aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Magnetic field effect on excited-state spectroscopies of mn-
conjugated polymer films
Bhoj R. Gautam, Tho D. Nguyen, Eitan Ehrenfreund, and Z. Valy Vardeny
Phys. Rev. B 85, 205207 — Published 16 May 2012
DOI: 10.1103/PhysRevB.85.205207


http://dx.doi.org/10.1103/PhysRevB.85.205207

Magnetic field effect on excited state spectroscopies of T-conjugated polymer
films

Bhoj R. Gautam', Tho D. Nguyen', Eitan Ehrenfreund' and Z. Valy Vardeny'*
"Departmentof Physics and Astronomy, University of Utah, Salt Lake City, UT 84112, USA

’Physics Department and Solid State Institute, Technion-Israel Institute of Technology, Haifa
32000, Israel

Abstract

The magnetic field effect in organic light-emitting diodes, such as magneto-conductance and
magneto-electroluminescence has been intensively explored in the last few years. Here we
demonstrate magnetic field effect of two excited state spectroscopies in films of a prototype m-
conjugated polymer, namely a soluble derivative of poly(phenylene-vinylene) [MEH-PPV];
these are magneto-photoinduced absorption (MPA) and magneto-photoluminescence (MPL). We
study these novel magnetic field effects in pristine MEH-PPV films, MEH-PPV films subjected
to prolonged illumination, and blend of MEH-PPV with a fullerene derivative. Being
spectroscopic in nature, MPA and MPL are determined by the photoexcitation spin density, and
thus may unravel the occurrence of a myriad of spin-mixing processes in organic semiconductors
that include hyperfine interaction in polaron-pairs, spin-sublevel mixing in triplet excitons,
triplet-triplet annihilation, and triplet-singlet collision. The recently observed ultra-small
magnetic field effect at B<~0.5 mT in organic diodes is also observed in the MPA response of
MEH-PPV films that support polaron photoexcitations, thereby identifying the underlying

mechanism as due to spin-mixing of polaron-pairs by the hyperfine interaction.

* To whom correspondence should be addressed; e-mail: val@physics.utah.edu



1. Introduction

The intensive studies of magnetic field effect, such as magneto-conductance (MC) and magneto-

12 was boosted in 2004, as the first

electroluminescence (MEL) in organic light emitting diodes
prototype organic spin valve was demonstrated revealing the existence of relatively long spin
coherence length in the organics'. Various possible mechanisms responsible for the MC and
MEL in organic diodes have emerged from these studies. Some models have emphasized the

4,8, 14, 15 :
» % % 2 while other models have

influence of magnetic field on carrier mobility in the device
emphasized the influence of the magnetic field on the carrier density, brought about by spin-
dependent microscopic processes among polaron-pairs (PP) or triplet excitons (TE)™ '* . A
variety of spin-mixing mechanisms have been proposed that include the hyperfine interaction

(HFT) between polarons and the skeleton protons in m-conjugated polymers and molecules™ * '

2. the difference, Ag in the electron and hole g-factors in polymer/fullerene blends'’"; a number

of mechanisms that involve TE> '®; and the spin-orbit coupling in small molecules that contain

3,20

heavy atoms™ . Thus, the magnetic field effect in organic diodes has proven to be an especially

rich and interesting research field.

Here we report a novel magnetic field effect of spectrally resolved photo-induced absorption
(PA) and photoluminescence (PL) [dubbed hereafter MPA and MPL, respectively] in m-
conjugated polymer films (as opposed to the previously studied organic diodes?"), and apply it to
study a number of spin-dependent processes. This ‘spectroscopic-sensitive’ magnetic field effect
technique differs from the previously studied ‘transport-related” MC and MEL in devices in two
important respects. (i) Since PA and PL measure directly the density of the photoexcitations
(such as PP and/or TE), then MPA and MPL can be directly related to the photoexcitation spin
density. Consequently by directly comparing the MPA and MPL responses in films to those of
MC and MEL in organic diodes based on the same organic active layer, we are able to relate the
magnetic field effect in organic diodes to the spin densities of the excitations formed in the
device. (ii) Being a spectroscopic technique, we can use the MPA as a new tool to discern
various long-lived photoexcitations in organic semiconductor films. In addition we deduce the
main spin-dependent species and/or spin-mixing mechanism that determine the MPA (MPL)

response in three different forms of a well known m-conjugated polymer, including spin-mixing



in PP species, triplet-triplet annihilation, spin-mixing among the triplet spin sublevel, and Ag

mechanism of PP in polymer/fullerene blends.

We studied MPA and MPL responses in a prototype m-conjugated polymer, namely MEH-PPV
(see backbone structure in Figure 1(b)), which is a derivative of poly(phenylene vinylene) [PPV].
The three different forms that we studied are: pristine film; film exposed to prolonged UV
illumination; and electron donor in MEH-PPV/PCBM blend having weight ratio 1:1. A
schematic diagram of the philosophy underlying the MPA technique is presented in Figure 1(a).
For obtaining PA the film is excited by a continuous wave (cw) laser beam with above-gap
photon energy that generates steady state singlet excitons (SE; Sy=S;). The SE may radiatively
recombine (S;2>Sy); convert into long-lived TE via intersystem crossing; or separate into
positive and negative charge polarons, some of which may form long-lived PP species. These
various secondary reactions are symbolized by S;=2>X,, where X stands for species such as PP,
TE and pairs of TE’s. The X species has an excited state transition Xo=2>X; (PAx), which is
activated by a weak probe beam. PA is defined as the negative fractional change in transmission,
T: PA(E)=(-AT/T)=NgsB(E), where Nss is the species steady state density, B(E) is the
photoexcitation optical cross-section, and E is the probe beam photon energy. Therefore in a
magnetic field, B, PAx(B) is determined by the density Ngss(B); which, in turn is proportional to
the species generation rate G and the inverse of decay rate coefficient, K(B) [Nss=G/K , see also
Section IV]. For B#0 the X level splits according to the relevant spin multiplicity, L (L=3, 4 and
9, respectively for the S=1 TE; PP composed of two S=2 polarons; and a pair of TE’s).
Consequently through specific spin-mixing processes, the spin content of each sub-level, its
decay rate k, and thus Ngs and consequently PA all become B-dependent that lead to the B
dependent magneto-response MPAx(B)=[PAx(B)-PAx(0)]/PAx(0). In contrast since it originates
from singlet exciton radiative recombination then MPL(B) cannot directly originate from SE
(S=0, which is B-independent); but rather is caused indirectly, for example via SE collision with

TE.

The paper is arranged as follows. The experimental technique is described in section II. In
Section III we describe our experimental results on the three forms of MEH-PPV including
comparative studies of films and devices. In pristine MEH-PPV films we assign the MPA as due

to the TTA mechanism, while the MPL is assigned to TE-polaron scattering. In irradiated MEH-
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PPV films we propose that the PP mechanism with hyperfine interaction mediated spin mixing is
responsible for the obtained MPA. The same mechanism combined with another mechanism
related to the different g-values of positive and negative polarons (‘Ag mechanism’) play a
dominant role in the MPA response of MEH-PPV/PCBM blend film. In Section IV we describe
an all-purpose quantum mechanical model which may explain the magnetic field effect obtained
in all three MEH-PPV polymer forms. The model is based on the time evolution of the
photogenerated species spin-sublevels in a magnetic field, in the presence of spin-dependent
decay mechanism. This model is viable for MPA measurements in films as well as MC and MEL
in devices made of the same polymers. Using this model we show that the magnetic field
dependent excitation density may account for the measured magnetic effect in the MEH-PPV

entire system that includes MPA, MPL, MC and MEL.

IL. Experimental

For the MC and MEL measurements we fabricated ~5 mm® diodes, where the organic spacers
were deposited on a hole transport layer: poly(3,4-ethylenedioxythiophene) [PEDOT]-
poly(styrene sulphonate) [PSS]. We capped the bilayer structure with a transparent anode:
indium tin oxide [ITO], and a cathode: calcium (protected by aluminum film). The devices were
driven at constant bias, V. For the PL and PA measurements we used a standard photomodulation
set-up **. For excitation we used a cw Ar’ laser pump beam at 7iax=2.54 ¢V that was modulated
at frequency f; and an incandescent tungsten/halogen lamp as the probe. The PA signal, A7/T is
the fractional change, AT in transmission, 7, which is negative for PA and positive for
photobleaching (PB). The PA signal was measured using a lock-in amplifier referenced at f, a
monochromator, and various combinations of gratings, filters, and solid-state photodetectors
spanning the spectral range 0.3<Za@(probe)<2.3 eV. This setup was also used for measuring the
PL spectrum®. The device (or film) was placed in a cryostat in between the two poles of an
external magnetic field up to 300 mT. For obtaining the desired magnetic field response, the
measured quantity such as PA and PL in films, and EL and current in diodes were measured

while sweeping B.



MEH-PPV films are somewhat unusual in the class of m-conjugated polymers since their PA
spectrum may change according to the environment/mixture used, as previously shown in
detail”. Films of pristine MEH-PPV that are kept in the dark for a long time show fairly strong
PL emission (quantum efficiency of about 25%), and their PA spectrum consists of long-lived
triplet excitons, namely PAr (Figure 2a); but do not support long-lived photogenerated polarons
because of small density of imperfections and impurities in the film. However if the same films
are exposed to prolonged UV illumination a meta-stable state is formed due to photoinduced
native defects in the film, in which the PA spectrum also contains substantial long-lived
photogenerated polarons having two characteristic PA bands (PAp) that are formed on the
expense of both PL and PA**. The process is reversible when subjected to elevated temperatures
in the dark. Furthermore when the MEH-PPV donor-like polymer is mixed with a fullerene
acceptor-like molecule that form bulk heterojunction morphology, then the photogenerated
excitons ionize to form positive polarons on the polymer and negative polarons on the fullerene
molecule . We took advantage of these MEH-PPV film properties to obtain MPA of various
photoexcitation species using the same polymer film; namely before and after prolonged UV
illumination, and in blend with fullerene molecules, namely [6,6]-phenyl-Cs;-butyric acid methyl

ester (PCBM).

I11. Experimental results and interpretation

A. Pristine MEH-PPV films

In Figure 2(a) we show the PA spectra of pristine MEH-PPV film at B=0 and 100 mT,
respectively. The spectrum consists of a broad PA band centered at ~1.37 eV (marked T) that is
assigned to TE transition (PA1)**; no other PA bands were obtained down to 0.2 ¢V that attests
of the good quality of the polymer used here. The B=100 mT spectrum is identical in shape to
that of B=0, except that is slightly weaker. The difference, 4PA spectrum is similar to PAt
demonstrating that it relates to the TE steady state density. As seen in Figure 2(b) the magnetic
field response, MPA1(B)= APA/PAr varies strongly with the laser excitation intensity, I, and

thus with Ngg (which is proportional to I1). Ngg is also inversely proportional to the sub-level TE



effective recombination rate constant, k=K, (=1,..,L), which are B-dependent. At small I
MPA(B) monotonically decreases, but it gradually transforms into a more complex response at
large I} where two components are resolved; a low-field MPA component that decreases with B,
and a high-field component that increases with B. We thus conclude that MPA(B) is dominated
by two different spin-mixing mechanisms related with TE species; one mechanism that
dominates at low I which may be a ‘single-TE’ process; and the other mechanism that increases

at large Ir, and therefore most likely involves ‘triplet-triplet annihilation” (TTA) process.

The same pristine MEH-PPV film also shows MPL response. Figure 2(a) inset displays the PL
spectrum at B=0 and 100 mT, respectively that consists of several vibronic replicas, with 0-0
transition at 2.05 eV. The difference, APL spectrum follows the PL spectrum, and is thus
assigned to the S;> Sy transition (Figure 1(a)). Unlike MPAT(B), however Figure 2(c) shows that
MPL(B) does not change with Iy ; it monotonically decreases with B, similar to the low intensity
MPAr(B), i.e. the low-field magnetic field component. Since singlet excitons alone cannot
depend on the magnetic field, we therefore assign this MPL(B) response as due to SE non-
radiative decay that is activated by ‘collisions’ with TE species, of which density Ngs(B) also

determines the MPA(B) response at low ;.

B. Irradiated MEH-PPV films and devices

Entirely different characteristic PA and MPA properties were measured in the same MEH-PPV
film after prolonged UV irradiation (~150 minutes at 50 K using a Xenon lamp), which supports
photogenerated polaron species®. Figure 3(a) shows the PA spectrum of irradiated MEH-PPV
film at B=0 and 100 mT, respectively at similar excitation intensities as used above for the
pristine film. The spectrum in this case consists of two broad PA bands; one centered at ~0.4 eV
that is assigned to the lower polaron transition (marked ‘P;’); and the other is asymmetric with a
peak at ~1.4 eV (marked ‘T+P,’) that is composed of the polaron P, transition centered at ~1.55
eV, and the remnant of the TE transition, PAt*%. The spectrally resolved difference APA (Figure
3(a)) shows that MPA in this MEH-PPV form is correlated only with the two polaron PA bands
P, and P,, but not with that of PAr. This is one of the MPA technique advantages; its ability to
spectrally resolve the dominant species and spin-dependent process. We assign APA spectrum

here to magnetic field dependence of the PP’s density, namely 4PApp. Unlike the negative APAt



of the pristine sample Figure 2(a)) we found APApp>0 in the irradiated sample, which suggests
that a different spin-mixing mechanism is dominant in the present case. The positive
monotonically increasing MPApp(B) (Figure 3(b)) is naturally explained by the PP mechanism,

in which the spin-mixing is governed by the HFI'? (see below).

For comparison we also show MC(B) and MEL(B) (Figure 3(c)) obtained in MEH-PPV diodes.
The MC and MEL responses are identical to each other; and, in addition are very similar to the
MPApp(B) response shown in Figure 3(b). This indicates that all three magnetic field effects
share a common origin. Since MPA(B) does not involve carrier transport, we thus conclude that
MC(B) and MEL(B) obtained in the devices need not involve transport. All three responses can
be explained equally well by the microscopic PP model presented below, which involves
magnetic field dependence of the species’ spin sublevel character and their density, rather than

transport-related mechanism within the organic interlayer of the device.

A salient feature of the low field (B<1.2 mT) MPApp(B) response is shown in Figure 3(e).
Interestingly this response (dubbed here ultra-small MPA, or USMPA) was measured at 1.1 eV
probe photon energy, where the PA spectrum actually shows photo-bleaching (PB, Figure 3(a)).
The 1.1 eV MPA is shown on a larger B-scale in Figure 3(e) inset; it has in fact the same
response as MPA at 1.4 eV. With increasing [B| the USMPA response decreases for |B|<0.6 mT
before increasing again to form the monotonic response seen at larger fields. Similar non-
monotonic response was previously observed in both MC(B) and MEL(B) in organic diodes'> **,
and was explained as due to level-crossing at B=0 that involves spin sublevels formed by the
polaron-proton HFI in the polymer chains. Therefore the same explanation is viable also for the
USMPA component here. We note that the USMPA is not related to transport in an organic
device; in addition it occurs at field values close to the earth magnetic field (=0.05 mT). We thus
infer that the USMPA in polymers (and other organic molecules'') could, in principle be used by
a variety of living creatures on earth that may take advantage of the earth magnetic field to

augment their activity; such as navigation for example, as shown previously™.

C. Films and devices of MEH-PPV/PCBM blends




Yet a third type of MPA response is viable in films of MEH-PPV/PCBM blend. Upon laser
excitation of the polymer (PCBM does not absorb in the visible spectral range), the singlet
excitons quickly dissociate into hole-polarons on the MEH-PPV chains and electron-polarons on
the PCBM molecules **. This weakens the PL intensity of the MEH-PPV chains, and completely
eliminate the triplet PAt band from the PA spectrum®. Therefore the PA spectrum in this case
(Figure 4(a)) consists of PA of positive polarons on the MEH-PPV chains (P; at ~0.4 eV, and P,
at ~1.37 eV, respectively), as well as PA band of negative polarons on the PCBM (Cg;” at ~1.2
V). Importantly the positive and negative polarons have different gyro-magnetic g-values®,
with AgE[g(MEH—PPV)—g(PCBM)]z3Xl0'3. This occurs since the P™ and P~ species are separated

in the blend onto two different environments (polymer and fullerene matrices, respectively).

APA spectrum in the blend (Figure 4(a)) is negative, and is assigned to PP transition of both
positive and negative polarons. MPApp(B) response in this case (Figure 4(b)) has two
components: a low-field component that sharply decreases with B, followed by a high-field
component that slowly increases with B forming an apparent minimum at B<~10 mT. For
comparison we also show MC(B) response (Figure 4(c)) of a photovoltaic device based on the
same blend, where again two MC(B) components are visible’; except that the MC response is
opposite in sign compared to that of MPA. The stunning similarity obtained between MPA pp(B)
and MC(B) shows that they share the same underlying mechanism. Owing to the finite Ag of the
positive and negative polarons in the blend, both MPApp(B) and MC(B) (Figure 4(c)) can be
accounted for by the PP model that includes the HFI (low-field component) and Ag mechanism
(high-field component”) as explained below in Section IV. Importantly similar to the irradiated
MEH-PPV films (Figure 3(e)), a modulated MPA response near B~0 is also seen in the blend as

shown in Figure 4(b) inset; but it occurs at much lower fields, i.e. B<0.1 mT.

IVv. Discussion in terms of an all-purpose quantum mechanical model

In the following we introduce a general model for explaining the magnetic field responses in all

three forms of MEH-PPV films. In our previous publications'" '» >+ 28

we showed that using a
relatively simple model spin-Hamiltonian that includes PP spins subjected to HFI in a magnetic

field, all of the important features of MC(B) and MEL(B) responses in organic diodes could be



explained. Here we generalize the model to include the ‘Ag mechanism’, as well as the effects of

TE and TTA on MPA(B) and MPL(B) responses.

We consider a system that includes N identical species each with spin S having overall
multiplicity L. For a system with a pair of polarons: N=2, =Y and L=(25+1)"=4; for a single
TE: N=1, S=I and L=3; and for a pair of TE’s: N=2, §=1, and L=9. According to the angular
momentum addition rules the combined pair system is composed of spin multiplets having spin
J=28§, 25-1,..,0. Therefore the PP system is composed of triplet and singlet; whereas the pair of
TE’s is composed of quintet, triplet and singlet. When the HFI is taken into account and
assuming that each species i interacts with NV; nuclei, each with spin [;; (j=1,..,N;), then the total

N;

configuration space is of dimension M =TI (25, + DIT; (21, +1), where S;=S is the species

spin. For example for a PP system where each polaron of S=/ interacts with a single proton /=",

we obtain M=16.

16, 29, 30
2

Realizing the unique role of species decay in all magnetic field measurements we

describe the system by a spin Hamiltonian that includes a non-Hermitian relaxation term® !, Hy

H=H,+H,,+H,, (1)

where Hy describes the decay pathways of the spin multiplets:
h L
— y a
HR—_ZEZ;K(ZP ) Q)
o=

In Eq. 2) P* (ZP“ =I) and K, are the relevant spin projection operators and decay rates,

respectively. We emphasize that a finite magnetic field response can be obtained only when x,

N - -

g8, B,

n=1 n-n

are spin dependent (see Eq. (5) below). In Eq. (1) the Zeeman term is: H, = ﬂBZ
where the summation is over all species assuming isotropic g-factor; and the HFI term is:
H,. = Zil Ziﬁl[S : -Izl,j -1,]. We assume for simplicity an isotropic HFI, and we also ignore the

exchange interaction'. The time evolution of the density operator is now expressed as’’,



o(t) = exp(—iHt / h)o(0)exp(iH 't / ) , 3)

where H 'is the Hermitian conjugate of H (note that H' # H ), and the t=0 density matrix o(0)
is determined by the generation process. The time dependent probability for the system in the o/

spin state may now be written as:

PO =THP ) =5 3 B0, (0)05(@,0exD(—7,,1) @

n,m=1

where E =h(w, —iy,) (here n=1,...M; and m,, Y, are real quantities) are the complex eigen-

values of the non-Hermitian H, and @), =@, — @, ;

m

=y, +7,. We emphasize that when the

decay rates xare spin dependent, J,, in Eq. (4) are not uniform and the decay of p,(?) becomes
spin dependent; this assures a finite magnetic field effect. The measured field response (e.g.
MPA(B), MC(B), etc.) may be readily calculated using Eq. (4). In any of these processes the X
species undergoes a specific reaction; e.g. Xo=2>X; (Figure 1(a)) for MPA, or dissociation into
free polarons in the case of MC. Let R, be the reaction rate constant, then the total yield of the
reaction is:

D, = TR (t)dz—iiR ip“a (0)—Lm (5)
X = ) apa _A40!=1 174 nm™~" mn 7/2 .

L
2
a=1 n,m=1 nm + a)nm

Equation (5) is a general expression from which any of the magnetic field effects considered here

may be calculated via:

@, (B)-®,(0)

MX (B) == o)

; (6)

In Eq. (6) X designates the magnetic field effect: X=PA, PL, C or EL for MPA, MPL, MC or

MEL, respectively. For example in the case of PA when assuming that the optical cross section is
spin independent, Ro=R in Eq. (5), and ®,, =R j P ()dt =2RL/ M)Y " ,,(0)/ ¥, o N

Consequently MPA(B)=[Nss(B)-Nss(0)]/Nss(0), i.e. the MPA response is determined by the
magnetic field dependent steady state polaron (or TE) population. These populations become

magnetic field dependent due to the spin dependent decay rates k. Likewise in the case of MC
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the reaction rates R, designate the spin dependent dissociation rate coefficient d,, and the
dissociation yield @; is given by Eq. (5) where R, is replaced by d,. In each case the species
involved as well as the recombination and intersystem crossing pathways are different, thus

producing a unique response.

In the following we discuss five different magnetic field processes, and compare the model with

the obtained experimental results.

(a) MPA due to TE mechanism. In pristine MEH-PPV films at low I (Figure 2(b) for

I1=10 mW), the photogenerated TE density is low, and this leads to very low density of
TE pairs. Consequently the TE density in this case is determined by a recombination
process in which the spin sub-level recombination constants K, (0==1,0) are different
from each other. The principal TE zero-field splitting (ZFS) parameters were obtained in
MEH-PPV by the PA detected magnetic resonance technique; they are D/gup~63 mT and
E/gup ~9mT>?. Using these ZFS parameters we calculated the energy levels and
wavefunctions of a TE in a magnetic field applied in a general direction. Ignoring the
relatively small HFI, we further calculated the powder pattern of MPA(B) as shown in
Figure 2(d) (TE) for «;=K.;=0.25%=1.3x10"s". We note that: (a) this model also
explains MPL(B) because TE-SE scattering that controls the exciton PL intensity (Figure
1(a)) is directly proportional to the TE density; and (b) this mechanism is unique in that
it involves just one type of photoexcitation (as opposed to PP or pair of TE), and has not
been considered before. The spin selectivity here arises from the spin dependent decay
constants K.

(b) MPA due to TTA mechanism. When pristine MEH-PPV films are subjected to high

laser excitation intensity (Figure 2(b) for I;=400 mW), then the TE density is sufficiently
high that the TTA process becomes dominant. Consequently the triplet steady state
density, Ngs is determined by the individual decay rates of the TE-TE collision
byproducts, namely quintet, triplet and singlet states'®. First we calculated the energy
levels and wavefunctions of a pair of randomly oriented TE’s in a magnetic field of a
general direction. Subsequently using Eq. (5) and neglecting the relatively small HFI, the
powder pattern response MPArtA(B) was calculated as shown in Figure 2(d) (TTA) for

Ko=K1=Ks/30=10%".

11



(c) MPA due to PP mechanism. In UV irradiated MEH-PPV films the PA is dominated by

polarons, and thus MPA originates from photogenerated PP species (Figure 3(b)). The
calculated MPApp(B) response using the PP mechanism is governed by the HFI as shown
in Figure 3(d) [for the simulations shown in Figures 3 and 4 we assumed for simplicity
that each polaron interacts with a single protons of spin I = ’; similar results were
obtained for a larger number of protons]. For the calculation we used PP(triplet) to
PP(singlet) recombination ratio, Kr/ks=0.96 and isotropic HFI a/guz=3mT.

In the MEH-PPV/PCBM blend, the photoexcited positive and negative polarons have
different g-factors”’. Using the same parameters as above, and Ag=3x10" (Ref *’) we
calculated the MPApp(B) response as shown in Figure 4(d).

(d) USMPA. Some of the photoinduced PP dissociate to free polarons; thus the free polaron
density becomes B-dependent that leads to free-polaron PA(B). As was shown
previously'? (and can also be calculated directly from Eq. (5)), the dissociated polaron
density shows ultra-small magnetic field effect in agreement with Figure 3(e).

(e) MC. In Figure 4(e) we show MC(B) response calculated using Eq. (5) (assuming PP
dissociation into free polarons) with: (i) HFI: a/gus=3mT and Ag=0, and (ii) same HFI

with varying Ag, for the same parameters as in (c) above.

In all of these cases the agreement between the experimental data and calculated responses is a
strong indication that the models used capture the main features of the experimental findings.
Our model is very general, and may be applicable also when the exchange interaction, spin orbit
coupling and a diffusion process are included. Our work shows that all specific forms of the
organic magnetic field effect are based on the same principles, namely magnetic field
manipulation of the spin density of the excited species, regardless whether they are formed via

photon absorption (MPA and MPL in films) or carrier injection (MC and MEL in devices).

V. Summary

We have introduced a novel ‘spectroscopic-sensitive’ magnetic field effect technique which

spectrally resolve photo-induced absorption and photoluminescence in m-conjugated polymer
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films, and apply it to study a number of spin-dependent processes. By directly comparing the
new MPA and MPL responses in films to those of MC and MEL in organic diodes based of the
same organic active layer, we are able to relate the magnetic field effect in organic diodes to the
spin densities of the excitations formed in the active layer of the device, regardless whether they
are formed by photon absorption or carrier injection from the electrodes. We deduced the main
spin-dependent species and/or spin-mixing mechanism that determine the MPA (MPL) response
in three different forms of a m-conjugated polymer, namely MEH-PPV. These include spin-
mixing in PP species, triplet-triplet annihilation, spin-mixing among the triplet spin sublevel, and
Ag mechanism of PP in polymer/fullerene blends. We have introduced an all-purpose quantum
mechanical model which is able to explain the obtained magnetic field response in the MEH-
PPV system. This model is viable for both MPA response obtained in films as well as for MC
and MEL responses obtained in devices made of the same organic interlayer as in the films.
When we apply this model to the obtained results, we show that the magnetic field dependent
excitation density may account for all field responses measured in the MEH-PPV system that

include MPA, MPL, MC and MEL.
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Figure captions

FIG. 1. (color on line) Schematic illustration of the magnetic field dependent pump-probe PA
processes. (a) The pump beam with above gap photon energy hv; excites the polymer MEH-PPV
to the singlet exciton (SE) level (Sy=>S;). The SE relaxes via intersystem crossing to a triplet
exciton (TE) or ionizes into separate charges forming polaron pair, PP (S;2Xo). The steady state
density of the X species is controlled by the spin dependent decay coefficient, k. The
incandescent probe beam monitors the photoinduced absorption, PA (Xo=2>X;, PAx), which is
proportional to the X steady state density. In a magnetic field B>0, X splits according to its spin
multiplicity, and the decay rate of each spin sub-level becomes field dependent, resulting in a B-
dependent density and PAx (thus forming MPAx). (b) The backbone structures of MEH-PPV [2-
methoxy-5-(2’-ethylhexyloxy)-poly(p-phenylene vinylene) [PPV] polymer, and the fullerene
PCBM [phenyl-Cg;-butyric acid methyl ester] molecule.

FIG 2. (color on line) Excited state spectra (PA and PL) and magnetic field effects in pristine
MEH-PPV films. (a) The triplet PA band, PAr at B=0 and 100 mT (black and red lines,
respectively), generated using a laser excitation at hv;=2.54 eV @ ;=200 mW/cm?, and their
difference spectrum APA1=[PA1(100mT)-PA1(0)] (blue line). The region near the peak is
magnified (within a circle). Right inset: PL spectrum at B=0 (black line) and 100 mT (red line).
The lines in the circles show the data on a higher resolution scale. (b) MPA(B) response
measured at 1.37 eV probe, for various laser excitation intensities (normalized). (c) MPL(B)
response measured at 2.05 eV probe for various laser excitation intensities (normalized). (d)
Model calculations of MPAT(B) response using the TE mechanism (blue line, corresponds to the
10 mW data in (b)) and TTA mechanism (green line, corresponds to the 400 mW data in (b)); see
text. (¢) Model calculation of MPL(B) response using the model of singlet exciton quenching by
TE (SE-TE collision, see text Section V).

FIG. 3. (color on line) Excited state spectra and magnetic field effects in UV irradiated MEH-
PPV film and in organic light emitting diode. (a) PA spectrum at I;=100 mW/cm? for B=0 (black
line) and B=100 mT (red line) and their difference spectrum, APA=[PA(100mT)-PA(0)] (blue
line) in MEH-PPV film. (b) MPA(B) response measured at 1.4 eV probe for various laser
excitation intensities (normalized). (¢) MEL(B) and MC(B) responses in MEH-PPV diode. (d)
Model calculations of MPApp(B) response in MEH films using the PP mechanism (see text). (e)
MPA(B) response at 1.1 eV probe up to B=1.5 mT (filled squares) and B=60 mT (blue line,
inset).

FIG. 4. (color on line) Excited state spectra and magnetic field effects in MEH-PPV/PCBM film
and diode. (a) PA spectrum of MEH-PPV film at I;=mW/cm? for B=0 (black line) and B=15 mT
(red line), respectively, and their difference spectrum, APA=PA(15mT)-PA(0) (blue line). (b)
MPA(B) response measured at 1.37 eV probe for various laser excitation intensities
(normalized). Inset: high resolution data, showing USMPA peaks at |B|~0.1 mT. This data was
measured upon shielding from the earth magnetic field and any stray field. (c) MC(B) response
in a diode at various bias voltages, V. (d) and (e) Model calculations of MPApp(B) and MC(B)
response, respectively, using the ‘Ag + HFI” mechanism (see text, Section IV).
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