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Symmetry-Controlled Electron 
Correlation Mechanism for Third 
Order Nonlinear Optical Properties of 
Conjugated Linear Chains? 
J. R. HEFLIN, K. Y. WONG, 0. ZAMANI-KHAMIRI, and A. F. GARITO 
Department of Physics end Laboratory for Research on the Structure of Matter, 
Univemity of Pennsylvania, Philadelphia, PA 19 104 

A microscopic many-electron description is reported for the third order dc-induad 
second harmonic susceptibility y d  - h;o,o,O) of all rruns-polyenes. Based on results 
obtained by self consistent field configuration interaction theory that suitably accounts 
for electron-electron interactions and by direct comparison with experimental gas 
phase results, we show that symmetry-controlled electron correlation effects determine 
the properties and behavior of yqU( - h;o,o,O) for polyene chains of length 4 through 
16 carbon sites. Under well-defined symmetry conditions, the many-electron mecha- 
nism involvcs third order virtual excitations to high-lying, strongly electron correlated 
two-photon lA, states. The major component y,( -h;o,o,O) with all fields aligned 
along the chain axis exhibits a power law dependence of 5.4 due to three major factors 
which are described. 

1. INTRODUCTION 

Conjugated organic and polymer structures possess unusually large mo- 
lecular second order - q;o,,oz) and third order y#d - 04;ol,q,q) 
nonlinear optical susceptibilities.' M i w c  descriptions of the prop 
erties and behavior of pqk and ygM are a pMcipal focus of current 
nonlinear optics studies, especially the characteristic features of their 
associated virtual w-electron excitations. While considerable progress 
has been achieved in understandiug second order properties based on 
many-electron theory, an important case still lacking suitable description 
is the frequency dependent third order response of conjugated linear 
chains such as polyenes and polyenynes.2-8 A major purpose of this 

tPresented in part at the XV International Quantum Electronics Conference, Bal- 
timore, April 1987. . 
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38 J. R. HEFLIN et ul. 

report is to present results from an equivalent many-eltxtron description 
for vqu of finite conjugated chains. 

In the case of second order properties of conjugated structures, a 
series of experimental and theoretical studies1.8-12 of the frequency 
dependent pqk has shown a basic mechanism of correlated motion 
among m-electrons due to electron- electron interactions that mark- 
edly determines the second order virtual processes and Bijk. The fre- 
quency dependent second harmonic susceptibility pjjk( - h ; w , o )  was 
studied for three principal noncentrosymmetric structures (i) resonant 
ring structures such as PNA (pnitroaniline) and MNA (2-methyl-4- 
nitroaniline); (ii) conjugated linear chains such as NMDVDA [trans- 
trans l-(4-methylphenyl)-8-(4'-nitrophenyl)-l,7-diene-3,5-octa- 
diyne]; and (iii) conjugated cyclic polyenes and quinoid structures 
such as DCNQI [2-(4dicyanomethylene cyclohexa-2,5-dienylidine)- 
imidazolidine], MPC [N-methyl[4 (1H)-pyridinylidene ethylidenel- 
2,5-cyclohexadien-l-one], and a predicted structure DPHQ [2-(4'- 
dicyanomethylene bis cyclohexa-2,4,5,2',5'-pentaenylidine)-imida- 
zolidine] . 

In these studies, the microscopic description of second order prop 
erties was obtained from a many-electron theoretical procedure for 
calculating and analyzing each frequency dependent term of 
pqk( -h;o,o). The procedure is a direct summation method based 
on self consistent field configuration interaction theory (SCF-MO- 
SDCI) for many-electron systems that includes singly (SCI) and dou- 
bly (DCI) excited configurations which take account of electron- 
electron interactions and describe electron correlations. In each of 
the three cases, the calculated results for the magnitude, sign, and 
dispersion of pgk( - h;o,o) quantitatively agree with experimental 
results obtained by dc-induced second harmonic generation (DCSHG) 
dispersion measurements. Important major features of the micro- 
scopic description for the second order processes are graphically con- 
tained in density matrix contour diagrams. Each diagram represents 
an individual second order virtual excitation process and illustrates 
the basic symmetry-controlled mechanism of highly correlated charge 
separation responsible for the properties and behavior of pijk of con- 
jugated structures. Such a mechanism is beyond one-electron models 
since they entirely neglect correlations. 

In separate related developments, experimental and theoretical 
studies of one-photon and two-photon resonant processes in finite 
chain polyenes and polyenynes of various lengths of N carbon atom 
sites have demonstrated that the m-electron states are also dominated 
by electron correlations and that, correspondingly, independent-particle 
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CONJUGATED LINEAR CHAINS 39 

models are inadequate in these cases as well. One principal feature 
observed in polyenes, for example, is that below the first optically 
allowed dominant singlet l1B, state is located a two photon singlet 
2lA, state.13J4 Calculations based on PPP and Hubbard  model^^^-^^ 
have obtained the correct state ordering and have shown that the 
2lA, state is an electron correlated state that is properly described in 
the theoretical results only upon inclusion of at least doubly excited 
configurations (DCI). 

In this paper, we discuss a microscopic many-electron description 
of third order virtual excitations and yijd-og;w1,~,03) of finite 
chain polyenes of varying lengths from N equal to 4 through 16 carbon 
atom sites. Elsewhere, we reported19 recent results for the third har- 
monic susceptibility yijd - 30;0,0,o) of these systems. The present 
discussion focuses on the origin of the magnitude, sign and dispersion 
of the DCSHG susceptibility yijk,( - h;o,o,O). The third order prop- 
erties of trans-butadiene (BD) (N = 4) and trans-hexatriene (HT) 
(N = 6) have been experimentally studied in the gas phase both for 
the magnitude and sign of y i jkd-h;o ,o ,0) ,4  thus allowing direct 
comparison between theoretical and experimental results. Using HT 
as a specific illustration, we show that symmetry-controlled correla- 
tion effects determine the properties and behavior of yQd - 2w;w,o,O) 
and that this correlation mechanism for yijd - h ; w , o , O )  is general 
to the polyene class. The discussion is based on calculated results 
obtained by the direct summation method for yQkd - 2o;w,o,O) whose 
terms are evaluated by SCF-MO-SDCI procedures. 

1. THEORETICAL METHOD 

Since tranr-polyenes are centrosymmetric, their second order nonlin- 
ear optical susceptibilities ~ s ( - w 3 ; w 1 , ~ )  are zero by symmetry. 
Thus, DCSHG experiments directly measure the third order suscep 
tibility tensor yijkd - h;o,o,O) which is defined through the expres- 
sion 

pp = yijH (-2o;0,o,o)qEg@ (1) 

where f l  is a component of the molecular polarization induced at a 
frequency of 20 in response to an optical field E" at frequency o and 
a dc field EO. The susceptibility is purely electronic in origin since 
the fundamental frequency o and created harmonic at 20 are well 
above molecular vibrational and rotational modes but below elec- 
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40 J. R. HEFLIN et ul. 

tronic resonances. Theoretically, the susceptibility rijd - h;o,o,O) 
is obtained from time dependent perturbation theory. The secular 
divergences due to the zero frequency input are avoided by employing 
the Bogoliubov-Mitropolsky method of averages,zo31 which, for cen- 
trosymmetric structures, reduces to an expression for -yuk,( - h;o,o,O) 
of the following analytic form 

where the above expression involves a summation of twelve terms 
altogether. Here rilm is the matrix element (nll#lnJ, hnlg is the 
excitation energy of state n,, and the intermediate states n,, n, and 
n3 are summed over all the energy eigenstates of the total Hamiltonian 
with the ground state excluded from n1 and n3. The convention has 
been chosen that the electric fields are represented as Psin(ot - 
k * r). 

The individual terms of Eq. (2) were directly evaluated from the 
singlet state excitation energies and transition dipole moments ob- 
tained by configuration interaction (CI) methods. Included are all 
singly (SCI) and doubly (DCI) excited Ir-electron configurations in 
order to describe properly electron correlations and the resulting 
correlated lA, excited states. (For example, the number of configu- 
rations for HT with N = 6 are SCI: 9 and DCI: 45, and the total 
number of states: 55.) The CI Ir-electron basis sets were obtained by 
an all valence electron self consistent field (SCF) molecular orbital 
(MO) method in the rigid lattice CNDO/S approximation. Although 
the calculation of the ground state includes all of the valence-shell 
electrons for each atom in the molecule, we need only consider 7t- 

electron orbitals in configuration interaction theory since low-lying 
excitations have predominantly ~r --* T* character and it has also been 
generally established that for conjugated molecular systems the 
Ir-electron contribution to y i jd  -04;01,02,03) dominates that from 
u-electrons . 

Both lengths and bond angles for the all-tram molecular confor- 
mations are experimentally determined values, and consequently, the 
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CONJUGATED LINEAR CHAINS 41 

bond alternation (carbon-carbon bond lengths of 1.34 and 1.46 A) 
is treated directly. The coordinate x axis is chosen along the chain 
axis, and, of the y and z perpendicular axes, the z axis is set normal 
to the molecular plane. The hopping interaction between all pairs of 
sites is included, and the electron-electron repulsion is accounted 
for via the Ohno potential with the repulsion integral between sites 
A and B given by 

where yAA and YBB are empirical intra-atomic repulsion integrals and 
R A B  is the interatomic distance. The calculations were performed on 
the CRAY X-MP of the Pittsburgh Supercomputing Center. 

One measure of the success of the calculation methods is provided 
by the comparison between calculated and experimental transition 
energies of the lowest-lying excited states. The optical absorption 
spectra of polyenes are dominated by the lowest-lying 'B,  excitation 
denoted by llB,. As an example, our calculated values for the llB, 
excitation energies of BD and HT, 5.77 and 4.94 eV respectively, 
are in good agreement with the corresponding experimental vertical 
excitation energies of 5.91 and 4.93 eV.14 Comparison is made to 
vertical rather than 0-0 transitions because the chain geometry is 
taken as frozen in the calculation. Also of fundamental importance 
to the study of polyenes is the one-photon forbidden lA, state which 
has been found to lie below the llBu. These states are much more 
difficult to observe, particularly for the shortest chains, and are still 
the subject of intense experimental spectroscopic effort. The 0-0 
transition energy of the 2lA, two-photon state of BD has recently 
been identified= at 5.4 eV and compares well to the calculated vertical 
energy of 5.31 eV. For HT, experimental dataV is only available for 
the dimethyl-substituted chain in which the 2lA, state is observed at 
4.0 2 0.2 eV as compared to the calculated value of 4.59 eV for J3T. 
Similar satisfactory agreement between experimental and calculated 
transition energies for the 2lA, and llB, states is also found for the 
longer plyenes we have studied. 

111. DISCUSSION 

We will focus discussion on the important example of HT since the 
gas phase value and sign of -ygk,( - 20;0,0,0) at 1.787 eV (A = 0.694 
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42 J. R. HEFLIN et al. 

TABLE I 

The calculated energies and x-components of transition dipole moments with the 
ground and llB, states for the lowest-lying states of HT. These transition moments 

are the ones most significant to 'y-( -2o;o,o,O) and also illustrate the basic 
symmetry ruks amongst the states. 

State Energy (ev) P;.n (D) IGlBua (D) 

2IA, 4.59 0.0 2.0 
llB, 4.94 6.6 0.0 
2l B, 5.22 0.3 0.0 
3'A, 6.69 0.0 2.0 
4'A, 6.80 0.0 1.2 
3lBU 7.55 0.6 0.0 
SA, 7.97 0.0 11.0 
4IB. 8.07 1.0 0.0 

pm) have been carefully determined using gas phase DCSHG. The 
results for HT thus first serve as comparison between theory and 
experiment, and afterward, principal results for other length chains 
are discussed. Because the polyenes are members of the C, symmetry 
group, dl of the m-electronic states must possess either A, or B, 
symmetry. Since the ground state is always lA,, the 'B, excited states 
are one-photon allowed and two-photon forbidden; and the optical 
transition to the first 'B, excited state is the well-known dominant 
peak in the linear absorption spectrum. In contrast, the lA, excited 
states are one-photon forbidden and directly observable optically only 
by two-photon spectroscopy. The parity selection rules are illustrated 
by the results for the lowest-lying states of HT in Table I which lists 
each x-component of the transition dipole moment pi,, between ex- 
cited state n and the ground state g, and the x-component of the 
transition moment p;lB,,, between the excited state n and the l'B, 
state. Further, it will be shown that yiik,(-20;o,o,0) is dominated 
by virtual transitions among states that have large values for these 
transition dipole moments. 

The calculated values for the independent tensor components of 
yiik,( - 20;o,o,O) of HT at a nonresonant fundamental photon energy 
of 1.787 eV (A = 0.694 pm) are yuu = 49.7, y,,, = 4.9, yyw = 
3.5, yzyy = 3.4, yyyn = 2.6, and yyyyy = 1.2 x lo-" esu. Com- 
ponents of the form yiii, are necessarily equal to yiiii by symmetry of 
the second and third indices. All components vanish that involve the 
z-direction perpendicular to the molecular plane because of the anti- 
symmetry of the m orbitals. The results demonstrate clearly that, as 
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CONJUGATED LINEAR CHAINS 43 

expected, the y- component with all fields along the direction of 
conjugation is far larger than the other components. 

In gas phase DCSHG experiments, since the molecules are isotrop 
idly oriented, the measured value for the third order susceptibility 
necessarily involves orientational averaging over the different tensor 
components. The averaged gas phase susceptibility y,( -2w;o,o,O) is 
then related to the susceptibility tensor components by the expression 

where the indices i and j represent the Cartesian coordinates x ,  y and 
t. The experimentally obtained4 value of y, for HT at 1.787 eV is 
11.30 -c 1.05 x lo-% esuU, and the calculated value for y, from 
Eq. (4) is 11.5 x lo-% esu. Here we note that the susceptibility thus 
calculated is solely the n-electron contribution. Although we antic- 
ipate the u-electron contribution to y, to be negligible for longer 
chains, it should have some contribution in the shorter chain cases. 
After adding the a-contribution estimated in Ref. 4 of 2.4 x 
esu, we obtain the y, value of 13.9 x lo-% esu, which is still in good 
correspondence with the experimental result. Experimental meas- 
urements were also performed on BD. Our calculated result for y, 
is 2.1 x lo-% esu at 1.787 eV for the n-contribution to y,. After 
adding in the estimated value 1.5 x lovM esu for the u-contribution, 
we obtain 3.6 x esu for y,, which is also in good agreement 
with the experimental value' of 3.45 2 0.20 x lo-% esu at 1.787 
eV. Importantly, in addition to the magnitudes of y,, the calculated 
results are in agreement with the experimental determination that, 
at low frequencies, the sign of the nonresonant y, is positive in each 

The third order virtual excitation processes in the polyenes and 
their contribution to yij& - 20;0,0,0) follow basic symmetry consid- 
erations. As evident from Eq. (2), all terms in yijH connect the ground 
state to itself through three virtual singlet intermediate states via four 
dipole moment operators. For centrosymmetric conjugated chains, 
electronic states. have definite. parity, and the one-photon transition 
moment vanishes between states of like parity. In a third order proc- 
ess, states must be connected in the series g + 'B,  + 'A, + 'B,  + 
g. Therefore, virtual transitions to both one-photon and two-photon 
states are necessarily involved. In the summation over intermediate 
states for HT, for example, there are two major terms which con- 
stitute 95% of y-. In both of these terms, the 'B,  state involved is 

case. 
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44 J. R. HEFLIN er 01. 

the dominant low-lying one-photon I'B, mr-electron excited state. In 
addition to its low energy, the importance of this state lies in the 
value of its transition dipole moment ppByg with the ground state of 
6.6 D being the largest of all those that involve the ground state. 

For one of the sigdicant terms, the intermediate 'A, state is the 
ground state itself, but our finding of another energetically high-lying 
'A, state is most important. Our calculations indicate that this state 
is the SA, state of HT lying at 7.97 eV. Since the 5lA, state has a 
transition moment with llB, of 11.0 D., it is much more significant 
than the first two-photon state 2'A, which has a corresponding tran- 
sition moment of only 2.0 D. 

The numerators in the y- component are positive definite be- 
cause both of these terms have the l'B, as both the first and third 
intermediate states. Below the first resonance, each of the three 
factors in the denominator of the first term of Eq. (2) (which is the 
largest) is also positive when the second intermediate state is the 5'A, 
state. Thus, when the second state is the 5lA, state, the contributing 
term to y- is liositive in sign. However, when the second state is 
the ground state, the 20 factor is negative, leading to an overall 
negative contribution to 'y-. The two dominant terms in y-, there- 
fore, contribute with opposite sign. Since the positive term of the 
5'A, state is the larger term, the sign calculated for yuu is positive, 
and, in turn, the measured isotropic average susceptibility y, is also 
positive. 

The llB,, state is 96% compriwd of a singly excited configuration 
of an electron from the highest occupied MO to the lowest unoccupied 
MO. The 2'A, and YA, states, on the other hand, are nearly 60% 
comprised of doubly excited configurations. The important distinction 
for yuu between these two highly electron correlated states is made 
most evident by the transition density matrix pnn, defined through 
the expression 

with 

where M is the number of valence electrons included in the molecular 
wavefunction. Contour diagrams for p,,,,, of the ground, 2lA,, and 
5'A, states with the llB, state are shown in Figure 1 where sohd and 
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45 

FIGURE 1 Transition density matrix contour diagrams for the (a) ground, (b) 2IA,, 
and (c) YA, states with the 1IB. state. The corresponding x-components of the tran- 
sition dipok moments are 6.6,2.0, and 11.0 D, respectively. 
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J. R. HEFLIN cf d. 

ENERGY (eV) 
FIGURE 2 Calculated frequency dependence of y-( - 2w;o,o,O) for HT. The hor- 
izontal axis is the fundamental photon energy. The first vertical dash locates the 2w 
resonance to the 2lA, state and the second locates the 20 resonance to the l'B, state. 

dashed lines correspond to opposite signs of p,,,,.. The contour cut is 
taken 0.4 A above the molecular plane since II orbitals vanish on the 
atoms. The contour diagram of p~iA.,1iB, shows the 2'A, + l'B, 
transition results in a modulated charge redistribution which yields a 
small transition moment of 2.0 D, and, correspondingly, a small 
contribution to y-. In sharp contrast, p51Ag,11B, for the virtual tran- 
sition between the SA, and l1BU states produces a large charge sep- 
aration along the chain axis x-direction and an associated large tran- 
sition moment of 11.0 D which dominates the contributing term to 
YLLLT- 

Figure 2 displays the calculated dispersion curve for the y- com- 
ponent of the DCSHG susceptibility of HTfiom 0.6 eV (A = 2.07pm) 
to 3.0 eV (A = 0.41pm). As can be seen in Eq. (2), there can be 20 
resonances from both 'B,, and lA, states. The order in which these 
resonances appear in the DCSHG dispersion is simply the order in 
which the states occur energetically. Thus, the first singularity in Fig. 
2 at 2.30 eV, is the 20 resonance of the 2'A, state, and the singularity 
at 2.47 eV is the 20 resonance of the llB, state. Since these two 
states are so close in energy, there is rapid variation in y- in this 
region. Of course, in real systems natural broadening of the electronic 
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CONJUGATED LINEAR CHAINS 47 

states will prevent divergence at the resonances and smooth out this 
variation. In fact, since the 2lA, makes such a small conribution below 
the resonances, when appropriately broadened, it will likely produce 
only a small peak in the dispersion of 'y-. 

The general features of the origin of yijkX-2m;o,w,0) for HT just 
described are common to all the chain lengths that we have studied. 
Importantly, there is a unifying general result that at fixed frequency, 
'y-( - 2w;w,o,O) for differing chain lengths exhibits a dramatic but 
well-defined increase with increased chain length. The values for 
y-( -2o;o,w,O) at a fundamental photon energy of 0.65 eV (A = 
1.907pm) are plotted against the number of carbon atom sites N on 
a log-log scale in Figure 3. The good linear fit indicates that 7- 
possesses a power law dependence upon N with an exponent of 5.4 
determined from the slope. 

We have identified three length-dependent factors that lead to this 
rapid growth of y- (-2o;w,w,O). First, the lowest optical excitation 
energy decreases proportionally to the inverse of the chain length as 
illustrated, for example, by the lowering from 5.9 eV in butadiene 

w n 
b c 
V 

n 

0 

CHAIN LENGTH (N) 
FIGURE 3 Log-log plot of 'y-( -h;o,o,O) at 0.65 eV versus the number N of 
carbon atom sites in the polyene chain at the SDCI level of calculation. Linear fit 
corresponds to 'y- a N5.". 
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48 J. R. HEFLIN er ul. 
TABLE II 

The xarnponent of the transition dipole moment between the ground and llB. 
states as a -on of polyene chain lcngth. "be iocrcasc in the transition moment 

with i n c r d  chain lea@ demonstrates a general feature found for other 
transition moments as well. 

N (sites) P~.llBu (D) 

4 5.2 
6 6.6 
8 7.8 
10 8.8 
12 9.7 
14 11.1 
16 12.2 

(N = 4) to 3.7 eV in the case of dodecahexaene (N = 12).14 Although 
we purposely chose a frequency which is far below the electronic 
resonances of all the chains we studied, it is clear from Eq. (2) that 
this factor will contribute to the growth of y-( -2o;o,o,O). Second, 
the magnitudes of the transition dipole moments along the chain axis 
increase steadily with chain length. This is illustrated in Table I1 where 
the calculated transition dipole moment F ; , ~ ~ ~ ,  between the ground 
and l'B, states are listed as a function of chain length. Because such 
virtual excitations naturally produce a charge redistribution over a 
length comparable to that of the chain, longer chains have larger 
transition dipole moments and, correspondingly, larger y- values. 
Third, although we have pointed out that for HT the nonresonant 
.y-( -2a;w,o,O) is dominated by virtual excitations involving pri- 
marily just three a-electron excited states, we have found that for 
longer chains, an increasingly larger number of both 'B, and lA, 
excited states play a significant role in y-(-20;0,0,0). Thus, in 
addition to lower excitation energies and larger transition dipole mo- 
ments, there is a further increase in y-( -h;o,o,O) with increased 
chain length due to larger numbers of significant contributing terms. 

The importance of electron correlations to yijk. - h;o,o,O) of the 
conjugated linear chains is further illustrated by results obtained from 
calculations at the SCI level that purposely omit doubly-excited con- 
figurations (DCI) but are otherwise identical. As illustrated in Fig. 
4, at this level of calculation, the values calculated for nonresonant 
y-( -2w;w,u,O) are negative in sign for all of the polyene chains 
which is contrary to the experimental results. This disagreement oc- 
curs because the SCI calculation improperly describes electron cor- 
relation which we have found to be of primary importance, such as 
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FIGURE 4 Log-log plot of y-( -20;0,0,0) at 0.65 eV versus the number N of 
carbon atom sites from a calculation at the SCI level. The calculated values for y- 
are negative and the slope corresponds to y- 0: N3.9. 

in the illustrative case of the SA, state of HT. Instead, at the SCI 
level, 'y-( -2o;o,o,O) is predicted to be dominated solely by the 
virtual excitation process which involves only the ground and llB, 
states. A further consequence of incomplete account of correlation 
is the prediction of a smaller increase in 'y-( - 2o;o,o,O) with in- 
creased chain length. The power law dependence of 'y-( - h;o,o,O) 
on N at the SCI level has an exponent of 3.9 as compared to 5.4 for 
the full SDCI calculation. 

IV. CONCLUSION 

In summary, we have shown that symmetry-controlled correlation 
effects determine the properties and behavior of the third order dc- 
induced second harmonic susceptibility 'yij& - h;o,o,O) of all trans- 
polyenes and that this correlation mechanism is general to the polyene 
class of differing length chains from N = 4 to 16 carbon atoms. Based 
on the direct summation method for y j j ~ - 2 0 , 0 , 0 , 0 )  and self con- 
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sistent field configuration interaction theory (SCF-MO-SDCI), the 
calculated magnitudes and signs of yijk,(-20;w,o,0) are in good 
agreement with existing experimental results for two of the shortest 
chains, namely, butadiene (N = 4) and hexatriene (N = 6). After 
showing on general symmetry grounds that two-photon allowed states, 
as well as one-photon allowed states, must play a role in third order 
responses, we have identified in detail the significant contributions 
to y i j k ~ - 2 0 ; 0 , 0 , 0 )  using the case of hexatriene as illustration, and 
have shown that major terms from high-lying two-photon lA, states 
determine the magnitude, sign, and dispersion of -yijkd - 20;0,0,0). 
We further found that, for the chain lengths N = 4 to 16, the major 
component -y-( -h;o,o,O) exhibits a power law dependence on 
the chain length with an exponent of 5.4 which results from three 
length dependent factors. With increased chain length, there are lower 
excitation energies, larger transition dipole moments, and increased 
number of contributing excited state terms. Finally, by purposely 
limited calculations, we further illustrated the necessity of properly 
accounting for electron correlations in third order virtual excitation 
processes. 

This research was generously supported by AFOSR and DARPA, 
F49620-85-C-0105 and NSFMRL, DMR-85-19059. 
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