
parameter u,, and S is the band intensity. The band 
width W averaged over the angles of photon emergence 
from the gas layer is equal to ~ / 2 .  

Formula (12) is valid only at p << 1 and does not con- 
tain the case of thermodynamic equilibrium a s  the lim- 
it.') At p>> 1 the radiation flux is formed mainly near 
the boundary of the gas layer, where the concentration 
of the vibrationally excited molecules is no longer de- 
termined by (11). 

The physical situation considered in the present paper 
is realized at gas densities N- 1012 to 10" cm-3 and a t  
temperatures T-150 to  300 K, ranges which a re  char- 
acteristic of the upper atmospheres of planets. The 
results obtained here can be generalized to include the 
case of an inhomogeneous molecular gas and used in 
the investigation of upper atmospheres. 

The authors thank V. I. Kogan and B. M. Smirnov for  
valuable discussions. 

 his case is referred to as  "semi-infinite medium" in the 
theory of resonant-radiation transport. On the contrary, the 
case Do >.>@ is called "pure scattering. " 

2 ) ~ h e  equilibrium values of the band width Ware given in the 
papers of Smirnov and Shlyapnikov. [3*4*15' 

3 ) ~ h i s  case was considered earlier by ~hved,[ '~]  where a sys- 
tem of equations was analyzed for the populations of the 
vibrational-rotational levels of the molecules. 

4)In the case of thermodynamic equilibrium, the known for- 
mulas for the radiation flux of an equilibrium gas[1o1 make it 

possible to obtain the following relations for the equivalent 
band widths: 

'G. N. Plass, J. Opt. Soc. Am. 48, 690 (1958). 
2 ~ .  M. Goody, Atmospheric Radiation, Oxford Univ. Press, 

1964. 
3 ~ .  M. Smirnov and G. V. Shlyapnikov, Khimiya plazrny 

(Plasma chemistry), collected.reviews ed. B. M. Smirnov, 
Atomizdat, 1976, p, 130. 

M. Smirnov and G. V. Shlyapnikov, Preprint IAE No. 
2703; Opt. Spektrosk. 42, 1070 (1977) Dpt. Spectrosc. 
(USSR) 42, 616 6977)J. 

5 ~ .  M. Biberman,-Zh. Eksp. Teor. Fiz. 17, 416 (1947); 19, 
584 6949); Dokl. Akad. Nauk SSSR 59, 659 (1948). 
9. Holstein, Phys. Rev. 72, 1212 (1947); 83, 1159 6951). 
'A. P. Vasil'ev and V. I. Kogan, Dokl. Akad. Nauk SSSR 170, 

1044 (1966) [Sov. Phys. Dokl. 11, 706 (1967)l. 
8 ~ .  I. Kogan, V. A.  Abramov, and A. P .  Vasil'ev, J. Quant. 

Spectrosc. l$diat. Transfer 8, 1833 (1968). 
'A. V. Eletskii, L. A. Parkina, 3nd B. M. Smirnov, Yavleni- 

ya perenosa v slaboionizovannoi plazme (Transport Phenom- 
ena in a Weakly Ionized Plasma), Atomizdat, 1975. 

I%. M. Smirnov, Fizika slaboionizovannogo gaza (Physics of 
Weakly Ionized Gas), Nauka, 1972. 

"v. V. Ivanov, Perenos izlucheniya i spektry nebesnykh tel 
(Radiation Transport and Spectra of Celestial Bodies), 
Nauka, 1969. 

1 2 ~ .  P. Napartovich, Teplofiz. Vys. Temp. 9, 26 (1971). 
I3w. M. Elsasser,  Harvard Meteorological Studies, No. 6, 

Harvard Univ. Press ,  1942. 
1 4 ~ .  M. Goody and J. Roy. Meteorol. Soc. 78, 165 (1952). 
15B. M. Smirnov and G. V. Shlyapnikov, Teplofiz. Vys. Temp. 

14, 26 (1976). 
1 6 ~ .  Arking and K. Grossman, J. Atmos. Sci. 29, 937 6972). 
"G. M. Shved, Astron. Zh. 51, 841 (1974) b v .  Astron. 18, 

499 (1975)J. 

Translated by J. G. Adashko 

Effect of electric field on the fluorescence of impurity 
anthracene crystals 
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The effect of an electric field on the fluorescense spectra of the impurity and of the matrix is investigated 
for anthracene single crystals with tetracene and pentacene as impurities, under conditions of unipolar 
injection and on the boundary of the blocking electrode. The introduction of impurities into an anthracene 
crystal produces additional lattice defects on which excitons and carriers are localized. An external 
electric field, by changing the conditions at the interface between the molecular crystal and the electrode, 
as well as the number of carriers localized on the defects in the interior of the crystal, modulates the 
intensities of the impurity and host fluorescence. The localization of the charge on a lattice defect alters 
the rate of the energy-transfer constant of the singlet excitations from the matrix molecules to the 
impurity molecules, or to a mixing of the neutral excited states with states charge transfer. It is shown 
that by investigating the effect of the electric field on the fluorescence of the impurity anthracene crystals 
it is possible to investigate not only the processes whereby excitons interact with the carriers, but also the 
lattice-structure defects that are not revealed in ordinary fluorescence spectra. 

PACS numbers: 78.50.E~. 78.60.Fi 

Introduction into anthracene crystal of impurities fluorescence. The fluorescence spectrum of the base 
that intercept singlet electrons leads to quenching and differs from that of the spectrum of the pure crystal 
modification of the structure of the fluorescence spec- more the larger the perturbing action of the impurity 
trum of the host and to the appearance of impurity molecule on the action and the larger the impurity 
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Introduction of impurity molecules into a crystal 
leads to the appearance of local states for singlet ex- 
citons. At high impurity concentrations, and also when 
the impurity i s  adsorbed on the crystal surface, the 
host fluorescence spectrum consists of broad struc- 
tureless bands that a r e  usually attributed to surface 
capture of electrons. A change from a substitutional 
solution to interblock solubility or  to escape of the im- 
purities to the surface can therefore be identified 
spectroscopically .[1*21 

The lattice si tes distorted by the presence of impurit) 
molecules can also serve as effective traps for the 
~ a r r i e r s . [ ~ - ~ l  The electric field, by changing the popu- 
lation of the traps (molecules with effects) changes the 
fraction of the excitons that lose nonradiative energy 
to the release of the charges from the traps, and by the 
same token modulate the fluorescence of both the base 
and of the A study of the influence of the 
electric field on the fluorescence can therefore provide 
a more complete explanation of the interaction between 
molecular excitons and carr iers  a s  a whole-the inter- 
action between the host and impurity  molecule^.[^'^^ 
In this paper we study the influence of an electric field 
of either polarity on the fluorescence spectra of anthra- 
cene single crystals doped with tetracene or pentacene. 
The high sensitivity of the employed experimental pro- 
cedure of measuring the effect of the field has revealed 
crystal-lattice defects, hitherto not observed in ordi- 
nary fluorescence spectra, on which the ca r r i e r s  and 
the excitons a r e  localized. 

The initial material was anthracene carefully purified 
by zone melting. The doped single crystals were grown 
by sublimation from the corresponding solid solution. 
The fluorescence was excited by light of wavelength 
A = 365 nm. The fluorescence spectra were measured 
with a photoelectric setup based on an SPM-c2 monchro- 
mator, and the radiation receiver was an FEU-79 
photomultiplier. The spectral width of the gap was 0.1 
nm in the measurement of the host fluorescence, and 
0.3 nm in the case of measurements in the impurity 
region. 

The effect of the external electric field on the fluor- 
escence spectra of anthracene single crystals doped 
with tetracene and pentacene was studied a t  293 and 
77 K. A constant or  pulsed (rectangular pulses with 
repetition frequency 30-40 Hz) electric field E up to 
lo5 V/cm, applied to measurement cells through various 
electrodes (H,O, CuI, SnO,) altered the fluorescence 
intensity of these crystals by up to 10-12%3.[~~~~ The ac- 
curacy of the measurement of AI/z~ was not worse than 
0.5% for direct current and lo-% for alternating cur- 
rent. 

Figure 1 (curve 1) shows the fluorescence spectrum 
of the initial pure anthracene single crystals a t  4.2 K. 
It is  similar to the spectra given in['0-'41 for sufficiently 
pure anthracene single crystals the spectrum shown in 
this figure i s  characterized by the most intense band 
a (25050 cm-') in the region of pure excitonic fluor- 
escence (25000-25 100 cm-I). The bands b ,  c, d, e ,  
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FIG. 1. Fluoresence spectra: 1-of pure anthracene crys- 
tals, 2-with tetracene impurity in the region of anthracene 
emission at 4 . 2  K; crystal thickness d=40 p m, impurity den- 
sity c =  5 xlod mol/mol. 

and f were identified[lS1 and correspond to intramole- 
cular vibrations a t  390, 1160, 1260, 1400, and 1540 
cm". 

~ i s o v e n k o [ ' ~ ~  has shown that the presence of disloca- 
tions in anthracene crystals leads to the appearance in 
the energy spectrum of a crystal of a new level a t  
240 cm" from the bottom of the exciton band. This 
manifests itself in the fluorescence spectra by the fact 
that in thermally deformed crystals (conditions of dis- 
location formation) there appears a t  4.2 K a new series 
of bands shifted by 240 cm-' to the long-wave side. 

In analogy with the case of thermally deformed cry- 
stals, the fluorescence spectra of anthracene doped with 
either tetracene or pentacene contain a t  4.2 K, besides 
the exciting fluorescence line typical of the pure 
anthracene crystal, also a number of additional bands 
on the long-wave side of the 0-0 band of the electronic 
transition (v,,= 25 100 cm") of pure anthracene (Fig. 1, 
curve 2). The vibrational intervals of the ser ies  of the 
additional bands correspond to frequencies close to the 
intramolecular vibrations of anthracene (Figs. 1 and 2). 
At low impurity concentrations, the largest intensity 
in the band i s  possessed by the narrow band of frequency 

A, nm 

FIG. 2. Fluoresence spectra of anthracene doped with penta- 
cene (c=105 mol/mol-curve 1 and 10-4 mol/mol-curve 2) in 
the region of anthracene emission at 4 . 2  K; d=45 p m. 
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v =  24 900 cm" (Fig. 1, curve 2). With increasing im- 
purity density, the intensity of this narrow band de- 
creases, and broader bands, shifted by 240, 310, and 
350 cm" from the 0-0 band, manifest themselves more 
strongly in the fluorescence spectrum. At high im- 
purity densities, the most pronounced i s  a band with 
approximate frequency v = 24 860 cm" and the background 
becomes noticeably stronger in this region of the spec- 
trum (Fig. 2, curve 2). 

When an external electric field i s  applied on the sam- 
ple the AI= I - I, spectrum (I,, and I a r e  the fluorescence 
intensities without the field and with the field turned 
on, respectively) acquires maxima that coincide in 
position with some of the additional bands in the field- 
free fluorescence spectrum a t  4.2 K. 

For anthracene crystals with tetracene impurity, 
the pulsed field, following illumination from the di- 
rection of the water electrode (positive voltage applied 
to the rear  electron-injecting CuI electrode) leads to 
quenching of the fluorescence in the impurity-emission 
region and to fluorescence flashes in the host region 
(Fig. 3, curve 4).   he spectral dependence of the rela- 
tive change h l / I ,  of the fluorescence intensity i s  shown 
in Fig. 3 (curve 1). The same figure shows the fluores- 
cence spectrum of this crystal a t  293 K (curve 2) with- 
out the field. Bands a re  observed in the A1 spectrum 
in the region of the emission of the host, with maxima 
at  wavelengths A = 398, 403, 422, and 445 nm, and in 
the impurity emission region a t  A = 495, 530, and 573 
nm , 

One of the characteristic features of the AI spectra 
of anthracene crystal doped with tetracene, investigated 
in a measuring cell with a hole-injecting electrode, i s  
that they have an intense band a t  402 nm, which coin- 
cides in position with the additional bands near the pure 
electronic transition in the field-free fluorescence 
spectrum. The localization of the applied electric field 

FIG. 3. Fluorescene and AI spectra of anthracene crystals 
with tetracene impurity of concentration l o 4  mol/mol; 1) AI/Io 
for crystals with H20 and CuI electrodes, 2) Zo for the same 
crystal, 3) A1 = I  -Io for a cell with a dielectric liner between 
the illuminated electrode and the crystal, when a positive 
voltage is  applied to the illuminated electrode, 4 )  A1 for a 
crystal with H20 and CuI electrodes when the positive voltage 
is applied to the rear CuI electrode; d = 4 0  pm, excitation in- 
tensity L= loi5  photons/cm2 sec, E = 2 x105 V/cm. The scale 
of I, and A1 in the A = 395 - 470 nm region is increased eight- 
fold. 
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in the surface region when the investigated crystal i s  
separated from the illuminated electrode by a thin di- 
electric liner enhances the band with A = 398 nm in the 
AI spectrum (Fig. 3, curve 3). 

Another characteristic feature of the investigated 
spectra i s  in the impurity-emission region that the AI 
spectrum i s  shifted 40 cm-' towards longer wavelengths 
than the fluorescence spectrum I, of the crystal without 
the field (curve 3 of Fig. 3, A = 470-600 nm). 

For anthracene single crystals doped with tetracene, 
the fluorescence spectrum of the host barely differs in 
the position of its band maxima from the fluorescence 
spectrum of pure anthracene, both a t  room temperature 
and a t  77 K. 

The fluorescence spectrum of anthracene crystals 
doped with pentacene exhibits a t  293 a t  77 K, with in- 
creasing concentration, some shift and broadening of 
the bands of the host, and a small structureless back- 
ground appears, in addition to the emission of the host 
and of the impurity, in the 470-560 nm region (Fig. 4, 
curves 1 and 2). The emission intensity in this region 
increases when the temperature i s  lowered from 293 
to 77 K and drops to zero a t  4.2 K. 

In pentacene-doped anthracene crystals, an electric 
field of negative polarity relative to the illuminated 
electrode quenches the fluorescence in the emission 
regions of both the host and the impurity. When the 
field polarity i s  reversed, fluorescence buildup i s  ob- 
served. Figure 4 (curves 4-6) shows the spectral 
dependence of AI for anthracene crystals with different 
pentacene-impurity concentrations. At 293 K the AI 
spectrum (Fig. 4, curves 4 and 6) has bands with maxi- 
ma in the host-emission regions A =  398 and 402 nm and 
the impurity emission regions A =  612 and 665 nm. In 
the intermediate region 460-580 nm, crystals with large 
pentacene concentration (curve 4) have a broad struc- 
tureless band. When the temperature i s  lowered to 77 K 
the intensity of this broad structureless band is greatly 
enhanced (Fig. 4, curve 5). The influence of the electric 

FIG. 4. Fluorescence and A1 spectra of anthracene crystals 
doped with anthracene; 1  and 2) fluorescence spectra at 77 K 
and with c equal to and lom4 mol/mol, respectively, 
3) absorption spectrum at 293 K; 4 , 5 )  quenching of fluores- 
cence by a negative field at 293 and 77 K for c= lod mol/mol; 
6 )  quenching of fluorescence at 293 K and c= l o d  mol/mol. 
The fluorescence spectra were normalized to the intensity of 
the 422 nm band, d = 4 0  p m, L= l o t5  photons/cm2 sec, E =2 
x l o 5  V/cm. 



field on the pentacene impurity fluorescence decreases 
when the temperature i s  lowered to 77 K. 

The structure of the fluorescence spectra a t  4.2 and 
a t  the employed tetracene and pentacene impurities in 
the anthracene, and above all the appearance of exci- 
tonic fluorescence of the host matrix, offer evidence 
that the limit of solubility of the tetracene and pentacene 
impurities has not been exceeded in the mixed crys- 
t a l ~ . [ ' ~ ~ ~  Therefore the additional ser ies  of bands in the 
anthracene emission region can be regarded as emis- 
sion of anthracene molecules located a t  si tes distorted 
by the introduction of impurity molecules of different 
shape, position, and dimensions. With decreasing tem- 
perature, the role of the additional radiation increases, 
and the transfer of energy from the host molecules to 
the impurity decreases. This decreases the influence 
of the electric field on the fluorescence of the penta- 
cene-doped anthracene crystals in the impurity-emis- 
sion region and to an enhancement in the region of the 
additional radiation near the 0-0 band and in the 460- 
580 nm region (Fig. 4, curve 5). Comparison of the 
fluorescence spectra of the tetracene-doped anthracene 
crystals at 4.2 with the fluorescence spectra in an elec- 
tric field shows that the greatest changes in the AI 
spectrum a r e  observed a t  A =  402 nm, i.e., in the region 
where the additional radiation comes into play. The 
additional luminescence constitutes radiation by loca- 
lized excitons, and the change of its intensity under the 
influence of the electric field thus indicates that the 
change i s  the result of interaction between the localized 
excitons and the ca r r i e r s  captured by traps in the same 
region where the lattice is deformed by the impurity 
molecule. This result demonstrates directly that the 
anthracene molecules in the defect si tes of the lattice 
a r e  capable of deeply trapping the carriers.  

The study of the effect of the electric field on the 
fluorescence spectrum allows us  to conclude that this 
phenomenon can be used for the experimental observa- 
tion of the local states for singlet excitons, which 
hardly appear in ordinary fluorescence spectra, and 
also to observe emission from centers of non-excitonic 
origin, whose concentration in the crystals can be quite 
minute. The latter refers, for example, to excimer 
luninescence, which is detected by the effect of the 
electric field on the fluorescence in the 450-580 nm 
region for anthracene doped with pentacene (Fig. 4, 
curve 5). That the emission in this region can be of 
excimer origin i s  apparently evidenced by the qualita- 
tive agreement between the form of the spectrum and 
the excimer luminescence of anthracene solutions['61 
and of hydrostatically compressed anthracene crys- 
tals.['lJ 

An impurity molecule that differs greatly in i ts  en- 
ergy structure from the host molecules can be regarded 
a s  a deep trap for excitons and carr iers ,  surrounded 
by a region of deformed host molecules that produce 
shallow traps. The motion of either the excitons or the 
carr iers  in the doped crystal consists of motion in the 
undeformed lattice, localization on the structural defect 
whose effective range depends on the degree of lattice 
deformation, followed by capture by the impurity acting 

as a deep trap. The probability of capture of both the 
ca r r i e r  and the exciton by the impurity depends strongly 
on the dimensions of the deformation region around the 
impurity molecule. 

The experimentally observed decrease (increase of 
the fluorescence of the host in anthracene crystals 
doped with tetracene and the increase (decrease) of the 
fluorescence of the impurity with changing sign of the 
voltage applied to the illuminated electrode attest to a 
change in the ra te  constant of the energy transfer from 
the host molecules to the impurity molecules, due to 
ca r r i e r  localization in the region of the lattice deforma- 
tion or  on the impurity itself. 

The rate constant K,, of the energy transfer from 
the molecule of the host (donor) to the impurity mole- 
cule (acceptor) can be represented in the f o ~ - r n [ ' ~ " ~ ~  

where T, i s  the lifetime of the singlet-excited donor 
molecule, R ,  i s  the critical radius of energy transfer, 
and R i s  the distance between the donor and the ac- 
ceptor. The value of R,, which determines to a con- 
siderable degree the effectiveness of the energy trans- 
fer, i s  larger than the overlap integral of the donor 
fluorescence spectra with the absorption spectrum of 
the acceptor.['g1 Since the effective exciton-capture 
radius i s  determined, according tor'8*191, by the overlap 
integral of the acceptor-molecule absorption spectrum 
and the fluorescence of the donor molecules, it must 
be assumed that the carr ier  localization in the region 
of the lattice deformation o r  an the impurity itself will 
al ter the overlap integral and hence the effective radius 
of exciton capture by the impurity. 

It is  proposed in a number of theoretical papersr201 
that the field influences the fluorescence because it 
mixes the neutral excited states with the excited state 
and with the charge transfer, particularly in the local 
fields of cation and anion centers. The impurity mole- 
cules that have captured ca r r i e r s  of either sign in deep 
traps can also serve a s  such centers. The electric 
field, by changing the population of these traps in the 
crystal excitation region, should therefore modulate 
the intensity of the fluorescence of both the host and the 
impurity. According to this model, the effect of the 
field should have the same sign in the emission regions 
of the host and of the impurity, i.e., the quenching of 
the host fluorescence should be accompanied by the 
quenching of the impurity luminescence and vice versa. 
Experiment, however, shows that the field produces 
such an effect in the case of the pentacene impurity but 
not in the case of tetracene in anthracene. It must be 
recognized that formation of excimers in pentacene- 
doped anthracene crystals can proceed via states with 
charge transfer, and this should also lead in experiment 
to a substantial field effect.[201 

It follows from the cited experimental results that 
introduction of impurities into an anthracene crystal 
leads to formation of structure defects on which singlet 
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excitons and carr iers  can become localized. If carr iers  
of one sign (holes) a r e  injected into a doped anthracene 
crystal, the tetracene and pentacene impurity mole- 
cules as well as the structure defects produced around 
them can trap only holes. The difference in the effect 
of the electric field on the fluorescence in the emission 
region of the host in such case i s  evidence that the 
constant of the interaction of the singlet exciton with the 
trapped hole depends on the nature of the capture trans- 
fer,  and explain the great difference between the values 
obtained for this constant by different workers.c211 

The fact that the field influences the fluorescence 
only in the region of the impurity emission points to the 
dual role played by the impurities in phenomena con- 
nected with absorption of the exciting-light energy: the 
interception of the singlet excitons by the impurity 
molecules, and the capture of the ca r r i e r s  by the deep 
traps. The electric field, by changing the population 
of the traps, meaning the impurity molecules, changes 
the fraction of singlet excitons that expend in nonradia- 
tive manner their energy to release the charges from 
the deep trap, relative to the total number of excitons 
captured by the impurity, and by the same token modu- 
lates the fluorescence.of the impurity. The sign of the 
effect of the field i s  in accord with the fact that the 
tetracene impurity molecules a r e  deep traps for the 
electrons, while the pentacene molecules a r e  traps for 
the holes. 

The parallel variation of the intensities of the host 
and impurity fluorescence, for example the quenching 
in the region of the host fluorescence and the enhanced 
emission in the region of the impurity fluorescence, 
offer evidence that the rate constant of energy transfer 
from the host molecule to molecule changes in the case 
of localization of carr iers  on the impurity itself or  on 
structural defects near the impurity. 

An essential factor in the foregoing experiment i s  also 
that when an electric field i s  applied the lattice states 

that manifest themselves in the fluorescence spectrum 
a re  the same states which a r e  not observed under ordi- 
nary fluorescence-spectrum registration conditions. 

In conclusion, the authors thank Academician A. F. 
Prikhot'ko of the Ukrainian Academy of Sciences for 
supporting this research. 
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