
SOVIET PHYSICS JETP VOLUME 26, NUMBER 6 JUNE, 1968 

RECOMBINATION FLUORESCENCE OF ANTHRACENE IN A MAGNETIC FIELD 

E. L. FRANKEVICH and V. M. RUMYANTSEV 

Institute of Chemical Physics, Academy of Sciences, U.S.S.R. 

Submitted July 13, 1967 

Zh. Eksp. Teor. Fiz. 53, 1942-1954 (December, 1967) 

The quenching of recombination fluorescence by a magnetic field is discussed. Fluorescence was in
duced by double injection, of electrons and holes, from liquid electrodes into an anthracene single 
crystal. The fast and delayed fluorescence components were separated by the use of a pulsed voltage. 
It is demonstrated that a magnetic field affects only the delayed component, which appears when a high 
concentration of molecular triplet excitons accumulates in the sample. A model that can account for 
the effect of a magnetic field on fluorescence is proposed, based on the previously described variation 
in the lifetime of large-radius II excitons (charge-transfer type) produced by electron-hole recombina
tion. A novel feature of the model consists in the presence of two electron conduction bands, a narrow 
band (ei) and a higher-energy broadband (e). Recombination of the ei electrons results in the forma
tion of II excitons, which annihilate nonradiatively. The narrow- band electrons ei recombine; the 
production of molecular singlet and triplet excitons results. Injection from the electrodes takes place 
into the narrow band. Coupling between the bands can be caused by the processes ei - e (through 
ei + h - MT, MT + MT- e + h) and e - ei (which is a spontaneous process with the rate constant 
106/sec). It is concluded that delayed fluorescence of anthracene results from the recombination of 
electrons and holes that are produced when molecular triplet excitons are annihilated. 

INTRODUCTION 

RESULTS obtained by investigators of the negative 
photoconductive effect observed in anthracene that is 
placed within a magnetic field have been attributed to 
field- induced changes in the lifetime of large- radius 
excitons (the Wannier charge-transfer type). ll- 4 l When
ever carriers of both signs are produced by light (oc
curring in l 4 J when molecular triplet excitons recombine), 
the recombination of holes and electrons leads to the 
formation of charge- transfer excitons. 

High densities of holes and electrons can be injected 
into anthracene through liquid contacts containing ions 
that can transfer their charges to the anthracene. l 5 J 

Holes and electrons then also recombine in the interior 
of the crystal, which now fluoresces. By investigating 
the behavior of recombination fluorescence in a mag
netic field we can determine how the fluorescence is re
lated to charge-transfer excitons, which appear to be 
individual states that are sensitive to magnetic fields, 
and to account for the production of these excitons in 
connection with electron-hole recombination. 

In the present work, performed on anthracene single 
crystals, we have observed the variation of fluorescence 
intensity in a magnetic field1 J and we have proceeded to 
discuss the role of charge-transfer excitons in the new 
effect. 

EXPERIMENT 

We achieved double carrier injection into an anthra
cene single crystal by means of liquid contacts (holes 
from a solution of anthracene and AlCl3 in nitromethane, 
and electrons from a solution of anthracene and Na in 
tetrahydrofuran) similar to those used in l5J. Our anthra-

!)We have previously published a brief communication concerning 
the observed effect of magnetic fields on fluorescence. [6 ] 

FIG. I. Scheme for measuring current and fluorescence in a mag
netic field following double injection of charges into anthracene. !
anthracene single crystal, 2-electrometer amplifier (for measuring cur
re!J.t through the samples), 3 and 6-compensating circuits, 4-carrier
injecting electrodes (arbitrary representation), S-light-tight chamber, 
7-microvoltmeter (for measuring photomultiplier signals), 8-photo
multiplier. 

cene single crystals had been grown by the NRC of 
Canada by means of crystallization from a solution of 
chromatographic zone-refined anthracene. 2 J The sam
ples, which had been cut along the ab cleavage plane, 
had thicknesses in the range 0.5-2 mm; the area of 
contact with an electrode was 0.1 cm2 • 

The anthracene sample was placed in a light-tight 
chamber mounted in the gap of a permanent magnet. 
The photomultiplier and all measuring instruments were 
mounted far enough away from the magnet to avoid 
stray-field effects. The sensitivity of the photomulti
plier changed less than 0.2% when the magnetic field 
was switched on and light was registered coming from 
a control source that replaced the sample. 

The experimental arrangement is shown in Fig. 1. 
Measurements were obtained by applying to the elec
trodes either a constant voltage or pulses having ampli
tudes up to 1200 V and 10-2000-j.J.sec durations. These 

2lThe authors are very grateful to Professor W. G. Schneider and his 
collaborators for the anthracene single crystals. 
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FIG. 2 FIG. 3 

FIG. 2. Dependence of i, L, Ai/i, and AL/L on voltage applied to 
electrodes of a single-crystal 0.07 em thick in a 3000-0e field. 

FIG. 3. Same as Fig. 3 for a single-crystal 0.2 em thick in a 
3000-0e field. 

pulses were furnished by a GIS- 2M pulse generator and 
amplifier. An Sl-4 oscillograph was used to register 
the shapes, amplitudes, and durations of the pulses, 
along with the current flowing through the sample and 
fluorescence from the latter. In the registration of 
mean currents through the sample and the fluorescence 
the input circuits of the amplifiers were characterized 
by RC = 1-2 sec; in the pulse shape measurements, 
RC = 5 x 10-6 sec. The high stability and long time con
stants of the measuring instruments in conjunction with 
the compensating circuits enabled us to measure rela
tive current changes ::o- 0.03% and relative fluorescence 
changes ::o- 0.1%. 

The intensity ratio of the fast (Lf) and delayed (Ls) 
fluorescence components was determined from the os
cillograms. The rise times of these components differed 
greatly; for the fast component and for the current we 
had T;,; 10 !J.Sec, while for the delayed component 
T ~ 1000 j.J.sec. The component ratio could also be de
termined from measurements of the mean fluorescence 
intensity using voltage pulses of different durations. 

RESULTS 

It was observed that both the current i through the 
sample and the fluorescence intensity L were affected 
by switching on the magnetic field. The relative changes 
t.i/i and t.L/L increased with the magnetic field, reach
ing saturation at;,; 3000 Oe. [6 J Figures 2 and 3 show 
the dependences on applied voltage that were exhibited 
by the current i, the fluorescence intensity L, and the 
maximal ratios t.i/i and t.L/L in a magnetic field. The 
curves in Figs. 2 and 3 pertain to crystals of different 
thicknesses. The values of t.i/i and t.L/L were not 
affected by reversal of the magnetic field. 

At low voltages the current flowing through the crys
tal is represented by i ~ yn and the fluorescence in
creases very steeply with V (in Fig. 2: for fields to 
600 V, n = 5 and L ~ V12). The respective powers of V 
representing i and L varied among the different crystals 
but remained high. For V > 600 V (Fig. 2) the current
voltage relation becomes linear. In thick crystals 
(l = 2 mm) an ohmic region appeared at very high volt-

V, volts V, volts 

FIG. 4. Dependence of i, L, and AL/L on pulse amplitude; i', L', and 
AL/L designates curves obtained at constant voltages. Crystal thickness 
0.1 em; magnetic field 3000 Oe. 
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FIG. 5. Dependence of L (photomultiplier output in mV) and AL/L 
on pulse duration for different voltages: V1 = 870 V, V 2 = 500 V, and 
V3 =300V. 

ages (>2000 V), as well as a region where i ~ V2 

(Fig. 3). 
By using a pulsed voltage we established conditions 

in which no charge was bound in traps of the crystal 
bulk. [?J When the pulse duration T considerably exceeds 
the time required to populate traps the current is gov
erned by the space charge of free carriers. The meas
urements showed that when T/T < 10-2 (where T/T is 
the duty factor and T is the spacing of the pulses) the 
mean current 1 and the mean intensity L increase 
linearly with T/T. Figure 4 shows peaks of i and L de
termined from 1, L, and the duty factor as functions of 
the pulse amplitude. The lower curves provide com
parison (i' and L') at constant voltages. It appears that 
when traps no longer play a part i and L are augmented 
by about one order of magnitude, although t.i/i and 
t.L/L remain unchanged. 

We can expect that the delayed fluorescence compon
ent will not be present in the short-pulse case. This 
component depends on the recombination of triplet ex
citons and its rise time depends on the lifetime 
TT;,; 10-3 sec[5 J of the latter. The delayed component 
Ls should be present when T > TT· [5 J Thus at any given 
voltage the peak values of L will depend on T. Figure 5 
shows the peaks of L plotted as functions of T at three 
different voltages: 870, 500, and 300 v. The curve for 
870 V (V1) shows a distinct step; the height ratio be
tween long and short pulses is here 1.7: 1 = (Lf + Ls)/Lf, 
which corresponds to the already known ratio Ls/Lf 
= 0.65 ± 0.1. [5 J The step is less pronounced at 500 V 
(V2) and does not appear at 300 V (V3). It follows that 
when V < 870 volts the concentration of triplets genera
ted through hole-electron recombination is insufficient 
to ensure their total participation in the processes de
termining delayed fluorescence; recombination proces
ses do not account for the disappearance of all triplet 
excitons. 
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100 1000 f,, ~.tsec 

FIG. 6. Dependence of o = Ls/Lf and dL/L on pulse duration r. V = 
870 V, H = 3000 Oe, I = 0.1 em. In the circles on the left and right are 
shown the fluorescence pulse shapes associated with short (r = 0.1 msec:) 
and long (r = 2 msec) square pulses, respectively, applied to the crystal. 
The slow rise of fluorescence in the right-hand pulse resulted from the 
delayed component Ls. 

Figure 5 also shows the variation of dL/L in a mag
netic field at 870 and 500 V; this is characterized by the 
same values of T as for the delayed component. The de-
layed component, which increases like ldL/LI with the 
pulse amplitude, was also observed directly in oscillo
grams of fluorescence pulses. Figure 6 shows the de
pendence of 5 = Ls/Lf and dL/L on pulse duration T at 
870 V and f = 2.7 Hz; this was also plotted from the os
cillograms. The same figure shows the shapes of fluor-
escence pulses for T1 = 2 f.LSec and T 2 = 100 f.LSec. Fig
ures 5 and 6 demonstrate that L is sensitive to a mag
netic field only when the delayed component is present. 

Figure 7 shows the variation of di/i in a magnetic 
field as a function of pulse height for two pulse dura
tions. Figure 8 shows the dependence of di/i on pulse 
duration T at a single frequency for two voltages. These 
results prove that the current changes in a magnetic 
field, like the variations in the fluorescence, require the 
presence of delayed fluorescence and thus the presence 
of molecular triplet excitons. 

DISCUSSION OF RESULTS 

1. Current-voltage characteristics for doubly-injec
ted currents. The current curves in Figs. 2 and 3 ex
hibit a steep rise region (A) (i ~ vn, n > 2), a quadratic 
region (B) (n = 2), and a linear region (C) (n = 1). These 
curves are characterized by the fact that the three dif
ferent regions do not appear to the same extent in each 
crystal, as can be understood from the following con
siderations. At low voltages the current through the 
crystal is governed by the space charge, and in the 
presence of traps its rise depends on voltage as 
i ~ vn, laJ with n > 2; the exponent depends on the trap 
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FIG. 7. Dependence of di/i on pulse 
amplitude for two different pulse dura
tions: r 1 = 0.1 msec, r 2 = 1.4 msec, H = 
3000 Oe, I = 0.2 em. 
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FIG. 8. Dependence of di/i on pulse duration r for different pulse 
amplitudes: V1 = 950, V2 = 620 volts. H = 3000 Oe, l = 0.2 em. 

properties. Traps are filled as the current increases; 
all traps are filled at a certain voltage Vt that depends 
on the trap concentration. For V > Vt the current obeys 
the law i ~ V2 • In the presence of an infinite reservoir 
of carriers this law would be observed at all voltages 
V > Vt· l 9' 10 J However, in a liquid electrode the carrier 
concentration that can be injected into a crystal is finite 
(no). Therefore the maximum possible current is given 
by im = no(J-1.+ + J-1.-)SVe/Z, where J-1.+ and f.L- are the car
rier mobilities and S is the electrode area. 

Current-voltage curves exhibit two regions A and B, 
or three regions A, B, and C, respectively (Figs. 2 and 
3)' depending on whether the transition from i ~ vn to 
i ~ V2 or the exhaustion of the electrodes occurs ear
lier. When a pulsed voltage is applied the space charge 
depends only on the number of free carriers. Therefore 
we have i ~ V2 (Fig. 4). The linear region was ordin
arily not reached, as a possible result of the fact that 
pulsed injection exhausts an electrode more slowly. 

2. General character of the voltage dependence of 
L, dL/L, and ~i/i. The interpretation of our results 
does not require that we begin with any hypotheses re
garding the detailed mechanism of magnetic field influ
ence on i and L besides the one that was justified in l 2 · 4 J: 

the magnetic field influences the rate of carrier recom
bination. 

We find that the electron and hole currents vary with 
depth in the sample (along the x coordinate) because of 
recombination in the bulk of the crystal. The current 
density is j = j+ + j.. From the continuity equation for 
holes, which is 

k 
E2 hU-h) 

e I'+ 1'-dx 
(1) 

with the condition j+ = %j at the center of the sample at 
x = 0 (where k is the carrier- recombination rate con
stant, E is the mean electric field in the sample, and 
f.L+, f.L- are the carrier mobilities), we obtain 

i+ = j { 1 + exp [....!!!!.___ ]}-' 
eE21!+ 11-

(2) 

Th iS solution was obtained neglecting space charge and 
assuming complete symmetry of electron and hole be
havior. 

The fraction of carriers that recombine during their 
passage through the crystal is given by 

r= 1- h(l/2) e<>'-e-al (3) 
i+(-1/2) 1 + eal 
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where a = kj/2eE 2!l+ll- and l is the thickness of the sam
ple. When al « 1 [which corresponds to j/E2 « (2-8) 
x 10-13 a/ em 2 V 2 as a function of Z], we have r = al. When 
kl » 1 [corresponding to j/E2 » (2-8) x 10-13 a/cm2 V2], 

we haver= 1. 
Since current variations in a magnetic field are as

sociated with variations in the carrier recombination 
rate, we have ~i/i ~ r. For different segments of the 
current-voltage characteristic we obtain: 

A (n > 2) ~i/i ~ En 2 (Fig. 3), 
B (n = 2) ~i/i = const (Fig. 3), 
C (n = 1) ~i/i ~ E-1 (Figs. 2 and 3). 
The fluorescence intensity resulting from carrier 

recombination is given by L = Sjr. We have L ~ E 2 <n- t> 
L ~ E2 , and L = const for the regions A, B, and C, 
respectively. In a magnetic field ~L/L ~ ~r/r 
= const. 3 > 

3. Magnetic-field dependence of fluorescence and 
current. a) It follows from l 2- 4 J that in anthracene the 
states which are "sensitive" to a magnetic field are 
large charge- exchange excitons, which we shall denote 
hereinafter by the II. The changed lifetime of II excitons 
in a magnetic field results from the mixing of the lj! 
functions representing para and ortho (with m = 0) ex
citon states. When these two magnetosensitive states 
are formed with equal probability, as in the case of the 
recombination of free electrons and holes, one- third of 
the long-lived ortho-excitons become short-lived as a 
result of mixing. We can expect that the reduced life
time of II excitons in a magnetic field will result in a 
smaller current through the sample if it is a true hypo
thesis that these excitons are generated through hole 
recombination and partial reverse dissociation. lltJ 

Confirmation of this expectation is found in the experi
mental results shown in Figs. 2 and 3. 

b) The II excitons generated in carrier recombination 
can, as a general rule, induce both increased and de
creased fluorescence intensity in magnetic fields. We 
know that the fluorescence observed as a result of hole
electron recombination represents the deexcitation of 
molecular singlet excitons. [t 2 J This result is found to 
be consistent with the formation of charge-transfer 
excitons if we assume, for example, that molecular ex
citons are formed from charge-transfer excitons:4 > 

e + h-+ 1/,II, + 3/,II,, 
hv 

II1 -+ Ms·---+ M, 

(4) 

(5) 

where II 1 and II 3 are para- and ortho-excitons, M~ 
represents molecular singlet excitons, and M is the 
ground state of anthracene. The magnetic field mixing 
ortho- (with m = 0) and para- II exciton states that are 
filled with equal probabilities will transform a fraction 
of the longer-lived II 3 states into II, states. However, 
in accordance with Eq. ( 5), this effect should lead to 
enhanced fluorescence. Since experiment has shown 
that L decreases in a magnetic field we must reject the 
scheme of successive exciton formation represented by 
(5). 

c) A reduction of L when the rate of II, generation is 
enhanced will result from the scheme described by the 

3lThe dependence of ~L/L onE will be discussed in greater detail 
below. 

4lThis hypothesis was advanced in (1 3 ]. 

following equations, where II excitons and molecular 
excitons are formed in parallel processes: 

e + h-+ a( 1/ 4II, + 3/,II,), (6a) 
e + h-+ (1 -a) (1/ 4Ms· + 3/,MT*). (6b) 

Here a is the probability of II exciton generation in the 
recombination event and M* is a molecular triplet ex
citon. 

According to (6) the diminished II exciton lifetime 
leads to an enhanced rate of carrier recombination 
(in 6a), because a smaller fraction of II excitons dis
sociate into carriers, and thus to reduced carrier con
centration. At the same time the fluorescence caused 
only through process (6b) also diminishes. 

The scheme represented by Eq. (6) accounts for the 
variation of i and L in a magnetic field and for the sign 
of ~L/L, but is hardly consistent with several other 
types of data. First, it follows froml 5 ' 14 J that the num
ber of fluorescence quanta corresponds to the number 
of carriers recombining via process (6b) at a = 0. At 
the same time the results obtained from the investiga
tion of anthracene photoconductivity in a magnetic field 
require the occurrence mainly of process (6a) with 
a = 1; otherwise one cannot account for the large nega
tive photomagnetic effect observed experimentally (up 
to 12%). l 3 ' 4 ' 11 J Secondly, with a> 0 it is impossible to 
account for the fact that the delayed and fast fluores
cence components are equal according to lsJ while 
Ls/Lf = 0.6 in our work. Considering that carriers are 
produced through the annihilation of molecular triplet 
excitons MT, l 4 J it can easily be shown that according to 
the scheme of (6) this ratio becomes Ls/Lf 
= 3(1- a)/(5- 3a) and disagrees with experiment when 
a = 0.2 is reached. This scheme is therefore unsatis
factory. 

d) When comparing the foregoing data obtained with 
the injection of carriers into anthracene and with their 
photoproduction, one must remember that molecular 
excitons M* and charge-transfer excitons II are genera
ted via different processes: the recombination of injec
ted electrons and holes in the first instance and the 
recombination of photoelectrons and holes in the sec
ond instance. It is reasonable to assume that the state 
of the recombining charges can determine which type of 
exciton will be generated. 

By contrast with the case for carrier photoproduc
tion, in the injection case a considerably longer time t 
elapses between the entrance of a carrier into the crys
tal and the recombination event. The time difference is 
associated with the fact that when carriers are photo
produced subject to a magnetic effect the density of 
electrons and holes in the region where they are gener
ated by strongly absorbed light considerably exceeds 
their density in the double-injection case. In photo
production the carrier density is such that a large frac
tion will recombine in a layer ~10-4 em thick. Under 
these conditions the magnetic field has maximal influ
ence on the photocurrent; l 3 ' 4 J the layer in which injected 
carriers recombine is 0.1-0.2 em thick. The ratio be
tween the electron and hole concentrations in these two 
cases is estimated to be ~102 • 

When tis large, carriers can be trapped; then free 
and bound charges will recombine. The trapping of in
jected carriers is made evident by the steep dependence 
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of i on V at low voltages. To determine the importance 
of trapping in connection with the magnetic effect, we 
injected pulsed currents into a crystal. For T/T < 10-2 

the peak values of i and L rose much more steeply than 
in the case of steady injection; this result provides evi
dence that the current was losing carriers through 
trapping (Fig. 4). However, in a magnetic field ~L/L 
retained the same value as during continuous injection, 
thus providing evidence that the magnetic effect is not 
essentially affected by the presence of bound charges. 

e) We shall now consider one additional difference 
between the recombination processes in the two cases 
being compared. When carriers are injected from elec
trodes containing positive and negative anthracene ions 
the crystal will contain charges localized on individual 
anthracene molecules (M+ and M-). In this case the car
riers are tightly bound to the molecules and the elec
trical conductivity represents the motion of electrons 
in a narrow conduction band. It has been suggested 
frequentlyl13 ' 15 ' 16 J that anthracene also possesses a 
broad conduction band lying above the narrow band, 
with the separation of these two bands approximately 
equal to the affinity between electrons and anthracene 
molecules. Electrons in the broad band could possess 
greater mobility, but their lifetime would be limited by 
transitions to the narrow band (and by recombination 
processes). It appears that photoexcitation generates 
electrons in a broad conduction band. (It must be as
sumed that this generation occurs when molecular trip
let ions are annihilated. l 4 J) 

We shall assume that electron recombination in the 
broad and narrow bands leads to respectively different 
consequences. In the broad band electrons and holes 
can unite to produce a charge-exchange exciton (II). 
These excitons are not generated in the narrow band, 
where recombination results in M* excitation. 

The conditions assumed here for the generation of 
large II excitons are easily justified: The formation of 
a dynamical system consisting of a bound electron-hole 
pair requires a long mean free path and therefore high 
mobility that will enable an electron to revolve around 
a hole.l 17 J These conditions are clearly not fulfilled if 
it is assumed that II excitons are generated by electrons 
moving in the narrow conduction band (with mobility 
~o.5 cm2/V-sec). 

We thus advance the hypothesis that recombination 
involves the following processes of exciton generation: 

e; + h-+ 'I,Ms* + 3I,Mr*, 

e + h-+ '!.II, + 3I,Ih. 

(7a) 

(7b) 

Here e and ei are electrons in the broad and narrow 
conduction bands, respectively. 

The lowest exciton level II1 evidently lies below the 
molecular singlet exciton level M~ at 3.15 eV, ll 2 J so 
that the annihilation of II1 is radiationless. These rela
tive locations of the II1 and M~ levels are supported 
both theoretically[lsJ and by experimental data on the 
positive magnetic effect which indicate that the direct 
populating of the II1 state from M* is possible. l2 ' 19l 

Our present results indicate that the investigated 
fluorescence is sensitive to a magnetic field only when 
the crystal contains molecular triplet excitons (Figs. 
5-7). Since it was previously shown that the annihila
tion of the triplets results in carrier generation, l4 J 

L I 

I 
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I 
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FlG. 9. Transition scheme in an anthracene crystal following double 
current injection or the photoproduction of molecular singlet excitons. 
The relative positions of the levels representing molecular excitons M* 
and charge-transfer excitons II are arbitrary. The dotted line designates 
the main path of carrier transformation and recombination in the case 
of injection. The dashed line designates the path of carrier generation 
and recombination in the case of crystal excitation by high intensity 
light. L designates fluorescence. The wavy lines designate radiationless 
transitions, and the paired arrows pertain to transitions in bimolecular 
processes. 

carrier injection into the narrow band leads to electron 
generation in the broad band via the process 

(8) 

Therefore, the appearance of carriers in the broad con
duction band and, consequently, the generation of "mag
netosensiti ve" II excitons constitutes, according to (7) 
and ( 8), a direct consequence of the presence of mole
cular triplet excitons. 

Figure 9 illustrates the difference of the circumstan
ces attending the generation of excitons and fluorescence 
by the two means of crystal excitation-carrier injection 
and very intense light-as represented in (7) and (8). 
The dotted and dashed lines designate the main paths of 
carrier generation and annihilation. In the first case 
recombination occurs mainly from the narrow conduction 
band, in the second case from the broad band. The ratio 
between the two paths of recombination clearly depends 
on the probabilities that electrons in the broad band will 
recombine with holes or will drop into the narrow band. 
Therefore this ratio depends on the crystal excitation 
density. 

f) Our present results enable us, within the frame
work of the scheme represented by (7) and (8) (Fig. 9), 
to evaluate the rate of electron transitions from the 
broad to the narrow band. Let us consider a system of 
equations describing stationary concentrations of elec
trons and triplet excitons, averaged over a sample: 

dn; I dt = j_k I el ~ kn;np ~ ~n; + vn = 0, (9) 

dn I dt = 1l2vnr2 ~ knnnp- (v + f:l')n = 0, (10) 

dnr I dt = 3l,kn;np ~ k,nT ~ vnr' = 0. (11) 

In (9)-( 11), j!_{ is the electron current density at the 
cathode [j!_{ = j~ = j/(2- r)], ni, n, and np are the elec
tron concentrations in the narrow and broad bands and 
the hole concentration; krr is the effective rate constant 
of hole recombination with electrons in the wide zone, 
varying with the magnetic field; v is the rate constant 
of e - ei transitions; {3 and {3' are the reciprocals of 
electron transit times in the narrow and broad bands; 
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k, is the rate constant of the radiationless annihilation 
of triplet excitons; nT is the concentration of triplet 
excitons; y is the rate constant of the bimolecular anni
hilation of triplet excitons. 

For krrnp « v + {3' the solutions (9)-(11) lead to 

Sl S j_• [ 3v J L=-kninp=-- 1+ . 
4 4 e 8krrn 1, + 5v + fW (12) 

This expression holds for the complete recombination 
of injected carriers in the crystal bulk [ 1/ 2knp » {3 in (9)], 
and occurs on segments of the current-voltage curves 
where i ~ V2 • Moreover, in deriving (12) it was as
sumed that enough triplets are generated to provide for 
their annihilation mainly via bimolecular processes. 

In the case of low triplet concentration (when pulses 
with T << 1/k, are used or for low carrier concentrations 
in a sample) the fluorescence L possesses only a fast 
component, since the main triplet annihilation process 
is monomolecular. The fast fluorescence component is 
represented by the first term in (12). The second term 
describes delayed fluorescence, which attains its maxi
mum intensity when all electrons generated through the 
recombination of MT triplets and entering the broad 
band undergo a transition to the narrow band (v » {3' 
and knnp)· It here follows from (12) that L = Lf + Ls 

= 2Sj~/5e and 15 = Ls/Lf = 0.6 in accordance with ex
periment. We note that this ratio agrees with the data 
in l5 J , whose interpretation required the assumption of 
equal probabilities for the processes MT + MT - Ms 
and MT + MT - MT. 

The effect of a magnetic field reduces to a change in 
krr. Hole-electron recombination in the broad band re
sults in the generation of charge-transfer excitons, 
some of which again dissociate into carriers. 5 > The 
probability of exciton dissociation is directly propor
tional to their lifetime; therefore, when Trr 1 << Tn3 ex-

citons will dissociate. Since one-third of the II 3 excitons 
become short-lived in a magnetic field, we have for the 
ratio of the effective recombination rate constants: 
kn(H)/kn(O) = 2. From (12) and the data shown in Fig. 5 
we obtain 

!!.L 3 np!!.krr T = - o.o25 = -. 5--,-- (13) 

The last equation can be used to evaluate v by means 
of the experimental information shown in Fig. 4. Taking 
krr = 10-6 cm/sec,l5 J D.krr = kn, and np = (2 ± 1) 
x 1011/cm3 , we obtain v = (4.8-2.4) x 106/sec. In cal
culating v we assumed equal hole and electron currents 
through the crystal; experiments with one-sided injec
tion of carriers into anthracene have shown that the hole 
and electron currents are commensurable. 

g) Enhanced voltage applied to the crystal in the reg
ion B (i ~ V2 ) leads to enhanced carrier concentration 
and therefore to an increased rate of triplet generation 
along with delayed fluorescence. This result causes the 
steep rise of D.L/L with V that is shown in Figs. 2 and 3. 
However, as V increases further, D. L/L remains ap
proximately constant; this result is consistent with the 
(neglected) fact that only the delayed fluorescence is 

5>It has been shown in (1 1 ] that II excitons dissociate into carriers 
via interactions between these excitons and molecular excitons. 

sensitive to a magnetic field, as was shown by the cal
culation in Sec. 2. The drop of t.L/L at high V follows, 
according to the present scheme, from the fact that 
upper- band electrons reaching the electrode make tran
sitions to the narrow band. For {3'::: v the concentration 
of these electrons then decreases, thus reducing the 
relative role of recombination leading to II exciton 
generation. Consequently the magnetic-field sensi
tivity of the fluorescence diminishes 

CONCLUSION 

Our investigation shows that the scheme of (7) and (8) 
satisfactorily describes the overall experimental re
sults and includes the generation of the molecular exci
tons responsible for fluorescence as a result of carrier 
recombination. 

The scheme of the transitions (7) and (8) that is 
shown in Fig. 9 enables us to reinterpret certain ex
periments that were characterized essentially by the 
utilization of delayed anthracene fluorescence for the 
purpose of observing the concentration of molecular 
triplet excitons. These investigations had studied the 
diffusion of triplets in anthracene, l20- 24 J had measured 
the probability of the S - T transition, l' 2 ' 25 J and had 
studied the interaction of triplets with electrons. l2 sJ 

Since, in accordance with the discussion of our present 
results, delayed fluorescence arises through the follow
ing complex chain of processes: hv + M - Ms - MT 
(crystal excitation in the ground-state absorption band), 

Mr' + Mr'-+ e + h, 
e +h~ 1/, n, +'f,Tl, 
t (14) 
e, + h -.• 1/ 4 M 8 ' + "/4/VJ;., 

Ms*-+M+hv", 

the intensity of this fluorescence depends essentially on 
the electron and hole concentrations. If their concentra
tions are high (for a high density of triplet generation), 
then when the lifetime of electrons e is shorter than 
1/v::::; 10-6 sec, radiationless recombination of electrons 
and holes possesses higher probability. 

In determining the MT concentration from the de
layed fluorescence density it is usually assumed that the 
only process occurring is 

Mr* + MT*-+ 1/4Ms' + 3/4Mr*, 

where there is no transient intermediate stage. This 
hypothesis entails a very large spread of the diffusion 
coefficients for the triplets, from 10-2 to 10-4 cm2/sec, 
which were calculated from experimental data without 
considering any transient and branched intermediate 
stage in the given process. Such a stage in the diffusion 
process can only reduce the measured diffusion coeffi
cient. The minimum value of D(MT) must therefore be 
the preferred choice among all values given in the 
literature. 

Calculations of the rate constant for the transition 
S - T(ksT) from the delayed fluorescence intensity also 
neglected the dependence of the delayed fluorescence 
yield on the crystal excitation density. We can account 
thereby for the surprising difference between two values 
of ksT: 2.4 x 106/sec in the case of excitation by weakly 
absorbed lightl25 J and 3 x 105/sec in the case of intense 
excitation. ll 2 J From the foregoing discussion it is seen 
that the minimum excitation density yields the more ac
curate (maximum) value ksT = 2 x 106/sec. 
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