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Strong interactions with vibrations give rise to nonlinearities in the transfer of energy or excitation in quantum systems, with
resulting polaronic and solitonic phenomena, With the help of exact solutions of a discrete nonlinear Schrodinger equation ob-
tained recently for a two-site system, we study the effects of such nonlinearities in fluorescence depolarization experiments. The
system investigated is a collection of noninteracting molecular dimers subjected to a linearly polarized light beam of variable
orientation (of the polarization direction ), and the observable studied is the degree of polarization of fluorescence emitted by the
dimers. Results differing substantially from their linear counterparts are shown to emerge, and clear manifestations of nonline-

arity are predicted.

1. Introduction

This paper is one in a series of investigations un-
dertaken to gain insights into the effects that nonlin-
earity in the evolution of quantum systems can have
on experimentally observable quantities. When a
quasiparticle or excitation in a solid (an electron, an
exciton, or even an interstitial atom) interacts
strongly with the vibrations of the solid, the behav-
iour of the quasiparticle or excitation can undergo
profound modifications. A particularly interesting
example of such a modification is the onset of non-
linearities in the transport equation for the quasipar-
ticle. Such an equation is typified by

de,,(8)/dt=—i Y VinCo+ixlCm|?Cm . (1.1)

This “discrete nonlinear Schrdinger equation™ [1-
3] describes the time evolution of ¢,,, the amplitude
for the quasiparticle to be in the Wannier state |m)
localized on site m of the crystal under study, V,,, is
the intersite matrix element describing the transfer of
the quasiparticle from state |#) to state |m), and x
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is the nonlinearity parameter expressed as the energy
lowering due to polaronic effects. We put Ai=1
throughout this paper. In the absence of the nonline-
arity y, (1.1) becomes the familiar (linear) Schrg-
dinger equation which, along with the master
equation and the generalized master equation that it
gives rise to [3] under strong interactions with res-
ervoirs, has been used to interpret transport in a va-
riety of situations. The nonlinear equation (1.1) in
the presence of y is, however, profoundly different in
nature from its linear counterpart. One of the differ-
ences is that (1.1) supports soliton solutions [1,2].
another is that it possesses [4] built-in polaronic fea-
tures [5—-7] not present in the linear counterpart.
There are two kinds of questions concerning (1.1)
that are of current interest. One has to do with the
validity of the assumptions made and procedures
employed in the derivation of (1.1) for given Ham-
iltonians [1,8,9]. The other is concerned with the
elucidation of the effects of the nonlinearities inher-
ent in (1.1) on specific experimental observations
[4,10,11]. Our interest here lies in the second of these
two questions, i.e. in the investigation of observable
effects of the nonlinearities of (1.1). In the first pa-
per [10] of this series we analyzed neutron scatter-
ing. In the present paper we investigate fluorescence
depolarization.
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The system under investigation here is a variable-
distance noninteracting donor-acceptor pair of mol-
ecules {12]. A practical example is provided by the
so-called “stick-dimers” in which poly-L-proline oli-
gomers of controllable length are used to separate an
a-naphthyl! group at the carboxyl end — the donor -
from the dansyl group at the imino end - the acceptor
-, and the efficiency of energy transfer is studied
through measurements of fluorescence excitation,
emission and polarization spectra. For the analysis in
the present paper, we shall take the donor and the
acceptor to be identical molecules. On illumination,
either of the molecules in the pair may undergo elec-
tronic excitation. The direction of the transition di-
pole moment produced on the molecule through the
process of excitation depends on geometrical factors
and is generally different for the two molecules in the
pair. For simplicity we will assume the two dipole
moments to be coplanar and mutually perpendicular.
One could, in principle, create an excitation of the
dimer which is localized on one of the two molecules
by shining (broad-band) light polarized in the direc-
tion of the dipole moment on that molecule. Varying
the angle of the polarization of the incident light beam
would result in varying the relative amplitude or
probability of excitation of either molecule. if I; and
I, are the intensities of fluorescence polarized re-

spectively parallel and perpendicular to the direction-

of the polarization of the incident light, the degree of
fluorescence polarization f, given by

f=(I]|_IJ.)/(III+lJ.)’ (1-2)

is clearly a convenient experimental observable for
the investigation of excitation transfer within the di-
mer. A detailed presentation of the formalism re-
quired for the analysis of these observations has been
givenby Rahman et al. [13]. It is clear that the inten-
sity of fluorescence in the direction of the unit vector
e, is given by '

I,= anmn(ﬂm-el)(/ln-el) , (1.3)

where the g are the dipole moments, p are the matrix
elements of the density matrix, and m,n represent
states in a suitable basis. If the basis is that of local-
ized states, m and » are the molecular (site) states 1
and 2 of the electronic excitation. If the basis is that
of “momentum” states, m and » are the symmetric

and antisymmetric combinations of the site states,
respectively. With the understanding that ¢ is the an-
gle made by the polarization of the incident light with
the transition dipole moment on molecule 1, we can
at once write #,-e, =M, e, =cos g and u; e, = — -
e,= —sin ¢. This results in the following expression
for the degree of fluorescence depolarization fin terms
of the density matrix elements of the dimer:
f=pcos2¢+rsin2¢. (1.4)
Here p and r are given by the following combinations
of the density matrix elements in the site
representation:

p=pi1 —P2, ’=P|2.+P21 . (1.5)

Unfortunately, the symbol p has been used in earlier
publications to denote two different quantities, both
of which appear in intimate juxtaposition in our
present analysis: the degree of fluorescence polariza-
tion in publications such as ref. [13], and the prob-
ability difference in the dimer in our previous papers
on this subject such as refs. [4,10,11]. We have found
it convenient to keep to the latter usage (see (1.5))
here and to use the symbol f (see (1.4)) for the de-
gree of fluorescence polarization. We hope that the
notation we have adopted will minimize the
confusion.

The experimental investigation into the effects of
nonlinearity on energy transfer through fluorescence
depolarization probes thus consists in the measure-
ment of f'as a function of one or more of several vari-
ables: time ¢, the angle ¢, or some other parameter
such as the distance between the molecules in the di-
mer. We will concentrate our attention in this paper
primarily on the behavior of the steady state fas a
function of the angle ¢.

Our paper is organized as follows. In section 2 we
present the exact solutions of p and r for arbitrary ini-
tial conditions in the nonlinear dimer and combine
them with (1.4) to derive the basic expression for the
degree of fluorescence polarization in the dimer. In
section 3 we exhibit the novel consequences of that
expression for fluorescence depolarization experi-
ments in the steady state. The specific quantity we
calculate, plot, and discuss is the normalized steady-
state degree of fluorescence polarization £, defined as
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ﬂ:%ldte"/’ﬂt), (1.6)

7 being the lifetime of the excitation. A discussion of
the origin of the striking features of the plots shown
forms the content of section 4. That section examines
the physics of the interplay of nonlinearity with ini-
tial conditions in the dimer. Additional results of our
analysis are presented in section 5 along with con-
cluding remarks. The results include plots for time-
dependent f, which would be of interest to time-re-
solved experiments such as those employing tran-
sient absorption spectroscopy, and plots for steady-
state f; averaged over orientations, which would be
relevant to experiments on solutions or random
systems.

2. Consequences of the nonlinear transfer of
excitation

As our interest lies in the dimer, we take m,n in
(1.1) to assume values 1 and 2 only. Thus, (1.1) takes
the form

ide,/dt=Ve,~xlc 1% ¢y, (2.1)
idey/dt=Ve, —x|cz2|%c; . (2.2)

The first term in each of the two equations (2.1)
and (2.2) describes the transfer of excitation be-
tween the two sites of the dimer in an oscillatory
fashion with a frequency proportional to V. The sec-
ond term describes the tendency of the excitation to
lower its energy (and thereby invite the phenomenon
of self-trapping) by an amount proportional to y as a
result of its interactions with the vibrations. Some of
the fascinating consequences of the combined action
of these two terms have been discussed in our recent
work [4,10,11], to which we refer the reader for per-
tinent details. For the analysis of fluorescence depo-
larization of interest to the present paper we require
the quantities p and r defined in (1.5). We obtain
them as follows.

Egs. (2.1) and (2.2) yield [4] a closed equation
for p, the difference in the occupation probabilities
at the two sites:

d’p/dt>*=Ap—Bp® . (2.3)

The constants 4 and B are determined not only by
the dimer parameters ¥ and y representing the inter-
site transfer and the interaction with the vibrations
respectively, but also by initial conditions, i.e. by the
values of the density matrix elements at the initial
time:

A=y} —4V2:-2Vyr,, B=4x>. (24)

The subscript 0 denotes the initial value (at t=0).
The general solution of (2.1) is given by [4,10,11]

p(t)=Ccen[(Cx/2k)(t—1o) |k]

=Cdn[(Cx/2)(t—1)|1/k], (2.5)
1/k2=24(1/C?)
X [(4V/x)*+ (8V/x)ro—2p3] , (2.6)

where C and ¢, are arbitrary constants that are easily
determined from the initial conditions. Details of the
general expressions for these constants will not be re-
quired in the following but may be found in our ear-
lierwork [11, egs. (A-13), (A-15)]. Although the cn
and dn (elliptic) functions in (2.5) are interrelated
through the well-known Jacobi (real) reciprocal
transformation [14], normal usage represents the
functionascnifk<1andasdnifk>1.

Eq. (2.5) is the required expression for p. In order
to obtain an expression for 7, the sum of the off-di-
agonal elements of the density matrix as defined in
(1.5), we manipulate (2.1), (2.2) to obtain

dp/dt=i2V(p12—p2n) , (2.7)
dr/dt=ixp(p12—p21) - (2.8)

The elimination of p;, —p,, from (2.7) and (2.8) al-
lows one to express r(¢) at all times ¢ completely in
terms of its own initial value r, and of the probability
difference p(?):

r(t)=ro+ (x/4V) (p*~p3) (2.9)
The substitution of (2.9) in (1.4) gives
Sf(t)=(cos 2¢)p(t)

+ (sin 2¢){ro + (x/4V) [P*(t) —Pi1} -

Eq. (2.10) is our point of departure for the inves-
tigation of fluorescence depolarization in dimers. The
observable f may be time dependent or steady state.
If it is the former, we use the time-dependent value

(2.10)
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of p(¢) to calculate it. If it is the latter, we use the
integration in (1.6) to calculate the steady-state value
f.. The initial condition inherent in the illumination
determines the angle ¢ and the values of 7, and p,.
The dimer and its interaction with the vibrations
provide the values of ¥ and y.

The novel features in fluorescence depolarization
to be presented below stem from the nonlinearities in
the transfer of the excitation. That the time depen-
dence of f(¢) can be changed profoundly from what
it would be in the absence of nonlinearity may be ap-
preciated from (2.5), which, on being substituted in
(2.10), yields f(¢). The new features that emerge are
of two kinds. The first arise from the fact that the Ja-
cobian evolution of p(t) is far richer than the trigo-
nometric evolution characteristic of the linear
Schridinger equation, one of its consequences being
the transition [4,10] from “free” to “self-trapped”
motion of the excitation. Thus, for sufficient degree
of nonlinearity, the oscillations of p(¢), which would
appear on both sides of 0 if the dimer were linear, are
restricted to one side only. Excitation transfer then
proceeds as in a nonresonant linear dimer. Features
of this kind can be seen also in previously studied ex-
perimental observables such as scattering functions
[11]. The second kind are peculiar to fluorescence
depolarization observations, and involve new effects
not discussed earlier. They arise from the interplay
of the nonlinearities in the transfer of excitation with
certain initial conditions possible in fluorescence de-
polarization experiments, and may be detected, in
principle, in steady-state observations. They are em-
phasized in this paper.

3. The degree of fluorescence polarization

The basis of our study of steady-state fluorescence
depolarization experiments is expression (2.10) de-
rived above from the time-dependent degree of fluo-
rescence polarization f'(¢), the general result (2.5),
(2.6) for the probability difference p(2), and the pre-
scription (1.6) to calculate the steady-state f. Eq.
(1.2) describes the experimental meaning of f.

In fig. 1 we plot f,(¢) calculated from (1.6) as a
function of the polarization angle ¢ for various de-
grees of the nonlinearity parameter x. For x/4V=0,
the system is linear and the integrated signal varies
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Fig. 1. Effects of nonlinearity on the integrated (steady-state) de-
gree of fluorescence polarization f;: £; is plotted along the z axis
as a function of the angle of polarization ¢ (in deg) along the x
axis and as a function of the nonlinearity ratio y/4V along the y
axis. (a) and (b) are simply opposite views of the f~g—y surface.
The linear limit y=0 is clear in the foreground in (a) and the
result of large nonlinearities in (b). Of special mention are (i)
the value y/4V=1 at which one encounters a transition in the f~
¢ dependence, (ii) the shift of the /~¢ maximum as one moves
along the x/4V axis, and (iii) a “pinning” of the f~¢ curve at
135°. We have taken 2¥7=1 in all the figures for simplicity.

sinusoidally as a function of the polarization angle ¢.
As x takes on non-zero values, minor changes occur
in this variation for small nonlinearities. However,
beyond a critical value of x, the curve changes quali-
tatively and pronounced new effects are seen around
¢=135°. Figs. 1a and 1b show a three-dimensional
representation of the variation of f, from opposite
views. The linear limit is made clear by the former
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and the new effects of the nonlinearity by the latter.
The simple sinusoidal variation of f,(¢) is seen fac-
ing the viewer in fig. 1a. The changes brought about
by nonlinearity are trivial until the ratio y/4V equals
1. Peculiar dips now appear in the fcurve and there
seems to be a “pinning” of the curve at 135°. The
effects are not dramatic in the right half of the curve,
i.e. around 45°. Fig. 1b shows the opposite view,
brings the high-y portion of the fcurve into the fore-
ground, and makes it easier to appreciate the effects
on nonlinearity. The pinning and related aspects of
the variation on fare clearly visible.

The projection of the /~¢—y surface on the /~¢ plane
is shown in fig. 2. Curves a, b, c, d, € represent var-
ious values of the nonlinearity ratio y/4V: 0, 0.2, 0.5,
1, and 1.5. Curve a (y=0) shows the simple sinuso-
idal variation characteristic of a linear dimer. Curve
b shows a trivial change in the variation brought about
by the nonlinearity while the dimer is still in the “free”
region. Curve ¢ (y=2V) shows the transition to self-
trapped behavior. A flattening of the dependence of f
on ¢ is characteristic of the transition and is apparent
in curve c. Curves d and e show the dramatic effects

Integrated f

T B
0 45 90 135 180

Fig. 2. Effects of nonlinearity of f5: projection of the /~¢—x surface
in fig. 1 on the f~¢ plane. Curves a, b, c, d, e, represent various
values of the nonlinearity ratio x/4V: 0, 0.2, 0.5, 1, and 1.5, re-
spectively. Curve a (x=0) shows the simple sinusoidal variation
characteristic of a linear dimer. Curve b shows a trivial change in
the variation brought about by the nonlinearity while the dimer
is still in the “free” region. Curve ¢ (x=2V) shows the transition
to self-trapped behavior. A flattening of the dependence of fon ¢
is characteristic of the transition and is apparent in curve c. Curves
d and e show the dramatic effects of nonlinearity: the shift of the
maximum away from 135° and the “pinning” at 135°.

of nonlinearity: the shift of the maximum away from
135° and the “pinning” at 135°.

The consequences of nonlinearity that our analysis
has predicted are thus:

(i) the slight variation of f(¢) with y in the region
x<2V;

(ii) the transition at y=2V,

(iii ) the shift of the maximum away from ¢=135°,
and

-(iv) the cusp at 135°.

In order to understand how these features arise from
the nonlinear Schrodinger equation, it is first neces-
sary to appreciate, in a general way, the rather bizarre
effects that the interplay on nonlinearity with initial
conditions can have in the dimer. We describe these
in section 4.

4. Origin of the new features in fluorescence
depolarization

Consider eq. (2.5), which allows one to analyze the
initial condition problem in complete generality, and
make the simplifying assumption that (dp/dt)=0.
This assumption is equivalent to placing the dimer
initially in a pure state characterized by real off-di-
agonal matrix elements of the density matrix p. Eqs.
(2.5) and (2.6) reduce to

p(t)=po cn(poxt/2k| k)
=po dn(poxt/2|1/k) , 4.1)
k2=k3p3/ (1+2kor5) , - (4.2)

ko being the nonlinearity ratio /4 V. The initial (real)
amplitudes ¢, (0) and ¢, (0) can have either the same
sign or opposite signs and correspond, respectively,
to the relations ro=+(1-p3)"2 and ro=—~(1-
Pp3)'/2 between the initial values of r and p. Let us
examine the latter case. If the initial condition and
the dimer parameter ratio k, are in the relation

ko=x/4V=4(1-p3)~"%,

we see that the elliptic parameter k2 becomes infinite
and the probability of occupation of the two sites is
independent of time for all #! A further increase of the
nonlinearity parameter ¥ beyond the value corre-
sponding to (4.3) makes k2, as given in (4.2), nega-
tive, and has quite unexpected consequences for the

(4.3)
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time evolution of the dimer [15]. One normally ex-
pects that, in the initial stages of the probability os-
cillation, the site with the larger initial probability of
occupation would become depopulated and that the
other site would gain in population. Precisely the op-
posite effect is produced in the present case as a re-
sult of the combined action of the nonlinearity and
the initial condition. The excitation seems to be “re-
pelled”, i.e. the site with the larger initial probability
of occupation becomes even more populated. As the
oscillation proceeds, the probability of the site with
the initially larger occupation never decreases below
that initial value. Fig. 3 depicts this behavior.

The fact that the elliptic parameter k? can become
infinite for the condition (4.3) and negative for
higher values of the nonlinearity contains the essen-
tial physics responsible for the peculiarities of the flu-
orescence depolarization curve of figs. 1 and 2. The
case of (4.3) describes a situation in which the initial
condition corresponds to the excitation being placed
initially in a stationary state of the nonlinear dimer.
The stationary states (the symmetric and antisym-

0 T T T |
(0] 5 10 15 20

2Vt

Fig. 3. The time dependence of the probability difference p(¢) in
a nonlinear dimer for the initial condition (dp/dt)o=0and ro=
— (1—p3)!/2, shown to illustrate the unexpected effects that can
arise from the interplay of nonlinearities and initial conditions.
All curves shown are in the self-trapped region and the respective
values of ky=x/4V are: (a) 0.625, (b) 0.7, (c) 0.833, (d) 0.9,
and (e) 1.0. Curve c represents the coincidence of the initial state
and a stationary state of the nonlinear dimer. Curves d and ¢ ex-
hibit the striking “repulsion” effect — see text ~ wherein the site
with the initially larger probability of occupation increases in
population. Curve ¢ corresponds to the elliptic parameter & in
(2.5) becoming infinite, and curves d and ¢ to kK becoming
imaginary.

metric one) of the /inear resonant dimer are charac-
terized by the site-state amplitudes ¢, and ¢, given by
l/ﬁ, l/ﬁ for the symmetric state and by l/ﬁ
for the antisymmetric state, respectively. The two
states therefore possess resultant dipole moments
which make respectively the angles 45° and 135° with
the dipole moment of molecule 1. At these values of
the angle of polarization ¢, the excitation would find
itself initially (and consequently for all time) in a
stationary state. The steady-state quantity f; would
then be unity. Curve a of fig. 2 indeed shows that, for
x=0, f; is unity at these stationary state angles 45°
and 135°.

As x takes on values which are different from zero,
but still smaller than 2V, the stationary-state angles
remain identical to those of the linear dimer. Conse-
quences of nonlinearity exist but are not significant.
Correspondingly, the /~¢ dependence in figs. 1 and 2
undergoes only slight modifications from their linear
limit. However, when y=2V, the characteristic ef-
fects of nonlinearity set in. Putting d’p/d?*=0 in
(2.3) gives us the stationary states of the nonlinear
dimer [10,11]. From the right-hand side of (2.3) we
see that we obtain two solutions for p. The first has
p=0 and corresponds to the trivial stationary state
with equal occupation of the two site states. This state
is reflected in figs. 1 and 2 in the fact that the peak at
45° is maintained for all values of the nonlinearity.
For y>2V, however, a second stationary state ap-
pears in the nonlinear dimer [10,11,16]. This state
is responsible for the novel features of figs. 1 and 2.
The site amplitudes in this state are quite different
and represent self-trapping:

e =(1//2){1+[1-(2V/x)?1'/3}' 72, (4.4)
e =(1//2){1=[1—(2V/x)*]'/?} /2. (4.5)

For values of x in excess of 2V, the nonlinear dimer
acts like a non-resonant (linear) dimer. The site am-
plitudes in the stationary are clearly unequal and the
resultant dipole moment of the stationary state, which
was at 135° to the direction of that of molecule 1,
now slips away from that orientation. The value of y
determines the amount of this slipping. Curves d and
e in fig. 2 show this slipping or shift of the fmaximum
which, as we have discussed above, represents the
stationary state.

The pinning effect at 135° occurs as a result of con-
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flicting symmetries in the nonlinear dimer. When-
ever the transition to self-trapping occurs, the
nonlinear dimer takes on the behavior of a nonreson-
ant (linear) dimer. A true linear nonresonant dimer
does not have its stationary state dipole moment at
135° and possesses no symmetry around that angle.
The equations of motion (2.1) and (2.2) on the other
hand favor no site or angle, and the nonlinear dimer
does possess complete symmetry around 135°. It is
thus the combination of this symmetry requirement
around 135° and the shift of the f{¢) peak stemming
from the shift of the stationary state that is responsi-
ble for the appearance of the peculiar cusp in figs. 1
and 2.

It might be useful to point out here why the rele-
vant nonlinearity ratio in our earlier work [4,10,11],
viz. x/4V, is different from the ratio y/2V that we
have been discussing in the present paper. The for-
mer value describes the onset of a dynamic transition
from free to self-trapped behavior, given a situation
in which the excitation is completely localized on one
of the sites initially. The latter value, on the other
hand, describes a static transition at which the sta-
tionary states of the dimer change character. The dy-
namic transition is relevant to observables such as the
neutron scattering function and the static transition
to steady-state fluorescence depolarization.

5. Concluding remarks

The interaction of quasiparticles or excitations in
solids with molecular or lattice vibrations can lead to
a number of strong and discernible effects on trans-
port phenomena. Traditionally, these interactions
have been studied with the help of scattering, dress-
ing and polaronic concepts. A new theoretical tool has
appeared in the literature recently: the nonlinear
Schrodinger equation pioneered for excitation trans-
port by Davydov and others [1,2,17]. We believe it
is of crucial current importance to explore the con-
sequences of the interaction of excitations with vi-
brations with the help of this tool. The present paper
contains the results of such an exploration.

We have applied our exact theory of the nonlinear
dimer to a specific class of experiments in this paper
and have shown that effects which are qualitatively
new and experimentally discernible, at least in prin-

ciple, do appear as clear consequences of the nonlin-
ear Schridinger equation. These are polaronic effects
which, in spatially extended systems, could be fur-
ther accompanied by solitonic phenomena. The ex-
perimental observation of the effects we have
predicted requires the construction of appropriate
dimers and their study in systems in which their ori-
entation is not random. The construction of suitable
systems with definite orientations of the dimers may
turn out to be a difficult undertaking. We hope the
present analysis will motivate experiments along this
line. While awaiting those experiments, we have also
carried out an analysis of the effects of nonlinearity
in solution systems which are much easier to con-
struct in the laboratory. The analysis performs an av-
erage over the orientations and therefore loses most
of the clear manifestations of nonlinearity. We pres-
ent the results graphically in fig. 4. The units of the
averaged steady-state f are arbitrary. The abscissa is
x/4V and would correspond in the experiment to an
appropriate power of the intermolecular distance in
the dimer. It would not be difficult to carry out such
an experiment with presently available techniques
since the variation of the length of the “stick dimers™
can be achieved by changing the number of the inert
molecules separating the active end molecules of the
stick dimer. We also present in fig. 5 the results of our
analysis for time-dependent £ The simple oscillation

0.800
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Average Integr. f

0.700 T T T
0 05 1 15 2 25

x/4V

Fig. 4. The average over angles ¢ of the integrated (steady-state)
degree of fluorescence depolarization f; plotted as a function of
the nonlinearity ratio y/4V. The system of interest here is a so-
lution in which the dimers are oriented at random and the ab-
scissa corresponds to an appropriate power of the intermolecular
distance, i.e. of the “length” of the dimer.
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Average f(t)
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2Vt

Fig. 5. The time dependence of f(¢) shown for various values of
the nonlinearity. An apparent damping and a shift of the long-
time limit of /(¢) are seen as consequences of nonlinearity.

characteristic of the linear dimer (curve a) is seen to
undergo an apparent damping, and a shift of the value
of the limit of f(¢) as t—oo. Relevant observations
would involve time-resolved experiments on the pi-
cosecond and subpicosecond scales, and could em-
ploy transient absorption spectroscopy. The primary
focus of the present paper being steady-state obser-
vations, however, we defer detailed comments on figs.
4 and 5 to a future publication.
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