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Highly anisotropic magnetoresistance of organic light-emitting diodes at geomagnetic field strengths
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At geomagnetic field strengths, polymer organic light-emitting diodes (OLEDs) exhibit a giant anisotropy in
magnetoresistance of up to 35%. Comparison of the effect arising from a protonated and an equivalent perdeuter-
ated conjugated polymer, in combination with semiclassical quantum-stochastic modeling, demonstrates that
microscopically anisotropic hyperfine-field distributions, on the level of the individual molecules, constitute the
primary cause for this effect. For this microscopic anisotropy to emerge in the ensemble there must also be some
degree of macroscopic ordering, which may arise from the structural anisotropy of the polymer. The theory
predicts a critical field range, for which the anisotropy transitions from a twofold to a fourfold and back to a
twofold angular functionality with increasing field strength, over a field range of only a few microtesla. Such
a transition is indeed found experimentally, although it spans over a somewhat larger field range, suggesting a
level of material disorder that is not accounted for in the simulations. Through the combination with microscopic
modeling, anisotropic magnetoresistance can serve as a sensitive probe of macroscopic molecular ordering in
organic semiconductors. The inclination compass effect in OLEDs also offers a potential route for probing the
radical-pair mechanism of spin chemistry in the solid state, and the associated coherent and incoherent electronic
and nuclear spin dynamics at room temperature, and could point to an intriguing analogy to some forms of avian

magnetoreception.
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I. INTRODUCTION

To explain the navigational abilities of some bird species,
a spin-pair mechanism based on photoinduced electron trans-
fer has been proposed and discussed widely in the literature
[1-6]. This mechanism, originally developed to describe
magnetic-field effects (MFEs) in chemical reactions [7-9],
involves the creation of a radical pair and subsequent coherent
spin precession—quantum oscillations—in local hyperfine
fields. Such oscillations can lead to a mixing between singlet
and triplet spin-pair configurations, the outcome of which is
modified by a static magnetic field. Mixing is then followed by
spin-dependent recombination with field-dependent reaction
yields [8-10]. OLEDs offer a potential, if seemingly remote,
analogy to radical-pair based MFEs [11], since their opera-
tion is also based on the capture and recombination of the
spins of two charge carriers, electrically injected electrons and
holes [12]. Both the resistance (R) and electroluminescence
of OLEDs depend strongly on magnetic-field strength, down
to the scale of a few hundred nanotesla [13,14], i.e., less
than 1% of typical geomagnetic-field strengths. A weak but
unexpected angular anisotropy in the magnetoresistance (MR)
of OLEDs on the order of a few percent has previously been
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reported on the scale of several millitesla [15,16]. Although
the field scale of this anisotropy lies two orders of magnitude
above geomagnetic field strengths, such an anisotropy offers
an important signature of a “‘spin-chemical compass” based on
the radical-pair mechanism [17]: behavioral experiments on
some birds indicate that they do not sense the polarity of the
magnetic field but rather the inclination of the magnetic-field
lines [18], which is inherently consistent with the radical-pair
mechanism [17]. This earlier work on OLED:s is particularly
interesting because there are actually only very few experi-
mental reports of anisotropic MFEs in radical-pair systems
to be found in the literature. This limitation arises from the
fact that a macroscopically anisotropic MFE requires both a
microscopic mechanism of anisotropy as well as macroscopic
molecular ordering, which is lost in most solution-chemistry
based experiments. In a recent report, an anisotropic MFE was
indeed demonstrated in a bridged donor-acceptor complex in
solution by using transient absorption spectroscopy [19]. An
effective “ordering” of the molecules was imposed on the dis-
ordered system by selecting a particular orientational subset
of molecules by using linearly polarized excitation [19].

As stressed by the authors of the earlier work on
anisotropic MFEs in OLEDs in the magnetic-field regime
>10 mT, it remained unclear whether the anisotropy origi-
nates from microscopic anisotropic hyperfine interactions of
electronic and nuclear spins, or anisotropic dipolar spin-spin
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FIG. 1. Anisotropic magnetoresistance (MR) of SY-PPV
OLEDs. (a) Schematic of the experiment. The OLED is operated
with a constant current (5 uA) and the magnetic field is tilted with
respect to the sample normal while keeping its magnitude constant.
(b) For B = 50 uT, at a device current of 5 uA, relative MR exhibits
an angular dependence with a 35% modulation. Dashed line shows
a cos’a dependence.

coupling within the individual electron-hole carrier pairs [15].
In follow-up work, Cox et al. argued in favor of the anisotropic
dipolar mechanism due to the observed angular dependence
of the anisotropic MFE at 20 mT [16]. In addition, these
authors considered the possible relation of the anisotropic
MR to effects of spin-orbit coupling in the form of the Ag
mechanism at fields greater than 200 mT, although this is
generally very weak in organic semiconductors, and found it
to be an unlikely scenario. To resolve this open controversy
for the ultralow-field regime (i.e., below 1 mT), and explore
the feasibility of anisotropic MR on geomagnetic-field scales,
we have revisited this intriguing phenomenon with a material
system in which the strength of the hyperfine interaction can
be controlled directly [20].

II. EXPERIMENTAL PROCEDURE

Details of the device structure and the fabrication proce-
dure are given in Sec. 1 of the Supplemental Material [21].
In brief, the OLEDs consist of an indium tin oxide-covered
glass substrate, onto which a poly(styrenesulfonate):poly(3,4-
ethylenedioxythiophene) layer is deposited by spin coating
from water. The conjugated polymer material (approximately
70 nm) is subsequently spin coated from a toluene solution
inside a nitrogen glove box, onto which a Ba/Al cathode is de-
posited by thermal evaporation. The samples are encapsulated
inside the glove box and measured in air. The measurements
presented in the following are performed by varying the an-
gle o formed by the vector of the external magnetic field B
with the sample normal #, as indicated in Fig. 1. With the
aid of a three-dimensional arrangement of Helmholtz coils,
measurements are performed for a fixed sample orientation
with Earth’s field compensated, so that only the direction
but not the strength of the field changes (see Sec. 5 of the
Supplemental Material [21] for details).

III. EXPERIMENTAL RESULTS

Following on from the work of Wagemans et al. [15], we
examine the out-of-plane anisotropy of the MR at a magnetic
field of B =50uT, close to Earth’s field strength, for an
OLED comprising an active layer of a soluble commercial
poly(1,4-phenylenevinylene) (PPV) derivative, “Super Yellow
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FIG. 2. Magnetic-field dependence of relative MR of SY-PPV
OLEDs at a constant current of 5SuA for different magnetic-field
strengths. Curves are offset for clarity.

PPV” (SY-PPV). Although the magnitude of MR, MR =
% = %, at this field strength is only on the order of
4 ppm, varying the out-of-plane angle « results in a relative
change in the MFE amplitude of a = 2 lﬁgggig;;ﬁggzzgg; =
35% as plotted in Fig. 1(b). The anisotropy follows a
cos’a dependence. This surprisingly large value observed
for the MR anisotropy implies not only a high micro-
scopic anisotropy of MFEs on the level of the individual
molecules, or rather the individual charge-carrier pairs, but
also a degree of anisotropic arrangement of the molecules
on the bulk level—an isotropic arrangement of anisotropic
spin pairs would average out in the ensemble. Such macro-
scopic structural anisotropy is usually studied in organic
semiconductor films by examining the angular distribution
of radiation intensities [22-24], by ellipsometry [25-27], or
by grazing-incidence x-ray diffractometry [28]. Conjugated
polymer chains tend to lie preferentially in the plane of the
film. However, the origin of the microscopic anisotropy on the
level of an individual electron-hole pair is more challenging
to pinpoint: it may be due either to electron-hole spin-dipolar
interactions or inherent to the hyperfine coupling. As dis-
cussed in Sec. 7 of the Supplemental Material [21], we find
that the observed MR anisotropy is virtually independent of
the current density and therefore of carrier density, suggesting
that electronic spin-spin interactions are rather unlikely to be
the source of the anisotropy.

A remarkable effect occurs when the magnetic-field depen-
dence of the MR anisotropy is considered in Fig. 2. Varying
the magnetic field from 0.1 to 2 mT affects the phase angle
of the angular dependence of MR and also the functional
form: it transitions from twofold modulation over 360° to
fourfold and back to twofold. In addition, the degree of rela-
tive anisotropy, @, monotonically decreases from 35% at 50 uT
to approximately 3% at 2 mT. Near-identical data are also
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FIG. 3. Low-field MR of OLEDs based on h-MEH-PPV (black)
and d-MEH-PPV (red). OLEDs were operated at a constant current
of 10 pyA (h-MEH-PPV) and 50 pA (d-MEH-PPV). Dashed line
indicates B = 300 uT as used for the anisotropy measurements in
Fig. 4.

acquired under detection of the magnetic-field dependence of
the anisotropy of the magnetoelectroluminescence, shown in
Fig. S9 of the Supplemental Material [21].

In order to distinguish between contributions of anisotropic
hyperfine and dipole-dipole interactions to the anisotropy,
we compare OLEDs made of materials that differ only in
the strength of hyperfine coupling. We recently introduced
a perdeuterated version of the well-known poly[2-methoxy-
5-(2’-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV), in
which 97% of the hydrogen atoms are replaced by deuterium
[20], whereas commercial SY-PPV contains only protons.
The optical and electronic properties of the two compounds,
protonated h-MEH-PPV and deuterated d-MEH-PPV, such as
emission spectra and current-voltage characteristics, are virtu-
ally identical, as shown in Fig. S1 [21]. Figure 3 compares the
MR curves for the two materials [20,29]. Since the hyperfine-
coupling constant of deuterium is 6.5 times smaller than for
hydrogen, and the spin of deuterium is / = 1, in contrast to
I = 1/2 of the proton, the standard deviations of (random)
effective hyperfine fields are reduced by a factor of ~ 4 in d-
MEH-PPV [20,29]. Correspondingly, the magnetoresistance
profile of d-MEH-PPV is considerably narrower than that of
h-MEH-PPYV since the hyperfine-field induced spin mixing is
suppressed more easily by an external magnetic field [30]. The
dashed line in the graph marks the magnetic-field value of
B = 300 uT used in the subsequent anisotropy measurements
in Fig. 4. It is important to note that because of the differ-
ence in the widths of the two magnetoresistance profiles, the
absolute signs of the magnetoresistance at this value of B are
opposite for h-MEH-PPV and d-MEH-PPV.

Figure 4 shows the MR anisotropy for OLEDs made of
the two materials, measured at B = 300 uT. As expected, the
signs of the MR amplitude are opposite, but, surprisingly, the
functional form of the two curves appears different. Whereas
the anisotropy for h-MEH-PPV appears to follow the cosine-
squared dependence also seen in Fig. 1, the anisotropy for
d-MEH-PPV appears to deviate somewhat from this depen-
dence, tending towards the fourfold modulation seen at B =
700 uT for SY-PPV in Fig. 2. The definition of the relative
anisotropy a infers an effective sign of the twofold anisotropy,
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FIG. 4. Comparison of anisotropic MR for protonated and
deuterated MEH-PPV-based OLEDs, operated under the same con-
ditions as in Fig. 3. For an external magnetic field of B = 300 uT, an
h-MEH-PPV OLED (black) exhibits orientation dependence of MR
similar to that of SY-PPV, with cosine-squared dependence marked
by a dashed line. d-MEH-PPV MR anisotropy (red), in contrast, has
an opposite sign and appears somewhat distorted.

which depends on whether MR(o¢ = 0°) > MR(a = 90°)
(positive) or MR(a¢ = 0°) < MR(« = 90°) (negative). Cru-
cially, this sign of anisotropy, which is not directly related
to the sign of the MR, is opposite between d-MEH-PPV and
h-MEH-PPV devices at low-field values.

Figure 5 shows the magnetic-field dependence of the
anisotropy for the protonated and deuterated MEH-PPV. As
for the case of SY-PPV in Fig. 2, a change with field in the
functionality of the dependence is observed. Even though the
electrical and optical characteristics of the two MEH-PPV
compounds are virtually identical, the functional form of the
anisotropy appears to differ. Remarkably, we find that for
h-MEH-PPV and SY-PPV, the sign of the anisotropy is the
same for 0.3 and 2 mT, i.e., in the two regions of twofold
symmetry, but inverted comparing these two field regions in
the case of d-MEH-PPV. The fact that deuteration has such
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FIG. 5. Magnetic-field dependence of relative MR of (a) h-
MEH-PPV and (b) d-MEH-PPV OLEDs for different magnetic-field
strengths. Curves are offset for clarity.
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a dramatic effect on the MR anisotropy clearly demonstrates
that the anisotropic hyperfine interactions are important for
the overall microscopic anisotropy.

Finally, we note that close inspection of Figs. 1, 2, 4, and
5 reveals that the maxima and minima within one sweep over
360° are not exactly the same height, indicating a degree of
systematic unidirectional anisotropy in the experiment. We do
not attach much significance to this observation and speculate
that it arises primarily from an incomplete compensation of
the geomagnetic field. A detailed discussion of this aspect is
provided in Sec. 6 of the Supplemental Material [21].

IV. QUANTUM-STOCHASTIC SIMULATIONS

The fact that the magnetic-field dependence of the MR
anisotropy differs for h-MEH-PPV and d-MEH-PPV suggests
that the hyperfine coupling, and therefore the microscopic
anisotropic hyperfine interaction, could be responsible for the
observed anisotropy effect, but it does not allow an assessment
of the possible role of anisotropic dipolar spin-spin inter-
actions. In order to distinguish between these two possible
microscopic causes of anisotropy, we simulate the dynamics
of the spin-pair system by solving the stochastic Liouville
equation for the evolution of the spin-pair density matrix
[15,31-33] in Liouville space [34]. Details of the simulations
are given in Sec. 4 of the Supplemental Material [21], along
with a critical discussion of the choice of parameters and the
implications thereof. In brief, we account for the microscopic
anisotropy by describing the hyperfine interaction semiclassi-
cally as local static random magnetic fields, i.e., originating
from a Gaussian distribution with zero mean, independent
from site to site [35]. Characteristic magnitudes of random
hyperfine fields acting on electron and hole spins generally
differ [29,36]. With the assumption of isotropic hyperfine
interactions, the Cartesian components of local hyperfine
fields, B; ,—withi = x, ', 7 and v = e, hlabelling electrons
and holes, respectively—are drawn from a Gaussian dis-
tribution, N'(B; ) = (2nbﬁypqv)7l/2 exp(—Biz’v/Zbﬁyp’U). Here,
bnyp,» denotes the standard deviation of the hyperfine-field
components experienced by charge-carrier species v. The re-
sulting hyperfine Hamiltonian of a spin pair reads Hpy, =
hy (BeSe + BySh), where y is the electron (and hole) gyro-
magnetic ratio and S., Sy are the spin operators of electron
and hole. We consider a hyperfine interaction with axial
anisotropy quantified by the real positive parameter 7, the
same for electrons and holes. This axial anisotropy is defined
relative to the local system of molecular axes (x’, y', z') and is
introduced by rescaling the standard deviations along the lo-
cal molecular axes, bnyp x',v = byp,v /Ny, bhyp,y',v = byp,v /Ny,
and by, , = Nbuyp /Ny, With Ny = (2/3+ 17/3)'. Be-
cause of axial symmetry, this anisotropic hyperfine interaction
is determined locally by the orientation of the molecular z’
axis. In the general case, these 7’ axes are oriented randomly
throughout the ensemble of spin pairs, independently for indi-
vidual electron and hole spins.

Besides the hyperfine and Zeeman interactions, electron
and hole spins within the pair also interact with one another.
This coupling has two components, dipolar and exchange. The
dipolar coupling is determined by the intrinsically anisotropic

Hamiltonian, Hgp = D[SeSh — 3(Ser)(Shr)/r?], where r is
the displacement vector connecting electron and hole spins
and D = poh’y?/4mr is the dipolar coupling strength in the
point-dipole approximation, with o the vacuum permeabil-
ity. The exchange coupling is described by the Hamiltonian
Hexe = —JSeSh, assuming isotropy. Experimental estimates
for the scale of J and D in electron-hole pairs in conjugated
polymers have previously been reported as |J/| < 30 neV and
[D| =23.5£ 1.5 neV based on magnetic resonance spec-
troscopy [20,37].

For the microscopic anisotropy of either the hyperfine-
field distributions or the dipolar interaction to translate into
an observable MR (B, «), finite macroscopic ordering of the
m-conjugated segments that host the charges in the bulk film
is required. One way to account for this order is to introduce
a distribution function Py (1) = P+ @ for the orientation
u = cos(f) of the local molecular 7’ axes and the intrapair
displacement vectors r with respect to the sample normal,
where the degree of macroscopic ordering is determined by
the parameter ¢, with ¢ = 0 corresponding to the isotropic
case. Here, the plus sign yields a distribution of 8 predom-
inantly around 90° (i.e., around the sample plane), whereas
the minus sign gives a distribution dominated by the regions
around the sample normal, i.e., close to & = 0° and 6 = 180°.
Visualizations for various cases of Py(u) and the definition
of the normalization constant P,y are given in Sec. 4 of
the Supplemental Material [21]. Since the distributions of z’
and r are not necessarily correlated [38,39], separate order
parameters enyp, and &gip, are introduced for hyperfine and
dipolar contributions. Monte Carlo sampling is then used to
average over the different realizations. Thus, the simulation
accounts for both microscopic and macroscopic anisotropy,
involving computational experiments on the single-molecule
level which are averaged over an ensemble corresponding to
the bulk level.

We chose d-MEH-PPV to model the MFE anisotropy for
the two proposed mechanisms, since this material has the
lowest level of hyperfine-field disorder, quantified accurately
by magnetic resonance spectroscopy [20], and because the
spin-1 of the deuterium nuclei can be considered to behave
somewhat more ‘“classically” than the spin-Y2 of the pro-
tium nuclei and is thus easier to treat in the semiclassical
approach used here (cf. the discussion in Sec. 4.6 of the
Supplemental Material [21]). As parameters characterizing
the interaction of electronic spins with nuclear and other
electronic spins, we take the experimental values byype =
0.288 mT and byypn = 0.091 mT [20,29]. As detailed in Sup-
plemental Material, Fig. S2 [21], optimal fitting to experiment
is found for D = 6.95 neV (i.e., 60 uT) and J = 19.7 neV
(i.e., 170 uT). A discussion of the robustness of the result
of the model to the choice of parameters, in particular the
perhaps surprising relation J > D, is given in Sec. 4.5 of the
Supplemental Material [21]. It should be stressed that the set
of values chosen is not necessarily unique; rather, values are
chosen to optimize fits to the MR curves and to reproduce the
anisotropy. To distinguish between the influence of molecular-
scale anisotropies related to either dipolar electronic spin-spin
or hyperfine interactions, we consider extreme realizations
of the two scenarios: (1) fully oriented molecular 7' axes
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FIG. 6. Simulations of MR anisotropy of d-MEH-PPV OLEDs
for extreme cases of either only anisotropic hyperfine interactions
(a), (b) or only anisotropic electron-hole dipolar interactions (c), (d).
In (a), (b), MR anisotropy is shown for two values of microscopic
anisotropy parameter 1, with all 7’ axes pointing in the out-of-plane
direction. Panels (c), (d) display results for out-of-plane and in-plane
orientations of electron-hole pair displacement vector r. While the
first two cases show a transition in symmetry of angular dependence
with increasing field, in agreement with experiment, the latter do
not. Curves are plotted on an arbitrary scale and offset vertically
to appear ordered according to the values of the external magnetic
field as stated in panel (a). Detailed information on the simulation
parameters is given in the Supplemental Material [21].

together with isotropic spin-pair displacement vectors r (i.e.,
a purely “hyperfine anisotropy”); and (2) isotropic molecular
axes combined with fully oriented displacement vectors (i.e.,
a purely “dipolar anisotropy”). For case (1), the simulations
were performed for two values of the microscopic hyperfine
anisotropy, 1 = 0.2 and 4. These values are chosen for opti-
mal reproduction of the measured MR curves. Figure 6 shows
the model results for different conditions. Each panel displays
angle-dependent MR for five values of B. In panels 6(a) and
6(b), the 7’ axes are oriented along the sample normal i,
whereas the displacement vectors are distributed isotropically.

In both cases, a striking transition from twofold to fourfold to
twofold symmetry of MR («) is observed with increasing field
strength. Such an evolution is also identified experimentally
for all three materials investigated in Figs. 2 and 5, and is even
seen in the anisotropic magnetoelectroluminescence shown in
Supplemental Material, Fig. S9 [21]. Provided that the hyper-
fine fields are assumed to be greater along the out-of-plane
direction [Fig. 6(a)], the calculated MR anisotropy is in good
qualitative agreement with experiment as seen in Fig. 5(b).
Nevertheless, there are differences in the range of magnetic
field values for which the transition between two- and fourfold
symmetry occurs. These differences may be a result of the
shortcomings of the semiclassical model as discussed in Sec.
4.6 of the Supplemental Material [21], or point to the involve-
ment of additional sources of anisotropy, such as the dipolar
anisotropy. If, however, the origin of the MR anisotropy is
restricted solely to an anisotropic distribution of displacement
vectors r, as in panels (c) and (d) of Fig. 6, i.e., if the distri-
bution of hyperfine interactions is isotropic in the ensemble,
the striking evolution of the functional form of MR(«) with
increasing field is lost [40]. The experimental observation
that anisotropic hyperfine-field distributions are the primary
reason for anisotropic MR is therefore corroborated by the
simulations.

V. COMPARISON OF EXPERIMENT AND THEORY

As a final step, we attempt to model the measured MR
anisotropy quantitatively. To do so, we choose n = 4 and
vary épyp and &gjp to match the experimental observations,
i.e., we have to employ both hyperfine and dipolar anisotropy
to fit the data. Close agreement arises for eny, = 0.65 and
egip = 0.58, where the 7’ axes are distributed predominantly
out of plane [P_(u)] and the intrapair displacement vectors r
lie predominantly in plane [Py (u)]. The remaining parameters
are identical to those used above. In Fig. 7, the simulated and
measured anisotropy in MR are compared for three values
of magnetic-field strength. The MR values for the midpoint
and the perimeter of the polar plots are stated in the figure
caption and a scale bar indicates the total variation in ampli-
tude observed. The sign change of the relative anisotropy a
observed in the measurements shown in Fig. 5(b) manifests
as a rotation of the polar plot by 90° in Fig. 7. In all cases,
excellent qualitative agreement of the angular pattern is found
with a reasonably close match of the magnetic-field strength
for which the transition in symmetry occurs. For B = 0.3 mT
and B = 2 mT, the degree of relative anisotropy observed in
experiment is reproduced almost quantitatively by simulation.
At B = 0.3 mT, the relative anisotropy is a = —6.3% in both
experiment and simulation, whereas at B = 2 mT, the simula-
tion overestimates the experimental value (a = 1.2%) roughly
twofold. The experimental magnetic-field strength around
which the transition in symmetry occurs is B = 0.7 mT,
whereas the simulation predicts it at a field approximately
50 uT stronger. In the region of fourfold symmetry of the MR
anisotropy, the experimental relative anisotropy (¢’ = —0.6%)
is substantially underestimated by theory (@' = —0.02%) [41].
These deviations need not necessarily be a sign of a gen-
eral shortcoming of the model, although they may relate to
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FIG. 7. Comparison of the simulated MR anisotropy of d-
MEH-PPV OLEDs with experimental results. Data are dis-
played in polar plots for three magnetic fields. MR val-
ues for center (c) and perimeter (p) of each polar plot are
(a) sim.: MR, = —125ppm, MR, = —115ppm; exp.: MR, =
—121 ppm, MR, = —108 ppm; (b) sim.: MR. = —943.8 ppm,
MR, = —943.5 ppm; exp.: MR, = —866 ppm, MR, = —850 ppm;
and (c) sim.: MR, = —2150 ppm, MR, = —2090 ppm; exp.: MR, =
—2110 ppm, MR, = —2070 ppm.

the general limitations of the semiclassical approach used as
discussed in Sec. 4.6 of the Supplemental Material [21]. Cru-
cially, the simulations in Figs. 6(a) and 6(b) yield comparable
levels of anisotropy for the regions of both twofold and four-
fold symmetry. The slight deviations between measurement
and model may conceivably arise from the fact that the model
does not capture all possible relevant contributions to MR.
An obvious model limitation is the empirically chosen com-
bination of the value of the microscopic hyperfine-induced
anisotropy, 7, and the macroscopic ordering of 7’ axes, enyp. 7
not only affects the magnitude of the angular dependence but
also the functional shape of MR. In addition, it is likely that
the macroscopic anisotropy in OLEDs is of a form more com-
plicated than that in terms of a single-parameter distribution
Py (u), e.g., given by a distribution in epy, across the OLED
active layer corresponding to local variations in microscopic
order.
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FIG. 8. Simulated, normalized MR anisotropy of d-MEH-PPV
OLEDs for 11 magnetic-field values in region of symmetry transition
of MR functionality close to B = 0.75 mT. See the Supplemental
Video [21] for an animation of the evolution of the MR anisotropy.

To further elucidate the transition between twofold and
fourfold symmetry of the angular MR dependence with mag-
netic field, we performed additional MR simulations in the
transition region. Figure 8 shows polar plots of MR(«) sim-
ulated for 11 different magnetic-field strengths around the
value of B =0.75 mT at which the fourfold symmetry is
virtually ideal. An animation of this evolution is also shown
in the Supplemental Video [21]. The plots are normalized to
their maximal amplitudes. At B = 0.71 mT and B = 0.79 mT,
pure twofold symmetries in the angular functionalities are
observed, albeit rotated by 90°. This rotation and the transition
in and out of the fourfold symmetry occurs over a field scale
of 80 uT, i.e., comparable to geomagnetic-field strengths.
Substantial changes in the functionality of the MR(«) plot
are discernible on field scales of a few microtesla around a
field strength of 750 uT at near-perfect fourfold symmetry.
The field region for which the fourfold symmetry is observed
is hence extremely narrow, and even the slightest variations in
parameters will affect the overall MR («) functionality.

Once again comparing the experimental results in Figs. 5
and 7 with simulations in Figs. 6, 7, and 8, we note
that the change in the symmetry (twofold to fourfold to
twofold) and the sign of anisotropy cannot be reproduced
by dipolar anisotropy but rather is caused by the hyperfine
anisotropy. Still, to fit to experiments, both dipolar and hyper-
fine anisotropy contributions are necessary.

VI. DISCUSSION AND OUTLOOK

Besides the aforementioned slight discrepancies, agree-
ment between theory and experiment is quite compelling.
The results of the simulations are consistent with our exper-
imentally founded hypothesis that anisotropic hyperfine-field
distributions are the dominant cause of the anisotropic MFEs,
in contrast to earlier conclusions drawn from measurements
at much higher fields [16]. We do note, however, that so
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far, we have not been able to model the entire field range
of anisotropic MR for h-MEH-PPV and SY-PPV. In part,
we attribute this failure to the presence of further contribu-
tions to the MFE in OLEDs not accounted for here, such
as the quenching of triplet excitons by charge carriers [42].
However, deviations between theory and experiment may
also arise from additional sources of anisotropy, such as
anisotropic rates of carrier-pair formation by Coulombic cap-
ture, owing to the anisotropic dielectric tensor, and hence
anisotropic rates of recombination, dissociation, or even spin
relaxation. In particular, it has previously been speculated that
these rates may correlate with the direction of the electric
field applied to the OLED, which could induce an additional
asymmetry [15]. In addition, the macroscopic anisotropy will
vary throughout the polymer film of the device, giving rise
to additional disorder not accounted for in the model; this
may be the reason why the symmetry transition is so much
sharper in the simulations (Fig. 8) than what is seen in
experiment. Also, we have assumed equal anisotropic inter-
actions for electrons and holes, which is invariably only a
necessary approximation; electron and hole wave functions in
MEH-PPV are known to experience different hyperfine-field
distributions [36].

Although MR and magnetoelectroluminescence, which
probes spin-dependent recombination more directly than MR,
appear to follow the same anisotropy as a function of mag-
netic field (see Supplemental Material, Fig. S9 [21]), it
may be possible to learn more about additional sources of
anisotropy by a more detailed comparison of the two ob-
servables, particularly as a function of temperature, by which
contributions from spin-dependent recombination and trans-
port can be distinguished [43]. We note, however, that the
radical-pair model itself is inherently independent of tem-
perature since it relies on changes of the spin permutation
symmetry of the pair rather than magnetic-field induced Zee-
man splitting; as a consequence, direct measurements of the
spin coherence time within the pair by electrically detected
magnetic resonant spin-echo spectroscopy have shown that
it is virtually temperature independent [44]. We also point
out in Sec. 4.6 of the Supplemental Material [21] the limi-
tations of the semiclassical approach used here and discuss
some of the potential benefits of a more complete quantum-
mechanical model of the spin-spin interactions such as those
described in Ref. [45]. We stress, nevertheless, that the semi-
classical model appears to succeed in capturing the overall
trends of the measurement while being numerically much
less demanding than a complete quantum-mechanical model
[45].

A useful tool for assessing hyperfine-field distributions of
organic semiconductors is magnetic resonance spectroscopy
[46]. Since the linewidth of electrically detected magnetic
resonance spectra of OLEDs is determined by inhomogeneous
broadening due to the local hyperfine fields [14,20,29], angle-
dependent magnetic-resonance experiments are expected to
provide access to the combined effects of microscopic
anisotropy of the hyperfine fields and macroscopic molecular
ordering within the OLED. Moreover, it is even conceivable
to extend the approach of magnetic resonance spectroscopy
to the single-molecule level [47,48], thereby reducing inho-
mogeneous broadening of the resonance and opening up the
ability to map out microscopic hyperfine-field distributions of
molecular electronic states.

Polymer-based OLEDs evidently serve as a spectacularly
sensitive inclination compass at geomagnetic field strengths,
following a spin-dependent recombination mechanism not
entirely dissimilar to the radical-pair process that has been
put forward to rationalize the orientational abilities of cer-
tain species of migratory birds. An intriguing experimental
observation in the magnetoreceptive abilities of such species
is the fact that birds appear to lose their orientation when
exposed to very weak oscillating magnetic fields such as
those related to ambient electromagnetic noise generated,
e.g., by power transformers [49,50]. An exciting challenge to
extend our experimental approach and examine the relation
between OLEDs and more conventional radical-pair MFEs
would therefore be to investigate anisotropic MR in the pres-
ence of rf excitation, with the goal of possibly contributing
to identifying microscopic mechanisms of this remarkable
loss of magnetoreceptive abilities. One of the key questions
in biological magnetoreception relates to the fact how tiny
changes in reaction yields with magnetic field variations can
be translated into physiologically perceptible signals [4]. We
leave the reader to mull the fact that changes to the over-
all symmetry of the normalized computed magnetoresistance
anisotropy are easily perceived by the naked eye in Fig. 8, on
a field scale of barely 1 uT.
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