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Abstract

Magneto electroluminescence (MEL) is emerging as a powerful tool to study spin dynamics 

in organic light emitting diodes (OLEDs). The shape of the MEL response is typically used to 

draw qualitative inference on the dominant process (singlet fission or triplet fusion) in the 

device. In this study, we develop a quantitative model for MEL and apply it to devices based 

on Rubrene, and three solution processable anthradithiophene emitters. The four emitters 

allow us to systematically vary the film structure between highly textured, poly-crystalline to 

amorphous. We find significant diversity in the MEL, with the textured films giving highly 

structured responses. We find that the additional structure does not coincide with energy anti-

crossings, but intersections in the singlet character between adjacent states. In all cases the 

MEL can be adequately described by an extended Merrifield model. Via the inclusion of 

charge injection, we are able to draw additional information on underlying physics in OLED 

devices.  
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Introduction

Recently the scientific community has developed significant interest in room temperature 

observable spin-transport phenomena in organic materials and coherent spin processes like 

singlet fission (SF) and triplet fusion (TF).[1, 2] Unlike most inorganic counterparts, organic 

materials exhibit strong exciton binding energies and comparably long spin relaxation 

times[1, 3-5] that make them of interest to areas of quantum information science (QIS) as they 

may enable future quantum applications such as computing, transduction, or sensing. In the 

near term, SF could lead to an increase in performance of organic photovoltaics[6] and TF in 

the emission efficiency of organic light emitting diode (OLED) devices.[7] In the 

development of a fundamental understanding of spin-enhanced device operation[8-12], it is 

critical to apply quantitative models and characterization techniques to gain deeper insights 

into the effect of molecular structure and arrangement to spin coherence times, spin-spin 

interaction and spin related phenomena. Once structure property relationships are established, 

that knowledge can be used to selectively pursue chemical motifs that yield further 

improvements in relaxation and coherence.

In this report, we systematically alter the structure of the OLED emission layer to correlate 

the molecular arrangement to the formation of a coherent triplet-pair state. The influence of 

the structure will be investigated indirectly via the effect on the material's SF and TF rate, 

which proceed via the coherent pair state. While the structure-property relationship between 

charge transport and molecular packing in organic materials is well investigated,[13-19] 

investigations on the effect of molecular arrangement on spin-phenomena in electronic 

devices beyond studies on 2D materials [20, 21] is not. However, studies of SF in small 

molecule solutions and films have shown that the problem is inherently a dimer problem, in 

which a fundamental requirement is the close proximity of 2 molecules to enable interaction 

between spins and the formation of a coherent pair state. Noteworthy are the studies by 

Walker et al.[22] and Stern et al.[23] who have identified the coherent triplet pair state as an 
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intermediate step in SF and TF from singlet exciton to triplet excitons in solutions. Via time 

resolved spectroscopy techniques they were able to determine the SF and TF rate constants, 

quantum yields, and concentration onset at which these processes occur. The concentration in 

solution is equivalent to the average distance between molecules and thus excitons. It was 

found that SF was limited to an average molecule distance of about 7 nm to 8 nm.[22] In thin 

films SF and TF rates can be expected to be affected by the specific molecular arrangements 

and packing motifs which lead to variations in exciton-to-exciton distances and the relative 

orientation of spins to each other. 

The goal of this work is to provide the methodology necessary for convergence between i) 

purely photo-physical studies governed by well-defined initial conditions and interpreted 

through a robust theoretical framework, and ii) thin film devices relying on charge injection 

with more complex, poorly defined steady state conditions and interpreted through a largely 

phenomenological framework. 

Results

To investigate the effect on SF and TF in OLED devices with different packing motifs, we 

compared OLED devices made of the singlet emitters Rubrene, 2,8-difluoro-5,12-bis(4-tert-

butyl phenylethynyl)anthra[2,3-b;6,7-b’]dithiophene (DiF-tBPhE-ADT), 2,8-difluoro-5,12-

bis(2-ethylhexylthienyl)anthra[2,3-b;6,7-b’]dithiophene (DiF-EHT-ADT), and 2,8-Difluoro-

5,12-bis(triethylsilylethynyl)anthra[2,3-b;6,7-b’]dithiophene (DiF-TES-ADT).  Both Rubrene 

and DiF-TES-ADT are well studied materials and known to be highly amorphous and poly-

crystalline, respectively, when deposited via thermal evaporation. All measurements in this 

study were performed at room temperature and focus on the differences between the 4 

materials and how they manifest the MEL response. Room temperature measurements are of 

particular interest for a real-world application space and distinguishes organic materials 

Page 3 of 33 Journal of Materials Chemistry C



4

somewhat from their inorganic counterparts requiring operation at mK to few K temperature 

range to observe and harness such effects.

In the following section we present device measurements obtained for the 4 emitter materials. 

The device structure for the OLED stack as well as the chemical structure of the emitters are 

shown in Figure 1.   

Figure 1 - Molecular Structures and Energy Level Diagrams for the investigated OLED structures
(a-d) Molecular structures of the emitter molecules under study. (e) Energy level diagrams of heterojunction 
devices with C60 acceptor layer. Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) values for values for N,N′-Bis(naphthalen-1-yl)-N,N′-bis(phenyl)benzidine (NPB) taken from 
Ref.[24], C60 taken from [10, 25-27], Bathocuproine  (BCP) values taken from.[28, 29] 

Besides their similar HOMO levels, all materials are expected to exhibit triplet energies that 

are comparable to the charge transfer (CT)-state energy for excitons formed at the 

donor:acceptor interface. However, only Rubrene and DiF-TES-ADT have been characterized 

photo-physically to a degree that triplet and coherent pair state (TT) energies are known to the 
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scientific community. The energetics for these two materials is summarized in Error! 

Reference source not found.. These energetic differences have implications on the balance 

of SF to TF as well as singlet re-formation, as discussed in detail by Yong et al.[30] 

A set of current density-voltage-luminescence-characteristics (J-V-L-characteristics), of 

heterojunctions consisting of emitter/C60, are shown in Error! Reference source not 

found.a. In agreement with earlier reports, a reduction of the turn-on voltage from about 2 V 

to slightly above 1 V can be observed for the Rubrene based heterojunctions compared to the 

homojunction without C60.[10, 11, 25-27] This reduction is often attributed to TF or other 

higher order processes like Auger-recombination.[10, 25-27, 31] It is commonly agreed upon 

that TF contributes to the electroluminescence in Rubrene based devices, but the degree of TF 

that is observable is dependent on the dominant recombination pathways and relative 

recombination rates within the device and influenced by the device architecture and 

fabrication methods. It is only through detailed modeling[11] that the quantitative role of TF 

can be understood. Therefore, the band-alignment within the heterojunction device as well as 

potential barriers formed by the Fermi level alignment within the device is of utmost 

importance. The turn-on voltage is found to be strongly correlated to the device built-in 

potential.[11] It is to note that in the inverse case, where the device is operated as solar cell, 

the open circuit voltage would stronlgy limited by the built-in potential.[32] The electro-

luminescence spectra are plotted in Error! Reference source not found.b.  The spectra 

correspond to the respective emitter spectra and do not show a significant contribution from 

CT states formed at the heterojunction interface.  CT-state emission is expected to be at 

approximately 850-900 nm in case of Dif-EHT-ADT, Rubrene[33] and DiF-TES-ADT. It is 

noteworthy that weak CT-state emission at 870 nm (≈1.4 eV) in Rubrene/C60 heterojunctions 

was observed with mixed interface layers but not heterojunctions with an abrupt interface.[11]
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Shown in Figure 2 are the current density dependent magneto-electroluminescence (MEL) 

characteristics of the 4 investigated emitters. Despite a common low luminescence turn-on 

voltage in heterojunction devices with C60 for all 4 materials, the materials substantially differ 

in their MEL response.  The MEL response is defined as the relative change of the electro-

luminescence (EL) with magnetic field compared to the 0 mT case: 

. )0(
)0()()(

EL
ELBELBMEL 



The response is a unique property of electrical studies, and determined by the complex 

contributions of ionized (polaronic) and neutral (excitonic) state population density in TF and 

SF processes. The MEL response of organic thin films near zero magnetic field is commonly 

described by the superposition of Lorentzian, MEL ~ B2/(B2+B0
2), or non-Lorentzian line-

shapes given by MEL ~ B2/(ǀBǀ+B0) 2 with B0 related to hyperfine or spin-exchange 

interactions.[34-38] The assumption of the Lorentzian line-shape is historical and has only 

been shown and deduced for hyperfine coupling dominated MEL.[37] However, other 

processes exist and the sign of the MEL is dependent on the dominant processes within the 

device and differs for different device metrics or device architectures. For example, positive 

MEL can be observed for TF of two excitons via an intermediate coherent triplet pair state, 

where the luminescence increases for small magnetic fields, exhibits a single inflection point,  

followed by steadily decreasing MEL for large fields.[9, 39-41] An Auger or SF dominated 

MEL shows an inverted dependence and increasing fields lead to increasing MEL.[42, 43] 

Interestingly, there is a lack of literature reports of highly structured MEL responses with 

magnetic field direction.  This is likely because most investigations to date have focused on 

amorphous thin films.   
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Figure 2 –MEL response of all four emitter materials  
MEL response for a) Rubrene, b) DiF-tBPhE-ADT, c) DiF-TES-ADT and d) DiF-EHT-ADT based OLEDs for 
various injection currents between 0.1 mA/cm2 and 100 mA/cm2 with an exponential scaling between points. 
The magnetic field is parallel to the sample surface and thus perpendicular to the current through the device.  

While the emitters Rubrene and DiF-tBPhE-ADT  exhibit an often-reported ("conventional") 

MEL response shape reported for other materials exhibiting a SF or TF type of mechanism.[9, 

39-41], a highly structured MEL response can be observed in the case of DiF-TES-ADT and 

DiF-EHT-ADT. In these cases, additional features on top the characteristic "W"-like or "M"-

like shape of SF or TF dominated MEL can be observed. In all but the DiF-EHT-ADT case, 

the MEL response for small fields is positive, suggesting the devices are dominated by a TF 

type of mechanism.[9, 39-41]  In all cases the position of the extrema is weakly or not 

magnetic field strength dependent for the different current densities. For Rubrene, the MEL 

maximum is located at a magnetic field of (25 to 30) mT; for DiF-tBPhE-ADT, the MEL 

response is wider and the maximum is observed at about (40 to 50) mT. For both cases, the 
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MEL decreases with increasing current density. For DiF-TES-ADT, a small local maximum is 

observable near 2 mT, (see Error! Reference source not found. for the magnified view of 

the low field region shown in Figure 2) followed by a local minimum and absolute maximum 

around (50 to 55) mT. The MEL response increases with increasing current density. For DiF-

EHT-ADT, the MEL is negative for all investigated magnetic fields and device currents, 

suggesting the device is dominated by a SF type mechanism as previously mentioned. A sharp 

decrease is observable for small magnetic fields, followed by an increase for fields > 15 mT, a 

local maximum at (35 to 40) mT, and then a decrease towards large fields. The MEL response 

becomes more negative with increasing current density.

Detailed studies of the film morphology (see Error! Reference source not found. - Error! 

Reference source not found.) indicate that the MEL response (conventional for Rubrene and 

DiF-tBPhE-ADT; additionally structured for Dif-TES-ADT and Dif-EHT-ADT) correlates to 

the degree of order in the film. The conventional MEL response is seen for amorphous films, 

while the structured response is seen for polycrystalline films with preferential alignment; in 

this case, a uniaxial symmetry. We will show that the observable MEL response can be 

described by the spin-Hamiltonian and in particularly is determined by the zero-field 

parameters of the emitter molecule and the orientation relative to the external magnetic field. 

As such, the conclusions we will draw on these 4 emitter systems can be generalized to other 

materials.

Theoretical Framework 

The rich phenomena reported in Figure 2 can be described by a model Hamiltonian developed 

below. For simplicity (and consistent with the experiments) we focus on homogeneous, and 

constant (or slowly varying with respect to all involved time constants - quasi constant) 

magnetic fields and how they translate to DC MEL measurements. We furthermore neglect 

temperature effects and assume that all rate constants needed are known from literature. The 
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detailed theoretical model is essentially the minimum model able to describe the observed 

differences in MEL response for the 4 material structures and ordering. Temperature effects, 

non-homogenious and time dependent fields are briefly adressed in the Supplementary 

Information – Model Extensions. 

To quantitatively describe the experimental MEL, we develop a detailed model based on the 

triplet exciton interaction (excitonic pair) model originally introduced by Merrifield.[44]  

Other adaptations of Merrifield’s model have proven to be viable to explaining the effects of 

magnetic fields on recombination processes[45], optical studies of SF and TF dynamics,[46-

49] and magneto-conductance in unipolar and bipolar organic diodes[12] as well as in 

tetracene single crystals.[50] Weng et al. have used an polaron pair adaptation to OLEDs to 

obtain spin-pair dynamics and local hyperfine fields in Alq3.[51] And most recently, we were 

able to qualitatively describe the directional magneto-photocurrent dependence in Dif-TES-

ADT single crystal transistors.[52] 

In general, the approach requires the construction of the spin Hamiltonian of an interacting 

pair of triplets. The general form of the time-independent spin Hamiltonian for a given 

magnetic field and without hyperfine interaction and spin orbit coupling can be given by:

(1)ABfieldzeromagnetic HHHH  

where 
ji

jiijBmagnetic SBgH
,

  describes the Zeeman interaction (μB - Bohr magnetron, g-

tensor, B - external magnetic field, S - spin operator), 
ji

jijifieldzero SSDH
,

, the 

intramolecular spin-spin interaction, and 
ji

jBiAijAB SSJH
,

,,  the intermolecular coupling of 

triplets on molecules A and B. The D-tensor can be expressed in terms of the zero field 

parameters D and E which correspond to an axial and to an asymmetric or transversal 
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component of the magnetic dipole-dipole interaction respectively. Both parameters should 

vary with the structure of the molecular pair (i,j). The magnetic field dependence of the 

coherent triplet-pair is explicitly introduced by the Zeeman term in eq. (1), which for non-zero 

field lifts the degeneracy within the triplet pair state manifold. The total Hamiltonian is 

typically represented in matrix form and solved in either the zero-field basis for triplets on a 

single molecule ǀx>, ǀy>, ǀz> or the "high field" basis ǀ0>, ǀ+>, ǀ-> by diagonalization. For a 4-

electron system, two solutions with spin 0 (singlets), nine solutions with spin 1 (triplets) and 

five solutions with spin 2 (quintets) can be found. One of the two singlet solutions is simply 

the product of two 2-electron singlet states, the other solution however cannot be described as 

a product of singlet states and instead must be described as a superposition of product pairs of 

2-electron triplet states. This state is essentially a singlet correlated triplet pair 1(TT) and will 

be of utmost interest, as out of the resulting nine possible triplet pair states 3(TT), some 

exhibit singlet character such that a transition to (fusion) or from (fission) a singlet state is 

possible without the requirement for a spin-flip unlike in intersystem crossing. Thus, a 

transition from the singlet to the triplet pair manifold is spin-allowed and rapid TF or SF via  

S ↔ 1(TT) ↔ 3(TT) can occur. Detailed descriptions of the Hamiltonian in the zero-field basis 

to determine the magnetic field dependent singlet character of each state, via a projection of 

the eigenstate of the total Hamiltonian onto the singlet wave function,  , can 𝐶𝑆,𝑖 =  |⟨𝑆│𝛷𝑖⟩|2

be found in the literature.[44-46, 49, 52]

The determined projections are then used to scale the SF and TF rates for each of the coherent 

pair states. To calculate the MEL response a set of non-linear equations that describe the rates 

between emitter singlet and triplet states, the rates to and from  CT states at the heterojunction 

interface and formation of excitons from injected charge carriers is solved numerically for the 

steady state solutions as diagrammed in Error! Reference source not found.. We do not 

distinguish between excitons (tightly coulombic bound electron-hole-pair) and polaron pairs 
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(weakly coulombic bound electron-hole-pair with charges likely on different molecules). 

Instead, we assume no transition between singlet and triplet polaron pairs and lossless 

transition between polaron pairs and excitons. This allows us to reduce the number of 

unknowns and replace the 2 formation rates from free charges to polaron pair to exciton with 

a single rate. Furthermore, for our model we assume that the transition from S to 1(TT) is not 

rate limiting and can be ignored. In crystalline Hexacene this step was found to have an 

incoherent component which proceeds at timescales on the order of 180 fs, and a component 

that may couple coherently to a vibronically excited 1(TT) on ultrafast timescales (<50 

fs)[53].  This is orders of magnitude faster than typical SF and TF rates (see for comparison 

Supplementary Information: Simulation Parameter - Uniaxial Dif-TES-ADT and references 

therein). And lastly, we assume that no transitions within the coherent triplet pair manifold 

occur, e.g. no direct transitions between  , despite kBT at RT >> the energetic 3(𝑇𝑇)𝑖↔3(𝑇𝑇)𝑗

splitting between those states. This is equavialent to assuming a large coherence time >> SF 

and TF rates. As the transition within the manifold are weighted by the wavefunction overlap 

between the initial and final state, transitions will only be allowed between states with similar 

character and thermally assisted transitions within the manifold to the coherent triplet pair 

state with singlet character will always be more or less suppressed.    

To diagonalize the Hamiltonian and calculate the singlet projections we use Matlab and 

EasySpin.[54] The rates of which SF and TF process occur are then proportional to a 

universal rate constant and the magnitude of the wave function overlap. We assume that the 

rates to and from the singlet exciton to the triplet manifold can be approximated by: 

(2)𝑟𝑎𝑡𝑒{𝑆→1(𝑇𝑇)→3(𝑇𝑇)𝑖} = 𝑘𝑆,𝑇𝑇 ∙ |⟨𝑆│𝛷𝑖⟩|2 = 𝑘𝑆,𝑇𝑇 ∙ 𝐶𝑆,𝑖

and 

(3)𝑟𝑎𝑡𝑒{3(𝑇𝑇)𝑖→1(𝑇𝑇)→𝑆} = 𝑘𝑇𝑇,𝑆 ∙ |⟨𝛷𝑖│𝑆⟩|2 = 𝑘𝑇𝑇,𝑆 ∙ 𝐶𝑆,𝑖
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In general, the rates kS,TT and kTT,S don’t have to be equal. In the following these rates will be 

used to derive the MEL response for various injection currents. 

As we proposed earlier for Rubrene based heterojunctions, a direct path for free charge 

carriers (n , p) to singlet excitons (S) might exist via a bimolecular recombination process 

(rate constant k).[11] The extent of this pathway in the simulations can be modified by 

changing the fraction of charge carriers (c) that form CT states or create triplet excitons (T). 

Each of the generated species can undergo the usual combination and conversion processes 

like radiative or non-radiative recombination and transformation into another species, 

however we do not allow for inter system crossing (ISC) and reverse intersystem crossing 

(RISC). Conversion between singlet and triplet states is invoked solely via SF and TF through 

a coherent triplet pair state (TT).   

We will neglect the recombination of the coherent triplet pair to the ground state and allow 

only for a decay to two triplets, one triplet and a CT-state or conversion to a singlet state. The 

rate equations and a schematic of the kinetic pathways are provided in Error! Reference 

source not found. and Supplementary Information: Kinetic Model - Rate equations. The set 

of rate equations form a system of non-linear equations and can be solved numerically. 

Details on the numerical solution are provided in the Supplementary Information: Details on 

solution of rate equations. The calculated MEL response as function of applied B-field and for 

a given current density (J) is then proportional to the singlet state density under these 

conditions: 

),0(
),0(),(),(

JBS
JBSJBSJBMEL




 , (4)
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 neglecting emission from triplet, charge transfer and C60 states. Recall that the heterojunction 

emission spectra shown in Error! Reference source not found. correspond to the singlet 

emission spectra. This further assumes that recombination rates within the device are not 

current or field dependent. The calculations for a given magnetic field orientation and a single 

orientation of two triplet spins are straight forward; however, the description of amorphous or 

semi-oriented materials requires the averaging over the distribution of the spins within a 

magnetic field and with respect to each other and leaves one with the choice to average the 

projections and calculate the observable (here MEL) with those averages or to calculate the 

MEL for each angle and average them in the end.[47] While more computationally expensive 

we chose the latter approach for the discussion of the uniaxial and isotropic case at fixed 

current density to guarantee the highest fidelity in the shape of the MEL response. However, 

for a discussion of the current density dependence we choose, without limitation, the average 

singlet projection approach to reduce computational time. The biggest difference between the 

two averaging approaches lie in the shape of the MEL response and how well the structure is 

preserved upon rotational averaging. As the singlet projections are current independent the 

experimental parameters B and J essentially create an orthogonal parameter space such that 

the qualitative changes in the MEL response with current density are independent of the 

chosen singlet projections and how they were derived, e.g. increase or decrease of MEL with 

current density. However, the absolute values of the MEL are dependent on the chosen 

averaging approach.     

Before we continue, we want to point out the significant differences to existing work in the 

literature. Very recently Weng et al. have developed a model to derive spin-pair dynamics and 

local hyperfine fields from measurements of the MEL and magneto-conductance (MC) of 

OLEDs. Like our approach the model calculates the wavefunction overlap of singlets and 

triplets to derive magnetic field dependent conversion rates. However, the 2 models focus on 

different stages in the process from free charges to excitons and light emission. Specifically, 
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the prior study focuses on the effect of the magnetic field on the formation on singlet and 

triplet polaron pairs (precursors for the respective excitons) and their separation and 

reformation, this study focuses on the exciton fission and fusion. In the spin-Hamiltonian we 

do not include hyperfine fields into our Hamiltonian, instead we consider only the zero-field 

term. This approach is more in line with models derived for transient optical 

measurements.[46-49] It is expected that hyperfine fields contribute to the MEL at very small 

fields and by themselves are not able to describe the highly structured MEL response we 

observe (note: Weng et al focuses on magnetic fields < 0.5 mT). We will show below that the 

experimentally observed structure can be fully described by the zero-field-interaction. We do 

not want to rule out additional features or splitting of reported features due to hyperfine 

interaction, as both are below our measurement resolution. Further differences to existing 

literature lie in the developed kinetic model. While previous studies have focused on the 

qualitative shape of MEL or MC at a fixed current density or have drawn conclusions from 

the combined analysis of MEL and MC at the same fixed current density, our model extends 

those capabilities to the current dependent response. Unlike previous studies this allows for 

additional recombination and generation pathways and states, such as interface states in 

heterojunction devices.

 

Preferentially Aligned Systems  

In the following we will use the poly-crystalline, uniaxial DiF-TES-ADT case to discuss 

features of the MEL response of an aligned system. A detailed list of all rate constants of the 

simulation can be found in the Error! Reference source not found.. It is known that DiF-

TES-ADT films often are highly crystalline with the side groups facing toward the sample 

surface and molecules arranging in a brick-wall motif. This was confirmed by grazing 

incidence X-ray diffraction (GIXD) measurements shown in Error! Reference source not 

Page 14 of 33Journal of Materials Chemistry C



15

found. and Error! Reference source not found.. Thus we can assume that the spins on 

neighboring molecules are parallel and one has to average over a distribution around the 

sample normal. Shown in  Figure 3 are the magnetic field dependent energy levels 

(eigenvalues) of the spin-Hamiltonian, the projections of the eigenvectors onto the singlet 

state (Cs) and the simulated MEL response for selected angles of an ordered DiF-TES-ADT 

OLED. The whole set of simulation parameters can be found in the supplementary 

information. 

Highlighted in the Zeeman plots (first row of Figure 3) is the angle dependence of the anti-

crossings (blue shaded areas) in the eigenstate energies, e.g. the "repulsion" of eigenstates 

with different values of the magnetic spin quantum number mS, which are characteristic for 

the spin-Hamiltonian. For a zoomed in region of Figure 3a in the range 53 mT to 56 mT, 

highlighting one exemplary energy anti-crossing between adjacent states, please see Error! 

Reference source not found..

Figure 3 - Energy levels, singlet projections and MEL simulations
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Energy levels, (a-c) singlet projections (d-f) and MEL (g-i) simulation for the coherent triplet-pair state in DiF-
TES-ADT as function of magnetic field for selected azimuth angles. Shown are simulations for 0° (a,d,g) , 45° 
(b,e,h) and 90° (c,f,i)  azimuth angle. States are color coded and the same coloring is used in the energy plots as 
well as in the singlet projections. Regions of energy anti-crossings within the energy plots are highlighted in blue 
shades, intersections in the singlet character between states are highlighted in orange shades. A zoomed in region 
(53 to 56) mT of graph a) can be found in Error! Reference source not found.. 

The number and magnetic field position of these anti-crossings strongly depend on magnetic 

field direction. For example, the anti-crossing slightly below 60 mT observed for the 0° case 

shifts to smaller magnetic fields with increasing azimuth angle. At the anti-crossing the 

character of the involved states interchanges, observable as a change in slope in the Zeeman 

plots as well as in the projection of the state onto the singlet state (second row of Figure 3). In 

the simulated MEL a sharp resonance can be observed at these energies (see Figure 3h 

between 33 mT and 36 mT, blue shaded area), despite the fact that a real crossing does not 

occur. However, these resonances, that are of focus in ESR measurements, and might be  of 

interest in the manipulation of the coherent triplet pair state densities and characters for QIS 

applications, are likely not observable in most experimental geometries used to measure the 

MEL response due to non-ideal field distributions and lack of resolution.  

The experimentally observable broad features in the MEL response, on the other hand, 

coincide with regions of multiple intersections in the singlet projections (orange shaded areas 

in Figure 3). Near these intersections it is expected that extrema in the most populated 

coherent triplet pair state can be observed as the populations of the intersecting pair states 

rebalance through SF and TF. Unlike near the energy anti-crossings, none of the involved 

states changes its singlet character drastically. Often intersections between several states 

occur relatively close to each other in terms of magnetic field, separated only by a few mT. 

This can be observed in the 45° case in the 40 mT to 60 mT range where several intersections 

manifest into a broad MEL extremum. Again note the angle dependence of these intersections 

and the extrema in the simulated MEL response, see Figure 4 for a false color plot of the 

MEL as function of magnetic field and field direction. By averaging over all azimuth angles, 

Page 16 of 33Journal of Materials Chemistry C



17

we derive the experimentally observable MEL for a uniaxial system like our poly-crystalline 

DiF-TES-ADT film. 

Through these simulations it is possible to extract the zero-field splitting parameters, D and E, 

from MEL measurements. In the DiF-TES-ADT case we found the best agreement (see Fig. 

6b) for D ≈ 6.3 μeV and E ≈ 0.2 μeV, that are in good agreement with ODMR measurements 

by Yong et al. who found D = 5.38 μeV and E = 0.12 μeV.[30] While the position of the 

MEL features can be brought to excellent agreement, the ratio of the peaks and the overall 

MEL magnitude are in lesser agreement. We attribute this to not capturing the tip-tilt 

distribution of DiF-TES-ADT crystallites within the film and simplifications in the model that 

assume ideal current injection and a simplified charge carrier to singlet pathway. A simulation 

of the uniaxial DiF-EHT-ADT film can be found in Error! Reference source not found.. In 

the DiF-EHT-ADT case we obtained D and E values of 18 μeV and 1.2 μeV, respectively. 

Figure 4 - MEL angle dependence and uniaxial average 
False color representation of the simulated MEL response as function of azimuth angle and magnetic field (a) 
and comparison of the calculated uniaxial average (blue) and experimental (black) MEL response of DiF-TES-
ADT at 10 mA/cm2 current density. Shown are the whole experimental magnetic field range (b) and small B-
field region (c). Note that in the simulated MEL 0% corresponds to the average of the MEL between -1 mT and 
1 mT to reflect the experimental uncertainty in field homogeneity and measured field strength.

Amorphous Systems  

The case of amorphous systems requires averaging the MEL response over all possible spin-

orientation to each other and to the external magnetic field. This was discussed in great detail 

for the case of fluorescence measurements of amorphous Rubrene by Piland et al.[46] and 
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Tapping et al.[47] Shown in Figure 5 is the simulated MEL response of Rubrene OLEDs. As 

can be seen the characteristic "M"-like line-shape that was experimentally observed is 

reasonably reproduced. The location of the observed maxima is a function of the zero-field 

splitting parameter D and E, where for fixed E/D ratio, larger values will lead to MEL 

extrema at larger magnetic fields. 

Figure 5 - MEL of Amorphous Systems  
Simulated MEL response for amorphous DiF-TES-ADT (Blue) and Rubrene (black) based OLEDs.  

Hypothetical systems 

Also shown in Figure 5 is the hypothetical case of "amorphous" DiF-TES-ADT using the 

same rates as were used in the simulations for the preferentially aligned discussion above, 

however averaging over all orientations. As can be seen, this leads to a loss of the additional 

structure that was observable in the aligned films, and instead the characteristic "M"-like line-

shape for all amorphous materials is observed.

For completeness, we have simulated the expected MEL response for a poly-crystalline 

Rubrene and DiF-TES-ADT devices with ab-plane, bc-plane or ac-plane parallel to the 

magnetic field. The simulations can be found in the Supplementary Information - Poly-

crystalline Rubrene and Error! Reference source not found.. Clear differences in the MEL 
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response with magnetic field can be observed, which originate in the molecular packing motif. 

Rubrene packs in a herringbone motif. Assuming that spins follow this symmetry to some 

extent, it becomes clear that at least one of the spins is never parallel to the magnetic field 

direction. In the zero-field parameter this is reflected in a comparably large E (asymmetric 

component of the D-tensor) of -2.9 μeV and E/D ratio of 0.29. On the other hand, DiF-TES-

ADT packs in a brick-wall motif, with parallel molecule backbones. The high alignment of 

molecules parallel to a crystal plane leads to a small asymmetric component E = 0.19 μeV and 

E/D ratio of 0.03 and a plane in which the spins are nearly parallel to the magnetic field.

Current Density Dependence

To extend the conclusions that can be obtained by our model, we simulated the MEL response 

for a range of different SF and TF rates. Experimentally and theoretically one expects the 

rates from the singlet exciton to the coherent triplet pair state (kS-TT), the coherent triplet pair 

state to triplet rate (kTT-T), and the respective rates for the inverse processes (kTT-S and kTT-S) to 

be strongly dependent on the energetic differences between those states. We expect the rate to 

be small for an endothermic process from initial to final state and significantly increased rate 

constant for an exothermic process. Overall, it is expected that for the exothermic energy 

cascade 2xT > (TT) > S TF would dominate the MEL emission, and for an endothermic (2xT 

< TT < S) cascade quenching of the luminescence by SF dominates the MEL response. The 

overall zero field SF and TF rates can be calculated from the rates between S ↔ TT ↔ T 

via:[49]

(5)







i iSSTTTTT

iSTTTTTS
SF Ckk

Ckk
k

,

,

and
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, (6)







i iSSTTTTT

iSTTTTTT
TF Ckk

Ckk
k

,

,

9
1

where it was assumed that the coherent triplet pair state cannot decay by itself or otherwise, 

except the conversions S ↔ TT ↔ T that correspond to SF and TF.

Table 1 summarizes the varied simulation parameters and provides the calculated SF and TF 

rates. A full set of simulation parameters can be found in Error! Reference source not 

found.. As can be seen from Table 1, the simulations range from TF dominated to SF 

dominated. 

a) 

dominated 

by TF

b) 

dominated 

by TF

c) 

dominated 

by TF

d) 

"balanced" 

SF and TF

e) 

dominated 

by SF

kT-TT  [ cm-3 s-1] 5·10-15 50·10-15 50·10-15 5·10-15 5·10-15

kS-TT  [ s-1] 0.1·1012 0.1·1012 1·1012 1·1012 10·1012

kSF  [ s-1] 3·1010 3·1010 3·1011 3·1011 3·1012

kTF  [ cm-3 s-1] 1.7·10-15 1.7·10-14 1.7·10-14 1.7·10-15 1.7·10-15

kTF / kSF [ cm-3] 1.8·1025 1.8·1024 1.8·1025 1.8·1026 1.8·1027

Table 1 - Varied simulation parameter the current dependent MEL response 
Part of the simulation parameter used in the simulations to generate Figure 6. The constant parameters can be 
found in Error! Reference source not found.. The SF and TF rates were calculated using eq. (5) and (6). a) - e) 
appear in the same order as in Figure 6. Categories were chosen based on the dominant process at medium 
current densities.

Shown in Figure 6 are the results of a simulation in which the singlet projections Cs used to 

describe the magnetic field dependence correspond to the averaged singlet projections of the 

uniaxial DiF-TES-ADT case reported above. However, as these projections are current 

independent, this choice does not lead to a loss of generality. In order to classify the 

simulations into broader categories, the dominant process at medium current densities was 

chosen. The MEL response for TF dominated devices are shown in Figure 6a) - Figure 6c). 

At very low current densities (<1 mA/cm2 in the simulation) device emission is dominated by 

emission from singlets that were formed from free charge carriers. The triplet state density is 
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low and SF out-competes TF. However, with increasing current the injected triplet density 

increases and leads to a higher probability for triplets to interact and form coherent triplet 

pairs. This is reflected in an over-proportional increase of the coherent pair state. As more 

singlets are formed via TF the MEL response increases. A maximum in the coherent state 

density is observed at low to medium-current densities when population via SF and TF is the 

highest. Shortly thereafter a maximum in the singlet state density is observed, followed by a 

decrease in MEL. For high current densities SF effects can be neglected, and in agreement 

with the model by Qiao et al.[31] that described the luminescence-current dependence of 

Rubrene OLEDs outside a magnetic field, the triplet state density approaches T ~  J 1/2. This in 

turn leads to a linear dependence for the triplet pair state density and a linear luminescence 

dependence on field. The magnitude of the MEL is observed for the region in which the triplet 

state density shows the inflection point in the gradual change from T ~  J to T ~  J 1/2. This 

region coincides with the region in which the singlet state density shows the largest exponent 

n as function of current density, S ~ J n. Note that S(J) = 1 for J  0 (negligible TF) and J  

 (high triplet state limit described above). Shown in Error! Reference source not found. 

are the population densities and exponents discussed above for the case shown in d) but over a 

wider current density window. It is notable that the current density for which the MEL 

maximum is observed, increases with reduced TF rate.

Increasing the rate at which singlets form the coherent triplet pair state kS-TT , and or 

decreasing the rate at which the coherent triplet pair state is formed from the triplet state kTT-T, 

increases the SF rate relative to the TF rate and recombination rates. With the relative increase 

of the relative SF rate the current density at which TF starts to outcompete SF increases. This 

transition region can be shifted from low Figure 6b) to very high current densities Figure 

6e). At the same time the MEL becomes more negative for small device currents. The ratio of 

the SF to TF rate kTF / kSF monotonously increases for this subset. However, note that between 
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Figure 6a) and Figure 6c) the ratio of SF to TF rate is identical, however the SF rate 

increased relative to the recombination pathways of triplets and singlets. This illustrates the 

need for a detailed device model to understand the experimental MEL response.

Figure 6 - Current dependent MEL for various SF and TF rates
Current dependent MEL response for current densities in the experimental relevant range of  0.1 mA/cm2 to 100 
mA/cm2. Shown through a) to e) are false color representations and f) to j) extracted line profiles for a serious of 
MEL simulations with increasing SF and decreasing TF rate. The spacing between the current densities is 
exponential. The varied parameter are provided in Table 1. The simulations were categorized based on the 
dominant process at medium current densities. 

Compared to the experimental observations we see a validation of a predicted maximum in 

MEL response at medium current densities in all devices with positive MEL response. From 

the relative position of the observed experimental maxima and simulation relative to each 

other, we suggest that the SF rate increases or TF rate decreases in the sequence Rubrene 

(max, MEL < 10mA/cm2), DiF-tBPhE-ADT (max MEL ~ 10 mA/cm2) to DiF-EHT-ADT 

(max. MEL ~ 30 mA/cm2). This information cannot be drawn from line-shape analysis as 

commonly done for fixed injection currents that focus on positive vs. negative MEL response 

to distinguish between TF and SF dominated devices. Thus, the simulations extend existing 

capabilities and rule of thumb estimates to more quantitative and predictive probes beyond the 

phenomenological interpretation of J-V-L response.  
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Furthermore, the introduced model allows access to state densities as function of magnetic 

field and injection current. While optical studies of SF and TF studies on films dominate the 

community as they allow for well-defined generations and known singlet densities, device 

studies often were hindered by a lack thereof. The introduced model closes that gap and allow 

for a richer space of spin dependent recombination processes in electrical devices  to be 

probed over a broader range of population densities; transitioning from trap assisted to 

bimolecular to higher order processes – some allowing transitioning from dark to bright 

excitonic states (and vice-a-versa) absent a spin flip. In principle optically and non-optically 

accessible phenomena and their rate constants could now be derived from parameterized 

model fits to the experimental MEL response.  Because of the complexity of the optimization, 

due to the large number of variables and highly non-linear parameter dependence, this is 

deferred to future studies. 

Unlike the devices that exhibited positive MEL response, the negative MEL response is best 

described by a SF quenching dominated device. However, we note that the predicted increase 

in MEL response and sign inversion at large current densities of Figure 6 e is not reflected in 

the data for DiF-EHT-ADT. Rather than the model predicted increase in MEL response with 

current density the experimental MEL becomes more negative.  A monotonically decreasing 

magnitude of MEL with increasing current, in the inverted regime (Fig. 6f) is a highly unusual 

observation. A similar peculiar MEL response, decreasing MEL with increasing current 

density, was observed by Zhao et al. for exciplex based heterojunction OLEDs with an 

insulating interlayer compared to OLEDs without the interlayer.[55] In their report the 

abnormal current dependence was attributed to a confinement of the triplet state and reverse 

intersystem crossing RISC dominated conversion between states. This kinetic path (T)’->S is 

not in our present model and is inconsistent with the expected significant barrier to RISC. 

This suggests that an alternate kinetic origin to the anomalously negative MEL be sought.
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Conclusion

This study highlights the dependence of coherent spin dependent processes on intermolecular 

conformation, crystal structure, and thin film orientation and how that is manifest in the 

structured magneto-electroluminescent response of heterostructure devices. The magnetic 

field strength and orientation dependence on the electroluminescence of amorphous and 

ordered OLED emitters is accurately reproduced by using a model based on the Merrifield 

approach to describe the transition rates between singlet exciton to coherent triplet pair to 

triplet.  

The highly structured MEL response in the case of the oriented materials DiF-TES-ADT and 

DiF-EHT-ADT is shown to be the direct result of intersections in the magnetic field direction 

dependent singlet projections of the coherent triplet pair states. These intersections are a result 

of the contribution of the zero-field-interaction to the spin-Hamiltonian. We were able to 

extract the zero-field parameter D and E of DiF-TES-ADT of 6.3 μeV and 0.2 μeV, 

respectively. In the case of amorphous systems, the isotropic average leads to a reduction in 

the number of observable MEL features to the well reported "M"- or "W"-line shape. The D 

and E values cannot be uniquely determined in this case. 

This work provides further validation for the case of charge injection and recombination in 

solid state devices to a point that the current dependence of the MEL response can be used to 

extract deeper insight into the relative dominance of SF and TF rates via a comparison to the 

model. The model thus provides direct insight into the triplet pair state density and lays the 

foundation for future in-depth studies investigating the coherent triplet pair states in poly-

crystalline films in more detail. Current density and magnetic field direction dependent device 

measurements can be used for material screening and the determination of material constants 

in device relevant films. Furthermore, we show that the structure of organic materials, which 

can be tuned over a wide range, leads to unique magnetic field dependent properties. 
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Moving forward, this study provides a framework for optimizing molecular design and 

conformation, crystal structure, and device architecture to amplify desired spin dependent, 

magnetic field dependent processes. The large anisotropy in magnetic field effects observable 

in organic materials provides a rich space for future investigations and novel device 

applications exploiting the unique properties of organics. One early application of the 

directional MEL dependence might be magnetic field sensors for mapping applications to 

complement conventional probes by allowing flexible form factors, e.g. sensor patches on 

flexible substrates. Long-term, the strong anisotropy of magnetic field effects in organic 

systems could be used to selectively manipulate individual coherent states by choosing 

magnetic field directions and strengths that amplify characteristic features in the eigenstates 

and eigenvalues of the spin-Hamiltonian. 
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Methods 

Device Fabrication

The hole injection material N,N′-Bis(naphthalen-1-yl)-N,N′-bis(phenyl)benzidine, (NPB), 

hole blocking material Bathocuproine (BCP) and emitter material Rubrene were purchased 

from Sigma Aldrich1 and used as received. 2,8-difluoro-5,12-bis(4-tert-butyl 

phenylethynyl)anthra[2,3-b;6,7-b’]dithiophene (DiF-tBPhE-ADT), 2,8-difluoro-5,12-bis(2-

ethylhexylthienyl)anthra[2,3-b;6,7-b’]dithiophene (DiF-EHT-ADT) and 2,8-Difluoro-5,12-

bis(triethylsilylethynyl)-anthra[2,3-b;6,7-b’]dithiophene (DiF-TES-ADT) were synthesized by 

the Anthony group at University of Kentucky.[56] The layered architecture of the herein 

investigated heterojunction devices was: Indium-tin-oxide (ITO, 145 nm)/MoOx (5 nm)/NPD 

(20 nm)/emitter (40 nm)/C60 (20 nm)/BCP(5 nm)/Al(80 nm). Devices were deposited on 

commercially available patterned indium tin oxide (Thin Film Devices, Rs = 15 ohms/sq). 

Substrates were cleaned via sonication in chloroform and isopropanol, followed by 15 min of 

ultraviolet/ozone treatment. Next, MoOx, NPD (Lumtec >99 %), Emitter, BCP (Lumtec 

>99 %), C60 (M.E.R. Corporation, >99.9%), and Al (R.D. Mathis, >99.99 %) were thermally 

evaporated using a Lesker deposition system at a base pressure of < 10-4 Pa connected to an 

N2 purged glovebox (<1 ppm H2O, O2). The active area, as defined by the overlap of ITO and 

metal contacts, was 4 mm2. 

Device Characterization

Current density-Voltage-Luminescence, J-V-L, characteristics were measured using a 

Keithley 2636A source meter and Si-photodetector (Thorlabs SM1PD1B) placed on top the 

OLED devices. The dark current of the Si-photodetector was < 5 pA and relative 

1 Certain commercial equipment, instruments, or materials are identified in this paper in order to specify the 
experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement 
by the National Institute of Standards and Technology, nor is it intended to imply that the materials or equipment 
identified are necessarily the best available for the purpose.
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luminescence curves have been corrected for a constant background obtained in the negative 

bias range. Measured photodiode currents were converted to luminance values via weighting 

of the OLED emission spectrum by the measured detector response and luminous function. 

Magneto-electroluminescence, MEL, was measured with the sample placed between the poles 

of an electromagnet, with the magnetic field vector perpendicular to the surface normal (in the 

plane of the substrate). The magnetic field was measured using a Hall probe. The maximum 

field strength was 150 mT. EL-spectra were measured with an Ocean Optics QE65PRO 

spectrometer. All measurements were performed inside a N2 purged glovebox (<1 ppm H2O, 

O2). 
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