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Optical free induction decay of molecules undergoing
radiative and radiationless relaxation

Harmen de Vries and Douwe A. Wiersma

Laboratory for Physical Chemistry, University of Groningen, Paddepoel, Groningen, The Netherlands

(Received 6 February 1978)

In this paper we examine the effect of radiative and radiationless processes on optical free induction decay
(OFID) in singlet-singlet transitions of molecules in the condensed phase. The main conclusion is that the
applicability of OFID to molecular singlet-singlet transitions is severely limited by the presence of an
intermediate triplet state, which quite often forms a bottleneck in the optical pumping cycle. Using the
theoretically derived formulas for the OFID signal, we examine the feasibility of OFID experiments on
the mixed crystals of porphin in n-octane and naphthalene in durene and conclude that such experiments,
if at all fruitful, would be difficuit to execute. We re-evaluate the reported OFID results of pentacene in
p-terphenyl and obtain for the lowest 'B,,« 'A,, transition a dipole moment of 0.9+0.3 D.

1. INTRODUCTION

A few years ago, optical free induction decay (OFID)
became available as a new method for studying optical
dephasing processes (T, processes, where T, is the
transverse relaxation time in the optical analog of the
Bloch equations). While the original technique employ-
ing Stark switching of the molecular transition® was
limited to the study of polar molecules, the cw dye laser
switching technique recently introduced by Brewer and
Genack? can be used to study any optical transition.
This new tool to observe coherent optical phenomena is
therefore expected to play an important role in the field
of molecular spectroscopy.

So far with this new technique OFID has been studied
for I, in the gas phase® and in a molecular beam, ? and
for the systems Pr**/LaF,* and pentacene in p-ter-
phenyl.’ With regard to the analysis of the OFID signals
obtained in these systems, only a theoretical formula
derived for two-level systems®7" has been used (ex-
cept in Ref. 5). The aforementioned systems and most
of future interest are clearly not simple two-level sys-
tems as was demonstrated by Genack, Macfarlane, and
Brewer* in the case of the system Pr®/LaF,.

Schenzle and Brewer® have recently treated a two-
level system in contact with a general multilevel reser-
voir and obtained formal solutions for most optical co-
herent transients. In the Schenzle-Brewer model, the
reservoir levels are assumed to exist in thermal equi-
librium and the effect of optical excitation on the popu-
lation distribution in the reservoir is ignored. The ef-
fect of these assumptions manifests itself in the final
result for §,,(f) in OFID, which still contains diagonal
elements of the density matrix for the intermediate
levels.

In this paper the above-mentioned assumptions are
not made and the density matrix equations are solved
for the steady state situation. The final result obtained
for py,(¢) is similar, though not identical, to that of
Schenzle and Brewer. We further restrict ourselves to
a model system that specifically applies to $;« S, tran-
sitions of molecules in the condensed phase at low tem-
peratures. Extension to an n-level system however is
trivially made.
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If. OFID IN S, < S, TRANSITIONS OF MOLECULES
IN MIXED CRYSTALS

A. The low temperature limit

In the following we derive a formula for the OFID 1/e
decay time (7T 4p;p) Of the model system shown in Fig. 1.
(1) is the singlet ground state, |2) the vibrationless
lowest excited singlet state, and 13x), |3y}, and | 3z)
are the spin components of the vibrationless lowest
triplet state. Level |2) decays radiatively (rate con-
stant £Y;) and radiationlessly (5]’ to the ground state
but only radiationiessly to the triplet state manifold
(k35"%). The triplet state spin-sublevels themselves
decay both radiatively (k™ *#) and radiationlessly
(k3r)%%2) to the ground state. By the low temperature
limit we mean that the effect of spin—lattice relaxation
on the OFID is negligible.

We assume then that for all molecules the local radi-
ation field

E (2,t) = E,cos(t — kz) (1)

has frequency 2 and amplitude E,, is polarized along
the x direction (which is taken to be parallel to the elec-
tric dipole transition moment u,,), and propagates in
the z direction. This field only couples levels |1) and
[2). For the time derivative of the nondiagonal element
Pz Of the density matrix we can write®

. 1 iV

P12= <' ﬁﬂw\) P12 — ‘;‘l—n (P22 —P11) » (2)
(2>

A

°
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FIG. 1. Molecular model system. The meaning of the energy
levels is discussed in the text. Straight and wavy arrows in-
dicate radiative and radiationless transitions, respectively.
The part within the circle has a greatly magnified (~ 10% en-
ergy scale.
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where w=w, ~ w, and the decay rate 1/T, has been intro-
duced phenomenologically. Vi, =~ , Eqcos(Qf ~ kz) is
the matrix element of the perturbative coupling between
molecule and field.

Introducing the rotating wave approximation by putting

v Eg i (Qione P (¢

_%13_:_“_21;}%16;(9:“5_%)(6.(9”:) (3)
and Piz =ﬁlzei(ﬂi-kt)8 we get

< 1\~ ,

912=(“ 772‘+2A\) D1z +3iX(Paa = P11) » (4)

where 4 =w~§i. The OFID beat signal is proportional
to p;, averaged over the entire inhomogeneous width of
the transition, written as {j;,)." During the prepara-
tion before the laser frequency switch, p;, reaches its
steady state value g,,(«). After the moment of switching,
which is taken as a new origin of time, the molecules
prepared at ¢ <0 radiate freely, and for these molecules
we obtain from (4)

1312(” - 512(00) e 1/Tp+i A . (5)
Thus our first task is to calculate py,(=d).

Denoting the transition rate from level |n) to |m) by
k.m» We write down the equations of motion for the diag-
onal elements of the density matrix:

1311 =Ry Pap + k31 Pi3+ Fa Pl + k31p5s+ éix(ﬁzl )

Doz = — (kgy + k3y+ B33+ kis) 022 + 2iX( P12 — Par) (7
P33 =kz3 P2z ~ K51 P33 » (8)
0% = k33 P2z — B3 035 » (9)

(10)

Here kyy, k31™* are the sums of the respective radia-
tionless (") and radiative (27)) decay rates. All the
off-diagonal elements p,, remain zero in this case ex-
cept p;, and py;. We now have to find the steady state
solutions for the density matrix elements.

It follows from (4) and (6) through (10) that we may
write down the following relations:

b:‘as =k Paa — K31 P33 »

P11 =0=K;pga+ zix(Pa1 — P1a) (11)

Paz=0=~ Ky paa + 38X (P12 — Pa1) » (12)

X 1 N\ ,

P12=0= <" T, HA) P12+ zixX(P2z — p11) (13)
where K, =ky + k3, +k3;+FR55. In addition we have
Lipiy=1or

pu=1-py(l+4), (14)

where A =kjo/kE, + b3/ BYy + kEs/ k5.

Calculating 5y,() from (12), (13), and (14) and sub-
stituting it into (5) we obtain

x _/T,-8) o ©1/Tarindt
2 a2+ 1/T5+R? ’

Pra(t) = - (15)

where

oo XA1/T,)
Ka——E—K-a-a-(2+A) .

Finally we get the following integral over the inhomo-
geneous line which we take to be Gaussian with central
frequency w, and fwhm Aw,,

= 2vVIn2(w ~ wQ)z] (/Ty=8)  airpimn
le eXp[—( aw, 2. 1/T3+228 2 dw,

(16)
We consider the case where Aw,; far exceeds the homo-
geneous linewidth of the 11)-12) transition. Assuming
that only a small fraction of the inhomogeneous line is
excited, one can take the Gaussian outside the integral.
This approximation should not be made if one is inter-
ested in the onset of the OFID signal during atime of the
order 2VIn2/Aw, after the laser frequency switch, as
was pointed out by Foster, Stenholm, and Brewer' (see
also Ref. 10). In the case of pentacene in p-terphenyl,
for example, this amounts to about 10 psec, which is
very much shorter than the low temperature T, of 43
nsec.” We now proceed and solve the remaining inte-
gral by contour integration. We obtain for (5,,(t):

sl = 12X oxp [ - (2B = 20}

1/T 1 /1 .,
X {1 - %ﬁl/T@ }exp[—(Tz + 5‘3+K )z‘] .
(17
The OFID decay rate then becomes

., E3 T,
1+ /14220 4(2+A)] ,
[ nt 2K,

1 1

ToFID TZ

(18)

whereby K, =kg +kis+ k3g+ k33 and

R 2
A-Faa  Faa, R
Ky kY kG
Note that the results {17) and {18) are insensitive to
the number of levels lying in between [ 1) and | 2). For
n intermediate levels K, contains (n+1) relaxation rates
and A is a sum of n ratios of rates.

We further wish to emphasize that Eq. (17) is simi-
lar, though not identical, to Eq. (4.24) of the
Schenzle-Brewer paper.® First note that 5,(¢) of Eq.
(17) contains no diagonal elements of the density ma-
trix as Eq. (4.24) does. Also note that K2, to be com-
pared with T2 of Eq. (4.24), contains a sum of ratios
of populating and decay constants, while I contains a
ratio of sums of these constants.

We also note that, when K, =kg =1/T; and 4 is zero,
Eq. (18) reduces to the well-known two-level OFID de-
cay formula, '8

We finally remark that inclusion of very fast relaxing
ground state vibrational levels merely adds negligible
terms to the quantity A.

B. The effect of spin-lattice relaxation

In molecular mixed crystals at liquid helium temper-
ature spin~lattice relaxation rates often are no longer
negligible compared to the populating and decay rates
ks and ky. We then obtain instead of Egs. (8), (9), and
(10),
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x 3 z
kxz Pyt kyxp33 + kxxpaa ’

(19)
and similar equations for p%; and p%. Here k,, denotes
the rate constant for the lattice induced transition | 3x)
~13z), etc. The steady state treatment in this case
again yields the 7,pyp formula (18). But in contrast
with the low temperature limit, the quantity A now be-
comes in general a complicated function of the 12 rate
constants which determine feeding and decay of the trip-
let level system. At this point we want to emphasize
that the power term in the OFID decay formula is tem-
perature dependent. Thus when performing a tempera-
ture dependent T, study, it is necessary to extrapolate
Torip LO zero laser power at every temperature.

D% =k P2z — K1 p3 — Ryy 33~

C. Pseudo-three-level systems

When, in the low temperature limit, population of the
triplet state only occurs into one of its spin sublevels,
the system can be considered as a pseudo-~-three-level
system with rate constants kp; and ky.

Equation (18) then becomes

[t T (Bt o

which is equivalent to the formula stated in Ref. 5.

TOFID

When spin-lattice relaxation is fast compared to the
populating and decay rates k5™ * and £§1#, Formula
(20) also applies, where k,; and k4, are the appropriate
average rate constants. Of course with continuous
microwave radiation in two of the transitions between
spin sublevels, one creates also a pseudo-three-level
system, *

D. The effect of phonon scattering

To examine the effect of phonon scattering we add to
the scheme of Fig. 1 the levels (4), [5), and |6x,y,2)
{lying ~ 10~-20 cm™ above 11), 12), and i3x,y, 2), re-
spectively). These levels are meant to be pseudolocal-
ized phonon levels. Recent photon—echo'*! and photo-
chemical hole~burning!® experiments seem to indicate
that such phonon levels play an important part in the de-
phasing of electronically excited molecules in the con-
densed phase.

We only consider population and decay of these levels
from and to their respective pure electronic states.
The formalism of Sec. II. A yields in this case a formu-
la similar to (17) except for an additional pre-exponen~
tial factor 1/(1 +B), while K2 is now defined as [x*(1/
Ty)/2K,)[1+(1+A)/(1+B)). Here B=ky/ky, while 4,
in general, is a complicated function of the feeding and
decay rates to, from, and within the |3x, y, 2), |6x,y,2)
triplet level system.

Note that in the present case we still have K, =ky;
+k3s +k¥; + k53 however, K,#1/71,,!

We finally want to emphasize that coherence transfer
processes!™1® have been excluded in the present treat-
ment.

E. Discussion

The following comments on the theoretical results ob-
tained thus far seem appropriate.

First note that, as in the Schenzle~Brewer model,®
T, may be obtained from an OFID experiment when Top1p
is extrapolated to zero laser power, Closely related to
this point is the notion that the transition dipole mo-~
ment {u,,) cannot be determined unless all relevant re-
laxation constants are known.

We further wish to emphasize that hyperfine levels of
paramagnetic states that participate in the optical
pumping cycle play a role*2® similar to the triplet state
levels of Fig. 1. The theory is also applicable to OFID
experiments on molecules in the low pressure gasphase.
In this case the vibrational levels may cause a consid-
erable contribution to the quantity A as vibrational re-
laxation rates are no longer much greater than the other
decay rates.

Application of the theory in the next section to some
molecular mixed crystals at low temperature shows that
the intermediate triplet state may seriously limit the
applicability of the OFID technique, as it may act as a

. bottleneck in the pumping cycle.

Ill. APPLICATIONS

As an example we discuss the feasibility of an OFID
experiment on the lowest S; — S, transition of free base
porphin in n-octane in the low temperature limit.

Based upon our experience with OFID in molecular
mixed crystals, we would require, in order to obtain
reliable T, results: 7op;p 2 Ts/4,° or using (18):

—l%“——*’*(z A)S 8. (21)

We now want to make an estimate of the laser power that
should be used. At low temperature T, is completely
determined by the fluorescence lifetime as was mea-
sured by photochemical hole burning, !¢ giving Ty=274
=34 nsec. The quantxty K, is just 1/ 'r,, here and thus
equal to 5.9x10" sec™!. We calculate le as follows.
From the fluorescence lifetime and quantum yield (0.05) %
we obtain a radiative lifetime of the S, state of 340 nsec.
From this value a total oscillator strength f=1.6x10%
can be calculated. Estimating that about 1% of this
strength is carried by the 0~0 transition, ®? we obtain
p3,=0,21x10"% C?m?=1,9x10"2 D, We now determine
A. Aswe can assume Sy~ S, internal conversion to be
negligible, we have K, =k + 254, giving 2{3%! =5.6
%107 sec”). Combining this with the known populating
probabilities and decay rates of the triplet spin sublevels
levels, reported in Ref. 11, the quantity A becomes

4.9 X10°,

In order to meet Condition (21) we obtain E2 3.0
x10° V%/m® Here the laser is assumed to be polarized
parallel to the dipole moment direction. Then, per-
forming an OFID experiment on the S;~S, transition in
porphin in n~octane at 1.3 K, one should use a laser
power 154.0%107° mW/mm? (assuming the local elec-
tric field to be of the order of the laser field). There-
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fore, comparing the porphin example with the case of
pentacene in p-terphenyl,® one would like to increase
the sensitivity of the detection about a hundredfold.
Note here that the feasibility of this porphin experiment
will not be greater for another u,, value of the S; -5,
transition, as both 74, and the OFID beat amplitude
depend on pZ, E2.

The influence of the indirectly coupled levels on the
OFID signal is also evident when, in the porphin case,
we had simply considered the two-level OFID formula.
Then Condition (21) with A equal to zero would have
yielded I$9. 7x 10 mW/mm?, Thus, compared to the
two-level case with the same transition moment, the
experimental maximum intensity really required is
smaller by a factor of 2.4x10°, which means that the
detected OFID beat signal amplitude is also diminished
by this factor.

Considering the OFID decay time the effect of the in~
directly coupled levels again becomes very clear in the
porphin example. Using I=0.5 mW/mm? to obtain a
conveniently measurable signal amplitude, we calculate
from (18): 7opp=T,/33=1.0 nsec. Extrapolation of
Torrp Irom measurements in this power range would not
yield a very reliable T, value, but moreover the applic-
ability of intracavity-switched OFID is doubtful when
Topip 53 Nsec (laser cavity round-trip time). %

It may be interesting to make a comparison here with
the pentacene case, where an easily measurable OFID
signal yields a reliable T, value using a laser power
varying around 0.4 mW/ mm?.% Applying the theory of
Sec. II. A and using the experimental data available at
present, we will re-evaluate these OFID results. With
a power on the crystal of 0.2 mW/ mm? we measured,
on the energetically lowest site of pentacene in a low
temperature p-terphenyl crystal, Topp=18 nsec, while
extrapolating 7,;;p to zero laser power yields T, =43
nsec. As the fluorescence lifetime of pentacene in p-
terphenyl for this site was measured to be 23.5 nsec, 14
we obtain K, =1/7;,=4.26 x10" sec™’. Assuming Ej
=1.78 Ey,pu 2* we have for =0.2 mW/mm?: E}=4.8
x10° V/m?. We now obtain from (18): u3,(2+A)
=4,3%107° C®m?, Very recently the populating prob-
abilities and decay rates of the triplet spin sublevels of
pentacene in p-terphenyl at 77 K have been determined.®
As the intersystem crossing yield (I 3)+12}) for this
site was also recently determined to be 0. 003,% we con-
clude that p2,=0.55 D?% As in the pentacene OFID ex-
periment the laser was polarized parallel to the crystal
b axis, we have for the molecular transition dipole mo-
ment p(*By,~'4,,)=1.21 pyp,#* or £ =0.92£0.3D. A
0. 3% intersystem crossing yield means that A = 8 in
pentacene, which is smaller than the A value of porphin
by a factor of about 10%. This is caused by a ~ 10?
times larger triplet depletion rate k; for pentacene and
a ~ 10% times smaller intersystem crossing rate k3™!
as compared to porphin in n-octane.

At this point we want to emphasize the importance of
the quantities p,, E; and A in regard of the feasibility of
OFID experiments on molecular Sy~ S, transitions.
w12 Eo (Rabi frequency times #) has to meet two oppos-
ing conditions. Firstly, it has to be smaill enough to

ensure the OFID decay to be determined mainly by T,
[Condition (21)]. Secondly, it has to be large enough to
ensure a measurable OFID signal amplitude, as this is
nearly proportional to pd, E3.%"7 The importance of the
quantity A in the OFID power term is its ability to make
the two conditions for wy, Ey incompatible. Therefore

a smaller intersystem crossing rate k,; (smaller quan-
tum yield for intersystem crossing) and a larger triplet
depletion rate k;;, both resulting in a smaller A value,
ephance the possibility for $;~ S, OFID experiments.

As another example we calculated, using available
data, 3+27=% the feasibility, in the low temperature limit,
of an S; - S, OFID experiment on naphthalene in a durene
mixed crystal. Using, for example, a laser power of
about 150 mW/mm?2, to obtain a conveniently measur-
able OFID signal amplitude, we find from formula (18):
Torip = T2/ 3465 =46 psec (where T is taken to be 160
nsec).® It can be concluded that for this molecule the
Sy -~ S, OFID experiment seems out of reach.

In conclusion of this section an additional experi-
mental possibility should be discussed. Considering the
examples of porphin and naphthalene, one would like to
use more laser power than calculated above from Con-
dition (21), while maintaining a value for 7,;,, mainly
determined by T,. The question arises if this could be
accomplished by sweeping the laser frequency (velocity
dSy/dt) during the OFID experiment. This sweeping
OFID technique was first applied by Genack, Macfar-
lane, and Brewer to overcome the bottleneck problem
in the system Pr*/LaF,.* In order to use this tech-
nique fruitfully one would require x%, kZ; < d:/dt
<« 1/T%.* For the cases of porphin, pentacene, and
naphthalene discussed above the value of 1/75 is of the
order of 10! sec?, while for the single frequency cw
dye lasers commercially available at present aa/dt
< 4% 10" sec™®. With the highest sweep rate thus avail-
able the condition d2/dt<«1/T% is therefore fulfilled for
the molecules discussed. The other requirement now
amounts to x?, k%, << 4x10" sec™®. For porphin this re-
quirement cannot be met as k2, = 3. 1x 10" sec?, and
the same is true for naphthalene where k3; =2. 6 x 10"
sec’®. Moreover, calculating for the cases of porphin
and naphthalene, the laser power that should be used to
meet the condition x?< 4x10' sec?, it follows that the
respective OFID signal amplitudes would still be very
difficult to detect. For pentacene the situation would
be more profitable as here k3;=1.6x 10" sec™®, but in
this case the OFID experiment is already possible with-
out sweeping the laser frequency.

We conclude here that for the cases discussed, sweep-
ing the frequency of the laser does not improve the ap-
plicability of OFID.

IV. FINAL REMARKS

While the feasibility of the OFID method in the study
of dephasing of S;~ S, excited molecules was theoret-
ically demonstrated in Sec. II, the serious practical
limitations were illustrated in Sec. IIL

In this section a physical picture will be given of the
effects discussed in the preceding sections. In addition
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attention will be paid to possible limitations of the in-
tracavity-switched OFID technique.

Consider the buildup of population in other levels than
11) and 12). This causes enhanced hole burning in the
inhomogeneously broadened |2) - | 1) transition. When
these intermediate levels have decay times long com-
pared to T;,, they form a bottleneck in the optical pump-
ing cycle. This may seriously limit the repetition rate
in possible OFID? as well as in photon—~echo experi-
ments.'® We note here that with low enough repetition
rates the photon echo, in contrast to OFID, is not af-
fected by the bottleneck. A second point we want to
emphasize, considering OFID, is the importance of the
relation that exists between the homogeneous width
1/7T, of the transition studied, the degree of off-reso-
nance pumping, and the range of laser frequency jitter
during a time of the order of T,. So far we have as-
sumed in our treatment the laser frequency jitter,
during a period of time T,, to be negligible compared
to the frequency width 1/77T,.

Then, as a result of the population buildup mentioned
above, the power term in the OFID decay formula can
be greatly enhanced as shown in Sec. III. This can
physically be reasoned as follows. The additional hole
burning results in more intense off-resonance pumping,
thus making the inhomogeneous part of the OFID decay
more important; in other words, the signal will decay
faster. When 7,5, %3 nsec, the applicability of the intra-
cavity-switched OFID method is doubtful,?® as already
mentioned in Sec. III.

Now assume that laser frequency jitter during a time
of the order 7, is comparable with the homogeneous
linewidth. Then, after the moment of switching we get
OFID signals from subensembles of molecules with
different transition frequencies that were coherently
excited consecutively during a period of time of the or-
der T, just before the frequency-switch. Therefore the
decay of the detected OFID beat signal will not only be
determined by T, and the degree of off-resonance pump-
ing but also by the range of laser frequency jitter during
a period of the order of T,. When this frequency jitter
far exceeds the width 1/7T,, off-resonance pumping
will become negligible as the preparation time of a cer-
tain subensemble will be short compared to the Rabi
period. In these circumstances the OFID signal decay
will be completely determined by the frequency jitter
range., Without frequency stabilization one would be
limited to measurement of T,’s in the range of 7,510
psec, 31:32
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