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Institute of Chemical Physics, Academy of Science of the USSR. and tinstitute of Solid
State Physics, Academy of Science of the USSR, Chernogolovka

(Received December 10, 1973, in final form April 1, 1974)

The fluorescence of a number of anthracene crystals has been studied over a wide range of
nitrogen laser optical pumping. The conditions for the separate study of light generation in the
plane-parallel anthracene plates and nonlinear fluorescence quenching due to exciton-exciton
annihilation have been found. The threshold of generation I{!! and quenching constant i,
have been found to be substantially dependent on the structural perfection of crystals. The
values of I'" and k, are reduced t0 4.10'% cm ™2 sec™ ! and ~ 1072 cm? sec ™! respectively in the
most perfect subliminated plates. The decrease in the quenching constant is connected with the
nontrivial influence of lattice defects on the process of exciton-exciton annihilation.

1 INTRODUCTION

The two nonlinear phenomena connected with the interaction of excitons
with one another and with photons can occur at high levels of optical
excitation in molecular crystals, particularly, in anthracene crystals.

The former involves a decrease in the quantum yield of the integral
luminescence as the pumping level increases. This effect called nonlinear
quenching results from the annihilation of excitons during collisions and
has been found by Tolstoy and Abramov!-2~* in anthracene crystals at room
temperature and thoroughly studied. Its main characteristics is the rate
constant of the exciton-exciton annihilation which is equal to (1 + 0.5)1078
cm? sec™ ! at 310°K>. In Ref. 5, the nonlinear quenching was observed at the
temperatures from 1.5°K to 77°K.

The second effect is the stimulated emission arising due to the inverse
population of the lowest exciton band or the lowest electron-excited impurity
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levels relative to vibrational sublevels of the ground electron state. The four-
level diagram of inverse population producing in molecular crystals and
appropriate solutions has been investigated by Broude et al.® before the
first lasers on organic dye solutions came into being. The narrow bands of
spontaneous fluorescence and its high quantum yield typical of both molec-
ular pure and impurity crystals should enable one to obtain a high gain of
stimulated emission in rather small volumes of active medium. Indeed, the
stimulated emission of thin crystalline anthracene flakes has been detected
by Broude and Sheka at 77°K ;” recently, it has been studied more thoroughly
by Galanin et al.® and by the authors of the present work® at liquid helium
temperatures. A sharp increase (~ by 103-fold) in the intensity of the fluores-
cence spectrum band at 23692 cm~! which corresponds to the electron-
vibration transition with the totally symmetric vibration ~ 1400 cm™!
was observed in these crystals®? at pumping levels 3-4 times exceeding the
arbitrary threshold value. The active volume amounted to ~ 107° cm?.
Also, the light generation was performed on tetracene impurity molecules
in anthracene crystals with the same active volume by producing the inverse
population on the impurities through energy transfer from the host.!°

One more field of research associated with the study of interaction between
excitons is concerned with molecular crystals behavior at high exciton
density. In this case the search for bound ‘states of molecular excitons
particularly biexcitons'! and exciton condensate'? is of primary interest.
Unlike inorganic semiconductor crystals in which owing to large radii of
excitons, the condensate embodies the features of electron-hole plasma,!?
the appearance of a new “exciton phase” can be expected in molecular
crystals with attraction between excitons. The search for Bose-Einstein
condensation of excitons which is possible with repulsion between them!3
is also of interest. Very likely that these phenomena may occur only at very
high exciton densities (above 10'® cm ™) and crystal temperatures amount-
ed to 1°K or below.'*

In view of the above-stated, the present paper deals with:

1) the main features and characteristics of light generation in anthracene
crystals;

2) the interrelation between the light amplification in crystals and the
nonlinear quenching;

3) the conditions for formation of the greatest exciton density at the
lowest temperatures possible.
2 EXPERIMENTAL

The anthracene crystals 0.5 to 20 u thick obtained by the sublimation of
thoroughly purificated substance were investigated. Optical excitation was
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performed by a laser on molecular nitrogen (3371 A) with peak power
3 Kwt, pulse duration 12 nsec and repetition frequency 25 Hz. The fluores-
cence was observed from the back or edge faces of the crystal placed into
the helium optical thermostat.

An important circumstance complicating the measurements is the heating
of the illuminated region of the crystal which arises due to all possible
radiationless transitions both as a result of local conversion of excitation
energy (~ 0.57 ev) as well as due to the collisional annthilation of excitons.
The total heating value could be determined by half-widths of nongenerated
bands.

The temperature dependence of half-widths of spontaneous fluorescence
bands measured in the anthracene crystals fitted the well-known data.!'?
To eliminate the temperature effect on intensity of several bands and integral
fluorescence the bath temperature was adjusted in the way to keep the half-
width of control bands constant.} In this connection the temperature of the
measurements was rather higher than the boiling temperature of liquid
helium.

3 RESULTS AND DISCUSSION

3.1 Light amplification and generation

The dependence of intensity and the half-width of fluorescence bands on
pumping is shown to be determined substantially by the quality of the
crystals, the perfection of its facets, its thickness, the focus-spot diameter
and by the temperature and geometry of fluorescence observation (from the
back (front) or edge faces of the plate).

Ideally, light generation can be believed to occur between the edge faces
of the plate without noticable issue of stimulated emission from the front
and back faces, since in this case the amplification length is maximum. The
most perfect sublimated crystals 0.5-2 u thick with a well pronounced pair
of parallel edge faces generation characteristics were found to approach
the ideal.

In Figures 1 and 2 are shown the typical curves of intensity and a half-
width of the band at 23.692 cm ™! as well as the intensity of integral fluores-
cence versus pumping intensity as observed from the back and edge faces.
From these data it follows:

+ Such a method for holding crystal temperature at different pumpings assumes naturally
the establishment of thermodynamic equilibrium in the crystal lattice. This however requires
an additional study.
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FIGURE ! Dependence of the anthracene crystal edge fluorescence L on the pumping power /.
Fluorescence intensity in maximum of the amplified band at 23,692 cm ™', curve 1. The points
A and B correspond to arbitrary threshold values ¢!’ and I{?’ respectively. Half-width A7 of the
amplified band, curve 2. Complete fluorescence spectrum intensity, curve 3. Fluorescence
intensity in maximum of the amplified band in the sample with partly destroyed edges
(I, = 101 ), curve 4.

1) Sharp growth occurs in the 23692 cm ™ ! band beginning from the pump-
ing threshold value I'" of (3-6) x 10'® cm ™2 sec™ " for perfect crystals at a
thermostat temperature of 4.2°K with a focus-spot diameter of 3~4 mm.

2) The intensity of stimulated emission from the edge faces increases by
~ 103-fold as pumping increases by 34 times I{". For I > I the stimulated
emission depends linearly on a subsequent increase in excitation intensity.

3) The superlinear increase in the intensity of integral fluorescence from
the edge is followed by a sublinear increase in intensity from other directions.
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FIGURE2 Dependence of the anthracene crystal back fluorescence L on the pumping power
I. Fluorescence intensity in maximum of the amplified band at 23,692 cm™!, curve 1. Fluores-
cence intensity of the band at 24,704 cm ™!, curve 2. The half-width of the band was kept con-
stant and equal to 11.5 cm ™' Complete fluorescence spectrum intensity, curve 3.

13

For I, > I'? all the ideal crystal emission is practically concentrated in the
amplified band at 23692 cm ™! and it emits from the crystal edge.

The amplification factor® can be estimated from the pumping threshold
value I{M:

kI
%o = Brlcv AV’ @
where k is the pumping light absorption coefficient,  is the fraction of the
amplified band in the spontaneous fluorescence spectrum (~ 0.02), ¥ and
AV are frequencies and the half-width of this band (23692 cm ™! and 10 cm ™!
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at 6°K respectively). The ratio (1) relates to the case of spatially homogeneous
pumping. In our case however kd > 1 (k = 2.10*cm™! and the crystal
thickness d ~ 10™* cm) and (1) gives an overstated value of the amplification
factor equal to 2 cm™*. However, even from this estimate it follows that the
observed amplification accompanied with the concentration of the whole
emission in a single amplified band, can occur only due to repeating light
passages through the active region that is when the many passing generation
conditions arise. The direct support of this is an increase in the generation
threshold as the perfection of edges is partly disturbed (see Figure 1).

The curves of Figures 1 and 2 are regularly shifted to the region of higher
pumping by decreasing the illuminated area S of the crystal, and

L~ 18 2

Temperature measurements have shown that I} according to (1) increases
proportionally to AV over the temperature range from 6 to 30°K.
In the most perfect samples, for 7" <4.10'° cm™2sec™! at 6°K, an
amplification in the 23692 cm ™! band is observed up to 170°K where AV
increases almost by 2 orders of magnitude. For 170°K I'" ~ 8.10%! cm? sec ™ L.

Unlike the ideal model in the crystals of tower perfection, part of stimulated
emission escapes the crystal also through its front (back) surface. In this
case however, the generation threshold increases and the amplification of the
23692 cm™! band is smaller than that observed in the edge emission of
an ideal sample. In the samples of very low optical quality or in the crystals
with disturbed edges, the radiation losses can be so large that the amplification
threshold increases even more and the radiation becomes practically iso-
tropic.®? The estimates analogous to those listed above suggest that the one
passing superluminescence conditions arise in such samples. It has been
found that after irradiating perfect crystals by 10-20 Mrad doses of y-rays,
and thereby creating high concentrations of radiation defects, the generation
breaks away.

The measurement of the emission intensity from different zones of a back
face indicates that the emission issues mainly through the cracks and surface
bends. Because of this, the edge directivity of the emission turns out to be
maximum in the crystals 0.8-2 pu thick since thinner crystals are easy to
deform especially on cooling and in thicker crystals there appears greater
quantity of growing defects.

The maximum temperature at which the generation can be observed at
pumping levels less than the limit of damage (~2.102* cm™2sec™?) is
decreased in imperfect crystals. Also at the pumping levels higher than the
damage limit small craters and cracks appear.

The data obtained fit the light generation based on the modes of a total
internal reflection.



Downloaded by [Tomsk State University of Control Systems and Radio] at 07:03 23 February 2013

INTENSIVE OPTICAL PUMPING OF ANTHRACENE 171

For a constant pumping light absorption coefficient an increase in the
crystal thickness should bring about a decrease in the relative volume of
generated modes associated with the active region and as a consequence
the threshold of generation should grow. Indeed, for d ~20pu the
experimental threshold value increases up to ~ 5.102! cm™2 sec™ 1.

Concluding this section it should be noted that the light generation devel-
oping in the maximum of the phonon side-band of the pure electronic tran-
sition of a tetracene impurity in anthracene (20222 cm™*)!° has the same
specific characteristics as those found in this study in pure thin anthracene
crystals. In this case, the formation of an inverse impurity population through
the energy transfer from the host makes it possible to lower the threshold of
generation by 3-4 orders of magnitude over the direct optical impurity
pumping.' At high pumping levels in the crystals containing ~ 2.10*7 ¢cm ™3
tetracene, the generation is observed both in the intrinsic anthracene crystal
spectrum band at 23692 cm ™! and in the tetracene impurity band at 20222
cm™ ! with the intensities of the last becoming independent on the pumping
which is due to the excition concentration stabilization in the conditions of
intrinsic generation. In this case the primary issue of impurity stimulated
emission occurs from edge crystal faces in contrast with the intrinsic one
going out from front and back faces due to additional losses of intrinsic
radiation connected with tetracene absorption.

3.2 Nonlinear quenching

In reference to the introduction, the nonlinear quenching is provided by
radiationless deactivation of excitons under their mutual collisions. In gener-
ation conditions, however, the exciton concentration becomes independent
of pumping and the experimental dependence of fluorescence intensity on
pumping is not associated with the process of exciton interaction at ail. On the
other hand, the edge generation could be followed by the sublinear depend-
ence of front or back emission on pumping from which the incorrect values of
quenching constants can be extracted. Therefore, the nonlinear quenching
should be investigated in the conditions of safe absence of the light generation.

The threshold of generation was shown to be dependent on the crystal
thickness, a focus-spot diameter and the temperature. This reason allowed
ones to increase the threshold of generation so that to investigate the non-
linear quenching with the generation absent.

In Figure 3 is shown the typical curve of nonlinear quenching (1) for the
perfect crystal with a well developed edge generation which was subsequently
suppressed by decreasing a focus-spot diameter and by disturbing the sample
edges. A bath temperature was 4.2°K. The quenching constant is 10~° cm?
sec™ !, which is substantially lower than the value 1.107 8 cm?® sec™ ! usually
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FIGURE 3 Dependence of the quantum yield ® of the anthracene crystal complete back
fluorescence on the pumping power 7 in perfect sample (K, ~ 107° cm® sec™ ) curve 1, and in
a sample of poor quality (K, =~ 6.107° cm® sec™!), curve 2.

cited for the anthracene crystal.*> The same figure gives the curve of non-
linear quenching (2) for a less perfect sample. A lower amplification in the
band 23692 cm ™ * was observed in this crystal at a large focus-spot diameter.
The appropriate quenching constant proved to be equal to ~ 6.107° ¢cm?
sec” *. In samples cut from an monocrystalline anthracene ingot grown from
the melt, the quenching constant ~ 10~ % cm?® sec™! was found as in Ref. 5.
The irradiation of the most perfect crystals by the y-source is also followed by
an increase in the quenching constant up to ~ 1078 cm? sec ™%,

The investigations of the quenching constant dependence on the temper-
ature in the crystals of different perfection have been carried out. The quench-
ing constant of perfect sublimated samples increases from 107° ¢cm?® sec ™!
at 7°K to 6.1077 cm?® sec ™! at 300°K. In defect crystals, the quenching con-
stant (0.5-1.0) 10~ ® cm? sec™ ! is practically independent on the temperature.

The total set of experimental data is by far indicative of high sensitivity of
nonlinear quenching to the structural crystal perfection.

It can be assumed that the quenching constant of the most perfect an-
thracene crystals approaching 10™° ¢cm® sec™ ! stipulated the direct exciton
interaction at rather low temperatures. Its increase in the less perfect samples
with different kinds of defects, should be explained by some “catalitic”
effect of these disturbances. In this case the exciton annihilation presumably
involves the intermediate state of so-called a local biexciton.'” The temper-
ature dependence of the quenching constant also becomes more or less clear.
In the case the quenching constant is determined by defects, the quenching
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does not depend on the temperature like the concentration of these distur-
bances. On the other hand, the thermal lattice vibrations and thermody-
namics defects determine the temperature dependence of quenching constant
of perfect crystals.

The above cited value of the quenching constant in the most perfect crystals
means that quenching in a light generation regime may be neglected since the
exciton concentration, stabilized on the threshold of generation, is rather
small. In less perfect samples with the quenching constant ~ 1078 cm3 sec™ !,
the threshold of generation is preceded by the sublinear dependence of
fluorescence intensity on pumping for I < IV,

4 CONCLUSION

A thorough study of fluorescence in different anthracene crystals over the
wide range of optical pumping makes it possible to find the conditions for
separate investigation of light generation and the exciton-exciton radiation-
less annihilation.

One of the essential results obtained was the detection of high sensitivity
of these processes to the structural perfection. Of interest is the nontrivial
effect of the third body, and, in particular, of lattice defects in the process of
exciton pair annihilation.

Proceeding from the data obtained, the most appropriate conditions for the
formation of maximum density exciton gas are realized in the perfect crystals
2-3 u thick with disturbed edges and with the focus-spot diameter less than
0.4 mm. The estimates show in these conditions, one can achieve the exciton
concentration ~ 2.10'® cm ™32 through the nitrogen laser with above cited
parameters. The pumping level is herein restricted to ~ 2.10%*> cm™? sec ™!
since higher intensities cause crystal damage. If the crystal is placed in this
case into the bath with superfluid helium {~ 1.5°K), its heating by the pump-
ing light can amount to ~ 6°.

It should also be expected that the stimulated emission, in turn, offers a
number of experimental possibilities for the study of the dynamics of mole-
cular excitons, the mechanisms of energy transfer by excitons and the elec-
tronic-vibrational relaxation of the excitation energy. The most obvious of
these applications is the determination of temperature dependence of the
constants of energy transfer to impurities from the temperature dependence
of their flourescence under conditions of generation in the host.

Since the reduction in exciton lifetime caused by stimulated emission is
comparable to the effects of other kinds of relaxations, it should be possible
to investigate the role played by phonons in the process of energy transfer and
in creating nonequilibrium distributions of excitons in the band.
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Finally, the excitation of fluorescence by laser light of different wave
lengths can allow the determination of the radiationless intra-and inter-
molecular relaxation rates.
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