists of those polymers with inherent long-range delocalization and
these include the polyphthalocyanines and the polyacen e quirione radical
(,PAQR) polymers (Pohl and Pollak, 1977). The giant polarization observed in
this second type is due to long-ranging travel of freed c,::harges or 'nomadic: -
polarization" or the res,ponse of highly delocalized carrier-- as they tw-l
usually as polarons, over the long molecular domains provided by the

associated pi orbitals of properly conjugated polymers.
No, although polaron-type conduction is postulated for some cases of the

first type - in particular, for those with solit-n-like mechanisms - the -
polarn miechanisrn, in this instance, irolves degeneracies in ground states
or Franck-Condon-like.sttes, both in short-ranging orbitals coupled by
phorons. It seems reasonable, therefcre, t assume the aforementioned
broad two part classification, and it is the -e,:d type, cr those with highly a
delccalized carriers w+:hich will be considered here.

A case .can be. made that this seconl type is much more stable than the
first. The first type includes many which are thermally nsta ble and are
sensitive to atmospheric attack. The second type are highly stable dow n to,.
770 K and highly conductive. It includes ickel-doped pyropolyrers (Wyhof

and Pohl, 1970) and other pyrolized polymers. The term "ekaconjugation"
(as opposed to "rubiconjugation" was proposed for these polymeric
systems (Pohl 1 966). An ekaconiugated structure is one in which, as the
degree of polymerization increases, the energy difference between the
ground state and the first excited electronic ionized state approaches zero. On
the other hand, in rubiconjugated structures, the difference in such energy
states remains nonzero as the molecular size is i:::reased To cbtalnri

-:-:_:-- enhanced electoactive c.aracter, materials must possess con;ugated spines
with stabilized orbital delocalriaton pt er nttin- critinuous intramolecular
overlap of pi orbitals extending over lonig dIhciti Accordirg t the tnomaddic W

polarization theory of Pollal' and Pohl 1 97C the dielectric c::ornstarnt slou. 11-,
vary with the intensity Of the af..lied field.."th thme square of the chan

%*7 -,1 .97
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These~~~~~~~ hihy-;at-d~~flr ' rpare 1wa yrlizatien
te biqu nd fin, 2ondt't They,, are? thus in an"ams

rapieiestat He- ti?- ih in r.nough fI tbi:-t "b'ase sttnCk",
pro-.pe rties, that diletrc o tta i ts frr I- t, ci ionutvis

As the py1iair prduc a r inras In thi AZz. the e~yfW thI
; inlt a:I C th mntan§m ronu ti, r Fo : xipe the hopTpirf of a

* ~ ~ 1' eetroCn-hode. Pair (eior)!cmmreue v l- 'vb- isthe migratic-n ftth
* xio.When the; electron andi the; hole 17umrnp **~ter frommoeuet

rricc ule rtI(a --s they mnic-rate. ehv the ihtLmdn '- and the nwaif
.?1-itaticn is ai FE-enikel e:xcitonr. It is also.. p si I I fto tht- el arnamd holE- to-
bea on dIifferennt mlcls but in eachter .1 ' vi ity this is the 'weak-

bidn aeandI the miprating excitation ic, ow spre.,ad ove ?r sTeeral
mnolecule (or ioris) is A Wannie:_r ezioiAi m od~nresult.,:
fromn incre_:asedI p::dyrneriza--tiori (with p-yrolizatic i), it is likely that some type;
:1 Frnlckel excitations are? involved- It is beS-t to4:ll oetees thla~t the;
W,4annier-t\p andi Frenkel -type exiosare proba,_ibly e:ftees f a

These:; eka con u Qat ted polymers cl-eazirly offer advantages in stability, high
rid tivi tvadh:hdeetric ccnsta ri ts. The ir pre-;paration v a

pyrolAizatiori process p)r EcIude them howver s rm anIheia
* ~ ~ ~ ~ i-hrrtpyo uling fromn smrall up;'i.ards in analogy to theMriiec

synith-sii techniquje TheyT culdI be: usCV v"- ahbi thdw-thezn -
C; u" chnlique. 1earlv, the? t.vyt -(rl:::I.tvmEr ;c, norotth

Sp-Ad 4f .ondui-ction nor, prsnlthe envir:nrne'ntal stabilityV of thtese
* ty'- t m'except. perha3ps, in the, .ase of polypyrro'-le, andI alsoplaeyln

* ~ r oc corin, to reetunverified lain frm apanese company).TI It is likel
the-re fore-, that the EkaCorjiiuates have: adv1arita yes?--: too glreat to. a2nrJnd

4 w~ill never te superceded ( by the yp-oe ontheestetw ye
* materials each havea their advanae and disadvan tage.
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IX Polymer Interfaces
-S

A distinction wacs made above between conduction in (1) -h - -ta sf2?
complexes which include those to which soliton-like properties a.-- t

attributed and w hich possess distorted Wannier-like excitonic st-M s., -and
those polyrners with inherent long-range delocalization for which the-
conductivity is attributed to the response of highly delocalized carriers ard
which possess Frenkel-like excitons traveling usually as polarons. Type (1)
,,,5- identified with advanced device conduction, and Type 2),, it"
intermediate-stage device conduction. The interfacing of intermediate-stage .-

devices with advanced devices is equivalent to the interfacing of Frenkel-
like excitons with Wannier-like excitons, i.e., of strong-binding, excitons with
weak-binding e:.:cito.,ns (Knox, 1963). We now consider the problems
associated with this interfacing.

Weo, can commence by eiamining the range of validity of the FrEn' el and
Wannier models. The Frenkel exciton problem obtains a quick solution
because an assumption is made that the excited electron shares- a unit cell

• with the hole. Physically, a single exciton is a good eigenstate of the
molecular Hamiltonian if it can be correctly argued that it lies well below all
higher excitations and does not interact strongly with then. This is true only
of molecular excitcns. Formally, it is possible to solve any exciton problem •

- with Frenkel states, but a very large radius exciton would then be an-.
_. enormously complicated mixture of highly interacting, high-energy atomtic

states. Thus, large radius excitons are usually treated in terms of the
-. Wannier model.

The Wannier model, on the other hand, is not appropriate for small radius
-.. excitons nor is it appropriate for orbits which attain the dimensions
-: . comparable with the "crystal". The excitons will then interact with the

surface of the material. Thus, whereas the strict-sense Frenkel model is
based on excited states of individual atoms, the strict-sense Wannrier model"

* requires large Bohr radii for the excitons treated. It should be re.lized then..
that strict-sense Wannier and Frenkel excitons are hard to find' In fact, the
type (1) and (2) conductors exhibit intermediate-type Freinkl :;,. Wid nier
excitons.

Given, however, two distinctive ly different types of excitons, even if both
are rare in the trictest. sense, an, interface will involve barriers. We may
try an energy band picture of this interface. When a type I semiconduct or is
making contact wihth a type 2 sericonduct.r, the Fermi levels in the two
materials must be coincident at thermal equilibrium. On contact, the Fermi
level of the lesser conductor is lowered by an amount equal to the difference
between the two wo::,rk functions. the work function being the energy
difference between the vacuum level and the Fermi level. The contact
potential will be the difference between electron affinities and band g,aps.

"* 4
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Table 1, From Roberts (1983)
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It is, clear,. thjereoe theeae many, potential applicatoso avne
deieeven1 if re~stricted t,.. the a tw-e'ersc'a seute of the L-

i ntegr ation of L-B sens~ors whith standard electronics.
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XI1 Architectures

The ENIAC.. the UNIVAC and today's pocket. calculators are based on a single
cent-al processor perforrinig operations sequentially to produce the desired
result, which is the traditional view of computer design as put forward by
Charles Babbage, Alan Turing and ohn von Neumann. Such designs, which
are referred to as von Neurann computers, are constrained to perform one
task at. a time in real time. If they are programmed to perform more than
one task., then they do not. perform the additional tasks in parallel real times
but switch between tasks rapidly, so that the central processor is "time
shared" with a concomitant loss in speed for each task time. This observation
is not absolute, because every computer has a word of eight. bits or more,
which enables it. t,:, address eipiht questions, but relatively speaking, most
present computers are serial processors, with some notable exceptions (such
as COLCSSUS, ILLIAC-IV, PARALLEL ELEMENT PROCESSING ENSEMBIE,
DISTRIBUTED ARRAY PROCESSO1R and HETEROGENEOUS ELEMENT PrFOCESSC.;

* (HEP) among others).
Multiprogramming enables some of today's computers to perform

operations in parallel and vector architectures permit a single operation to
be performed on several components of a vector simultaneously (Browne,
1964). Knowing in advance the sequence of operations permits the some

* programs to order some data, while the central processing unit is working on
other data, an operation known as pipelining. However, there is still a single
central processing unit. Thus, among digital architectures one can distinguish
three basic types: (a) The computer applies a single stream of instructions to
a single stream of data; (b) The computer applies a single stream of

-*- instructions to multiple streams of data.: and (c) The computer applies .
multiple sti-eams of instructions to multiple streams of data. The analog-
digital hybrid, based on molecular components-, is yet another approach
which we consider later.

* Further advances being considered are: use of gallium arsenide for higher
speeds, further use of parallelism in the software, such as that described
above, and other non-von Neumann architectures using standard
components. Yet another influence on computer performance, quite apart

" " from the individual processors, is their organization into a network. A
current theory now being considered is that. by Hopfield ( 192, 1984) This is
a content addressa.ible memory, admitto.edly difficult. to construct in standard -
digital hardware, but which is a collective property of a set of devices
conceived in analogy to biological nerve cells. Particular memories are stored
nonlocally in many interconnecticns with recall a collective dcision made by
the network as a whole in a single settling time, withi the decision about the
memory to reconstruct made in the analog domain and with the memory
developing its full digital representation. At the present. time small matrix

- .. , fu ll .-.
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mt.- these?, difficulties, if the same trnitr htlybarrier element

deis: ae oloe How ever, due to the a,_rialog nat-ure of the (haire-
rJ t1ansfer dpnetsicngof, for-A examnple Cu-TCNQ arid thel possibilities

* ~~ ...f Mih-(: trcl of upratcsfromoanc lmn; both resulting in >

mnultiple, input;- to* -a si1ngle emnt,& heqsme desigS nfeed nOLt be .

folio wed The;1 oppo-rtuntiesc for simultaneous inform-ation integratiorn and
re -c er-ra ton are aviae in molecuolar element- and such designs do not

* even obey the same logic truth tables as the digital transistor -

switch. Thus, it is tnappnopriac.te t~o acsuine the? sacme limiting constraints,
and due- to' the OVD(ortunitv for Manalo2 intera:ctiori betwee swt-chu S1

elmnsas well 1 as thea g~ret:-. ve *rsatility fee in moclec..ular econtrol and
inasr~j fd'ictin, those limi,1tinQ, cns-tra ints are riot the am Only arn.-.

i ris -N rjh - store-thr'.wer would reruirc the? saeardstick fo(r the- twoj,
phy/sic -ally distinct devicetchocis
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XIlI Other Applications Including Advanced Sensors

The applications of molecular transducers for information gathering _.
purposes are many and include those to biomedical diagnostics, sensory
prosthetic devices, sensory systems in robotics, chemical sensing in
fermentation systems, and sensing in airframes and engines. In many
instances, the molecular transducer technology will be integrated with
optical fiber and wave guide technology and in the biomedical field will
include patch clamping techniques.

Already optical fibers are being used in aircraft structures to determine the
orientation of composite fibers and to assess excessive strain on aircraft
parts. In the future, even jet engine temperatures will be monitored by
optical fiber sensors. In a day not too distant, one can foresee an aircraft's
systems and airframe being routinely tested by a computer controlled
interrogation of an optical fiber bus which links to all the aircraft sensing
components.

The sensing of molecules for diagnostic purposes in the medical diagnostics "O
field will depend a great deal on coating technology and the ability to
miniaturize. Hirschfeld (1983) has pointed out that as the scale of
engineering grows smaller, so does the importance of phenomena which vary
as a high power of size. For example, gravity, inertia and magnetism, vary
in increasing importance as the third power of size; flow phenomena as the -
fourth power; and thermal emission as the second to the fourth power.

- . .: Electrostatics and surface tension vary directly with size; diffusion as the
square root and Van der Waals forces as the negative fourth power. The
latter, unimportant for bulk material dynamics, may become predominant at "0

• small size. Ouantum effects, a minor consideration at bulk size, become

preeminent small scales causing tunneling and nonlinear behavior.
*~i Hirschfeld's point is summed up in the observation that "you don't get a

workable ant. by scaling down an eleph:ant."
* _His other point is, however, that by scaling down an elephant you obtain

unelephant-like dynamics which you may be able to use for quite different .

devices than ants, i.e., scaling laws sometimes produce different functions.
This other point should always be kept in mind together with the
first.

Fiber optic sensors are devices that. provide optical signals in response to
physical, chemical or other stimuli In a typical sensor of this type., light from
a solid state optical source is coupled into an optical fiber which then
transmits it to the sensing region In the sensing region, some property of
the light (intensity, phase, polarization or spectral content) is modulated by

0 the phenomenon of interest. The modulated optical signal is then returned .
via the optical fiber to a processing location, where it is converted to an
electrical signal by a solid state detector.

.. .- '

,, • . ~ ~~~. . ........- ,..,,......
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There ar tw,-Yo generic classes of fiber optic. sensors -intrinsic- sensors tn
UnderhrtT -.

optical fiber itself, and 'extrinsic' sensors in whic P the op-tical fier is
merely used toc tiranstt light. to, arid frrurn the sE-nin_: mueur:on The.: 'eJ.e
can bea pot*:nt-ially as; small as the fibers: themselvs '~.1 etan0

and can be configiurEd eithe r as distrib-ute.dse ponsnsn
elmnsAll of the- publicized advantages of fiber optv ti: rY fioIg aplyt

fiber Optic sen-rsors as welThese include: Irlt1Vj fredm ro
electromagne tic- interferenice arid pulseii effects,- larc ,7-nt: lrl(: jandw,,idth.
arid the ability toperfLOrm in hostile environmenI ts. In -adlt.n, a number o
meth11ods e:'ilst for multiple:azng such sensors onto a single cpticatl fiber,

thereby pro-viding a potential sytem a ini~y
A~n the nan y kmnds of mic rostensors are: micrtdetrrei for apo

sensors~ apcainvru-estefield effec-tive tranlsisto. rs. uint ile.14d
d io d es, pyroel ctnc- devices for flow monitoin (air, liquid, he&at), pressur
tr-ansducers and thermnal IF. detfector arrays., microacceleromete,-rs,. surface
accstic-wave vapor s*enTsors, sensors for pH -And pee 2, hra hitsr
senlsors, chemical pump diodesb, piezoelectric vaipor sencor;.

The- field of microsenisors is allied with the field ofr iccitor4h
(Wohltjen, N894). CHEMFETSN, ion-controlled, diodes, Sc3,-hott-ky diodes, thin-
film tin otode gas sensors, chemirescistors -and microdielectrometers;, surflaceS
acoustic.-. wave devices, potentiornetric gas -sens~ors and pyro)electn-c
enthalpimetric sensors aill can, and are, fabricated by mitirolith-ograpthic
te,:chnique.s of the et-ch-down variety. The extension of the molecular "build-

up"varet oflitogaphy to) these? deices is to be exete The
depende*nce of microsensor tec(_hnology on coating technology also give9s the _

* mdcc nllkular build -up technology another opportunity forcotilt.nE
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XIV Defense and Aerospace Applications

~F~4 :tn theaddii 4 r r Ct I-,:. I Z 1,e f-fI Iit~lti± i4 i

C'T

* ~ ~ ~~~~~~ T i :tr.t I .± n:' split in zero field ,i

* 3'-,tj l 1! Mhbiw i, M iPt I ni fV j-t a.n 4, t-, li- it- T nlf at

11"tod metine anve UsnoL~nml -jnrjd' ' tt t-r hl Vit

* ~ ~~~~~ E$Sibl to f::iae hn fls o rat tit IF!t. t . li-t 1w

extremely high f requency response. V. -hall lt- ini mut 44 aii
nee as one.-_, e~mpi of cheical swit-chinQg amng IUJI&Vy Ui'- PO- itilitl .:I.

paramagnetic switching.
The~ use of molef-u-lar rescnne offrs o-pportunities for the achieve,7ment

(-) content addressable systems. The ability to:: rotate Incident line,.arly
ImI hi je'iz p Liz'rd li:t,jj7 whicht111- is indued( inl a . aterial 1-) arm1

effective magnetic field such as circularly polarized light. is0
- ro-.r'dtiwnal t the Verdet constant (Atkins. ;andl Miller 19 a b. The?_

'r1t ns-tant tot, ironi ii lIj (a t 1avele g th 5C) Atl wer eas fo ,r wa ter 1,t
* ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~-- 0 1~m o h ~r oeuei. C" C55 (P tnto.I9~p 5f

Cm~'j .-- _ .it, .. fi, . ftiwitv origfinates inl inte rference b~etweenl waves
beaiie f the sm erc l)'JaiiiIC.C2ilitV ,jn dl'J anhtc3Ttrtetric

y'araol llt . c, a- *:Pyw -ci(E Implies aritisyrnIrnetnc: sctterg f 1itht.
Therefore, the induction of magnetic optical a-ti vity
results from the incidenat circularly Polarized light being

*of a frequency nePar ?a electron~ic absorption? band tha3t is
rigorously symmetry -forbidden. to lo wer -order m ultipoles.......
i-e.. the d-d transitionfs of tranvsitiona metal co.,mpounds and
rare ea.rths. In this case, the next hither muftipoles Ubet
m.anetc anfd (tc quadrupole) accounft for anyv optical
? ctivity v hu 19069)----

~ i i inti:irul~r ih~ct(2~phn~1(0%"CI Stephens. S7uetaak and
lint.1- tihf C pren nr haw'tcfl -- en deons tratedt for

fl' I tilin Ut- phhilca in.- r at. e f1f t or example. whereAa's
U~ ~~~~~~~V.a kt± 'ii' U titIinfrm'LUI t"in 11I) It- lults ill a slight incrleas

:n ,nrru -n t m tnt--nturn the a '-ll aIair(I P) pItlialocyanine
fro.-m dimethy Isu Iphornd:fje to Cyanide_ pouces- a3ag hnenmgei

0 , ag hnr nnin i
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momlent from 1-1 . - B-1 I r . .± -Is *StillmInan and - Thcrnson. 197 4)

Mant'11bo to re?...nanc.-es h.ave; ;--tlc-r b.een reported,- in porphy-rir-- using S
* the normal Faraday effect a a rbe'Vkntein, 2, aronov and

Shemnelin,1' IC067) The dispersi.un is a sha--rp Maaus-crino uv
(Maaluo ad ..rin:* 1~ hic inicaesthe d1irectioni of the c"ircu-lar

currnt prcu ir h ffec t..

Thuis, c-irc:ula:_rly po--larized lmrht. at. an e;nergv e;qual tf) the Zero field spitn
e;nerccy c-anrsl 1t I, a coupling to a id-dJ mnagneticdipole tr-ansition, due to the

* adaio rigetcfield. For zero tield~ splitting eI-riepfy to be? as large -as the
eneravy o-f iniet vs ible radiation is due, to, the t,-'oowng considerations.

The crystal field influences (V-an Vid:192 Dethe,129 Ab~ragam
and FleEane,? 1, J0, p . ar large in pphyrins and phtha(locy:anmns
thian thle intramolec.ular spin -dependenrt inercton (han ' vanDrp
schA-aafsmnrla arnd Van der Waals-, 1I 1). The - orbital mnomrentumn of the? mnetal d
electfrons are "quenched" due to the presence_ of asymmretrical

*intramnolecular f ields (VIan Vileck, 1932 p M7).1 Howlever, althoug~h there is, *
aIs o rio lon ger an ats of symmetryr abt wif..hich anguila--r mom-.)nentumn is
conserved, tetragorial sy7mmetry will riot remove all the de::generac'y of the d
electrons (Bethe, 1929. 1930C).

For this circumnstance, s:,pecial considernations apply., For example, Bethe
(1 930) demonstrated that. when an average miagnetic mnom'ent persists
despite -t absneotnaso ymty the thrcan be no first-o-,rder

Zeemnan effect.. bu-t unusu-ally large changeps are permitte d in the spatial
quantumn numrbe r wi~hich do not have_ the usual significance of being
proportional toa com~rponent of the ang,'ular mome4ntum Wa7lc1 9324. -

2192), C-'f first. trnportance' is that thne- Zeeman energy, whiich is thle zero field
* plitting, energy, is greatly incre-ased. (f~ethe's theorywa confirmed- in

Becquere bserato (1929) of abnormnally, large,, Zeeman ef fects in certaiin
*rare eartha rcstalIs; and Van Vleck(1 W02, p.2Q9) assumes that crstals
*involving iron ions have fields of th sam syfmetry,. buJt of mh greater

magnitude than Becquerel's rare earth comrpounds. hinL if these large
* fields poducing large Zeemnan energies w.%ere no-t present, the ucp~ii

ofth ro ropwould not. be dependeint uipo-'n spin states. w-lurch they7 are).
Thus, the remnoval of angular mo.mentum requie 0m~ smei

crystal field resulting in a Large Zeeman The c-xs t en ce ,-1; thi 3syrmetr/ in
phthalocyjanines, and pomphyrins c-an be: eStablib-he:d b"F the ollw
consider;ations. Metallopomphyrins have a ourlda~ns ( symetr wth

* the lower excit-ed stattes,' triple&ts as well as~ sirjgle's, doQ.ubly deeeaeThe,
triplets have- a threefold spin degneracy7, and th loettilt sta-te Of th

* free moleculea is a mnanif old of six levels The spin independent perturbations __-

of tetragonal symmietry such as crystal field effec, alMthouorh eletottci

*natuire, operate-, in conlinction w/ith jain -Teller coupling, which c'annot by,



itself remove the d.Cegenera:y Of the vibroni, levels of a tetrapyrrole system
(V an , Ie,:k, 1939; Ham I:,, 1 969 f6 Abraari E, Ble.n-Y, 1970, p791.

Van der Waals, an L'orp ank Schaafsma 1 ie 7()) have demonstrated that
-,when a rpr1n is subiected to electrical fields not of tetgraonal

symmetry., one of two orbital components will be favored energywlse cver
the other., resulting in the split-ting of the two states. The authors envisage a-
imiilar effect, occurniri in the ca s e of lig and binding, le-ading to a difference

in shape relative to the environment of the two nuclear conformations near .
the minina of the two wells Thus. the evidence is that porphfl s do not

pos::sess a fourfold al-as in the ez':ited state, and the lowest vibroni,: level of a
Jahn-Teller unstable triplet, or singlet state has a degeneracy removable by
an ansotropic c.ystal field (Char, van Dorp, Schaafsma and 'Van der Waals,
197 la, b; Canters, van Egmond, van Dorp and Va_3n der Waals, 197. It is also
known that in the case of ,qu'o.antum mechani.cal treatment of the Jahn-
Teller effect., the molecular Hamiltonian contains a term describing
interaction of the molecule with its environment by means of oscillating

* e(tric fields set up by v.brations of the lattice (Williams, Krupka and Breen.
1969, Hoffrnan and Ratner, 1978). The crystal field asymmetry producing a
large zero field energy is thus present. Tanabe and Sugano (1954) calculated
that the cubic field splitting parameter is .37,000 cm-i and the critical cubic
field splitting parameter is 16 5,00 cmi. This value is close to thlat of yellow
light and demonstrates that. magnetic substates, split in zero field, can be
populated by interaction with visible, circularly polarized, light.

In summary, in porphyrins and phthalocyanines, a Jahn-Teller instability
and a large crystal field quench spin angular momentum so that a zero field
energy is large. This large zero field energy permits removal of the d
electronic degeneracy creating two levels, one diamagnetic, the other
paramagnetic If, then, incident light is at a wavelength giving an energy
equal to the zero field potential energy, i.e., the light is at the Larmor
precession frequency (Larmor, 1697., 1699, 1900), and if the light is also
circularly polarized, permitting magnetic field coupling to the metal
electronic transitions, then magnetic resonance occurs and the paramagnetic -

state is assumed. The result is an inverse Faraday effect (Barrett, 1981,
;- - 1982, 19351

. The class of porphyrins and phtfalocyanines is

large and there are opportunities to tailor many different
resonances. However this is just one example of the many

- ways to obtain chemical switching and tailor a chemical
device to the application :

" .S.
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XV Defense and Aerospace Market Considerations:

r-e da,,73 , hen a strong right. arm wold win the day are long gone They
e1e --o'ne by the time of the Battle of Culloden in 1746. Even the believers

in elan vital were dismayed by the efficiency of the water -:, ld
V±.,EhiKhe gun cf the First World War. There is a school of thought which
believes that it is not the side with the best. equipment or the best general;
which wins, but the side with the greatest production capability . --

"evidence, it. cites the Civil War, and the Secrn . World War. ' 1.e are:-
exceptIons to this rule of the greatest gains to the greatst producer of r
material For example, the Messerschmidt 262 Schwalbe, if it had not been
burdened by the opinions of an amateur commander-in-chief, might have
had a significant effect on the outcome of daylight bombing. Hopefully, this is
iot. an isolated example, because if he who has, or is willing to have, the

greatest military production wins, then the west is surely in trouble.
Perhaps, then, that argument is dated, or, at least, in some cases it may not
apply. In those cases, perhaps we are in a new age, in which the better
technology has the edge. In other words, a high technology "machine gun"
can confront and beat a whole company of charging troops with the highest
elan in the world, or, put another ,ray, an aircraft, with sensing capability

WN which exceeds in range that of its adversary, might outfight its adversary
-even with a disadvantage of three to one.
If one had to state succinctly what that high technology advantage might

be, which offsets a numerical disadvantage, then there is no doubt that one
would settle on the broad definition of information. All things being equal in .

o-.B offensive capability, and even with numerical disadvantage, he who has
-"""more information and at the right time, might make up for that

disadvantage. Defining a defense market., therefore, is relatively simple.
Molecular electronics will permit a greater integration of information., from a
larger sensor capability, and in a faster operational time scale, than present

*.- technology is able to provide. It will also permit the human operator greater S

freedom from the chores of equipment management, so that he may
concentrate on the higher strategies of combat. Taken to its loc: ,-
conclusion, the ultimate defense impact of high technology is to remove the
human operator and heroics entirely, so that war becomes an emotionless
and rational chess game.

We are not yet at that stage, and it is not the present purpose to persuade
that such a stage should be reached, but there are significant ways in
which miniaturization and dedication-to-task of electronics capability and

* the monitoring of multiple sensors can provide equalizing capability After a.
national expenditure on the construction of the Maginot line which left the
French army insufficient funds for an adequate amount of field artillery * -

pieces, the adversary chose not to fight in the way or in the direction it was

• - °. ..° ' =. , - -.° , ' . . , ..tW- °t' - . -o . % . - - °". , . ° " ° . ° . . 'o . "A -o ° - - .



t.On-SidU-Ieed he1 ,TUlId. Similari", rn .t 4iin tE .fk-fior-t.3flk anrd botflbEpr-fof-
bomrber may not be g teecw o zirinincstatg Fujrtiermnor,, a

*large ex.niePiece of offemeW. risnsive weponr inlv effective in as much asit.
* can detect. (and., of course, destroy, -iich wetake fo-r i o

...ountrmneasures against. it.
The miniaturizatocri arid edca4o ot EleCtronlics ifl depfenrsel 'gill r- 'i1nq -An

.&ocric aidal iflitar payff. Wvhe n i-cat comrpiltig capabiility r n 0eh49

iex.: ,.,peris-lve,, a l.arge numriber of -Small, chl'eap and sm;rart" or bDrillianit'
I 1- I be -C-12ife in put.r.t-of at small numbe perha.-:-Oli ,24
and e:.niepeces of nnfttyeupent. Only, if thIelae

equipment h.,as sensing and information pr-ocessing apbltes 1-f the tp
a ic issing wudit survive such a delii-1e -
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APPENDIX

Degenerate Four-Wave Mixing_(DFWM)..

Deqenerate FCUr-,av ,, [i,:in (DFWi) can oe vieewed a._ a real-tir..-
hnA ograpr e: -*,h -ns,, . .. ad'out process In fact, phase conjugation and

- ren-rratior c:orrec tion of wAaves "with a transient holographi ' material used
J n a decenerate four-wave m'ixing geometry was first demonstrated o'-
Itepanoirv et ai 1(197 1) DFWM is part of the larger field of phase conjugate
optic, ,,rh involves the use of nonlinear optical techniques for
rea-timje proce-3sing of electroragnetic field,s. The name, phase conjugate
oipt ic= refers to the phase reversal of an incoming electrornagretic field
...i . I '4 ' , FiE-er,19e3))

* Th- s di fferent from the reflection from a conventional mirror, as is
a;paren t when one considers what happens if a plane wave passes through
ant optirall:' distorting piece of qlass., is reflected from a conventional
mr-r-rr and then passes agein through the glass. What happens is that the
doUbte :a5ss through the distorting glass results in a doubling of the

P avefrort distortion if, however, the conventional mirror is replaced by a
1 1on ugate mFrror" then the reflected wave is the phase conjuqate of the

ricident (and distorted) wave (which is equivalent to time reversal). In the
Lase of the conventional rnirror, the incident and reflected wavefronts are
rel ated by reflection, but not so in a "conjugate mirror" which reflects
ia.,efrort-; which are identical to those of the incident ones Hence, on the

cond pas- throgh the distorting glass, the wave's distortion will
"- .""underqo co rpensation and restoration of the initial wave before the first

pass through the glass, (i.e., there is "healing" of spatial distortion). Phase

Cun.ug riniuqation has rnaq. applications, e.g., in optical waveguides., optical
-. fibers, in three-wave mixing, and in DFWi, in which two pump incoming

waves are phase coniugated. Yariv and Pepper (197 7 ) nave also
demornstrated that DFWM is also capaDle of amplifying an incoming wave,

* as well as providing its complex conjugate.
Phase conjugation is really "time reversal" In its use in DFWM we

corn erce with a nonlinear medium characterized by a third-order
nonlinear polarization:

" ()(NL)(Ou1 +-w2 -w 3 ) -.y(()4 (W )A2 (w)2 )A4 *(-w 4 )

... * - . . . I

':." . •-.- ..- - .- " • - " -''-- " . --... ....".... . . . .-. " -.--.".. .-. ".. .-... ",. .' .-..-.--.. .-..-.--.-... .-..-.
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a .,es rd ' travel mn exact opposition to each other and are phase
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Fig -

, .. aC 4 .n Fiq. I i incident alonq an arbitrary z direction, and the insluied .

r'~ 11 1 4 4 t li ." -

,'4' :N); = , -. +~ m-( : 2 y-: A "AA4 e*p ri H.,v + .- - 4.t.:': . -

- + k2)r + k + c c.
4 4-'12 ' A A A4* ex'p i cut kz" C-

.1 2

,[hr'. yqies the physical reasion why a fourth wave, A, i s generated
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* E~~~u ~~5) show-As that at z=0' the reflec~teO field (.' rprtoa t h

mutple by a fac"tor",

C 0omplex conjugate of the K nciden t field, .ll a c

c The field distribution inside the interactio region is Shown for a value

Cf KL satisfying (r,/4) !KI L < (3n/4) (Fig. 3).
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GLOSSARY

Bipolaron: Wtd wr;4:..- t r C E-
'-,uvercorrdu,:tivi l~ v'hio:h c-:-,, - S-tE: .. . c_,t two-, elertron..--; , urZ!.Pj.tr.-.:iqt! fl_

tice v'; -orai-n o r phor, on the c -E Cf E, cl ari tr:ere YC T' .W

*"" polarons ,ou-led-iared soliton-antisoliton pairs A diion

i Electron Affinity: That ener-y r-equired to remove an eI tr r t-am J I

bottorri of the condUctIrnIt bard tO a pO-.!tliru i t eutsle t*e -rrate-.: -
,iva I': U U rT'1I P P_.' _lI

Exciton: if A,,, thin . of a excitatir- in a cr-:ta -or r n- . .:e
, .IZLJEd E_ tI-c -m ,,a it arT ele:t-r:n fro-n t'ha '' f ' t -. . .U

1 
-

O tom nc- n! r and t- e evati, t o,-, a h iger : itd1  t thie excited tte ,-
the molec-le o be env...isaged as tnie coex,,stenLe o a . electron and a

hole Thie hoppi' nq ,-!g P:rvement ,-Df an, el,-e-on-nole pair frP-nairr-e'Iv >, I- to,  ".

mcie,-cc le e -. t -e rn -a tion ft the Cxc: iton. When the e c: tror and the ho 1.c
Jurnp together fronm molecule to molecule as they mi g rate we have --e
tight-binding case, and the rr-igrating c.xciton - Frenkel exciton. ' -f-

ton the other hand, the electron and hole are one differerit rnolecules, thne

weak-binding case applies, and the i,, qratinq exc tto t.... d. o'er -

-,everai rrolec.uies and ions, is a Wannier exciton-
Because the wavelength of incident light is so long in comparison .AD

with molecular spacing, its electric: field has the same phase over a
large number of molecules. Therefore, it stimulates a whole domain of
trans tion dipoles tt move in phase, and in the rr-c eri,- of e o tor;

I coupling results in: :I) a s- hift in the absorption band to higher energy if

all dipoles are parallel), or k21 a shift in the absorption band to lower
energy(it all dipolcs are head-to-tail) The splitting beteoen a bso o rpt _n

energy~~~~ Ofal-ipleo, ha

b bands is called Davydov splitting.

- Heterojunction: A junction between two dissimilar semmconductors 5
W'hen the two semiconduictors have the same type of corC1t1tqt, the
iunction is called an isotype heterojunction When the conductivdqt I ii

types differ, the lunction is called an anisotype heterojunction

Multiple Quantum Wells (MQW): A superlattice ooristruicted o f two
semic onductors with different electrical and optical properties but \A:,,th

. .> 7 -......
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crystal structures having nearly dentical lettce -i'ngs ..

- . - , VIfIC ~- _W
Irl Ir c' ~ ' ta, ,,- i P r i tC r .'

, .-. .. . -. j r - . ..- -

r: ,i l.eiat ',',l. ',,n- ,, ;r ,-, , 0 - . . ,,- :~:Pf I.1 - 1 - s ' r 9 '' ' ttj., i9

N-i-p-i Structure: A doped superlattice rrstirq ," a np Ie,

aryan ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~u ' a m pd ed s m rm c t r t er ,r;-t . t or~-~
, r:.e i nt r c -, -err", ,l IlC T s ame bulk semiconductor -: jsed f.-

r01o 1-1 s thF conduc: i 8 n it r! " ,- -. rt - 7  '"I

- ' compositional superlattice Tr- ci- adt ,, -TahT,-, ' , t .:.
:-.- .-.~un r1 -at t ce is,; .fh 8t_ '.- e~ s rrl _ jr ri ;t 1  1uz_ r - . H, ,_-t rrr - ';i! rv -,.;AI , f l .

or[IP that and F. d n q arc ii-.l.P i t.- t Or' ,F. _ i._ lt,

.:,,ce-', 7.tC '- lm e a, c :- ' "'''"" ' . .* .. so that the
interatomic distance in one of them matches at least '-

approximately the distances in the other. A d nopedl urp.ert
OP tuned cr modulated I,.Ih ,., .;ve lit-,- . . . .li- ,tic . , Ttt.r -o : P

beca'.- electron-hole recombination by tunneling ca, ,ccujr d,-,-,
- ". s-;u erla8i lcec-, Furt herore , d -: ,e.d :-uper!M t h ~ :..,-Q_ .. l. . , 1 ::_ :_ - + !. -'., c. cce Utr, .s and holes c-' r- ' .t 1tlre- r-r ' t tr-0m

r~r] .. .. . . ..rr'oscr:or, ds urt s -ev..eral hours. .... ... .. The cornccnt r-ati-o-..ns o , , tr,-n, :1~ h ,-,...-_.
are t unable quarit it er> t,: :I r- ,Pl cc rduc ,titt '

absorption, 1qht cmi-.sion, or anthing at all about the electrical
and optical properties of a doped superlattice, can be tuned.

Polaron: A r r0 anon .a ef cct r" a Cr rc,, ,-,-q4-.ta 1 cr c-ha rq- - "_-
• :-,_',rr'cc .cc,; .I ',yhi,:' H . f flrft P i whe, r, V[' C: C. CS ," r :'e-.q a-t Dtr-.! .'.iic 0"! ft

o n :. .the ,, its ., 1 r, it , T*: it ,. catt '<e , F, C

• po~qm e:-c, 1 lat ti' e it rrm tr n' wr-u r~ A h,. e Ht , -' r" 1 ;c " lnn: YY!vh !rri W,-r e

',- a dl':-tance a'ar i AS / the ele, trc,,- V-,,'f.e throcu.qh the la t ie it '..
i~~t " ~a ccr.n p 'a ,iced tqy ti s Ii strrt i:,n, w h ich m af H t h HI e Ce t rc'fn a tr,1or e m as si ve -
iI. particle A radical ion,

L :!:: ...:....... ...: ..... _: . ....... . ...- .-. . - . .. t. A .... , . . .

F ,- .* , "" I- "" -" "-,-P..•-c- - -"- • . C,. * - "_ '. ._. "..~ " :xt'."."..
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~ F'H
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PC Ac, 3': hp CndP Pr rjr rraH t 4 'r t~i t H r

rrn

r'; -l-"
1

fl H HLi!Ii4I' +111 h r- r - - '',r ir tl~ -'-riurrid] F,-... Iflil H- U;11- trr"i "P

C H ' ;I I lH ,lIffi . . a. I -Ti-r ti lj t ctl Fre Ei ii!" li t t'- ap i t i O F-

iit Fr Ir'it ,-rf ' - H it e q rle a ! 1W r U cr ed e ci o t iU on

a,-1 i? F 4  I i H' o, t -Fi,,H t- id r atei i d a ._i qt - .rit

E... ii -1 _n I -Itipe. L .' 1 a r HF l ui_

dl Il I- aFF nat -:;crrr a -% eAtl1

So!f iton -, r dette i .-- tltt'-'i - SL$St' rfl t;. A ma th r 'Ical enit t_,I
U ,r '! e - _ - ,' H nt H t at ' qc r er o n. A qr Fc i . 3f

t. tfl I_ Ftfl 111d] Li ~ '41F P 'I cs-e an cr si es) A : o-o ida I
i'p d _* f r t eI 1d ,t t-e t t F the Fourier trat-r-:;tn af . I

-iF>- 1 r, m-QF n qi utpl Ii qFO:~4 a -il]itor- car bFe Fdefined kWI tl-!

Ke C. $ ... r -e . ......1 fl :1. -rrFi t - -e Fer,- s . I nri t-ra rr:; ! crrrI -, _
I '_ *u. , t, , TK 1; F !'_ -,,r ? -, r! c uE, : t be one N- ich can !Le lc,:.d

n. Thu i Lj o*,tr4f rtirot d' ,~
h h '-h P t,-, t T

-. -- ' , 2 ,' .IP ~ t1 to i ''Pde P nonL l iear - A

t'i ha-- n C,

n'er equ tion j-i a. atfi ty tc:tupiimrp$- ~ np'
I i ... i 1 7 .- h--'.. h- i 1-'- a-' d

sine-Gordon e u ton:, o 1,,!h -c.''hie'v r hl e toonF ctho n1 niuna 1

,-,,_-'- ,.i _< ~ l rr -"! 1'; -. I!l_- ;l- ; fr' 422 ii<.4; J Il 1il It,, "lIF]l .

Schroclinqer~it eq o o '"c£ grv 11 ti -cit r-i ti tIC d ojr 1 ' rna nie ri

.. .. ., ,- t t

1o tn A r'' I r-I -"- dr'l~i i : iui -l.til a rilW tl r irir l ear O.,i t
- d I t e F j n: o ... a - - o - f I t I i - - . .

instl c lse de e T kinktr -a -:e aOui iei -ti-r i 5i-ll i- nared

sir,.- , " neGo-,on equi on. , -r , 'i'h; ,ohla Pq :, H, H t-oliorl cia 1i 1ei~ie r ,iva l !' "nt2" [[

r i] .... 1, 1 fr't i ric - E tI a rie--cr-it-~-,,l-r~ an W thehr. -; a_--Ettria l r-u--'r ct el l re----E I

kinks pulses ar-" 'd, enveloC-ps.the k~oink i asrid Ut cr I l4,- res%lrdcr.

- . - .. -- - . . IlI - -I ." - i
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t~!trp ci~ct' - paat /2 r-: charije iri tI I

rl rrr t :tpt 4,cepr, trcv pipirt rrjdSloi V r~ p tn

:,~e r.elc jortr I(whiL PNc:h mm be cafled breathers r t-b iions'
nroba blI rep, resenPt tire rioc-is id espr ead c IaE in 4 flu ~ ie r ic*1-AIJ i i n c-I
rePe ecie the l0caliized scililcir -str ufure which ra!A Lie m-novinIq

* c~~r r-iot, ar'id ther-e v;an additicinal periodil ii' ti n cfthe Pt 'ell~
* ariI tP _r tral carrier -wve.e in- thhiw m;t -nrc< four (not two)

canonical variables are needed to s41ecj fq p t ton stateBrahs
a n interpolate b e twe en i Inear miioldes arid P,- e rme I n rio n] r e ar

utu lue ;uh as ki nks Birea th e rs are obti LIt Ic e Ic Um1 ucr
ne-ULrIJ1r eaatD anid t heP nioni irear i-c-hr~nirqer ellat o
JTco-urse, \AtIhetier- o:r nioIt a p hq E;i ca I p h en iomrienron d escri La- e- ::

K~ra: aa]l'~exists in a pclliler depend'; on wvhether i a
d r11rirstr. ate d exp eririeritai I y t h at th e match betwieen ant' "tePrs i.4

dependent~ (-rl Cn can t-ara ipersion occurs. Until then, the
F---------- -- t deson i-e the dernioristrateil conducti on Inr orqaniC ts nrt rra', r;

a n Ansa.,-3t -4 or a h~oh Furthermore, solitons are qenenric T7h atlls- h4
w~li rat- i Li e seent in nat ure 1 th pre:sefLir reued o.-

rnatherriate;p r c: art see -tr e eS f, th rr r l nti- o r i n t- A ", "

rr-ien i o crici abovwye is; app ro 2:1 'rniate cIri n-ature, hIer i::e the di-ramtiI Cs C7
erp- ir rca qi--teP-rns:- a re ;nrii marit : ase 'so] it oi n -,i ke'

Superlattice Structure: Perijodic laqer-ed heterojunctions wnlayer
hrLinc.E ftec-e or 1- e4 Thi rn that Liiith nif -4 .rib: :n U I

iaijers a:,re oil~ Of se'ra ri oiPc uIes -S hict' T ie -3e -i ; ri nm d u tors are c-ncs'-.er-
so d, ha thir ard asa-c i ereri-. The niarvr-wiec 'i- thte c cri r: t, o nr

La5n d (r rnro n i Lands)-- i n a SUPCT peltt ice res ults- in Bloch oscillations wi1I
Bragg reflection. ICorfin-inq dopinqj to t he -38errIn II' n i4 C /2th h
Ia r qec- Liaro-iaci res ults- in, tiliWI elcctnii cbltes ''il a djr'

Work Function: That enert~ reue to reoeanee t frm the i

2erriilevlto a posr:ition ]ust utid t'he m-aterial P tc, the .acurn
e Yi
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