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Room-temperature coupling between
electrical current and nuclear

spins in OLEDs

H. Malissa,”* M. Kavand,' D. P. Waters, K. J. van Schooten,’ P. L. Burn,” Z. V. Vardeny,"

B. Saam,' J. M. Lupton,** C. Boehme'*

The effects of external magnetic fields on the electrical conductivity of organic semiconductors
have been attributed to hyperfine coupling of the spins of the charge carriers and hydrogen
nuclei. We studied this coupling directly by implementation of pulsed electrically

detected nuclear magnetic resonance spectroscopy in organic light-emitting diodes

(OLEDSs). The data revealed a fingerprint of the isotope (protium or deuterium) involved

in the coherent spin precession observed in spin-echo envelope modulation. Furthermore,
resonant control of the electric current by nuclear spin orientation was achieved with
radiofrequency pulses in a double-resonance scheme, implying current control on energy
scales one-millionth the magnitude of the thermal energy.

xceptionally large magnetoresistance ef-
fects can be observed at relatively low mag-
netic fields of a few millitesla in organic
semiconductors (7). Electron spin resonance
(ESR) techniques have provided insight into
the microscopic origins of spin-dependent trans-
port in these materials and have pointed to hy-
perfine interactions as the dominant mechanism.
Monitoring the device current during coherent
spin excitation (2-7) has revealed signatures of
hyperfine coupling that manifest themselves
as a resonance line-broadening mechanism. In
addition, in nutation experiments under strong
microwave excitation, such coupling becomes
apparent through the beating of both individual
charge-carrier spins at the first harmonic pre-
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cession frequency, a signature of spin-1 preces-
sion (3, 5). Ultimate verification of the influence
of nuclear magnetic moments on electronic trans-
port in these highly disordered material systems
can only be made by direct electrical detection of
nuclear magnetic resonance (NMR). However, at
room temperature and the relevant energy scale
of NMR, the magnitude of nuclear-level Zeeman
splitting is on the order of 100 neV—a million
times smaller than the thermal energy £7. Never-
theless, we succeeded in measuring the influence
of individual ensembles of nuclear spin states on
device conductivity directly through current-
detected electron spin-echo envelope modula-
tion and NMR-induced nuclear spin manipulation.

We used poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) organic light-
emitting diodes (OLEDs) as prototypical de-
vice structures for pulsed magnetic resonance
(2, 3). Electrons and holes were injected electrical-
ly to form weakly bound charge carrier pairs
within the polymer film (8). These pairs exist in
either singlet or triplet configuration and can

recombine via an excitonic state or dissociate into
free charges. In addition, pairs may undergo in-
tersystem singlet-triplet transitions through either
incoherent spin-lattice relaxation, or coherent spin
manipulation with microwave pulses under ESR
conditions. Because of spin statistics, in thermal
equilibrium there is an excess population of electron-
hole pairs in the triplet state (9). In our pulsed
electrically detected magnetic resonance exper-
iments, current changes under constant bias (cor-
responding to a current of ~100 pA dc) were
detected as a function of time after a resonant
microwave pulse to reveal transient changes
in the pair populations through the underlying
spin-dependent transport mechanism. Hahn echo
and stimulated echo sequences could then be im-
plemented by a small modification of the pulse
sequence and subsequent temporal integration
of the differential current (4, 10, 11). This so-called
polaron-pair model of spin-dependent transport
is not undisputed (72), and other carrier-pair
mechanisms (such as bipolaron pair formation)
have been discussed as the origin for this spin-
dependent process (13, 14). Although our dis-
cussion is based on the polaron-pair model, the
same arguments apply consistently to any Pauli
blockade-based spin-dependent transport pro-
cess. The interpretation of our results is indepen-
dent of the microscopic nature of this process—e.g.,
with regard to the electrical polarity of the in-
volved charge carriers, or signs and magnitudes
of electronic rates and rate coefficients.

To explore NMR control of the OLED current,
we first had to reliably detect the influence of
hyperfine coupling on the carrier-pair spin state.
To this end, we applied an electrically detected
(11, 15) electron spin-echo envelope modulation
(ESEEM) technique (16-18). Nuclear coupling was
observed indirectly through coherent manipulation
of the electronic spins precessing in the nuclear
hyperfine fields and manifested as a modulation
of the current spin-echo amplitude superimposed
on the exponentially decaying echo signal. This
approach is particularly suitable for studying
systems with comparatively weak hyperfine in-
teraction strength and low nuclear precession
frequencies (i.e., below 5 MHz in an X-band

19 SEPTEMBER 2014 » VOL 345 ISSUE 6203 1487



RESEARCH | REPORTS

ESR setup operating at a microwave frequency
of 9 to 10 GHz, at a resonant field B, =~ 345 mT,
which corresponds to a g-factor of 2.003); strong
excitation fields at low excitation frequencies are
difficult to establish owing to technical limitations
in many electron-nuclear double resonance set-
ups. We applied this technique to OLED devices
with MEH-PPV composed of either hydrogenated
or deuterated 2-ethylhexyloxy side groups (3), as
there is a pronounced difference in the nuclear
Larmor frequencies of protium and deuterium
(145 versus 2.2 MHz, respectively, at 345 mT). To
reveal spin beating between electronic and nu-
clear spins in ESEEM, it is important to work at
low B, fields (weak microwave intensities) so as to
avoid purely electronic spin-beating within the
spin-1 charge carrier pair (3, 5).

Figure 1 shows results from current-detected
ESEEM spectroscopy of the OLEDs. The tem-
poral transient of the spin-echo decay was mea-
sured as the time-integrated change in current
(i.e., total change in charge AQ) (4, 10, 15). The
echo decays exponentially as expected, but also
exhibits a superimposed amplitude modulation
(Fig. 1, D and J). This oscillation originates from
the dipolar coupling of the carrier-pair spin state
and the surrounding nuclear spins. The modula-
tion frequency corresponds to the nuclear Larmor
frequency. The charge-carrier pairs are weakly
coupled, and under sufficiently weak microwave
excitation, only the spin-%4 transition is excited
(3, 5). Consequently, only nuclear modulations of
the electron spin arise (I7), rather than, e.g., elec-
tronic spin-spin interactions. The pronounced
difference in echo modulation between hydro-
genated and deuterated devices is clearly visible
without any data processing. The B, dependence
of the resonance—i.e., the Zeeman splitting (Fig. 1,
E and K)—exhibits an unconventional line shape
that originates from the pulse sequence projec-
tion method used to detect the echoes (1) (Fig.
1B). However, the overall resonance line width
is typical for MEH-PPV (2).

Because the information on nuclear Larmor
precession is encoded as a modulation signal in
the raw data, Fourier transformation was used
to extract the individual frequency contributions
(Fig. 1, F to H and L to N). Two different char-
acteristics are visible in the Fourier spectra: (i) a
flat, Byp-independent feature close to 15 MHz that
persists far off resonance where the echo am-
plitude itself is zero; and (ii) a strong signal at
14.5 MHz for hydrogenated and at 2.2 MHz for
deuterated devices that follows the same B,-
resonance dependence as the echo amplitude
(Fig. 1, E and K). The first feature corresponds
to the second harmonic of the Nyquist critical
frequency and is thus an artifact of finite sam-
pling. Because data acquisition and process-
ing are carried out in the same way for both
devices, this feature is identical in both spectra.
The second characteristic, the so-called proton
or deuteron matrix line, originates from the nu-
clear spin precession of the respective isotope. A
splitting of the matrix line is not observed. This
finding is consistent with weak hyperfine cou-
pling of charge carriers to remote nuclear spins,

1488 19 SEPTEMBER 2014 » VOL 345 ISSUE 6203

as would be expected in a disordered system
(16, 18). Weak coupling arises as the strength of
the dipolar hyperfine interaction scales with 72,
where 7 is the distance between nuclear and elec-
tronic spins. From the absence of nuclear line

splitting, we can deduce a minimum distance
of 0.3 nm between the charge carriers and
nuclei (I8). Such a separation is consistent with
the nature of n-electrons in the polymer (Fig. 1,
C and I), where the carriers are localized on the
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Fig. 1. Isotopic fingerprinting of coherent electronic spin precession in the current of an OLED
at room temperature. (A) An ITO/PEDOT:PSS/MEH-PPV/Ca/Al OLED pixel was fabricated on an
RF/microwave-compatible substrate with thin-film ITO and aluminum contact leads [ITO: indium tin
oxide; PEDOT:PSS: poly(34-ethylenedioxythiophene):poly(styrene sulfonate)]. (B) Scheme for the
electrical detection of ESEEM in a stimulated echo sequence. After electronic coherence is generated
using a n/2-t-n/2 ESR pulse sequence, electron and nuclear spins are allowed to mix for a time T
before the read-out sequence n/2-1-n/2 is applied. During T, the electron spins beat with the nuclear
spins, imposing a periodic modulation on the spin-echo envelope, which is clearly seen. (C and I) Chemical
structure of the hydrogenated and deuterated MEH-PPV polymers. Black, white, and gray spheres rep-
resent carbon, protium, and deuterium. (D and J) ESEEM signal as a function of mixing time, T. The nuclear
resonance signal is contained in the oscillations superimposed on the exponential decay of the current-
detected spin echo. The experiments were performed at a microwave frequency of 9.63 GHz. (E and K) Bo
dependence of the signal. (F and L) The ESEEM signal after background correction and Fourier trans-
formation for different values of Bg across the resonance. (G, H, M, and N) Magnified views around 2 and
15 MHz, the deuteron and proton matrix lines, respectively. The dashed lines indicate the anticipated
frequencies of the proton and deuteron resonances.
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Fig. 2. Microwave (MW) and radiofrequency (RF) pulse sequence and corresponding carrier-pair
population distributions for OLED ENDOR spectroscopy. The energetic spread of the populations
arises predominantly from hyperfine fields. For simplification, only two of the four singlet and triplet
carrier pair states are shown, and the Zeeman splittings between these states are neglected.
Transitions between singlet and triplet configurations occur under ESR, leading to a spectral hole in the
triplet distribution. Under NMR, the hyperfine field distribution is inverted, blocking resonant refilling of
the hole.
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Fig. 3. Direct control of OLED current by nuclear spin transitions. (A) Background-corrected
Hahn-echo amplitude as a function of RF excitation and Bg in an ENDOR experiment. Resonance
features only appear close to 13 MHz. The experiments were carried out at a microwave frequency of
9.68 GHz. (B) Hahn-echo amplitude as a function of Bg for two different vgr values (13.05 MHz, blue;
and 15 MHz, purple). The spectrum with RF irradiation turned off (green) was used to background-
correct the 13.05-MHz data (blue), yielding the pure electrically detected NMR spectrum (orange).
(C) ENDOR spin-echo amplitude as a function of vge at Bo = 344.1013 mT (blue) compared to the
ESEEM spectrum from Fig. 1F (purple).
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conjugated backbone and the hydrogenic nuclei
are located predominantly in the side groups.
The deuterated device does contain a small frac-
tion of protium, but the corresponding matrix
line is too weak to be separated clearly from the
sampling artifact (Fig. IN).

Rather than simply correlating a qualitative
observable such as magnetoresistance with deu-
teration (3, 6), these ESEEM experiments con-
stitute direct nuclear magnetic fingerprinting of
spin-dependent currents in an organic semicon-
ductor. Given the discrete coupling of electronic
spins and device current to nuclear moments, as
evidenced by the proton and deuteron matrix
lines, it should be possible to coherently transfer
spin information between electrons and nuclei
as in other solid-state qubit systems such as ni-
trogen vacancy centers in diamond (9) and *'P
donor electrons in silicon (20, 21).

To resonantly control the nuclear spin state, we
applied high-power radiofrequency (RF) pulses
in an electron-nuclear double resonance (ENDOR)
configuration that corresponds to a modified
Davies-ENDOR sequence (17, 21-23). Figure 2
shows the pulse sequence itself with sketches of
the relevant carrier-pair spin states. The sequence
is rationalized as follows: (i) Before the pulse
sequence is applied, the system is in steady state
with an excess population of triplet pairs due to
spin statistics. The triplet (spin-1) pair distribu-
tion is broadened (5) by magnetic field interactions
(such as Zeeman splitting), whereas the singlet
(spin-0) is not. (ii) A microwave nt-pulse is applied,
which rotates one of the pair partners, turning
triplet states into singlets. Only those states in
resonance with the pulse are transferred to sing-
lets. This step corresponds to spectral hole burn-
ing, because a narrow subensemble of the entire
population is depleted. (iii) An RF n-pulse is ap-
plied. If this pulse is resonant with the hydrogenic
nuclear spin transition (i.e., the pulse energy E =
hugr corresponds to the Zeeman splitting of the
nuclear moments), the nuclear spins are inverted.
Consequently, the spectral hole in the triplet
pair distribution is inverted (right-hand side). If the
RF pulse is nonresonant (or omitted altogether),
the nuclear spins remain unaffected (left-hand
side). (iv) A modified Hahn-echo pulse sequence
1/2-t-n-t-1t/2-echo (4, 10, II) is applied in the mi-
crowave channel. This sequence effectively cor-
responds to a m-pulse and thus again induces
transitions between singlet and triplet manifolds.
If the RF pulse in step (iii) is nonresonant, sin-
glets are transferred back to triplets, filling
the spectral hole in the triplet distribution.
The final configuration will then resemble the
initial steady-state situation. If, however, the
RF excitation is resonant with the nuclear spin
transition, the spectral hole in the triplet dis-
tribution, detected in the device current, must
shift its resonance frequency because the hy-
perfine interaction strength is modified selec-
tively (the spectral hole is shifted in energy).
The resonant transition between singlets and
triplets under microwave irradiation (measured
by electrically detected magnetic resonance) is
then blocked. When the spin-echo amplitude is
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subsequently recorded as a function of RF fre-
quency vgg, the characteristic hydrogen NMR
transition frequency should be visible owing to
this population quenching, as the relative singlet-
triplet pair population controls conductivity
(2, 14). 1t is effectively irrelevant whether a spec-
tral hole or a peak (a population excess) is formed
on one of the spin-pair distributions at a spe-
cific nuclear resonance energy. The key aspect
is that the ESR pulse leads to a departure from
equilibrium configuration.

On the peak of the electron spin resonance,
when B, coincides with the center of the current-
detected resonance spectrum (Fig. 1, E and K), a
resonant RF excitation will map the inversion
of the spectral hole in the triplet population dis-
tribution back onto itself. In this case, there is no
net change to the nuclear spin population (i.e., the
effective hyperfine field), and the current-detected
spin-echo amplitude shows no modification. There-
fore, NMR control of the current by ENDOR must
be conducted slightly off resonance—i.e., at a fre-
quency offset from that observed in current-
detected spin precession (ESEEM, Fig. 1), which
in turn corresponds to the maximum of the hy-
perfine field distribution. This argumentation
is somewhat simplified and takes neither spin-
lattice relaxation (77) (24) nor electronic processes
such as carrier hopping into account (2, 4). The
nuclear RF excitation pulses lasted for 10 us
(which corresponds to an RF magnetic field
strength at the position of the sample of ~1.2 mT
at 240-W RF power). Spin-lattice relaxation to-
gether with spectral diffusion will gradually fill
up the spectral hole in the triplet distribution
while the RF field is applied, thus reducing the
overall signal strength. For charge carrier pairs
in MEH-PPV, T} = 40 us at room temperature
(9), which means that the spectral hole is still
pronounced even though the experimental fidel-
ity is limited. In addition, the RF pulse duration
places an upper limit on the excitation band-
width (i.e., the Fourier transform of the pulse),
which implies that only a small subset of nuclear
spins can be excited resonantly, rather than the
entire nuclear spin ensemble.

Figure 3 demonstrates direct control of the
OLED current through the nuclear spin of the
proton [ENDOR experiments on deuterated de-
vices could not be performed because of the weaker
nuclear magnetic moment and several techni-
cal limitations relating to the lower resonance
frequency (11, 17)]. First, we measured the echo
amplitude as a function of B, (centered around
the current-detected electron-spin resonance)
and the nuclear excitation frequency, vgy (Fig.
3A). The spin-echo-detected By-resonance line
shape of the electron, which is present both on
and off the nuclear resonance (compare to Fig.
1), obscures the ENDOR signal itself. This back-
ground was removed by subtracting the off-
resonant By-dependent signal from the echo
amplitude in the absence of RF excitation. The
most pronounced features in the two-dimensional
ENDOR spectra appear at a nuclear excitation
frequency of ~13 MHz and are symmetrical around
this resonance with respect to By. With these

1490 19 SEPTEMBER 2014 « VOL 345 ISSUE 6203

features identified, we performed current-detected
spin-echo sweeps of B, at different fixed values of
vrr (Fig. 3B, upper panel). When vgr was de-
tuned from resonance (i.e., to 15 MHz, purple
curve) or the RF pulse was omitted altogether
(green curve), only the echo-detected line shape
was visible, analogous to the results in Fig. 1. How-
ever, when vgp was tuned to the resonance de-
termined from Fig. 3A (13.05 MHz), two additional
sharp features appeared on either side of the spin-
echo-detected resonance spectrum (blue curve),
whereas the central spectral feature remained
unaffected. The lower panel of Fig. 3B shows
the difference between the blue (nuclear reso-
nance) and green (no RF field) lines, revealing
the direct effect of nuclear resonant excitation
on device current, the effective ENDOR spec-
trum. The spectrum is consistent with the under-
standing of the modified Davies-ENDOR experiment
described above: No substantial effect is anti-
cipated close to the center of the charge-carrier
resonance (see Fig. 2), where the spectral hole in
the distribution of hyperfine fields is mapped
back onto itself under inversion, resulting in the
observed double-dip feature of the spectrum.

The blue curve in Fig. 3C shows a sweep of vgg
across the hydrogen nuclear resonance with B,
fixed to the higher-field echo-detected ENDOR
peak at 348.5 mT (II). For comparison, the nu-
clear resonance spectrum extracted from the Fourier
transform of the current-detected spin-echo envel-
ope modulation of an OLED at the same B, field
(purple curve, data from Fig. 1) is also shown. Both
ESEEM and ENDOR spectra are of comparable
width but are shifted with respect to each other
by 1.5 MHz. The width of the ENDOR spectrum
constitutes a measure of inhomogeneous (dis-
order) broadening of the hyperfine fields. The
shift occurs because the proton matrix line can-
not be seen in ENDOR experiments owing to the
decreased sensitivity to nuclei with weak (i.e.,
dipolar) hyperfine-field interaction strengths
(16). This insensitivity of the method arises
from the finite excitation bandwidth of the RF
pulses (I7), which does not present a problem
in envelope-modulation detection of intrinsic
NMR in the absence of RF manipulation, as in
ESEEM. In addition, the ESEEM signal is slight-
ly shifted with respect to the nuclear Zeeman
frequency. This shift determines the hyperfine-
coupling constant of individual nuclei with the
charge carriers (17), which in this case accounts
for ~4 MHz, or an effective magnetic field strength
of 0.1 mT, taking into account that the res-
onance line splits in two. This value is consid-
erably lower than the hyperfine fields that were
previously extracted from ESR line-shape anal-
ysis (5, 6), as the latter is determined by the net
fields of the entire nuclear spin ensemble acting
on the charge carriers. In contrast, here we mea-
sure the individual contribution of discrete nuclei,
which are selected by the spectral hole-burning
procedure.

The room-temperature control of OLED con-
ductivity by direct manipulation of nuclear spin
states occurs on an energy scale of ~100 neV (the
Zeeman splitting of the nuclear spins at B, =

345 mT), six orders of magnitude below k7, and
therefore constitutes an example of highly effi-
cient switching. Although this effect, originating
from strong hyperfine interactions, suggests that
protons in organic semiconductors could be used
for electrically addressable quantum spin infor-
mation storage, it is limited with regard to carrier
recombination. Coherent writing and read-out
of information in nuclear spins in organic semi-
conductors are not immediately possible because
the electronic spins recombine too quickly. How-
ever, carrier-pair recombination can be con-
trolled effectively by electric fields (24), which
could provide a route to enhancing coherent spin-
storage times.
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