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The electrophosphorescence(EPH) efficiency was found to increase by up to 6% for the devices based on a
metallo-organic phosphor of iridium and 2% for those based on a metal-organic complex of platinum as an
external magnetic field increased to 500 mT. Also, a difference in the field dependence of the EPH for these
devices has been observed. We demonstrate that these experimental findings can principally be understood in
terms of the Zeeman and hyperfine interactions of electrons located on phosphor molecules and holes located
on the hole-transporting molecules, forming correlated electron-hole pairs in the emitting layer. The difference
in the field behavior of the effect for the two phosphors results from their different molecular structures.
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I. INTRODUCTION

Organic electrophosphorescence(EPH) has become of
great interest due to the high quantum efficiency of organic
electroluminescent devices based on metallo-organic phos-
phors as emitters.1–3 Electroluminescence(EL) (including
EPH) is the result of the electric-field imposed formation of
emissive states without recourse of any intermediate energy
forms, such as heat. If the emissive states are formed in
organic matter, the following optical emission is called or-
ganic EL. Different types of organic EL can be distinguished
depending on the excitation mode of emitting states.4 Their
formation in the recombination process of electrode injected
electrons and holes is perhaps the most common mechanism
of organic EL. The recombination process and relaxation
pathways of elementary excitations are, therefore, of both
theoretical and practical importance. Among factors respon-
sible for the EL quantum efficiency is the ratio with which
singlet and triplet emissive states are created in the recombi-
nation process. In hydrocarbon materials usually only singlet
states luminesce, whereas triplet states are usually nonemis-
sive at room temperature.5,6 An assumption often employed
is that excitons are formed in the ratio of one singlet to three
triplets, since only a singlet combinations↑↓ -↓↑d can be
formed from the addition of two spin −1/2s↑ or ↓d charge
carriers; the triplet states,s↓↑ + ↑↓d, s↑↑d, s↓↓d, are threefold
degenerated in the absence of spin perturbations. As a con-
sequence, the intrinsic EL quantum efficiency of any elec-
trofluorescent diode would be limited to 25%. This purely
spin statistics-based prediction of the singlet-to-triplet con-
centration ratios1:3d may be subject to a drastic reduction4,5

or a remarkable increase7,8 because of carrier energetics and
spin-dependent exciton formation cross sections, respec-
tively. While the first one leads to low electro-
fluorescence efficiencies, the second may increase the
electrofluorescence efficiency up to about 42% as found in
conjugated polymer-based electrofluorescent diodes.9,10

A natural complement or an alternative for enhancing the
singlet yield has been the use of phosphorescent species hav-

ing significant spin-orbit coupling to promote the spin flip
needed for optical emission. The most prominent schemes
for harvesting triplet excitons led to nearly 90% of the inter-
nal EPH efficiency from organic EL diodes based on the
highly phosphorescent molecule of an organometallic com-
plex of iridium.2 However, this impressive result has been
attainable only in the low-current regime of the EPH devices
that is within a lower limit of their overall light output. A
strong roll-off in efficiency at large current densities(high
applied fields) is observed with EPH devices as a rule.1–3,11

This decrease ascribed primarily to triplet-triplet
annihilation11 has been recently shown to be largely affected
by electric field-assisted dissociation of electron-hole pairs
formed in the recombination process prior to the final emit-
ting states.3 The estimated intercarrier distancesrd of the
separated(but still Coulombically correlated) charge pairs
(CPs) ranges from 0.7 to over 3.5 nm, depending on the
materials and theoretical models used.3,12 It determines the
ability of a molecularsMd ion pair sM+

¯M−d to form an
emissive molecular excited statesM* d, excimersM*Md, or a
short-distantsM+-M−d pair that can relax radiatively in a sort
of cross transition(electromers12–14) producing additional
emission bands in single-component organic light-emitting
diodes(LEDs). Molecularly excited electron donorsD* d and
electron acceptor sA* d states, exciplexes sc1uA*Dl
+c2uA−D+ld comprised of locally excitedc1uA*Dl and
charge-transferc2uA−D+l configuration components, and
electroplexessA−-D+d15,16are corresponding excited states in
electron donor(D)–electron acceptor(A) systems, where
sA−

¯D+d CPs can be created. The formation processes of
all these states have been found to be perturbed by an exter-
nal electric field,13,14,16and they are expected to be magnetic
field sensitive, supplying information about the spin evolu-
tion of the charge pair states and the spin issue of their final
emissive products.

In the present study, we are concerned with the EL effi-
ciency of green and red organic phosphor-doped blends of a
diamine derivative(TPD) and polycarbonate(PC) in an ex-
ternal magnetic field(B) to observe possible magnetic field
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effects on organic EPH and examine their mechanisms, as
they can facilitate the understanding of the formation and
decay of emissive states in organic EL devices.

II. EXPERIMENT

The EPH efficiency from the LEDs based on metal-
organic phosphors of iridiumfIrsppyd3g and platinum
(PtOEP) has been measured in the absence and in the pres-
ence of a varying magnetic field(B). The double-layer LEDs
consisted of the phosphor-doped blends of a diamine deriva-
tive (TPD) and polycarbonate(PC) as the emitter and hole-
transporting layer(HTL), and a 100% evaporated derivative
of oxadiazole(PBD) acting as a hole blocker and electron
transporting layer(ETL).3 The light emission has been ob-
served through a transparent indium-tin-oxide(ITO) sub-
strate forming a hole injecting anode to the HTL, whereas
the on top evaporated Ca cathode served as an injector of
electrons into the ETL. The molecular structures of the ma-
terials used are shown in Fig. 1, and emission spectra of the
LEDs in Fig. 2. The photoluminescence(PL) of the doped
blend layers and EL spectra of the LEDs are identical, except
for the EL spectrum of the undoped(75% TPD:25% PC)/
100% PBD LED structure as compared with the PL spectrum
of a 60 nm-thick(40% TPD:40% PBD:20% PC) film [Fig.
2(a)]. The broad EL spectra of the latter have been ascribed
to the combined emission from a number of bimolecular ex-
cited states like exciplex and electroplex produced efficiently
in the recombination process at the(TPD:PC)/PBD

FIG. 1. The molecular structures of materials used in the fabri-
cation of the LEDs studied: (a) TPD (N,N8-diphenyl-
N,N8-bis(3-methylphenyl)-[1,18-biphenyl]-4,48-diamine; (b) PC
bisphenol-A-polycarbonate; (c) Irsppyd3 fac tris(2-phenyl-
pyridine)iridium; (d) PtOEP 2,3,7,8,12,13,17,18-octaethyl-21H,
23H-porphine platinium (II ); and (e) PBD 2-(biphenyl-4-yl)-5-
(4-tert-butylphenyl)-1,3,4-oxadiazole.

FIG. 2. The photoluminescence(PL) and electroluminescence
(EL) spectra of blend films and LED structures fabricated in this
work: (a) PL spectrum of a 60 nm thick film of(40 wt%
TPD:40 wt% PBD:20 wt% PC), and EL spectra of the ITO/
(75 wt% TPD:25 wt% PC) s60 nmd /100% PBD s60 nmd /Ca
LED structure, taken at two different voltages(1,2). (b) The
PL spectrum of a 50-nm thick [6 wt% Irsppyd3:74 wt%
TPD:20 wt% PC] film (dashed curve) and its EPH emission in a
junction with a 50 nm thick PBD ETL(EL spectra at three different
voltages). (c) The EL spectrum of the ITO/(6 wt% PtOEP:74 wt%
TPD:20 wt% PC) s60 nmd /100% PBDs60 nmd /Ca device to be
compared with its emissive layer and as75 wt%TPD:25 wt% PCd
blend film PL spectra(dashed lines).
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interface.16 Clearly, the EL from the phosphor-doped LEDs
is due to the radiative decay of excited triplets. Since the
quantum efficiency of the bimolecular excited states under-
lying EL is more than two orders of magnitude lower than
that for the phosphor-doped emitter LEDs(Fig. 3), the blend
matrix effect on the EPH can be safely neglected. The mea-
sured effect of a varying magnetic field on the relative quan-
tum efficiency of all three structures is shown in Fig. 4, and
its electric field dependence in Fig. 5. In all cases the mag-
netic field enhances the emission efficiency, but differences
in the maximum effect and functional forms of its B depen-
dence are apparent. No magnetic field effect on the LEDs’
driving current was observed.

III. DISCUSSION AND ANALYSIS OF RESULTS

The experimental findings described in Sec. II may be
related to various classes and types of the MFE involving
triplet states:(I) the first class of phenomena is subject to fine
structure modulation(FSM) and requires fields of 10 mT to
0.1 T.17 This class includes triplet-triplet fusion(T-T) and
triplet-charge carrier(doublet species, D±1/2) annihilation
sT-D±1/2d. (II ) The second class of phenomena is subject to
an electronic Zeeman effect and hyperfine modulation
(HFM), and fields of only 1 mT are required.18 The key ex-
amples are photoconduction19–22 and photochemical
reactions23,24 involving an intermediate charge-transfer state.

The overall second-order rate constants describing class
(I) phenomena, specifically the coupling between the triplet-
singlet fgTT

sSdg and triplet-doubletsgTqd states, are magnetic
field dependent because of the magnetic-field-dependent dis-
tribution of a singlet character among the ninesT¯Td and

doublet character among the sixsT¯D+1/2d complex pair
states.25 It has been shown that bothgTT

sSdsBd andgTqsBd de-
crease monotonically at not too high field strengths
sB,0.2 Td and saturate at higher fields for random molecu-

FIG. 3. External quantum efficiency as a function of the applied
electric field for three different EL devices described in Fig. 2. The
upper point data were obtained with the Irsppyd3 (square)- and
PtOEP(triangle)-based LED structures, the lower plot with the un-
doped(TPD:PC) blend HTL.

FIG. 4. Observed magnetic field modulation of relative emission
efficiency from the LED structures described in Fig. 2:(a)
(TPD:PC)/PBD, (b) [Irsppyd3:TPD:PC]/PBD, and (c)
PtOEP:TPD:PC)/PBD at two different voltages(currents) each.
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lar systems.26,27 The field modulation depth is determined
by the relation between the Zeeman and the triplet fine-
structure parameters, D and E, composing the pair state
Hamiltonian.28 For aromatic molecules, typically D
>10 m eV and E/D>0.1 (cf. Ref. 17), the comparable Zee-
man energy is obtained at a magnetic fieldù100 mT. The
zero field splitting in triplet states is similar for trigonal sym-
metry organometallic complexes like Irsppyd3, but differs
from that of square planar molecular complexes like porphy-
rins, where D may exceed 100meV,28 which requires mag-
netic fields around 1 T in order to get comparable Zeeman
energy.

In the phenomena of class(II ) external magnetic field
controls, the conversion rate between singlet and triplet
states of a pair of oppositely charged carriers when the en-
ergy separation between their singlet and triplet ground
states,u2Ju, is comparable to or smaller than the difference
between the Zeeman energies of the pair components or their
hyperfine energies. These effects can be classified into three
types:23,24 (A) the electronic Zeeman effectsDg bBd, where
Dg=ge−ghÞ0 is the difference between electronsged and
hole sghd g factors of the carriers forming pairs;(B) the hy-
perfine interaction effect; and(C) the mixed effect. SinceDg
is usually a small quantity, the first type of effect is not
expected to occur at very low magnetic fields and becomes
apparent at B.1 T.29 Finally, a combination of the Zeeman
sDg bBd and hyperfine interaction(HFI) defines the third
type of a mixed effect that will result in a nonmonotonous
dependence of the relative yield of the recombination prod-
ucts as the magnetic field strength increases. In this case, an
initial low-field increase in the yield becomes followed by its
decrease at higher fields and can end with negative values at
still higher fields.24 The maximum occurs at high magnetic
fields, e.g., Bmax=1–2 T observed for chain linked phenan-
threne and dimethylaniline exciplex fluorescence.30 The situ-
ation becomes more complex if thee-h interaction energy
(spin-spin and electrostatic exchange) is not negligible. This
would be of importance for the short intercarrier distances

srd whenJsrd becomes fairly large(larger and/or comparable
with Dg bB and HFI), and can be considered as class(III ) of
magnetic field sensitive phenomena. If the degenerate triplet
states fall much below the singlet pair state, the splitting of
uT+l and uT−l spin substates in moderate magnetic field
strengths is not sufficient to leveluT+l and uSl states, the
hyperfine interaction can be unable to mix these states, no
MFE on the recombination products is expected. However, at
a level-crossing field, Bc= u2Ju /gb, the hyperfine interaction-
induced mixing of these states suddenly sets in, and a sharp
change of the product yield follows usually at fields below
100 mT,31–33 but much higher values of Bc can be
observed.34 As the field increasing proceeds, theuT+l sub-
state moves above of theuSl level, one would expect a de-
crease in the mixing rate. The overall MFE signal, if non-
zero, is rather weak, showing a nonmonotonous field
evolution with an extremum at Bc.

The type of phenomena responsible for the observed
MFEs (Fig. 4) depends on the nature of the emissive excited
states. Class(I) phenomena cannot be used to interpret the
magnetic field-induced emission efficiency change,fwELsBd
−wELs0dg /wELs0d=DwELsBd /wELs0d, for the (TPD:C)/PBD
structure[Fig. 4(a)] whose emission is underlain by the bi-
molecular singlet excited states(TPD+PBD− and TPD+-
PBD−) formed at the organic layers interface.16 The only
possibility that could justify the positive MFE in the frame-
work of the FSM, the singlet fission into two triplets, is ruled
out by the small singlet-triplet splitting when two unpaired
electrons are localized in the complex components.35 The
FSM could, in principle, explain the experimental observa-
tion that an external magnetic field enhances the EL effi-
ciency of the phosphor-doped structures[Figs. 4(b) and 4(c)]
whose emission is underlain by the molecular excited triplet
states3Irsppyd3* and3PtOEP*. However, it is difficult to per-
form a quantitative calculation of the enhancement,25,26since
there is a number of parameters of an unknown or uncertain
value. These are the fine structure splitting parameters D and
E, and the rate constants of thesT¯Td andsT¯D±1/2d pair
formation sk1d and backscattering of their component par-
ticles from the pair statessk−1d. Nevertheless, a qualitative
judgment on the applicability of the FSM mechanism can be
approached from the general shape of the MFE versus B
plots presented in Figs. 4(b) and 4(c), and the voltage evo-
lution of the MFE shown in Fig. 5. The dominating role of
T-T annihilation in the triplet exciton decay has been sug-
gested for EPH LEDs operating at large current densities.11

In such a case one would expect the MFE to increase mono-
tonically with magnetic field, reflecting the monotonous de-
crease of the gTTsBd rate constant. Instead, the
DwELsBd /wELs0d curves for Irsppyd3- and PtOEP-doped EPH
LEDs reveal a maximum at about 0.5 T that is not expected
on the ground of the FSM theory.25–27 But even if one con-
siders the high magnetic field decrease in the MFE to be
uncertain, due to a few points in this field range, and assumes
a saturation trend to be more appropriate, the saturation onset
at a similar B seems to contradict an order of magnitude
difference in the triplet zero field splitting for Irsppyd3 and
PtOEP molecules, as pointed out in the above description of
possible MFE phenomena. Furthermore, the decreasing gra-

FIG. 5. Plots of the MFEs as a function of applied voltage for
the [Irsppyd3:TPD:PC]/PBD LED structure, parametric in magnetic
field strength(see the inset).
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dient in the MFE vs B curve for the PtOEP LED from the
very beginning is at variance with the predictions of the FSM
theory.25–27If T-T quenching is only a small correction to the
dominating monomolecular decay of triplet states, the MFE
on wEL can be expressed by36

DwELsBd/wEL > fDgTqsBd/gTqgf1 − gTqtTns1 – 2GgTTtT
2dg

− fDgTTsBd/gTTgGgTTtT
2 , s1d

whereG is the generation term of the excited states related
directly to the current density,j , andn is the concentration of
charge. The positive values of the MFE observed over the
entire B and U ranges used are consistent with the predic-
tions of Eq.(1). The relative variation ofDgTqsBd /gTq dif-
fers, in general, from that ofDgTTsBd /gTT. In pyrene crys-
tals, DgTqsBd /gTq has been shown to be a much weaker
function of the applied magnetic field than that for
DgTTsBd /gTT,36 though both decrease as the magnetic field
increases. Assuming a similar relation holds for the present
phosphor molecules, one would expect the overall effect to
decrease as the magnetic field increases within the entire
range of B used. Instead, a decreasing tendency appears only
at the highest fields, B.0.5 T. Finally, since no MFE on the
driving current is observed for the phosphor-doped LEDs,
the triplet enhancement of the electrode injection ability can
be neglected, and the voltage increasing charge density(n
>«0«U/ed2 under space-charge-limited conditions; see, e.g.,
Ref. 5) leads to an increasing number of triplet annihilation
events on the carrierssT-D±1/2d and, consequently, to a re-
duction in the average triplet lifetime. As a result, the MFE
should show up as a monotonically decreasing function of
the applied voltage wheneverGsUd=const, the case suitable
for photoenhanced currents.36 However, in the EPH, theG
term increases with applied voltage much stronger than the
linear increase ofn (G= j /ed>«0«mU2/ed4 for the space-
charge-limited currents), and a voltage increase of the MFE
is expected over the entire range of magnetic fields, the pre-
diction at variance with experiment, where the field variation
of wEL at lower magnetic fields is, within the experimental
accuracy, voltage independent(Fig. 5). This reasoning con-
cerns the TPD excited triplets as well, if formed bye–h
recombination on TPD molecules in the(phosphor:TPD:PC)
emitter layer. By this argument we support the previous
suggestion3 that the excitation of phosphor molecules by en-
ergy transfer from triplets of TPD is of minor importance,
and this is the recombination of electrons located on phos-
phor molecules with mobile holes that dominates the phos-
phor excited triplet formation.

In view of the above discussion, class(I) phenomena,
though it cannot be excluded completely, seem at least insuf-
ficient to interpret the observed MFEs, the second and third
class of the phenomena should be considered as a likely al-
ternative since in all the cases emission originates from the
e–h recombination possibly involving long-livinge¯h pair
states as their precursors. A range of exchange energy values
u2Ju must be invoked in order to explain the differences in the
magnetic field strength dependence of the MFE for the LEDs
studied, apparent in Fig. 4. Let us first consider the
phosphor-doped LEDs. The general scheme of energy levels

and formation of excited molecular tripletssT1d is provided
in Fig. 6. Figure 6 also implies the existence of overlapping
Gaussian energy bands of these¯hd pairs due to static and
dynamic disorder in noncrystalline organic solids.37 The
MFE measured on a macroscopic ensemble of molecules like
organic solid films is an average over a large number of
charge pairs, each of them characterized by a well-defined
intercarrier distance and intermolecular orientation, which,
however, are different for different charge pairs due to the
random nature of the bimolecular recombination process,
and the diagonal and off-diagonal disorder of solid samples.
In random media, intermolecular distances and, conse-
quently, the gas-to-solid shift energy of an excited state di-
pole and polarization energy of a carrier fluctuate. These
fluctuations lead to the exciton and carrier energy bands to
decompose into a Gaussian distribution in energysEd, gsEd
=s2psd−1/2 exps−E2/2s2d, typically sex>60 meV andspol

>0.1 eV wide, respectively.37 The latter imposes a similar
broadening of the CP energy levels. There are two possible
pathways for the formation of phosphorescent molecular
triplets from free charge carriersse+hd: (i) the singlet state
pathway(singlet route), where the singlet pair state1se¯hd
evolves into the excited molecular singlet, S1, which can
intersystem crossskISCd into the triplet T1, and(ii ) the triplet
state pathway(triplet route), where the triplet pair state
3se¯hd undergoes a radiationless transitionfksTdg to the mo-
lecular triplet T1. Of two limiting cases, the strongsk−1

@ksSd+kST;k−3@ksTd+kTSd- and weak sk−1!ksSd+kST;k−3

!ksTd+kTSd-pair dissociation approximations, only the latter
can lead to the magnetic field increase of the T1 population
and the positive MFE on EPH on the ground of type(IIB )
phenomena. From the stationary kinetics for T1 in the strong
pair-dissociation limit, the EPH flux is proportional to the
decay rate of triplet states, T1, according to

FEPHsBd ~ ksSde1
−1 + fksTd + kTSk

sSdsk1e1d−1g

3fe3
−1 + kSTsk3e1e3d−1g

3f1 − kSTkTSsk1k3e1e3d−1g−1, s2d

FIG. 6. The proposed energy-level diagram(not to scale) and
electronic transitions leading to phosphorescent molecular triplet
statessT1d. For explanation see the text.
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wheree1=k−1/k1 and e3=k−3/k3 are the branching ratios in
the formation of the pair states from free carriers. The mag-
netic field decreasing rate constants,kSTsBd andkTSsBd, char-
acteristic of class(IIB ) phenomena, lead to a magnetic field
decrease inFEPHsBd.

In contrast, the stationary kinetics in the weak-
dissociation approximation case for the “singlet route” yields

FEPHsBd ~ k1s1 + jSd−1 + f1 + jTs1 + jSd−1g

3fk3s1 + jTd−1k1jSs1 + jSd−1 + s1 + jTd−1g

3f1 − jSjTs1 + jSd−1s1 + jTd−1g−1, s3d

with jS=kSTsBd /ksSd and jT=kTSsBd /ksTd standing for the
branching ratios in the mixing of singlet,uSl, and triplet,
uT+l, uT0l, uT−l, states, which increases with the magnetic
field following a magnetic field decrease in the rate constants
kSTsBd andkTSsBd expected for type(IIB ) phenomena. It is
important to note that even in this approximationFEPH is a
decreasing function of B for the “triplet route.” The reso-
nance type curves in Figs. 4(b) and 4(c) with apparent
maxima are principally predicted by class(III ) phenomena
due to the increasinguSl - uT+l mixing as the gradual increase
of B shifts uT+l towards the energy position of stateuSl, the
maxima occur at Bc=Bmax corresponding approximately to
the pair singlet-triplet splitting energyu2Ju. We note that a
similar result is obtained due to theuSl− uT−l mixing for the
system with a negativeuSl - uT0l energy gap. The gradual
increase in B shifts then theuT−l state down to theuSl state
level with a concomitant increase of the rate constantskST
andkTS. The observed positive MFE results directly from Eq.
(2), suggesting the strong-pair dissociation limit to be the
adequate description. The shape of the curves is determined
by the width of the pair state energy levels, and statistical
distribution of the e–h separation distances,r. The B depen-
dences of the MFE in Fig. 4 for both Irsppyd3 and PtOEP
phosphor-doped LEDs yield similar values of the most prob-
able pair singlet-triplet splittingu2Jeffu>gbBmax>60 meV
sBmax>0.5 Td. Ther dependence of the exchange interaction
is approximated by an exponential functionJsrd
=J0 exps−2r /Ld, whereJ0 is the coupling matrix element for
an electron donor-acceptor pair at van der Waals separation
andL is a charge localization radius.31 If, for example, one
assumesr =0.85 nm equivalent to the average distance be-
tween TPD and Irsppyd3 molecules in the LED emitter from
Fig. 4(b), and L=1.75 Å as an average for these two
molecules,38 J0>43106 mT follows with the experimental
value of J=Jeff>260 mT given above. The strongly
r-dependentJ reflects in the highly sensitive MFE(B) re-
sponse to the intercarrier distance. It is enough to changer
by 15% sr =1 nmd to shift the resonance field to typically
Bmax>40 mT. The weak-gradient increase in the low-field
part of the MFE(B) curve for Irsppyd3 LED, compared with
that for the PtOEP LED, indicates an increased role of the
exchange interaction, thus, a shorter intercarrier distancekrl.
This would suggest the mean distance between hole hopping
molecular centers of TPD and electron-hopping molecular
sites of the Irsppyd3 to be shorter than that for the TPD-
PtOEP system, the difference likely due to the steric con-

straints posed by the planar geometry of the larger PtOEP
molecule. The observed difference in the magnitude of the
MFE for Irsppyd3 and PtOEP emitter-based LEDs can have
diverse reasons. The most obvious is a difference in the ef-
fective hyperfine coupling constants due to different nuclear
environments for electrons. A support for the resonance-type
MFE observed for the phosphor-doped structures[Figs. 4(b)
and 4(c)] comes from the voltage evolution of the MFE
shown in Fig. 5. The reason is most probably due to the
voltage-imposed reduction of the CP lifetime that is the in-
creasing branching ratiose1 ande3. The applied voltage af-
fects the MFE through the relation betweene3

−1 and
kSTsk3e1e3d−1 in the second term of Eq.(2). The voltage
modulation of low magnetic field changes ofkSTsBd is not
practically seen whene3

−1!kSTsBdsk3e1e3d−1 equivalent to
k−1! sk1/k3dkSTsBd, the resonance increase ofkSTsBd at in-
creasing magnetic fields and electric field increasingk−1sUd
make this inequality less restrictive and a voltage increase of
the MFE may be expected, which is indeed the case. Finally,
a contribution of class(I) phenomena might be taken into
consideration in the case of Irsppyd3, where T1→TPD triplet
transfer38 increases the long-living triplet population on TPD
that experiences quenching by a doublet species of the in-
jected charge. The magnetic field reduction of the overall
triplet-doublet interaction constant facilitates the back-
transfer to emissive triplets of Irsppyd3. This would explain a
generally stronger MFE signal for EPH from the
Irsppyd3-based LED, but its decreasing trend at high mag-
netic fields contradicts theoretical predictions, and makes
two former reasons more probable.

The electric field-independent MFE on the emission from
the (TPD:PC)/PBD structure[Fig. 4(a)] reveals a monotonic
increase with B up to above 0.5 T as observed previously
with intramolecular exciplexes of pyrene and dimethyla-
niline systems.29 It is underlain by the HFM of the formation
of bimolecular excited states and a general analysis of its
mechanism similar to that for the HFM on exciplex
formation31–34 applies, type(IIA ) and (IIC) phenomena in-
cluded. One could conjecture that the MFE in the phosphor-
doped structures are a consequence of the MFE on the
interface-formedsTDP+

¯PBD−d pairs, the final exciplex
and electroplex products transferring energy to phosphor
molecules. Such a mechanism is, however, unlikely since the
B and U behavior in these two cases are completely differ-
ent, as discussed above. A separate study of the MFE in a
(TPD:PC)/PBD structure completed with other electron
donor-electron acceptor LED systems is underway. In any
case, the present results prove the effect of weak magnetic
fields on optical emission, observed in the past with typical
organic molecules, to be a universal phenomenon including
heavy atom organometallic complexes. It is underlain by the
fact that class II and III phenomena are related to intermo-
lecularly separated charge carrier pairs, and the effect of in-
tramolecular heavy atoms brings about the modification of
the spin multiplicity of the excited states and magnitude of
the hyperfine coupling. Class I phenomena are due to bimo-
lecular reactions as well and the molecular structure(e.g., the
presence of heavy atoms) can influence the magnitude of the
magnetic field effect parameters rather than their physical
meaning.
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IV. CONCLUSIONS

We have observed the magnetic field increase of the elec-
trophosphorescence from bilayer organic LEDs based on a
metal-organic phosphor-doped blend of TPD and PC as the
emitting and hole-transporting layers. Qualitative and quan-
titative differences are noted concerning the magnitude of the
effect and its magnetic field dependence for the undoped
(TPD:PC)/PBD system, and Irsppyd3 and PtOEP phophor-
doped (TPD:PC) emitter LED structures. The results have
been discussed in terms of the fine structure modulation
(FSM) of triplet exciton interactions and hyperfine modula-
tion (HFM) of the formation of triplet states from the corre-
lated electron-hole pairs. The self-consistent picture of the

observed effects could be obtained only from the HFM-
underlain phenomena in the strong pair-dissociation limit in
which the triplets arise in the bimolecular electron-hole re-
combination process followed by a radiationless transition
from triplet correlated charge pairs, taking into account the
statistical distribution of the intercarrier distance in corre-
lated electron-hole pairs preceding molecular excited states.
The MFE on the low-efficiency emission from the phosphor
undoped(TPD:PC)/PBD structure falls in the same general
description scheme, though the exact kinetics and energy
diagram of the excited species would differ, due to the dif-
ferent spin multiplicity and bimolecular nature of its emis-
sive states, the effect that deserves further studies.
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