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Separation of Spin and Charge Transport in Pristine z-Conjugated Polymers
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We have experimentally tested whether spin-transport and charge-transport in pristine z-conjugated
polymer films at room temperature occur via the same electronic processes. We have obtained the spin
diffusion coefficient of several z-conjugated polymer films from the spin diffusion length measured by the
technique of inverse spin Hall effect and the spin relaxation time measured by pulsed electrically detected
magnetic resonance spectroscopy. The charge diffusion coefficient was obtained from the time-of-flight
mobility measurements on the same films. We found that the spin diffusion coefficient is larger than the
charge diffusion coefficient by about 1-2 orders of magnitude and conclude that spin and charge transports
in disordered polymer films occur through different electronic processes.
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Organic semiconductors (OSECs) have been studied
extensively, not only because of their versatility for
electronic and optoelectronics applications such as organic
light emitting diodes [1], transistors [2], and solar cells [3],
but also for their potential applications in spintronics [4-8].
OSECs are predominantly made of light atoms with low
atomic numbers and, therefore, the electronic states in
OSEC:s typically exhibit weak spin-orbit coupling (SOC),
which may lead to long spin relaxation times. This suggests
potential applications as spin transport materials in spin-
tronics devices [9,10]. Indeed, for more than a decade,
OSECs have been demonstrated to work as efficient buffer
layers in spin-valve structures in which they are sand-
wiched between two ferromagnetic (FM) electrodes with
different coercivities [4,9,11] which serve as injector-
detector pair of both a spin-polarized current as well as
an electrical current under application of a bias voltage at
cryogenic temperatures.

More recently, the transport of pure spin current (in the
absence of charge current) through OSECs has been
demonstrated using spin pumping via ferromagnetic reso-
nance (FMR) excitation of a FM substrate at room temper-
ature [12]. Here, the spin current in the OSEC layer is
launched through scattering of FMR-induced magnons at
the FM-organic interface, which serves as a spin transport
layer. The detection of the pure spin current is possible
through observation of the inverse spin Hall effect (ISHE),
which is the SOC-induced electromotive force—detected
by a voltage or current measurement—transverse to the
pure spin [13]. Pure spin currents in OSEC layers have been
demonstrated with the ISHE by using both nonmagnetic
detector layers with strong SOC or directly through the
low-SOC organic transport layers themselves [14-16].
The latter approach was first demonstrated by using a
bilayer structure consisting of the ferrimagnetic insulator
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Y;Fe;0,, and the conducting polymer PEDOT:PSS
[14], while the former has been accomplished using trilayer
structures composed of a FM injector layer, an OSEC
transport layer, and an ISHE detector layer with strong
SOC, typically Pt or Pd. These trilayer structures have been
used to obtain spin diffusion lengths of various OSEC
interlayers [17-21]. Importantly, using pure spin current
and the ISHE for its detection circumvents a well-known
problem of spintronics applications that rely on injection of
spin-aligned carriers into the nonmagnetic layer, namely
the impedance mismatch that occurs at spin-injector inter-
faces [22,23].

Charge transport in OSEC has been studied extensively
in the past, and is generally considered to be well under-
stood for most materials that fall into this class. Within
disordered OSECs, such as z-conjugated polymers or small
molecules, charge transport is governed by transitions
between localized electronic states such as hopping
or tunneling [24]. In contrast, spin-transport and spin-
relaxation mechanisms in OSECs have been studied
to a lesser degree. For localized electronic states various
physical processes may affect both spin transport and
spin relaxation, including interaction with nuclear spin
states (hyperfine interaction) [25,26] and SOC [27,28]. For
example, spin transport in the z-conjugated polymer
poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene)
(PBTTT) has been demonstrated to be governed by a SOC-
mediated polaron hopping process [12]. Therefore, spin
diffusion is expected to obey the diffusion length relation
[29], A¢ = /DTy, where Ag is the spin diffusion length, D
the charge carrier diffusion constant, and T is the spin-
relaxation time. On the other hand, there are two theoretical
models which predict that spin transport may be signifi-
cantly more efficient than charge transport in OSEC films.
One model claims that spin transport is mediated by
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FIG. 1. Measurement of the spin diffusion length in the

polymer SY-PPV using NiFe-polymer-Pt trilayer devices with
various polymer thicknesses d in spin pumping or ISHE experi-
ments. (a) SY-PPV molecular structure and surface morphology
of ~150 nm thickness film deposited on Pt, measured by atomic
force microscopy. The white scale bar corresponds to 4 pm.
(b) Schematics of the spin pumping process in the trilayer
structure as explained in the text. (c) The ISHE voltage
Visue (B) response generated in the Pt layer in trilayer devices
with various d. (d) SY-PPV thickness dependence of the Vigyg
amplitude. The Vigyg decay with d is modeled with an ex-
ponential function in order to extract the room temperature spin
diffusion length Ay in SY-PPV.

spin-exchange interaction at high carrier concentration
[30]. The other model asserts that charge and spin transport
may proceed in an impurity band that is effective in some
domains of the film, where the spins interact via a long-
range antiferromagnetic coupling that is more beneficial
to spin transport. This is the so-called the two-fluids
model [31].

In this letter, we report independent measurements of the
spin diffusion length and the charge carrier diffusion length
in a number of disordered z-conjugated polymer films,
among which is a generic pristine polymer, namely,
the Super Yellow poly-phenylene-vinylene (SY-PPV)
[cf. Fig. 1(a)], is subjected to three different techniques:
(1) spin pumping in FM-SY-PPV-Pt trilayers for ISHE
measurements for obtaining the spin diffusion length,
(i) pulsed electrically detected magnetic resonance
(EDMR) to obtain the transverse and longitudinal spin
relaxation times, and (iii) time-of-flight experiments to
obtain the charge carrier mobilities. The independent
experimental verification of these critical spin- and
charge-transport parameters allows us to establish whether
or not spin transport and charge transport in SY-PPV are
governed by the same physical mechanisms.

The spin diffusion lengths in polymer thin films were
measured using NiFe-polymer-Pt trilayer devices with
various polymer thicknesses, as depicted schematically

in Fig. 1(b). The various devices were fabricated on glass
substrates each with 7 nm Pt evaporated film over 30 nm
thick Cu contact pads, followed by the polymer spin
transport layer, and capped with 15 nm NigyFe,, (NiFe)
spin injection layer. The polymer spin transport layers were
spin cast in an inert N, atmosphere with 2000-7000 rpm in
order to obtain different thicknesses d, and the finished
trilayer devices were protected from oxidation by deposit-
ing 100 nm SiO, capping layers. The surface morphology
of the spin coated polymer films was characterized by
atomic force microscopy, as shown in Fig. 1(a). The
roughness was estimated to be ~3 nm for the SY-PPV
thickness of ~150 nm; therefore, the magnetic properties of
NiFe films deposited onto the various polymer films with
different thicknesses are comparable. Additional details
about the device structures and fabrication procedures can
be found elsewhere [16,32]. For the ISHE measurements
the devices were placed on a grounded coplanar wave-
guide. While the nonuniform B; field distribution gener-
ated by the coplanar waveguide prohibits determination of
the absolute ISHE conversion strength [33], it does allow
for the comparison of relative ISHE magnitudes, assuming
the B, distribution is similar in all samples. Under FMR
conditions, the FM NiFe film generates pure spin current at
the NiFe-polymer interface which propagates into the
polymer layer perpendicular to the interface. Once the
spin current reaches the Pt detection layer on the opposite
side of the device, it induces an ISHE current in the Pt film
between the two Cu electrodes. The resulting ISHE voltage
Visug was measured as a function of the applied static
magnetic field B, over both positive and negative polarities
[cf. Fig. 1(c)] in order to corroborate that the observed
magnetic resonant response was due to the ISHE.

In order to determine the spin relaxation time T (T'g
being equivalent to 7| in spin pumping applications, with
external field B in plane) of paramagnetic charge carriers
in the SY-PPV polymer, we conducted pulsed EDMR
spectroscopy using a Bruker Elexsys ES580 pulse EPR
spectrometer and an X-band Flexline MDS5 resonator,
following similar studies on other z-conjugated polymers
[34,35]. For these experiments we use a bipolar injection
thin-film device (an organic light emitting diode) [34].

The measurement of 7, was done using an inversion
recovery pulse sequence, where a z pulse is applied causing
an inversion of the spin population in the device, which
then is allowed to relax over time 7 [36,37]. As shown in
Fig. 2(b), the amplitude of the electrically detected spin
echo increases with increasing 7, allowing 7| to be
extracted from the decay. The transverse relaxation
time 7, was also measured for the same device using a
n/2-t —n — v — x/2 pulse sequence, which is a standard
Hahn-echo sequence extended by the z/2 detection pulse
[38] [Fig. 2(c)]. In this sequence the spin-dependent current
is recorded with variation of the separation time z. T, is
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Spin relaxation times in SY-PPV measured with EDMR spectroscopy. (a) Schematic of the electrically detected saturation

recovery measurements. (b) Plot of the recovery signal amplitude as a function of saturation time 7. (c) Schematic of the electrically
detected Hahn-echo measurements, which deviate from inductively detected Hahn-echo sequences through the readout pulse which
projects spin polarization onto the permutation symmetry operator that is probed in EDMR experiments [35]. (d) Plot of the Hahn-echo
amplitude as a function of 2z. Inset: A typical EDMR detected echo signal. By fitting the decays in (b) and (d), the spin relaxation times

T, and T, are obtained, respectively.

again extracted from the spin echo decay with increasing z,
as shown in Fig. 2(d).

Time-of-flight measurements were carried out on devices
consisting of ITO-PEDOT:PSS-polymers-Ca-Al stacks as
shown in Fig. 3(a). Laterally, the devices had 2 x 2 mm?
large active areas, while the measured thickness of the
polymer layer was ~1 um. The laser pulses generate a thin
layer of photoexcited species, including excitons and both
positive and negative free carriers (polarons). By applying
strong electric fields (~10° V/cm) we observed diffusion
of photocarriers across the polymer film thickness. Under
reverse bias conditions, holes were swept from the Ca to the
ITO layer, while electrons were blocked at the Ca interface
due to its high work function. Transit times were extracted
from the transient photocurrent measurements, from which
the zero-field mobility could be calculated.

Figure 1(c) shows Vigyg(B) measured in the Pt layer in
the trilayer structure NiFe-SYPPV-Pt. The electric field
direction is perpendicular to both the spin current and spin

polarization directions [13], EISHE < J ¢ X o, where J s and
¢ are the spin current and spin polarization, respectively.
The data display a sign inversion of the voltage at fields B
with negative polarity, which is a signature behavior of the
ISHE, showing that pure spin transport occurs through the
polymer layer. As shown in Fig. 1(c), Visyg(B) decreases
with increasing polymer film thickness d; however, it is still
significant at d beyond 150 nm, demonstrating that this
polymer is quite efficient as a spin-transport medium. We
exclude the possibility of contributions from magneto-
galvanic effects, particularly the anisotropic magnetoresist-
ance, in the NiFe layer due to the extremely high resistivity
of the polymer spacer layer, found to be p ~ 200 Qm [39].
The Pt detection layer, having resistance R ~ 500 Q, is
essentially electrically isolated from any dc rectification
voltage appearing across the NiFe layer. Figure 1(d) shows

that the amplitude of Vigygp(B) as a function of d is nicely
described by an exponential decay [39], Vigug o« e~ %%,
where Ag is the spin diffusion length of the SY-PPV
polymer. From the fitting we obtain Ag = 39 £+ 6 nm in
SY-PPV.

The results of the spin echo measurements in SY-PPV
film are shown in Fig. 2. The observed increase of the
saturation recovery signal with increasing 7, shown in
Fig. 2(b), is well described by a double exponential decay,
with time constants of 29 £ 1 and 3.8 pus. The longer time
constant is consistent with 7’| times in conjugated polymers
[34], and the shorter time constant is ascribed to an
additional short-lived, spin-dependent species. As previ-
ously explained, we take 7| to be the relevant spin decay
lifetime that governs the spin diffusion process in the
polymer layer, although we note that 7, may also have
significant correlation with the charge diffusion rates in
certain materials [43,44]. The decay of the T, spin echo
response with increasing 2z is shown in Fig. 2(d), and is fit
nicely by a stretched exponential of the form exp (—7/T,)”,
which gives T, = 361 £ 7 ns with = 0.85.

Figure 3(b) shows the transient photocurrent Ipc(z) of
the time-of-flight measurements for a SY-PPV-based device
with varying applied field strengths. Because of highly
dispersive transport in the disordered polymer, Ipc(?)
follows a slow power-law decay, with a marked transition
to a steeper decay once the initial excited carriers reach the
other electrode [45]. The transition point or kink between
the two power-law regions represents the transit time f,, of
the carriers across the film. From this kink in the Ipc(?)
decay the mobility u can be calculated via the relationship
vy = puF, where v, is the drift velocity and F the electric
field, from which we obtain u = L?/t,V, where L is the
polymer layer thickness. The transit time ¢, is taken as the
crossing point of the two power-law fittings, at the visible
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Charge carrier mobility measurements in SY-PPV film using the time-of-flight (TOF) method. (a) Schematics of the TOF

measurement. (b) TOF transient photocurrent decay Ipc with double logarithmic plots, showing typical dispersive transport in the film.
The measurements were done at room temperature with effective electric fields of approximately 10° V/cm. (c) Electric bias field
dependence of the TOF mobilities in SY-PPV. The solid line is fit by the Poole-Frenkel equation.

shoulder in the response curves. The transit time is shorter
at higher applied voltage due to the Poole-Frenkel effect.
Transit time versus applied field curves are shown for a SY-
PPV film in Fig. 3(c), with fits to the Poole-Frenkel
equation and relevant parameters given. The calculated
zero-field mobility is u(0) = 1.5+ 0.3 x 1077 cm?/Vs.
Based on the Einstein relationship the charge carrier
diffusion coefficient D = ukgT/e can be estimated as
39409 x 107 cm?s™! for SY-PPV, where kg is the
Boltzmann factor.

The parameters measured with the different experimental
techniques are summarized in Table I. From the measured
spin-relaxation time and spin diffusion length, we calculate
the spin diffusion coefficient, Dg=5.2+1.6x 1077 cm?s~!
using the relation Ag = /DgT;. Also, from the carrier
mobility measurement and the Einstein relationship, we
derive the charge diffusion coefficient, D = 3.9 + 0.9 x
107 cm?s~!. It is thus clear that the spin diffusion
coefficient in SY-PPV is more than 100 times larger
compared to the charge diffusion coefficient. The spin
density in SY-PPV, as determined by electron spin reso-
nance [39], is comparable to the charge carrier density; thus
we exclude the possibility of artificial higher spin density in
SY-PPV due to defects or unintentional doping during the
sample preparations. We note that while the determination
of Dy from the diffusion length revealed Dg/D. ~ 135,
under the assumption that the longitudinal spin relaxation
time 7 determines the spin diffusion lengths [46-50],
this disparity becomes even greater if 7, determines the
spin diffusion lengths, i.e., if the ISHE was dependent on
spin coherence rather than (classical) spin polarization

memory [51]. We also measured the mobility of SY-
PPV by -V characteristics with the same device configu-
ration (Pt-SYP-PV-NiFe) as the ISHE devices; the charge
carrier mobility is one order larger than that obtained
by time of flight [39], but the discrepancy still exists.
This discrepancy between spin diffusion and charge dif-
fusion is too large to be explained by simple experimental
errors or uncertainties, and it is contrary to the recent
finding that spin transport in doped polymers is mediated
by polaron hopping, which would imply that spin transport
would be due to the same mechanisms as charge trans-
port [12].

To further verify the relation between spin and charge
transport in disordered organic polymers, we also measured
spin and charge transport in various polymers, as summa-
rized in Table I. The corresponding spin diffusion lengths
and mobility measurement results are shown in the
Ref. [39]. Table I clearly demonstrates that there are always
significant discrepancies between the spin and charge
diffusion coefficients in disordered polymer films, in
contrast to the comparable values of spin and charge
diffusion coefficients in fullerene and its derivative. For
the observed charge diffusion constants in disordered
polymers, spin lifetimes of mobile charge carriers would
need to exceed a few milliseconds [12] at room temperature
to produce the observed spin diffusion lengths; therefore,
charge diffusion as the origin of spin diffusion appears to be
entirely unrealistic. We thus deduce that the separation of
spin and charge transport is quite common in disordered
polymer films, in contrast to other OSECs, such as full-
erenes and its derivatives.

TABLE I. Summary of spin- and charge-transport parameters for different pristine polymer films.

Material T, (ns) Ty (us)  p (107 ecm*>V-'s™h) N, (10" ecm™3) As (nm) D (1077 em?s™") Dg (1077 cm?s™1)
SY-PPV 360 £7 29+1 1.5+0.1 0.7+£0.2 39+6 0.04 £0.01 52+1.6
P3HT 48 £5 ~0.2 120£8 1.2+0.2 22+£5 3.08 £0.35 ~240
Polyfluorene 253 +82 [34] 5 [34] 11+2 118 =9 0.28 +0.02 278.5 +16.2
PC;,BM ~3.3 [52] 10000 =+ 2000 [53]* 66 £8 257 £52 ~132

C70 0.1-1 [54] ~6500 [55] * 0.10-3.12 17+2 ~167 29-290

“The mobilities of C70 and PC,,BM correspond to electrons; the mobility of holes is a few orders smaller [39].
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Up to now, there have been two theories predicting spin
transport without involving charge motion in disordered
OSECs [30,31]. One is the exchange mediated spin
diffusion model that suggests an additional exchange
coupling mechanism for spin transport in organic media
[30]. Polarons in OSEC films can be delocalized over
~1 nm length scale, and, at high concentrations
(>10'7 cm?), this may lead to an exchange interaction
whereby carriers may transfer their spin alignment to
adjacent sites (which may not be charged) without a
physical hopping process. We note that this model has
recently been experimentally verified by two different
groups [46,56]. Therein, spin diffusion lengths measured
by spin valve and lateral spin pumping in small molecule
based materials and single crystal polymers were both
shown to increase with increasing carrier densities.
However, this model does not directly apply to our
experimental results reported here, as direct exchange
coupling cannot happen in pristine polymers with very
low spin densities. We, therefore, also consider the two-
fluids model that proposes antiferromagnetic coupling
between the spins of localized carriers as the origin for
spin transport [31]. There are similarities for the two
theoretical models, as both assume that charge transport
is related to charge carriers, but the difference is that spin
transport proceeds through direct exchange coupling
between spins of carriers in the exchange mediated spin
diffusion model instead of a wave form that is deemed to be
the origin in localized carriers with antiferromagnetic
coupling for the two-fluids model. In our experiments,
charge or spin densities are below the threshold of the
exchange mediated spin diffusion model, and in addition,
the disorder is much stronger in spin coated polymer films
than in single crystals. Therefore, we conclude that the
origin of spin-transport could possibly take place by a spin-
wave propagation type mechanism. This is also consistent
with a recent report of spin-information transfer through the
overlap of wave functions [57].

In conclusion, we have studied spin and charge transport
in disordered conjugated polymer films using three
independent experimental techniques. These are spin
pumping and ISHE measurements in trilayer devices of
NiFe-polymer-Pt, pulsed EDMR spectroscopy, and time-
of-flight and /-V response measurements. From these
measurements we have extracted the room temperature
spin and charge diffusion constants of the pristine poly-
mers. We found that the spin diffusion constant is
significantly larger than the charge diffusion constant,
corroborating that the nature of spin and charge transport
in disordered pristine polymer films are fundamentally
different. We attribute the dominant spin-transport mecha-
nism in disordered OSECs to the recently developed two-
fluids model. These findings deepen our understanding of
spin transport in disordered OSECs with strongly localized
electronic states. Combined with recent reports of exchange

interaction dominant spin diffusion in highly doped poly-
mers [45], we conclude that spin transport in z-conjugated
polymers may proceed by wave propagation from anti-
ferromagnetic coupling or direct spin-spin exchange inter-
action, separated from charge transport by hopping.
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