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Carbon-based semiconductors such as conjugated organic polymers are of potential use in 

the development of spintronic devices and spin-based information processing. In particular, 

these materials offer a low spin–orbit coupling strength due to their relatively light 

constituent chemical elements, which should, in principle, favour long spin diffusion 

lengths. However, organic polymers are relatively disordered materials and typically have 

a carrier mobility that is orders of magnitude lower than crystalline inorganic materials. As 

a result, small spin diffusion lengths of around 50 nm have typically been measured using 

vertical organic spin valves. Here we report measuring spin diffusion lengths in doped 

conjugated polymers using a lateral spin transport device architecture, which is based on 

spin pumping injection and inverse spin Hall detection. The approach suggests that long 

spin diffusion lengths of more than 1 m and fast spin transit times of around 10 ns are 

possible in conjugated polymer systems when they have a sufficiently high spin density 

(around 1020 cm-3). We explain these results in terms of an exchange-based spin diffusion 

regime in which the exchange interactions decouple spin and charge transport. 

 

Organic semiconductors have traditionally been used in applications such as energy efficient 

organic light emitting diode (OLED) displays and printed flexible circuits. However, they are 

now also increasingly of interest in spintronics 1, 2. This is due, in part, to their low spin orbit 

coupling (SOC) strength, which is the result of their composition from lighter chemical 

elements such as carbon 3, 4. In contrast, inorganic semiconductors, such as silicon or GaAs, 

consist of elements with larger atomic numbers and give rise to stronger spin-orbit coupling; 

spin-flip scattering induced by strong spin-orbit coupling is known to limit the distance over 

which spin information and spin currents can be propagated 5. The underlying mechanism for 

the propagation of spin currents in organic semiconductors is also expected to be distinct to 

conventional crystalline inorganic semiconductors 6, 7, 8. With inorganic semiconductors, spin 

transport accompanies charge carriers as they are transported as delocalised Bloch electrons, 

maintaining coherence during both charge and spin transport 9. Organic polymers on the 

other hand are relatively disordered materials where carrier transport takes place via 

intermolecular hopping between localised states and carrier mobilities and diffusion 

coefficients are orders of magnitude lower than in crystalline, inorganic materials 10.  
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Spin transport in organic semiconductors has traditionally been studied by measuring the 

magnetoresistance in trilayer spin valves, where the organic semiconductor is sandwiched 

between two ferromagnetic layers 11, 12, 13, 14, 15, 16. The length scale over which spin 

information is transported – the spin diffusion length – can be extracted by varying the 

thickness of the organic spacer layer and mapping the decay of the corresponding 

magnetoresistance signal. With this approach, typical spin diffusion lengths of around 50 nm 

have been extracted for many of these undoped organic semiconductors. These values are 

disappointingly small compared to inorganic semiconductors such as GaAs, Ge and Si in which 

values exceeding 1 𝜇m  have been achieved 9, 17, 18. Even larger spin diffusion lengths of 

between 30 𝜇m and 130 𝜇m have also been reported in Graphene 19, 20. 

In principle, the low SOC strength in organic materials favours long spin diffusion lengths. 

However, the relatively low carrier mobility of most organic semiconductors is expected to 

strongly limit the achievable spin diffusion lengths 21. The dominant cause of spin relaxation 

in low charge carrier mobility polymers is attributed to hyperfine interactions due to hydrogen 

atoms within the molecule and can be suppressed with the use of deuteration 12. Furthermore, 

it has been postulated theoretically that in organic systems where the carrier (or spin) 

concentration is sufficiently high, spin diffusion could potentially be possible over long 

distances despite low carrier mobilities 8. However, no direct experimental evidence 

supporting such a regime has been demonstrated so far. In such a regime with highly mobile 

spins it is also expected that the spin-orbit coupling will be more dominant than hyperfine 

interactions. 

Measurements of spin diffusion lengths in organic spin valves are now relatively routine. 

However, the majority of reported devices use Lanthanum Strontium Manganite (LSMO) as 

one of the ferromagnets in the trilayer stacks. LSMO is known to have a strong bi-axial 

anisotropy and it is now clear that some observations of a magnetoresistance signal in organic 

spin valves may have arisen from the phenomenon of Tunnelling Anisotropic 

Magnetoresistance (TAMR) within the LSMO contact 22. It was also recently demonstrated 

that a reduction in the junction area of an organic spin valve causes the measured 

magnetoresistance to vanish, revealing the role pinholes play in large area organic spin valves 

23; the presence of pinholes within the organic spacer makes it difficult to distinguish between 

diffusive and ballistic spin transport in organic devices. Such ambiguities call into question the 
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accuracy of many reported trilayer spin valve results and highlight the need for alternative 

artefact-free approaches to probing spin transport in organic semiconductors.  

A solid-state approach for measuring spin diffusion in semiconductors that is generally 

considered unambiguous is to use nonlocal lateral device architectures – a method that allows 

spin diffusion to be decoupled from spin drift within the same device 9, 24, 25. In this setup, pure 

diffusive spin transport is probed by measuring the spin accumulation above or below a 

ferromagnetic detector electrode in comparison to an Ohmic contact far away from the 

detector where the spin accumulation has completely relaxed. Such nonlocal spin valve (NLSV) 

measurements have successfully quantified spin diffusion lengths in Graphene and in 

inorganic materials such as Ge, GaAs and in various metals 26, 27, 9, 28, 24, 29, 30, 31. Unfortunately, 

in conjugated organic semiconductors, a nonlocal spin valve signal has never been 

successfully measured despite multiple diligent attempts. We have unsuccessfully attempted 

to perform all-electrical spin injection and spin detection measurements on conjugated 

polymers using various nonlocal architectures, in which spin detection is achieved through 

either a spin accumulation or a spin current measurement. The failure of these techniques is, 

we believe, due to a combination of conductance mismatch at the organic semiconductor / 

ferromagnetic metal interface 32 and large voltage noise fluctuations on the measured 

nonlocal voltage. The latter arise due to the fundamental nature of stochastic hopping 

transport [1/f noise] in these disordered materials as charge current spreads within the active 

layer from the injector, rendering nonlocal measurements extremely challenging if not 

impossible 33, 34, 35. A detailed discussion of our attempts to perform all-electrical spin injection 

and detection experiments in nonlocal geometries is provided in Supplementary Information 

(SI) Sections 1-3. 

In this Article, in order to circumvent the roadblocks associated with electrical spin injection 

into organic semiconductors using trilayer and nonlocal architectures, we examine spin 

injection into doped conjugated polymers using an experimental technique based on spin 

pumping. This technique involves the dissipation of angular momentum at a ferromagnetic 

injector and into a non-magnetic metal or semiconductor layer and achieves spin injection 

without charge injection across an interface 36, 37, 38, 39, 40, 41. Using this approach, we obtain 

reliable observations of very long spin diffusion lengths of more than 1 m in conjugated 

polymer systems in which spin diffusion is enhanced by exchange effects.  
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Pumping, transport and detection of spins in doped organic polymers 

Figure 1(a) shows a schematic of our lateral spin pumping architecture and measurement 

configuration. Such a lateral spin pumping architecture was never previously demonstrated 

in organic semiconductors, but was successfully shown in p-Si 42, n-GaAs 43, Graphene 44, n-Ge 

45, Cu 46, and a 2DEG 47. The device consists of an island of a ferromagnetic permalloy (Py) 

layer deposited next to a narrow, 1 𝜇m wide platinum (Pt) wire running parallel to an edge of 

the Py island, both of which are in contact with an organic semiconductor. The Py layer is 

driven into ferromagnetic resonance (FMR) by an applied microwave field in the presence of 

an external magnetic field and dissipates spin angular momentum into the adjacent organic 

semiconductor in the form of a spin current 5, 41, 37, 38, 48, 49. The injected pure spin current 

propagates through the organic semiconductor and is absorbed in the Pt wire situated within 

a few hundred nanometres of the Py island. The absorbed spin current in the Pt detector is 

finally converted into an electromotive force via the inverse spin Hall effect (ISHE) in Pt and is 

measured as a voltage VISHE across the platinum detector 5, 50, 51.  

The conjugated polymer in our experiments is poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-

b]thiophene) (PBTTT) doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 

(F4TCNQ), a widely investigated model system. PBTTT is a semicrystalline conjugated polymer 

with a highly ordered lamellar microstructure, in which the polymer chains and the direction 

of  stacking are oriented in the plane of the film and the aliphatic side chains 

approximately normal to the film plane giving rise to a relatively high, in-plane charge carrier 

mobility 52, 53. The p-type molecular dopant, F4TCNQ, can be incorporated by a solid-state 

diffusion process or a sequential doping method that preserves the lamellar ordering and 

allows reproducible control of the carrier and spin concentration 54. The dimensions of the 

device are illustrated in the optical image [Figure 1(b)] with the well resolved sub-micron gap 

(300 nm in this case) between Py and Pt shown in the SEM image [Figure 1(c)]. Initial 

measurements were performed inside an ESR cavity, where it was possible to measure the 

microwave absorption in Py and the ISHE voltage signal in Pt simultaneously. Figure 1(d) 

shows the microwave absorption signal of the 400 x 600 𝜇m2 Py island on a complete device 

measured at 9.38 GHz inside the electron spin resonance (ESR) cavity. Fig 1(e) is the 
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corresponding voltage response measured across the Pt stripe when the Py island is brought 

into FMR within the ESR cavity. A clean ISHE signal is observed that peaks at the FMR 

resonance.  

 

Figure 1 | Lateral spin pumping device architecture and measurement scheme. (a) Schematic illustration of 

lateral spin pumping and ISHE detection within the nanofabricated device. μ0H, M, Js and VISHE denote the 

external magnetic field, dynamic magnetisation, pure spin current and voltage due to ISHE, respectively. 𝜎 is the 

direction of the spin polarisation and points along μ0H as shown on the co-ordinate axis. Enlarged PBTTT 

molecular faces are shown within the film illustrating spin propagation (orange arrow) down the 𝜋- 𝜋 stacking 

direction between molecules (b) Optical image of the lateral spin pumping and ISHE device. (c) SEM image of 

300 nm gap between Py and Pt electrodes. (d) Field (μ0H) dependence of FMR signal dI(H)/dH measured for 

Py/OSC/Pt at 100 mW microwave excitation and 9.38 GHz microwave frequency inside an ESR cavity. I is the 

microwave absorption intensity. The external magnetic field was applied in a plane parallel to the film plane, but 

perpendicular to the long axis of the platinum detector. The FMR field was close to 100 mT under the given 

excitation conditions. (e) Voltage response picked up by the platinum stripe when the Py island is driven into 

FMR. 
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Figure 2(a) shows the voltage signal detected with an incident microwave power of 1 W and 

a frequency of 4 GHz for a device with a gap of 300 nm between Py and Pt. These 

measurements, as all subsequent ones, were performed with the sample placed on top of a 

microwave strip line that provided the FMR excitation. The signal is measured over a long Pt 

stripe (slightly longer than 600 𝜇m) since the voltage signal scales linearly with length. The 

measured VISHE signal was observed to invert in sign upon reversing the applied in-plane 

magnetic field direction, consistent with the characteristic symmetry of the inverse spin Hall 

effect, i.e., 𝐸ISHE ∝  𝐽s × 𝜎  51. Here, 𝐸ISHE , 𝐽s  and 𝜎  denote the electric field generated by 

ISHE in the detector, flow of pure spin current, and spin polarisation vector of the spin current, 

respectively. The latter is aligned with the applied magnetic field. When 𝜎 was polarised along 

the direction of the long axis of the Pt detector, 𝐸ISHE was found to vanish (SI Section 4). In a 

lateral spin pumping device, although there is an electrical contact between the 

ferromagnetic Py injector and the Pt detector through the doped organic semiconductor, the 

antisymmetric part of the measured signal due to the anomalous Hall effect (AHE) is reduced 

in comparison with vertical spin pumping devices on account of the lateral offset between 

the platinum detector and the permalloy injector.  

To fully rule out the AHE contribution from the ferromagnetic layer, as well as potential 

artefacts due to the anomalous Nernst effect (ANE), and the Nernst effect (NE) of the doped 

organic semiconductor in the interpretation of the measured signal, a series of careful control 

experiments were performed. First, the Py island was capped with a 10 nm AlOx layer to block 

spin injection into the organic semiconductor. As shown in the top sub-panel of Figure 2(b), a 

spin signal at ferromagnetic resonance could not be measured in the presence of the blocking 

layer.  Second, the platinum detector electrode was replaced with metals that have a lower 

spin-orbit coupling. When the detector electrode was replaced with Cu, no observable signal 

was measured [Figure 2(b) bottom sub-panel], consistent with the very small spin Hall angle 

of Cu 5. When the detector electrode was replaced with Au, the signal was strongly suppressed 

[Figure 2(c) top sub-panel] as expected from the spin Hall angle of Au being significantly 

smaller than that of Pt 5. Third, the platinum detector adjacent to the Py island was removed 

in the region next to the injector as shown in the bottom sub-panel of Figure 2(c). A strong 

signal could not be observed in this configuration, convincingly ruling out spurious voltage 
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contributions due to the ISHE and the Nernst effect of the doped organic semiconductor itself 

as contributions to our measured signal. These experimental results indicate successful spin 

transmission in the plane of the F4TCNQ-doped PBTTT film along the polymer backbone and 

the high mobility  stacking direction. The normalised ISHE induced current, 𝐼norm =

 𝑉ISHE/𝑅 , where R is the measured resistance across the Pt wire, is observed to reduce 

exponentially with gap spacing between Py and Pt, 𝐿Py−Pt, as expected for spin decoherence 

with distance in the spin transport material [Figure 2(d)]. The spin diffusion length, 𝜆𝑠, for the 

sample of F4TCNQ-doped PBTTT is estimated to be 1.2  ± 0.1 m by fitting 𝐼norm (𝐿Py−Pt) =

 𝐼0𝑒−𝐿Py−Pt/𝜆s  to the experimental data. 

 

Figure 2 | Observation of long-range spin transport in F4TCNQ-doped PBTTT. Field dependence of the 

electromotive force V measured across the metal detector for (a) Py (25 nm)/F4TCNQ-PBTTT/Pt (10 nm), (b) top 

sub-panel Py (25 nm)/AlOx (10 nm)/F4TCNQ-PBTTT/Pt (10 nm), (b) bottom sub-panel Py (25 nm)/F4TCNQ-

PBTTT/Cu (10 nm)  (c) top sub-panel Py (25 nm)/F4TCNQ-PBTTT/Au (5 nm), (c) bottom sub-panel Py (25 

nm)/F4TCNQ-PBTTT/nanofabricated broken Pt (10nm). The gap spacing between the Py island and platinum 

wire was 300 nm for all devices. The microwave power applied was 1 W (the microwave power absorbed by the 

device was around 160 μW) and the microwave frequency was 4 GHz. The FMR field (HFMR) was close to 20 mT 

https://en.wiktionary.org/wiki/%CE%BB
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under the given excitation conditions. (d) Gap (between Py and Pt) dependence of ISHE induced current Inorm = 

VISHE/R. The conductivity of the F4TCNQ-doped PBTTT film was around 100 S/cm. The blue solid line is an 

exponential fit.  

While performing our control experiments to exclude potential artefacts in the measured spin 

signal, we also attempted a measurement on a device using 𝛽-Tantalum, a negative spin Hall 

angle material, as the detector. In using such a negative spin Hall angle detector, an inversion 

in the polarity of the measured spin signal is expected. Unfortunately, these experiments 

were unsuccessful and did not produce a measurable signal. We attribute this to the 

experimental fabrication process in which the organic semiconductor cannot be deposited in-

situ directly after the deposition of 𝛽-Ta but can only be deposited upon breaking the vacuum 

and exposing 𝛽-Ta to air, such that due to surface oxidation the purity of 𝛽-Ta at the interface 

and its negative spin Hall angle property cannot be guaranteed. A detailed account of these 

experiments is summarised in the supplementary information (SI Section 5). 

To better understand the parameters that influence spin transport in F4TCNQ-doped PBTTT, 

the spin signal measured at the platinum detector was studied as a function of carrier density 

in the organic semiconductor through its bearing on measured conductivities. Following a 

procedure to modulate carrier density in doped PBTTT films that our group demonstrated 

earlier, the carrier density was varied by thermally annealing the fully doped highly-

conductive film whereupon the dopant F4TCNQ molecules out-diffuse from PBTTT and the 

conductivity as well as carrier/spin concentration reduce 54. As shown in Figure 3(a), the 

measured spin signal Inorm was found to decrease very strongly when reducing the carrier 

concentration (reflected in the conductivities shown). The extracted spin diffusion length 

within the film at various conductivities is shown in Figure 3(b) and is again clearly seen to 

decrease with conductivity. Figure 3(c) shows the amplitude of the measured spin signal as a 

function of temperature in a lateral spin pumping device with a 300 nm channel and a fully 

doped (100 S/cm) PBTTT film. The spin signal at 50 K is a factor of three smaller than at 300 

K. The conductivity over this temperature range reduces by a factor of four, accompanied by 

a reduction in both carrier density and mobility by a factor of approximately two each as 

shown earlier 54. Compared to the reduction in the spin signal strength due to de-doping 

(more than a factor of ten upon reduction of the conductivity by a factor of four), the 

reduction with temperature is weaker. This indicates that the drop in mobility occurring at 
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low temperature affects the signal less strongly compared to the reduction in carrier 

concentration, and highlights the key role that the carrier/spin density plays in mediating spin 

transport within the polymer.  

We have observed similar spin signals in other conjugated polymers. Figure 3(d) shows a 

decaying spin signal with channel length between a Py injector and a Pt detector of a lateral 

spin pumping device with an active layer of F4TCNQ-doped Poly(3-hexylthiophene-2,5-diyl) 

(P3HT), which has a similar lamellar, semi-crystalline microstructure as PBTTT. The spin 

diffusion length extracted for doped P3HT from this data was 565 ± 60 nm, several hundred 

nm shorter than that measured in PBTTT. At its maximum doping concentration, P3HT has a 

conductivity of only 3.2 S/cm as opposed to 100 S/cm in PBTTT. Despite this, P3HT shows a 

strong spin signal that reduces with conductivity [Figure 3(e)]. It is instructive to note here 

that the spin density in doped films of PBTTT and P3HT measured using ESR are very similar, 

with PBTTT having a slightly lower value of 1.6 × 1020  cm-3 in comparison to P3HT having 

2.7 × 1020  cm-3. In addition, it is known that on account of a higher crystalline ordering, 

PBTTT has a higher mobility than P3HT by up to an order of magnitude 55. Thus, the 

observation, that both P3HT and PBTTT show a pronounced spin signal despite having a 

significant difference in their conductivities, points again to the key role that the mobile 

carrier density and the inter-polaron distance play in spin diffusion. Figure 3(f) shows a plot 

of the strength of the measured spin signal as a function of measured conductivity for PBTTT, 

P3HT and another doped conjugated polymer based on cyclopentadithiophene-

benzothiadiazole (CDT-BTZ) for a fixed 𝐿Py−Pt = 300 nm and provides further confirmation 

that spin information can be efficiently transported only in polymers with a large carrier 

density. Similar spin signals could not be measured in devices using undoped polymers. 
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Figure 3 | Carrier density dependence of spin current transport. (a) Gap spacing between Py and Pt dependence 

of ISHE-induced current with different conductivities of doped F4TCNQ-PBTTT film controlled by thermal 

annealing. The solid lines are exponential fits to experimental data. (b) Conductivity dependence of spin diffusion 

length extracted from exponential fits. The error bars indicate the fit uncertainty. (c) Temperature dependence 

of the spin signal in doped PBTTT. (d) Spin diffusion length extracted from lateral spin pumping in P3HT. (e) 

Conductivity dependence of the measured spin signal in P3HT. 𝜇0𝐻FMR  was close to 20 mT (f) Plot of the 

measured spin signal as a function of conductivity of PBTTT in comparison with P3HT and CDT-BTZ. 

 

We have also investigated the angular dependence of the voltage signal, when tilting the 

applied magnetic field out-of-plane [Fig. 4(a)]. As the applied magnetic field is rotated out-of-

plane by an angle 𝜃, the orientation of magnetisation of the Py island lags by an angle 𝜃 −  𝜙 

owing to the shape anisotropy within the film. Using the Landau–Lifshitz–Gilbert (LLG) 

equation, the magnetisation angle 𝜙 is calculated from the 𝜃 dependence of the resonance 

field (HFMR) shown in Fig. 4(b). The plot of 𝜙 (𝜃)  in Fig. 4(c) demonstrates how the 

magnetisation of Py remains relatively in-plane up to 𝜃~60°, i.e. magnetisation and field are 

not collinear, but then reorients quickly as 𝜃 approaches 90°. From this we expect, first of all, 

the measured ISHE voltage to go through zero and change sign at 𝜃 = 𝜙 = 90°. This is cleanly 

observed in both PBTTT and P3HT [Fig. 4(d) and 4(e), respectively] and provides further 

validation of the interpretation of the experiment. The angular dependence also provides 

interesting information about how the orientation of the injected spin polarisation evolves 
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while the spins diffuse through the polymer. Because the FMR-induced polarisation of the 

spins injected into the organic layer is along the magnetisation direction and the applied field 

is not collinear with the magnetisation, any reorientation of the spin polarisation due to 

Hanle-type precession around the applied magnetic field in the polymer, would change the x-

polarised component of the spin current that reaches the Pt detector [Fig. 1 (a)] and  manifest 

itself in an angular dependence that is significantly more gradual than the simple step-like, 

VISHE ∝ cos (𝜙) angular dependence that would be expected if the spin polarisation remained 

aligned with the magnetisation direction (SI Section 6). In related trilayer spin pumping 

experiments on undoped PBTTT 38, silicon 50, and pentacene 56, such a gradual angular 

dependence was claimed to have been observed, but not in Alq3 39. In our experiments, we 

observe a step-like angular dependence of VISHE in both PBTTT and P3HT. Figure 4 (d) shows 

the observed angle dependence of VISHE in PBTTT for various device channel lengths, and a 

conductivity of 100 S/cm. It can be well explained by a simple cos (𝜙) dependence (dashed 

line). The deviations seen in some of the samples are not systematic and are likely due to 

limited alignment accuracy in the experiments. Figure 4(e) shows a similar step-like angle 

dependence of VISHE in P3HT for various conductivities but a fixed channel length of 𝐿 = 700 

nm. This result suggests that during diffusion of the spins through the polymer the spin 

polarisation remains robustly aligned with the direction in which the injected spin current was 

polarised.  
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Figure 4 | Angular dependence of the ISHE signal (a) Schematic geometry of Hanle measurements in lateral spin 

pumping devices (b) FMR resonance field at 4 GHz as a function of the out-of-plane rotation of external magnetic 

field (c) Difference in angle between the ferromagnet’s magnetisation and the direction of applied field during 

rotation (d) Angle-dependent measurements of VISHE in PBTTT for various channel lengths (e) Angle-dependent 

measurements of VISHE in P3HT for various conductivities. 
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spin diffusion constant 𝐷 in the material to have additive contributions from both charge and 

spin diffusion, with spin diffusion being enhanced at large carrier densities. The carriers are 

located closer to each other at large carrier densities to enhance the exchange coupling due 

to the overlap between their wavefunctions, creating an efficient pathway for the transfer of 

spins between adjacent carriers. 

The spin diffusion length is a function of the spin diffusion coefficient 𝐷  and the spin 

relaxation time 𝑇1 through the relation 𝜆𝑆 = √𝐷𝑇1. The spin diffusion coefficient 𝐷, explicitly 

written as 𝐷 = 𝐷ℎ𝑜𝑝 + 𝐷𝑒𝑥𝑐 , includes charge/spin hopping (𝐷ℎ𝑜𝑝) and exchange-mediated 

coupling between spins on adjacent molecules ( 𝐷𝑒𝑥𝑐 ). The latter can propagate spin 

information without requiring charge motion and is expected to be important only at 

sufficiently high carrier/spin concentration at which the typical inter-polaron/inter-spin 

distance 𝑅 approaches intermolecular distances but can lead to a large enhancement of the 

diffusion coefficient by several orders of magnitude. The total spin relaxation time 𝑇1 includes 

contributions from spin relaxation due to local hyperfine interactions (HFI) and spin-orbit 

coupling (SOC) fields, i.e., 𝑇1 = (𝜔𝐻𝐹𝐼 + 𝜔𝑆𝑂𝐶)−1. The hopping contribution to the diffusion 

coefficient depends on the carrier mobility 𝜇  through the Einstein relationship, 𝐷ℎ𝑜𝑝 =

𝜇𝑘𝐵𝑇/𝑒 (in a more rigorous model, the generalised Einstein relationship ought to be used). 

We use here a one-dimensional (1D) formulation of the originally 3D model because of the 

specific microstructure of PBTTT, in which polarons are most likely to come close to each 

other along the  stacking direction, i.e., we have made explicit modifications to the 

original 3D expressions for 𝐷𝑒𝑥𝑐 and 𝜏 used in 8 (SI Section 7). The exchange contribution to 

the diffusion coefficient takes the form of an isotropic Heisenberg chain in 1D, 𝐷𝑒𝑥𝑐 =

1.6𝐽(𝑅)𝑅2/ℏ  (in SI units), where 𝐽(𝑅)  is the exchange interaction 57 and may be 

approximated by a spatially isotropic, hydrogenic exchange interaction of the form 𝐽(𝑅) =

0.821
1

4𝜋𝜖𝜖0
(𝑒2/𝜉)(𝑅/𝜉)5/2𝑒−2𝑅/𝜉 (in SI units) as a function of the polaron localisation length 

𝜉 and 𝑅 8, 58 which gains in strength as the distance between the carriers is reduced. We have 

computed the polaron localisation length along the  stacking direction to be 𝜉 = 0.4 nm 

for PBTTT from first principles. The spin relaxation rate due to the local HFI 8, 59 is 𝜔𝐻𝐹𝐼 =

2Ω𝐻𝐹𝐼
2 𝜏/3 where Ω𝐻𝐹𝐼  is the Larmor frequency of the local hyperfine magnetic field and the 

time 𝜏 = (2𝐷ℎ𝑜𝑝/𝑎2 + 2𝐷𝑒𝑥𝑐/𝑅2)−1 is a measure of the dwell time of a spin on a molecule 

as it propagates in 1D along the  stacking direction. 𝑎 = 0.45 nm is the average hopping 
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distance between polarons along the stacking direction. The spin relaxation rate due to 

SOC is 𝜔𝑆𝑂𝐶 = 2𝜒2𝜏−1 where 𝜒2 = (4/3)𝛾2 is the spin-mixing parameter due to the SOC and 

𝛾2 is calculated from first principles. 

Within this model a long spin diffusion length is explained in terms of a large exchange-

dominated diffusion coefficient. Because the spatial decay length of the exchange interaction 

is short, a small separation between polarons/spins is necessary for this mechanism to 

become prominent, i.e., a path of occupied electronic states separated by sufficiently short 

distances is a prerequisite. This scenario is achieved at large doping concentrations (large 𝑛 

and small 𝑅, where 𝑅 = 1 √𝑛
3⁄ ). A second requirement for a long spin diffusion length is that 

the 𝑇1  is sufficiently long. Density-functional theory calculations of the hyperfine field 

strength in the polymer units revealed weak fields of < 10 gauss, indicating a dominance of 

the SOC spin relaxation mechanism over HFI (SI Section 7). The electronic states in a 

semiconductor are a mix of spin-up and spin-down states on account of which an electron 

hopping through a polymer network loses spin polarisation through the Elliott-Yafet (EY) 

mechanism 60, 61. A long spin relaxation time 𝑇1 therefore requires a low SOC, in particular a 

small value of 𝛾2.  

Although the polymers chosen in this study have relatively large mobilities between 0.1 (for 

P3HT) and 1 cm2/Vs (for PBTTT), at large carrier concentrations the exchange diffusion 

coefficient 𝐷𝑒𝑥𝑐 dominates the overall diffusion coefficient 𝐷 by two orders of magnitude as 

shown in Fig. 5(a). In the model both  𝑛 and 𝛾2 impact the spin relaxation time 𝑇1, while 𝑛 

impacts 𝐷 through the exchange integral 𝐽(𝑅). Fig. 5(b) shows the calculated spin diffusion 

length 𝜆𝑆 plotted as a function of carrier density 𝑛 under the assumption of constant carrier 

mobility. In the regime where the diffusion coefficient is dominated by the exchange 

mechanism, the theoretically predicted spin diffusion length achieves values of over 1 𝜇m. 

This prediction is matched by the experimentally determined values of 𝜆𝑆 shown in Fig. 5 (b). 

The experimental value of the carrier density for the highest conductivity in PBTTT and P3HT 

were measured using ESR and taken together with the measured conductivity of 100 S/cm for 

PBTTT, the mobility was extracted to be ~4 cm2/Vs using 𝜎 = 𝑛𝑒𝜇 . This carrier mobility, 

although high, is not unwarranted seeing as the distance between the injector and the 

detector is a few hundred nanometres, thus potentially reflecting intra-grain transport. The 

carrier densities of the other measured data points shown in Fig. 5(b) were estimated from 
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the measured conductivities, which depend on doping concentration, using the mobility 

determined by ESR at the highest carrier density. The experimental data of Fig. 5(b) clearly 

tracks the decline in the spin diffusion length as the exchange interaction is weakened due to 

increasing distances between polarons/spins on de-doping the film, providing strong 

evidence for exchange-mediated spin diffusion being the mechanism responsible for the long 

spin diffusion length observed here. We also find that the predicted exchange diffusion 

coefficient on the order of 1 cm2/s is consistent with the measured 𝜆𝑆  1.2  m and the value 

of 𝑇1 22 ns determined independently by ESR (SI Section 6) according to 𝜆𝑆 = √𝐷𝑇1. 

To explain the difference in spin diffusion length between P3HT and PBTTT, which have similar 

carrier densities and  stacking distances, we consider differences in the SOC strength 4, 62. 

The parameter 𝛾2   in a conjugated molecule increases when the adjacent units are not 

coplanar but exhibit finite torsion angles between each other 62. In PBTTT, we expect maximal 

spin diffusion lengths to be determined by virtually flat polymer chains, corresponding to a 

low 𝛾2 . In P3HT, literature suggests a variation of thiophene – thiophene dihedral angles 

between 20 – 30 degrees, and 40 – 60 degrees in comparable polymer samples 63,55,64. We 

consequentially calculate 𝛾2 for representative geometries in these two limits. Fig. 5(c) shows 

the joint dependence of the spin diffusion length 𝜆S on 𝑛 and on the up-down spin admixture 

parameter 𝛾2 that reflects the strength of SOC.  𝜆S is nearly inversely proportional to 𝛾, and 

increases with increasing  𝑛. 

The accuracy of our theoretical spin diffusion length predictions is surprisingly good given the 

simplicity of the model. We emphasize that all model parameters have been taken either 

directly from experiments or calculated from electronic structure theory and adapted to 

(effectively) 1D transport corresponding to our understanding of the actual spin dynamics in 

the polymer samples. However, it is possible that the good agreement is at least partly due 

to cancellation of errors/inaccuracies of the model. On the one hand, test calculations 

indicate that charge motion at intermediate polaron concentrations may significantly 

contribute to spin diffusion. This effect is neglected in a static spin diffusion model, therefore 

underestimating the predicted spin diffusion lengths. On the other hand, the exchange 

coupling expression derived in 8 – even with a polaron delocalisation length estimated from 

first-principles as used here – is significantly stronger than frequently used expressions 65 at 
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precisely the same intermediate spin concentrations, which appears to cancel the error due 

to lack of dynamic effects. There is clearly a need for a more microscopic model of spin 

diffusion in such systems.  

 

Observed absence of spin precession during spin transport 

Finally, we would like to discuss possible reasons why the spin polarisation remains robustly 

aligned with the magnetisation direction and does not appear to precess around the external 

magnetic field, as the spins diffuse through the organic layer over micrometer distances. One 

possible interpretation of this result is that the spins transit through the polymer on a 

timescale 𝜏𝑇 that is faster than the timescale 𝜏𝐿 for precession in the external magnetic field. 

It is tempting to interpret the absence of the Hanle effect as a characteristic feature of rapid 

exchange-enhanced spin diffusion as it was in fact claimed theoretically 8 to explain the 

absence of a Hanle signature in vertical organic spin valves 23, 66. In our system, the exchange-

enhanced spin transit time 𝜏𝑇 ≈ 𝐿2

𝐷𝑒𝑥𝑐
⁄  is indeed very fast, on the order of 10 ns. However, 

it remains comparable to 𝜏𝐿 ≈ 2𝜋
𝛾𝑒𝐵𝑒𝑥𝑡

⊥⁄ , where 𝛾𝑒 is the electron gyromagnetic ratio and 

𝐵𝑒𝑥𝑡
⊥  is the component of the external field perpendicular to the magnetisation. Using a 

simplified model of the experiment discussed in SI Section 6, we argue that spin precession 

should have manifested itself in a more gradual angular dependence than what is observed 

experimentally, unless 𝐷𝑒𝑥𝑐 was in fact even higher than predicted by the exchange-based 

spin diffusion model. This seems unlikely because the relationship  𝜆𝑆 = √𝐷𝑇1 puts a bound 

on 𝐷𝑒𝑥𝑐 values to be compatible with the measured values of 𝜆𝑆 and 𝑇1. A second, more likely, 

interpretation is that it is in fact an inherent feature of the lateral spin pumping architecture. 

It is worth noting that in carefully performed experiments on Si and Graphene, where it was 

possible to perform both lateral spin pumping and non-local electrical spin injection and 

detection measurements and establish that both experiments yield consistent and reliable 

values for the spin diffusion length, a Hanle signature was observed only in the nonlocal spin 

valve but not in the lateral spin pumping architecture 42, 44. In fact, none of the lateral spin 

pumping experiments reported to date have shown a gradual angular dependence (SI Section 

4). In the simplified model of SI Section 6 we have neglected the fact that in the lateral spin 

pumping experiment the injected spin polarisation has not just a DC component but also an 
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AC component, which is driven by the AC microwave field and is precessing around the 

magnetisation direction. It is possible that in the rotating frame of reference of the precessing 

spins a DC applied magnetic field is very ineffective in re-orientating the axis of the spin 

precession and that the axis of precession is kept aligned by the AC microwave field. In fact, 

theoretical considerations have argued that the driving AC microwave can even cause a spin 

rectification effect that enhances the DC component of the spin polarisation along the 

magnetisation direction 67. To observe a signature of Hanle precession in the lateral spin 

pumping architecture may require more challenging AC measurements, which go beyond the 

scope of the present work, whose focus is on explaining the exceptionally long spin diffusion 

lengths observed in doped conjugated polymers. 
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Figure 5 | Theoretical modelling of spin transport in an exchange mediated regime. (a) Total diffusion 

coefficient that includes contributions from hopping and exchange as a function of carrier density for PBTTT and 

a

b

c
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P3HT. (b) Spin diffusion length as a function of carrier density for PBTTT and P3HT. The maximum spin diffusion 

length for PBTTT is 1.102 𝜇m at a theoretically predicted 𝑛 = 1.91×1020 cm-3. For P3HT with low value of spin-

mixing parameter 𝛾2 = 1.27 × 10−6, it is 0.72 𝜇m and with a high value of 𝛾2 = 2.42 × 10−6, it is 0.52 𝜇m at a 

theoretically predicted 𝑛 = 1.01×1020 cm-3. (c) The spin diffusion length for PBTTT and P3HT shown as a function 

of both 𝛾2 and 𝑛. A variation in 𝛾2 is caused by different dihedral angles in the molecule. 

 

Conclusions 

We have explored spin diffusion in doped organic polymers using a combination of 

experiment and theory. Long spin diffusion lengths of more than 1 m and fast spin transit 

times on the order of 10 ns are achievable in the presence of a sufficiently high spin density 

(on the order of 1020 cm-3) such that the exchange mechanism decouples charge and spin 

transport and opens up a pathway for fast spin motion down a track with a sufficiently small 

average separation between sites. In this unique spin transport regime, the spin diffusion 

length is limited by SOC strength at hopping sites via the EY spin relaxation mechanism. The 

reported long spin diffusion lengths and large diffusion coefficients on the order of 1 cm2/s in 

doped organic polymers are comparable to other well understood spintronic materials such 

as GaAs, Graphene and Silicon (Si has a diffusion coefficient of 1.8 cm2/s 42) with organic 

materials offering an added advantage of chemical tunability and comparatively long spin 

lifetimes. The efficient exchange-mediated spin transport mechanism opens up new 

prospects for doped conjugated polymers in spintronic applications, including low-power, 

spin-current based information processing and sensing. 
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Device Fabrication 

The lateral spin pumping (LSP) devices were prepared using a multiple step e-beam 

lithography and metal deposition process on 5 mm x 3 mm Si/SiO2 (300 nm) substrates. The 

Pt wire (10 nm) was deposited by magnetron sputtering at a base pressure of 5 x 10-7 mbar 

at a rate of 5 Å/s. The Py island (25 nm) was deposited by e-beam evaporation at a base 

pressure of 2 x 10-7 mbar with a rate of 2 Å/s. The organic semiconductors were then spin 

coated from solution onto the devices. PBTTT (80 nm) was spin coated from a 10 mg/ml DCB 

solution (maintained at 80°C) at 5000 rpm and annealed at 180 °C for 20 minutes to achieve 

a terraced phase. P3HT (80 nm) was spin coated from unheated 10 mg/ml DCB solution at 

5000 rpm. The P3HT film was annealed at 110°C for 20 minutes to improve the microstructure 

and charge transport properties. The organic semiconductors were doped by F4TCNQ via a 

sequential doping method where the films were immersed in 1.5 mg/ml F4TCNQ acetonitrile 

solution. Following doping, samples were annealed at 80°C to achieve a uniform distribution 

of dopant molecules. The organic semiconductor films were then patterned mechanically, 

and contact was made to the Pt wire using Ag paste. For PBTTT based LSP devices doped to 

100 S/cm, the device resistance was 3.1 kOhm. When de-doped to 17 S/cm, the device 

resistance was 12.5 kOhm. For P3HT based LSP devices at 3.2 S/cm, the device resistance was 

17.5 kOhm, at 0.3 S/cm it changed to 25.3 kOhm. 

Spin pumping measurements 

Ferromagnetic resonance (FMR) of Py was excited in either an electron spin resonance (ESR) 

system or a coplanar waveguide setup. Both methods for exciting FMR gave similar results. 

For measurements in the ESR setup (Bruker E500 X-band spectrometer), the sample was 

placed in the centre of a Bruker ER 4122SHQE cavity at a microwave frequency of 9.38 GHz. 

Two ends of the Pt wire were connected to a KEITHLEY 2182A Nanovoltmeter with Ag paste 

and Cu wires to detect the voltage due to the Inverse Spin Hall Effect. For measurements 

using a coplanar waveguide, the sample was flipped face down onto the coplanar 

waveguide (to ensure proximity with the strip line) and a layer of polyamide isolated the 

sample from the waveguide. Both ends of the Pt wire were connected to a KEITHLEY 2182A 

Nanovoltmeter using Ag paste. Low temperature spin pumping measurements were 

performed by positioning the coplanar waveguide in a Helium exchange gas cryostat with 

microwave access. 
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Data Availability 

The authors declare that all relevant data are included in the paper and in the 

accompanying Supplementary Information. Additional data are available from the 

corresponding authors upon reasonable request. 

 


