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The spin-Dicke effect in OLED magnetoresistance
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Pairs of charge-carrier spins in organic semiconductors consti-
tute four-level systems that can be driven electromagnetically’.
Given appropriate conditions for ultrastrong couplingz—weak
local hyperfine fields B,,,, large magnetic resonant driving
fields B, and low static fields B, that define Zeeman splitting—
the spin-Dicke effect, a collective transition of spin states, has
been predicted®. This parameter range is challenging to probe
by electron paramagnetic resonance spectroscopy because
thermal magnetic polarization is negligible. It is accessed
through spin-dependent conductivity that is controlled by
electron-hole pairs of singlet and triplet spin-permutation
symmetry without the need of thermal spin polarization®. Sig-
natures of collective behaviour of carrier spins are revealed in
the steady-state magnetoresistance of organic light-emitting
diodes (OLEDs), rather than through radiative transitions. For
intermediate B,, the a.c.-Zeeman effect appears. For large B,,
a collective spin-ensemble state arises, inverting the current
change under resonance and removing power broadening,
thereby offering a unique window to ambient macroscopic
quantum coherence.

Macroscopic phase coherence is a hallmark of many exotic
states of matter such as superconductivity, ferromagnetism or Bose-
Einstein condensation. Such coherence may also emerge between
two-level systems, where it is mediated by electromagnetic fields,
as described by the Dicke effect in collisional narrowing’ and
superradiance®. Collective behaviour may already arise within a pair
of interacting two-level systems’, an observation that can potentially
be extended to the prototypical two-level system of an electron
spin. For pairs of charge-carrier spins in organic semiconductors,
with driving fields B, exceeding the hydrogen-induced random
local hyperfine field" By, and approaching the magnitude of the
static magnetic field B, a collective macroscopic spin phase has
been predicted to emerge’. Under these conditions, when the
spin-Rabi splitting becomes comparable to the Zeeman splitting,
the electromagnetic field links individually resonant spin pairs
together, forming a spin-Dicke state analogous to that in the dipolar
Dicke effect®”’. These macroscopic effects are observable through
measurements of electronic recombination rates, which depend on
spin-permutation symmetry of the pair®.

We monitor the electron-hole recombination current in an
OLED, where positive and negative charges are injected into a thin
film of an organic semiconductor from opposite electrodes. As the
charges drift through the material, they can capture each other
on intermolecular length scales owing to weak dielectric screen-
ing. These weakly coupled intermolecular electron-hole pairs® can
ultimately recombine on individual molecules to form a molec-
ular excited state, or exciton, which gives rise to electrolumines-
cence. The subsequent discussion focuses on carrier pairs and not

on excitons, which have spin S=0 or 1. Because the carriers
possess spin 1/2, there are four quantum-mechanical substates of
the electron-hole pair. Incoherent mixing of these states occurs
on timescales of the spin-lattice interaction, T, provided a relax-
ation mechanism exists'®'!. More importantly, the spins precess
coherently in local magnetic fields, in particular around nuclear
magnetic moments, leading to coherent spin-state mixing on
timescales of the phase coherence, T, (ref. 1). At room temperature,
charge-carrier spins in the OLED material poly[2-methoxy-5-(2'-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) are character-
ized by long spin coherence and relaxation times, T, ~ 350 ns and
T, ~ 40 us, respectively'. These parameters ensure that even tiny
static magnetic fields (weaker than nuclear hyperfine fields) modify
spin precession of localized carriers and alter spin-permutation
symmetry of the pair, which controls the yields of electron-hole
recombination and dissociation'*""*. OLEDs therefore exhibit low-
field magnetoresistance™'¢ owing to spatial variations in the local
magnetic field experienced by the pairs precessing around hydrogen
nuclear magnetic moments.

Figure 1 contrasts B,-sweeps of the steady-state OLED current at
room temperature with and without an oscillating radiofrequency
(RF) field of strength B;, with a sketch of the set-up in Fig. 1a.
We compare two MEH-PPV derivatives'” with hydrogenated and
deuterated side groups. For the data obtained from hydrogenated
MEH-PPV (Fig. 1b), a small initial dip occurs close to the origin,
followed by a large increase. The dip has been assigned to the influ-
ence of zero-field splitting within the pair®. It is thought to be related
to the competition between exciton formation and spin mixing',
but is of no further relevance here. We note that the absolute sign
of the magnetoresistance, which is determined by the balance of
spin-dependent pair recombination and dissociation rates®, is also
insignificant for the subsequent discussion, because the spin-Dicke
effect is manifested in relative changes of steady-state conductivity
and its qualitative dependence on the driving field B, (ref. 3). As B,
increases to 6 mT, spin precession in the hyperfine field is modified,
changing spin statistics and thus pair dissociation and recombina-
tion rates™'®*'. This effect is reversed by an 85 MHz RF field, re-
sulting in a magnetic resonance around 3.05 mT, in agreement with
the known MEH-PPV g-factor of 2.002 (refs 1,9). On-resonance,
triplets and singlets are interconverted”'®***, compensating the
underlying static magnetoresistive effect. The difference between
B,-sweeps with and without RF radiation gives the characteristic
magnetic-resonance lineshape in Fig. 1d, which corresponds to a
hyperfine-broadened double-Gaussian function associated with the
individual resonances of electrons and holes" (see Supplementary
Fig. 1 for discussion).

The influence of By, on magnetoresistance can be tested by
deuterating the 2-ethylhexyl side chains of MEH-PPV, shown in
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Figure 1| Magnetoresistance and magnetic resonance in the steady-state current of an OLED at room temperature. a, The OLED is fabricated on a thin
narrow strip of glass and contacted with ITO and thin metallic strips to minimize inductive coupling. It is biased using a battery to measure the direct
current. A set of Helmholtz coils provides the static By field, orthogonal to which the oscillating B field is applied by an RF coil driven by an RF c.w. power
source. b,c, Magnetoresistance of MEH-PPV devices (at a bias adjusted to establish a 50 A current) without (red) and with (green or blue) the RF field
applied at 85 MHz, for samples with hydrogenated (b) and deuterated (c) side chains. d,e, Differential magnetocurrent with and without the RF field, for
samples with hydrogenated (d) and deuterated (e) side chains, yielding an electrically detected magnetic resonance in the steady-state current. The
cartoon illustrates the electron-hole pair resonance transition between singlet and triplet manifolds. For simplicity, only one of the triplet states is
considered in the discussion, but the description applies equally to all triplet states.

Fig. 1¢c,e, with the magnetoresistance curve appearing steeper for the
latter where local hyperfine fields are weaker'®*'. Under RF irradia-
tion, the dip obtained from deuterated MEH-PPV in Fig. 1c is more
pronounced than in Fig. 1b because the hyperfine-broadened reso-
nance narrows'®*'. Parallels to this RF effect exist in solution-based
reaction-yield-detected magnetic resonance of pair processes*,
with the crucial difference being that the OLED current reveals
absolute population changes, allowing steady-state detection in
magnetoresistance. This signal amplitude enables time-resolved
excitation and detection to uncover spin-Rabi oscillations and spin
beating due to correlated precession of electrons and holes”. To
demonstrate that steady-state magnetoresistance arises from coher-
ent spin precession, we pulsed the RF coil and measured the current
change as a function of pulse length (Supplementary Fig. 2). The

Rabi frequency increases as the square root of the RF power??,
allowing direct calibration of the resonant driving field B;.

Probing magnetic resonance directly in a steady-state current
allows for the exploration of interactions between carrier spins and
their field-mediated equilibration, which controls magnetoresis-
tance. We distinguish three regimes of interaction between the rele-
vant magnetic fields By, By, and B, in Fig. 2a—c. For B, < By, < By,
the domain of conventional magnetic resonance®, only one spin of
the electron-hole pair is in resonance with the driving field””. For
ensembles of weakly coupled pairs, this means that singlet pairs flip
to triplets and vice versa. Although spin resonance controls spin-
permutation symmetry, which determines conductivity through
spin-dependent transitions®, the net spin polarization remains zero.
For B, ~ By, local magnetic disorder from hyperfine interactions
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Figure 2 | Emergence of the spin-Dicke regime in OLED magnetic resonance as a function of oscillating driving-field amplitude B;. a, For low driving fields
weaker than local hyperfine fields, only an electron or a hole within a carrier pair is excited resonantly. b, As By increases to exceed By, both electron and
hole within the pair become resonant: the pair partners precess in a defined phase. With increasing By, this spin beating gradually cancels out the effect
that individual spin-dependent transitions have on conductivity, reducing the current change Al. ¢, For very large driving fields, on the order of the static
field Bp, the spins across the ensemble form a collective state within the RF field, a manifestation of the predicted Dicke effect. For simplicity, only one
triplet subensemble is sketched. d, Normalized Al as a function of By, exhibiting the three regimes described, for hydrogenated and deuterated samples.
Following ref. 3, the curves are described by two linear functions (see Supplementary Information for details). Inset: effect of detuning ABo =2 mT
off-resonance, with the detuning ratio of Al between on- and off-resonance plotted against By for the deuterated sample. A linear dependence on By is
observed, as predicted in ref. 5. e f, Plots of Al as a function of By and By for hydrogenated (e) and deuterated (f) samples. Both samples show power
broadening and a splitting of the resonance due to the a.c.-Zeeman effect, the latter being more clearly resolved under weaker hyperfine coupling. The
deuterated sample shows a clear inversion of signal amplitude at the onset of the spin-Dicke regime (c). The black lines indicate the magnetic field Bo & By.
The errors ind and its inset derive from errors in the current measurements, which are based on estimators for unbiased sample variances obtained as
described in the Supplementary Information.
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is overcome so that both the electron and the hole resonate in
phase”. However, there is still no connection between the individ-
ual carrier pairs, which have random phases with respect to the
driving field. In the ultrastrong-coupling regime?, where B, ~ B,
the spin-Dicke effect sets in’, which is equivalent in form to the
familiar optical Dicke effect’”. The driving field now defines the
Bloch sphere axis, voiding the rotating-wave approximation®. In
the Dicke regime, spins act together in phase with the driving field,
leading to signatures of collective behaviour. However, instead of
detecting the coherence directly through the superradiant field from
the spin transitions, which is masked by the strong driving field,
the collective behaviour of strongly driven spin pairs is revealed in
a change of conductivity’. As outlined by Roundy and Raikh’, the
resonance coupling results in new eigenstates of the pair system: a
smaller subset of collective pure-singlet character and a dominant
triplet-state set. As the pairs become phase-locked by the driving
field, a reversal of the resonance sign occurs, enhancing magnetore-
sistance’. This sign reversal, which must coincide with a change in
the resonance spectrum, underlines the crucial difference between
conventional spin beating” (for B, ~ By,) and the Dicke effect
(when B, & By; ref. 3).

The theoretical formalism of OLED magnetoresistance under
resonant a.c.-drive’ allows several predictions to be made, which
we test here. First, current changes as a function of B, should scale
with the hyperfine field strength’. We therefore plot measurements
for hydrogenated and deuterated samples on different linear
scales of B, in Fig. 2d, with data for the deuterated (blue) and
hydrogenated MEH-PPV (green) giving optimal overlap for a
scaling ratio of 1.72(4) of the two axes. This number is in good
agreement with the ratio of the expectation values for the random
hyperfine fields experienced by the charge carriers in the two
materials (1.88(13), as obtained from the resonance lineshapes'’,
see Supplementary Information). Qualitatively, theory predicts that
when power broadening becomes significant, the magnitude of the
resonantly induced current change AI must scale linearly with
driving-field amplitude B, rather than quadratically, as would be
expected for electromagnetic absorption. This linear rise of AI with
B, is shown in Fig. 2d. AI should saturate, followed by a linear
decrease. The slope of the decrease should be smaller than that
of the initial increase®, as is observed (and discussed in detail in
the Supplementary Information). A further test’ comes from the
effect of By-detuning on AI. Off-resonance, AI should be zero, but,
as B, increases, the change of resonance lineshape due to power
broadening must lead to a quadratic rise in AI with B, for small B,
below saturation®. We consider in the inset of Fig. 2d the detuning
ratio Aly/ Al as a function of B,. Al is defined as the on-resonance
current change and Al as the detuned current change measured
off-resonance, at a field By=1.05mT (AB,=2mT lower than the
on-resonance magnetic field). The detuning ratio normalizes Al
to the on-resonance current change Al,. As AL~ B, and AI;~B3,
Aly/ Al is predicted® to be proportional to B,. This proportionality
is confirmed in the inset of Fig. 2d, with the deviation close to the
origin resulting from hyperfine broadening of the resonance. This
broadening breaks one of the conditions set by theory’ that the
detuning A B, be large (AB, >> By,; ref. 3). We conclude that theory’
withstands experimental scrutiny and note that the observations
differ fundamentally from conventional spin-locking invoked to
describe the inversion of reaction-yield-detected RF resonances®,
because our resonance lineshape depends on B,.

Given the experimental tests of theory at low to intermediate B,
driving fields’, we probed the model for high B, approaching B,. At
a critical B,, the resonances should vanish entirely’, beyond which
the Dicke regime emerges, manifested by a AI sign reversal and a
collapse of the resonance lineshape due to the formation of new
eigenstates. Resonance lines of the two devices are plotted versus
B, in Fig. 2e,f. For the hydrogenated material, the dominant effect

4

is power broadening, which decreases in strength as fundamental
and harmonic spin precession” (that is, spin beating) cancel
out their mutual impact on AI for large B,. Subsequently, the
resonance splits, and then vanishes at approximately B, =1.1 mT.
B, is limited by constraints on the RF amplifier and coil design (see
Methods). For the deuterated compound, the critical field B, > By,
is almost a factor of two lower and the resonance is narrowed,
so that the underlying structure of the resonance spectrum is
more clearly resolved. The spectrum in Fig. 2f shows the same
power broadening as in Fig. 2e, but also exhibits clear bifurcation
above B;~0.4mT > By,,. This splitting is a consequence of the
a.c.-Zeeman effect, which is analogous to the Bloch-Siegert shift
induced on each spin of the pair by the oscillating field. The expected
Zeeman splitting induced by B, on the scale of B, can be deduced
from half of the power broadening line width, which is indicated by
the black lines in Fig. 2e,f. At higher fields, the resonance suddenly
inverts, coinciding with spectral narrowing. Above B, ~ 0.7 mT,
most electron-hole spin pairs precess in phase with the driving field
and hence with each other, inverting the effect of spin precession on
spin-dependent transport (and hence the sign of AT): new dominant
triplet eigenstates emerge for B, — oo (ref. 3).

The agreement between model and experiment provides con-
clusive evidence for the observation of the spin-Dicke effect in
OLED magnetoresistance’. Although formally analogous to the
conventional optical Dicke effect’”, important differences exist in
phenomenology, as discussed in the Supplementary Information.
Crucially, the spin-Dicke effect is manifested in conductivity, which
is controlled by spin-permutation symmetry of the individual pair®.
It therefore does not scale with ensemble size as superradiance does®.
Finally, one may speculate that the spin-Dicke effect as revealed in
Fig. 2f could emerge spontaneously in a device, without an external
oscillatory field, given sufficiently small B, and large spatiotempo-
ral fluctuations in local magnetic field strength that would constitute
an effective B,. Such fluctuations could arise from spatial varia-
tions in spin-spin couplings experienced by a migrating charge,
and should be particularly strong if transport is anisotropic, as in
molecular wires”. The ability to form collective states of radical-
pair spins may find application in coherent control of chemical
reactions, but also offers an alternative room-temperature route to
permutation-symmetry-based concepts for electrically addressable
quantum information processing® and fast resonance-based mag-
netometry”, because the effect of power broadening is reduced.

Methods

Methods and any associated references are available in the online
version of the paper.
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Methods

The MEH-PPV devices used in this study were fabricated on commercially
acquired (SPI Supplies) indium tin oxide (ITO)-coated 700-pum-thick glass. The
ITO was etched (Oxford Plasmalab80) to give an active area of 2 x 3 mm* contacted
by a narrow strip of ITO. The lateral conductivity of the ITO strip was improved by
depositing a 125-nm-thick layer of Al (Denton Sputterer) on top of the ITO strip,
outside of the active OLED area, as described previously””. A 50-nm layer of
PEDOT:PSS (Clevios) was spin-coated under ambient conditions followed by a

20 min thermal anneal at 120 °C on a hotplate. Hydrogenated or deuterated”
MEH-PPV layers were spin-coated from toluene solutions followed by thermal
annealing for 10 min at 100 °C on a hotplate in a nitrogen glovebox. The devices
were completed by thermal evaporation of 5 nm of Ca capped with 150 nm of Al to
form the cathode. Hydrogenated MEH-PPV was purchased from American Dye
Source. For device verification, visual mechanical inspection and electrical
characterization (I-V characteristics) were carried out followed by a second visual
inspection under bias to confirm electroluminescence. I-V characteristics of the
two materials were found to be very similar, within standard sample-to-sample
variations. The devices were encapsulated (using Araldite 2011 A/B) and then
transferred from the glovebox to the experimental set-up. The experimental set-up
(sketched in Fig. 1a) was developed and built in-house. The sample was mounted in

air and connected using a printed circuit board located at the tip of a sample rod
that could fit into the centre of the RF coil, which itself was located at the centre of
two Helmbholtz coils that provided the field B,. The sample plane was perpendicular
to the direction of B, and parallel to B,. The control of B, was accomplished by a
Kepco ATE 100-10M constant-current source. The continuous-wave RF field was
generated by an Agilent MXG N5128A generator whose output was connected to
an ENI 5100L RF (50 dB, 100 W, 1.5-400 MHz) amplifier. The RF pulses used for B,
calibration were triggered by a Pulseblaster DDS-I-300 pulse generator. The device
bias was provided by a 9 V battery connected to a potentiometer, so as to minimize
electrical noise. The sample current was detected by an SRS570 amplifier (with a

10 Hz low-pass filter) linked to a NI PCI-6251 DAQ analog-digital converter for
continuous-wave operation and to an AlazarTech ATS9462 digitizer for pulsed
operation. MATLAB was used for data acquisition and processing. We note that the
relative amplitude of the measured device current changes decreases with
increasing sample current (and hence bias) as non-spin-dependent parallel
(leakage) current becomes more prevalent. The results presented here were
therefore recorded at low biases (just above OLED turn-on), where the ratio
between spin-dependent and spin-independent currents is maximal. The current
measurements reported here are based on averages of multiple repeated
measurements, as described in the Supplementary Information.
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