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An intramolecular mechanism is proposed to reconcile the different lifetimes obtained from direct Adiatike decay mea- 
surements and from Hanle effect measurements on NO*. This mechanism predicts a dependence of the coherence lifetime 
on the excited state rotational quantum number which is in good agreement with the previous experiments. 

1. Intmduction 

The lifetimes of the electronic states of NO2 re- 
sponsible for its visible absorption spectrum have long 
been a puzzle [ 11. The difference between the lifetime 
values directly measured by fluorescence decay and 
those deduced from integrated absorption measure- 
ments appears to be qualitatively understood [2,3]. 
However, there remains another discrepancy regarding 
the value of’the lifetimes obtained in radiative decay, 
TR , and in magnetic depolarization (Hanle effect) mea- 
surements of the coherence time, TV. 

Hanle effect measurements on NO, have been car- 
ried out by two groups. One group [4] studied the 
yellow and red region of the absorption spectrum 
(5933-6126 A), the other [5] the blue and green 
(4880 a and 5145 A). In these experiments the prod- 
uct grc is obtained from the width of the depolariza- 
tion signal as a function of magnetic field. Here g is 
the excited state Land&g factor and rc the dephasing 
time of that state. If one assumes that the values of 
theg factors are given by the Hund’s case (b) angular 
momentum coupling scheme, then rc is smaller than 
rp by a factor of about 10 in the yellow-red region, 
and a factor of about 100 in the blue-green region. 
Direct measurements of the g factors by optical-radio- 

* On sabbatical leave from: Physikalisches Institut, Universi- 
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frequency double resonance [6] and by Zeeman scan- 
ning [S] confirmed that the g factors behave well in 
the same levels in which the Hanle effect was investi- 
gated. We therefore confront here the question of why 
rc differs from Tn. 

It is useful to review in what way the Hanle effect 
gives different information about the molecule’s ex- 
cited state behavior than direct lifetime measurements. 
In the Hanle effect one prepares the molecules in a 
coherent superposition of magnetic sublevels of that 
manifold of states that are excited by the radiation 
field. This coherent superposition of magnetic sub- 
levels corresponds to an orientation of the molecules 
in the excited state, which results in the case of linear- 
ly polarized excitation in an alignmenr of the excited 
state magnetic moment along a fixed axis of a chosen 
coordinate system. The subsequent fluorescence is then 
polarized along this axis. The application of a magnetic 
field perpendicular to this axis causes the magnetic 
moment to precess about the magnetic field direction, 
resulting in a depolarization of the fluorescence. The 
depolarization curve as a function of magnetic field 
strength B,-, has a lorentzlan shape whose linewldth s 
ABo (fwhm) is related to the disorientation rate l/rc by 

(ggPlti)& = l/TC , 0) 

where fi is the electronic Bohr magneton. 
In the absence of all other effects, the spontaneous 

emission rate l/-rR is equal to l/rC. Often collision 
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processes contribute to the disorientation rate, making 
l/-r= Iarger than I/T~_ In the HanIe experiments on 
NO, in the yellow-red, corrections were made for the 
effects of collisional dephasing by extrapolating the 
linewidth aBo to zero pressure, the Iowest data points 
being taken at OS mtorr- In the HanIe experiments on 
NO, in the blue-green region the collisional dephasing 
was eliminated by the use of a molecular beam. Based 
on the results of both experiments we conclude that 
the measured coherence time rc is that of an isofated 
molecule- As was previously suggested [4,5], an intra- 
moiecular mechanism must be responsible for the dif- 
ference between rR and rc_ 

2. The model 

We present a simple phenomenological model for the 
intramoIecular dephasing in the NO2 moIecuIe which 
is based on work by one of us (H-G-W.) to describe 
the radiative properties of this moIec=le [7] _ The ex- 

cited state of the NO, molecule inciuding fine and 
hyperfme structure is assumed to have a density of 
IeveIs described as a sparse intermediate case 181, 
where each Ievel is separated by a spacing that is large 
compared to the natural Iinewidth. We further assume 
that underlying each level is a fmer structure consist- 
ing of levels whose spacing is comparable to the line- 
width calculated from integrated absorption measure- 
ments_ We cab these close-lying levels a “bunch”. Ac- 
cording to f-his structure of the NO, molecule, the 
hamiltonian H for the combined system, molecule 
plus radiation field is represented by two terms 

H=Ho+ v, (2) 

where Ho is the sum of the radiative hamiltonian, the 
molecule-photon interaction, and the major part of 
the molecular hamihonian, and V describes the mo- 
lecular interaction giving rise to the bunch structure. 

The absorption of radiation by the molecuie pre- 
pares it in an eigenstate ofHo having the eigenfunc- 
tion eO. The latter may be written as a superposition 
of eigenfunctions *n of N 

The prepared state ‘k. has a definite totd angular mo- 
mentum J (in the absence of an external field)_ To sim- 

plify the discussion, we treat the NO2 molecule as if 
it had no hyperfine structure, since its inclusion only 
complicates the treatment without introducing any 
changes. Because \ko is a degenerate state, we assume 
that there exists a non-zero expectation value of some 
intemai angular momentum L, whose origin will be 
discussed later. Then the expectation value of the total 
angular momentum J satisfies the relation 

<n=on+~S~+~L~. (4) 

where iV is the rotational angular momentum and 5 
the electronic spin angular momentum. Eq. (4) shouid 
not be interpreted to imply that N, L, or S are good 
quantum numbers, but rather that the sum of expecta- 
tion values equals the expectation value of the good 
quantum number J_ 

The interaction term Y remcwes (or changes) the 
degeneracy of \ko and quenches the expectation v&e 
of L. As (L) is quenched, vv) and (s) must adjust so 
that their sum is Q. After this quenching process, 
there are n excited states ‘k, , each with its own radia- 
tive lifetime. The foIIowing shows that the adjustment 
of(s) and UV? determines the coherence time for the 
excited state. 

The interaction between S and Nis part of the 
coarse structure, while that between S and L is of the 
order of the bunch structure. Therefore I( must be 
much less than 1 CWi and [L!T>l and the relation dI) = 
0 + (9 must be a good approximation at alI times. 
with this approximation we derive from the vector 
model 

CS> = +(2N + l)+J) , (5) 

where the pIus sign is for J = N + l/2 and the minus 
sign forJ= N- l/2. 

We replace the interaction of S with L by an effec- 
tive hamiitonian 

H eff = - ys - Br(f) , (6) 

which is assumed to act on only one level err. Here 
B,(t) Is a time dependent magnetic field acting on the 
magnetic moment associated with the electron spin S 
and y is the gyromagnetic ratio. The motion of the 
total angular momentum J of the molesttIe in a par- 
ticular state @n placed in an extemaI magnetic field 
B0 (lying along the z axis) is described by the Moth 
equation [IO] 
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d(JMt= (gS/fi)[(J) XB(t)] - (l/iR)[(J) - cJ>a] , (7) 

where 

B(r) = B,z^ i-(yfi/g@)(2N f 1)-l 

x CB&% + Bl,.Q).jj -i-B&)4 - (8) 

In eq. (7) TR is the radiative lifetime of the state *n 
and CA0 the equilibrium value of Cfi toward which the 
system relaxes under the action of the radiative decay 
only. Because spontaneous emission is an isotropic 
process, the transverse and longitudinal relaxation times 
in the absence of collisions are the same, namely, TR’ 

In order to discuss how <J) develops in time we dis- 
tinguish the effect of the x, y, and z components of 
the field Bl(t). The B12(t) component causes the pre- 
cession rate of <n around B. to be faster or slower 
than determined by SO alone. Because we have an en- 
semble of molecules that have been excited at different 
times, this introduces a spread in the precession fre- 
quency w. = (gPDi)Bo by an amount So = krE,,/ 

_ (2N + 1) and contributes to a destruction of the co- 
herence of the precessing angular momentum <J>. Here 
El0 is the Fourier component of Bl,(t) in the frequen- 
cy domain corresponding to tbe reciprocal of the ener- 
gy spread in the bunch structure. A coherence lifetime 
TC can be defmed by the relation that \&~-~i = 1. 
Thus we find that 

l/TC = Irl&,/(uv+- 1) - (9) 

The z component of Bl(t) does not affect the com- 
ponent ir,) but only the transverse components W;,) 
and dT 
of B, f) combined with Bo2^ can change all three com- r 

>. On the other hand, the x and y components 

ponems of(b). These transverse components of Bl(r) 

introduce transitions between the magnetic sublevels, 
shortening the coherence time. We have assumed in 
the present treatment that the radiative lifetime rR is 
long compared to the dephasing time due to the pres- 
ence of the bunch structure. Therefore we have asso- 
ciated the disorientation rate l/rC with the expression 
given in eq. (9) which depends only on slo; in a more 
complete treatment, we must also include the contri- 
bution from the spontaneous emission to 1 /TV. 

To appreciate the above, we consider the special 
case where <a0 has only the value Wz jo_ We further 
assume that the transverse components of Bl(r) can 

be approximated by a rotating magnetic field of fre- 
quency w and amplitude RIO, while the longitudinal 

component of Bl(t) can be neglected. Then the steady- 
state solution of the Bloch equation [eq. (7)] in a ro- 
tating frame (designated here by a prime) with frequen- 
cy 0 is well known [9] _ In particular, they’ compo- 
nent of (b’) has the solution 

where o1 = yBlo/(2N + 1). Eq. (10) gives the follow- 
ing transverse relaxation rate, l/T2, for Cri> 

(1/T2)2 = <l/rR)2 + a; . (11) 

Neglecting the spontaneous emission rate, we once 
again recover eq. (9), where we identify the transverse 
relaxation rate with l/~~. 

3. Discussion 

The model described here predicts a coherence life- 
time that depends on the excited state rotational quan- 
tum number N in the following way 

Tc = T0(2N f 1) _ W) 

Here l/r0 = lrlzlo expresses the rate with which the 
interaction term V removes the degeneracy of the ini- 
tial prepared state \k,. We now analyze the previous 
Hanle effect data using eq. (12) and the expression for 
the g factor [4] 

Ig(1V) I = 2_002/(2N f 1) , (13) 

where eq. (13) neglects hyperfme structure. Table 1 
summarizes the results. We find that the measured 
values of the product gr= are independent of the quan- 
tum number N, as predicted by eqs. (12) and (13). Fur- 
thermore, the values of TO are the same within a given 
study, the average value for the yellow-red region being 
OS ps and for the blue-green region 0.09 ~.rs. Presently, 
we do not know whether the difference in the ~~ values 
for the two studies represents the different behavior of 
the moleclule as a function of excitation energy or re- 
flects the different experimental approaches to the 
measurement of the Hanle effect. From r. we can es- 
timate the order of magnitude of the bunch structure 
from the approximate expression 

7&‘kol vl!?30)l =F, ) (14) 

since we can relate yfiBIZ to @X01 Vl\ko ). Accordingly, 
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Table 1 
Hank effect data of refs. [4,5] 

Band(h) N K; gTc(lo-'s) To(lo-'s) 

5933 3 0 21 i 12 
5933 3 0 13 + 5 
5933 3 1 13 + 1 
5933 15 0 7.6 2 1.2 
6117 17 0 11 f 1 
6117 17 1 8.8 f 1.9 
6117 17 1 9.1 + 1.7 
6125 7 1 7-3 f 0.4 
6125 13 1 I1 i 1 
6125 22 1 9.5 rc- 0.9 
6126 3 1 6.5 2 0.4 
6126 6 1 10 r 3 
6126 8 1 9.0 f 0.4 

5145 4 1.7 f 0.1 
5145 4 1.8 2 O-1 
5145 4 1.7 2 0.1 
5145 9 i.7 f 0.1 
5145 9 1.7 + 0.1 
5145 6 1.7 i 0.1 
4880 I1 1.5 c 0.2 
4880 11 1.7 f 0.2 

10.5 2 6 
6.5 + 3 
6.5 2 0.5 
3.8 f 0.6 
5.5 -c 0.5 
4.4 + 1 
4.6 + 0.9 
3-6 + O-2 
5.5 * 0.5 
4.8 i 0.5 
3.3 2 0.2 
5.0 + 1.5 
4.5 f 0.5 

1.0 + osa) 
0.93 * o-5 a) 
0.69 f 0.5 a) 
0.86 + 0.5 a) 
0.95 f 0.5 a) 
0.85 2 0.5 a’ 
0.75 f 0.1 
O.SS f O-1 

a) For these measurements to deduce ro we use the g factor 
given in ref. [ 5]* which takes into account the particular 
hype&me component excited_ 

this interaction matrix element is of a few MHz in mag- 
nitude_ 

The bunch structure is introduced phenomenologi- 
tally since the conventionally assumed structure of 
the NO2 molecule fails to explain the difference be- 
tween coherence and radiative lifetime. We find that 
the postulation of the bunch structure (1) explains the 
difference between rc and rR, (2) predicts the ob- 
served rotational dependence of TV, and (3) does not 
contradict the highest resolution spectrum of the NO2 
visible system [ IO,1 I]. Moreover, this model avoids 
the necessity of introducing a dense background strut- 
ture to describe intramolecular dephasing as done in the 
statistical limit for large polyatomic molecules [S J - 

One possible rationalization of the bunch structure 
starts from a consideration of the asymmetric distor- 
tion of -&the molecule in the excited state which appears 
tc make the two NO bond lez@hs in the NO, mole- 
cule different on the average, corresponding to the 
mixing of 2Al and ZB2 character [12]_ In the excited 
state this molecule can therefore be regarded as having 

two identical nuclei occupying two nqnequivalent 
sites. The equivalence of the two identical nuclei is_ 
established by tunneling or hopping so that each nu- 
cleus can occupy both sites. This process can be de- 
scribed as a large amplitude motion which makes the 
molecule oscillate (or rotate) between two configura- 
tions which differ only by an exchange of the two 
identical nuclei and an overall rotation of the mole- 
cule [ 13]_ It is this internal notion, which introduces 
the bunch structure (obviously a doubIet structure) 
and which produces the internal angular momentum 
CL). _ 

Thus the prepared state ‘kO is not a stationary state 
but evolves under the action of Pinto two stationary 
states ‘k, (n = 1,2), which may have different radia- 
tive lifetimes T R, in agreement with reports of non- 
exponential decay [ 11, and which also may give rise 
to quantum beats on a time scale of 0.1 J.LS_ The time 
TV, defined in eq. (14), characterizes the “lifetime” of 
the non-stationary state. We fmd that 7. is shorter than 
7c because the rotational angular momentum N, which 
to a first approximation is unaffected by the interac- 
tion V(V causes predominantly the coupling of L with 
s), acts like a reservoir of orientation and coherence 
for the total angular momentum. Since the bunch 
structure is more than two orders of magnitude smaller 
than the coarse structure, it effects negligibly the 
qualities of the coarse structure, for instance the quan- 
tum numbers N and S and the g factor. On the other 
hand, its presence causes the molecule to dephase it- 
self on a time Tc shorter thdn the radiative time 7~’ 
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