PHYSICAL REVIEW B 91, 224422 (2015)

Spin relaxation mechanism in a highly doped organic polymer film
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We report systematic studies on the spin current transport and relaxation mechanism in thin films of the
highly doped organic polymer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), in which
hopping charge transport is dominant. In this study, we determined the spin diffusion length, spin lifetime, and
spin diffusion constant using different experimental techniques. The experimentally obtained spin lifetime is
much shorter than that of nondoped organic semiconductors. This clearly shows considerable enhancement of
spin relaxation in highly doped PEDOT molecules, which form the trapping centers of hopping transport. Also,
we obtained a longer spin diffusion length than the average hopping length, indicating that spins are almost
conserved during the hopping process. These facts suggest that spin relaxation of this material mainly occurs in

the nanograins of the PEDOT molecules.
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I. INTRODUCTION

Organic semiconductors (OSCs) have attracted much at-
tention because of their potential applications for field-effect
transistors, solar cells, and displays. These applications are
stimulated by the unique properties of OSCs: low cost, low
weight, and flexibility. Also, OSCs are attractive candidates
for spintronic device applications. Spintronics use electron
spins as information carriers, and therefore their lifetime
and transport length, i.e., spin diffusion length (SDL), are
important parameters to design spintronic devices [1]. OSCs
generally consist of relatively light elements, such as hydrogen,
carbon, and sulfur, in which the spin-orbit (SO) interaction is
expected to be weak. Since the SO interaction is the main
origin of spin relaxation, OSCs are promising materials for
long-distance spin transport [2]. So far, many experiments
have been performed to measure the SDLs of OSCs using
the magnetoresistance effect between two ferromagnetic elec-
trodes, where spin polarized charge currents pass through
the organic layer [3-8]. On the other hand, the pure spin
current, with no net charge current, is an essential ingredient
of next generation spintronics [9,10]. However, the study of
pure spin transport in OSCs is limited and their properties are
not yet fully understood because of the lack of complementary
information about the spin diffusion constant (Ds) and the
spin lifetime (ts). For example, recently performed dynamical
spin transport experiments suggest quite a long tg in OSCs,
but their reliability has not been confirmed experimentally
[11,12]. To solve this problem, a comprehensive study of OSCs
is necessary to determine spin transport parameters.

In the present work, we performed comprehensive studies
on spin transport using spin pumping, electron paramagnetic
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resonance (EPR), and charge transport experiments in a highly
doped organic polymer film. From these experiments, we
determined the SDL, g, and Dg independently, and deduced
the spin transport mechanism in disordered organic polymers.
The organic material used in this study was
the conducting polymer poly(3.4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS, Clevios PH1000, Her-
aeus Precious Metals, Germany). In this material, the conju-
gated PEDOT polymer is doped with PSS. The morphology
and synchrotron x-ray diffraction studies reveal that the PE-
DOT:PSS film is formed by pancakelike core-shell structures
consisting of PEDOT-rich cores surrounded by PSS insulating
shells [13,14]. This core-shell structure is 20-30 nm long in
the in-plane and 5—6 nm long in the out-of-plane directions.

II. EXPERIMENTAL DETAILS

The device structure for the dynamical spin pumping
experiment was a trilayer of Nig; Fe 9 (permalloy: Py)/PEDOT:
PSS/Pt fabricated on a thermally oxidized Si substrate (the
thickness of the SiO, was 100 nm). After the deposition of a
15 or 8 nm thick Pt layer, a water based PEDOT:PSS layer was
spin coated with a variable rotational speed from 1000 to 6000
rpm to change the thickness of the PEDOT:PSS layer. The
surface roughness of the PEDOT:PSS film was approximately
3-4 nm determined using atomic force microscopy. The
PEDOT:PSS film was annealed at 50 °C in a pressure below
4 x 10~*Pafor about 10 h, and then the Py layer was deposited
in a vacuum on PEDOT:PSS at a rate of ~0.01 nm/s. The base
pressure was approximately 5 x 107 Pa. The spin pumping
and EPR experiments were performed using a conventional
X-band EPR spectrometer with a TE;(, rectangular cavity.
The operation frequency was approximately 9.45 GHz and the
sample was set at the center of the cavity. Charge transport
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measurements were performed using the same trilayer struc-
ture with a junction area of 40 x 100 (pm)?.

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows a schematic illustration of the device
structure used for our spin pumping experiment. The spin
pumping driven by ferromagnetic resonance (FMR) generates
pure spin current dissipates into the PEDOT:PSS layer via the
exchange interaction at the Py/PEDOT:PSS interface [15-18].
The transmitted spin current across the PEDOT:PSS layer is
converted into the orthogonal electric field via the inverse
spin Hall (ISH) effect in the Pt layer [18-20]. We can then
detect the pure spin current through the PEDOT:PSS layer
as a voltage across the Pt layer [Fig. 1(b)]. The upper panel
in Fig. 1(c) shows the FMR spectra of a Py strip in the
Py(17)/PEDOT:PSS(60)/Pt(8) trilayer device. The numbers in
parentheses indicate the film thickness in nanometers. The
lower panel of Fig. 1(c) shows the voltage signal V(H) from
the Pt layer for ¢ = 0°. The magnetic field angle ¢ was defined
as shown in Fig. 1(a). The solid line is a curve fit to the sum
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FIG. 1. (Color online) (a) Schematic of the sample structure used
for spin transport experiments and (b) the mechanism of spin injection
and detection. The injected pure spin current through the PEDOT:PSS
layer is absorbed by the Pt layer, and then converted to an electric field
via the inverse spin Hall effect. (c) Upper panel: The FMR spectra
of the Py strip of Py(17)/PEDOT:PSS(60)/Pt(8) trilayer sample. The
numbers in parentheses indicate the film thickness in nanometers.
Lower panel: The dc voltage signal at the Pt layer of the trilayer
sample for ¢ = 0°.
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of symmetric and asymmetric Lorentz functions,

V(H)
_ Vs(AH /2)?
"~ [(H — Hp? + (AH/2)%]

VAAH(H — Ho)
[(H — Ho)* + (AH /2T
6]

where AH is the spectral full width at half maximum and
H, is the resonance field. V5 and V, are the symmetric and
asymmetric contributions to the voltage signal, respectively
[18]. The obtained linewidth and the resonance field are
identical to those of FMR spectra, meaning that the voltage
signal originates from the FMR of the Py layer. In the present
sample structure, two large contributions can be considered to
generate the dc voltage signal induced by the FMR. One is the
ISH voltage (Visu) generated along the Pt layer and the other
is the voltage induced by the anisotropic magnetoresistance
(AMR) effect (Vamr) in the Py layer [21,22]. In spin pumping
experiments, the injected spin current has a maximum at H.
Consequently, Visg can only contribute to Vg, whereas Vamr
can contribute to both Vs and V4. The origin of Vaug is the
interaction between the high frequency electrical current and
the magnetization in the Py. In this study, we used a long
rectangular Py strip as a spin injector, where the dominant
component of the high frequency current is parallel to the
long direction. In this case, Vamr o sin2¢ and thus vanishes
when ¢ = 0°, 90°, and 180° [21,22]. In the case of the ISH
effect, the conversion relation between the spin current and
electric field is Vigg o« Js X 0 o cos ¢, where Jg is the spin
current, and o is the spin polarization vector. Therefore, Vg
for ¢ = 0° only arises from the ISH effect: V5(0°) = Visu(0°)
[23,24]. However, the asymmetric voltage contribution still
remains for ¢ = 0°. The origin of this contribution is unclear,
but it is attributed to other magnetotransport effects, such as
the anomalous Hall effect, planar Hall effect, and spin Hall
magnetoresistance, as discussed in recent reports [25-28].
Figure 2(a) shows the magnetic field dependence of the
voltage signal for ¢ = 0°, 90°, and 180°. As shown in the
figure, Vs changes its sign depending on the field direction,
and vanishes when ¢ = 90°. Also, the magnitude of Vigy is
proportional to the microwave power injected into the cavity
[Fig. 2(b)]. Here, we take the average of Vs for ¢ = 0° and
180° as Vispy, where Visy = [Vs(0°) — Vs(180°)]/2. These
tendencies are consistent with the expected behaviors of Vigy
induced by spin pumping [26,29]. The contribution of the
PEDOT:PSS layer to Visyg [11] is expected to be quite small
in the present sample, and cannot explain the observed Visy
in Fig. 2(a) (see the Supplemental Material [30]). Because the
observed Vigy in the Pt layer was generated from the spin
current transmitted through the PEDOT:PSS layer, we can
estimate the SDL of the PEDOT:PSS from the dependence
of Visy on the PEDOT:PSS thickness (#pg). The plot of
normalized Visy divided by the resistance of the Pt layer
(Vi$i/Rpy) for several values of tpg is shown in Fig. 2(c).
To consider the decay of the spin current with fpg, we used the
one-dimensional diffusion equation for a trilayer structure with
no interface resistance (see the Supplemental Material [30]).
Based on our analysis, the spin current at the PEDOT:PSS/Pt
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FIG. 2. (Color online) (a) Magnetic field dependence of the voltage signal in Py(17)/PEDOT:PSS(60)/Pt(8) trilayer for ¢ = 0°, 90°, and
180°. (b) Microwave power dependence of Vigy. (c) ng / Rp as a function of PEDOT:PSS thickness. The solid triangles and circles represent
the data for two series of samples. The solid and dashed lines are the fitting results using Eq. (2). (d) Schematic illustration of the decay of the

spin current in the present trilayer.
interface [=Js(tpg) o Vi§y/Rpd is

Js(tee) ~ J3(0)exp (tpe/Adg)[1 — tanh (tpe/A%g)] ()

for pp < ppp. Here, Js(0), A3g, opi, and pp; are the spin
current at x = 0 [see Fig. 2(d)], SDL of PEDOT:PSS, and
the resistivities of Pt and PEDOT:PSS in the out-of-plane
direction, respectively. In the present case, the condition pp; <
ppy: is reasonable because their values are pp, &~ 22 12 cmand
pI%E ~ 1.0 k2 cm, respectively. The decay of the spin current
is schematically illustrated by the solid line in Fig. 2(d). The
SDL of PEDOT:PSS can be determined by fitting the data in
Fig. 2(c) to Eq. (2). The SDLs for the two sets of samples
were therefore 160 &+ 8 and 120 £40 nm. The difference
in the SDLs for the two distinct sample sets is because of
the difference in resistivity of the PEDOT:PSS films. The
average resistivities for the two sample sets are 0.93 0.2
and 1.1 0.2 k2 cm, respectively. The SDL of 140 4= 20 nm
on average for PEDOT:PSS obtained from our experiments is
longer than the SDL of 21-30 nm reported in the previous
study [11], where ts was estimated to be 5-10 us [11].
Therefore, s of our PEDOT:PSS film seems to be longer
than the previous value. To verify this expectation, we carried
out EPR measurements to directly determine ts.

The inset of Fig. 3(a) shows an EPR spectrum for a thick
(tpg = 10 um) PEDOT:PSS film at room temperature. The
spectrum fits the first derivative of a single Lorenz function
(solid line). This fact means that the full width at the half
maximum A Hgpr is correlated with the spin-spin relaxation
(or dephasing) time 7 as in the relation AHgpr = 2/(yT»)
with a gyromagnetic ratio of y [31]. The present result
(AHgpr =24 Oe) gives T, =4.7 ns. However, the spin
lifetime tg responsible for the dc component of the spin current
is the spin-lattice (or energy) relaxation time 77, which is
generally longer than 7,. We estimated 7} by measuring the
saturation behavior of the EPR intensity (/gpr) with a change
in the microwave magnetic field (h,.) [31]. The main panel
of Fig. 3(a) shows the h,. dependence of Igpgr. Igpr has an
almost linear dependence with %,. and does not saturate even
at maximum h,.. We also show the simulated results of the

saturation curve with £, in Fig. 3(b). The comparison between
these two figures suggests that 7 is in the range of 5-100 ns and
the lower limit of 7 corresponds to the case where 71 = T>.
This value is much shorter than the previously estimated g of
5-10 us atroom temperature [ 1 1]. In the previous study, s was
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FIG. 3. (Color online) (a) Microwave magnetic field (h,.) de-
pendence of the EPR intensity of a thick PEDOT:PSS film at
room temperature. h,. was calculated from the quality factor of
the cavity. The intensity was obtained from the fitting as shown
in the inset. Inset: The EPR spectrum for A, = 0.042 Oe. The
observed spectrum was fit to a single Lorenz function with a A Hgpg
of 24 Oe. (b) The simulated behavior of the EPR intensity as a
function of h,. for several values of 7). The EPR intensity was
calculated using Igpr = hoc/{1 + 1%y 2Ty T»} with a fixed T, (=4.7
ns) [31]. (¢) Temperature dependence of ppy; plotted with T-14 We
measured three distinct samples. The solid lines are fits based on the
3D-VRH.
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indirectly estimated using the relation between the SDL and
Ds, where 15 = (15)?/Ds and assuming the Einstein relation
for nondegenerate semiconductors with Ds = pkgT /e, where
@ is the mobility, kg is the Boltzmann constant, and e is
the elementary charge. The large discrepancy between tg of
our experiment and the previous estimation suggests that the
estimation of Dg using the Einstein relation for nondegenerate
semiconductors is not applicable to the PEDOT:PSS film.
Indeed, the Einstein relation to determine Dg has different
forms depending on the conduction mechanism. For thermally
excited transport (nondegenerate case), Ds = ukgT /e is
applicable, but for highly doped semiconductors (degenerate
case), Ds is inversely proportional to the resistivity (o) and the
density of states at the Fermi level [N(EFR)], which is similar
to metallic systems where Dg = [e2N (Ep)p]’l.

We then measured the temperature dependence of the
electrical resistivity to determine the conduction mechanism
of PEDOT:PSS films. As shown in Fig. 3(c), the out-of-
plane resistivity (ppp) shows insulating behavior below room
temperature and the logarithm of ppy; is almost linear with
TV ie., plﬁ-E X exp(To/T)1/4. This is the characteristic be-
havior of three-dimensional variable range hopping (3D-VRH)
conduction [32,33]. In VRH conduction, electron transport is
not dominated by thermally excited charge carriers but by
tunneling between metallic localized states. The characteristic
temperature Ty is expressed as B/[kg N(Er)é 3] with constant
N(Eg), where 8 and & are the numerical factor (8 = 18.1
for 3D case) and the localization length, respectively. This
temperature-independent N (Er) is characteristic of degenerate
systems and the Einstein relation for degenerate systems is ap-
plicable in the case of VRH conduction [34]. The localization
length can be obtained from analysis of the current-voltage
(I-V) characteristics in the perpendicular direction (see the
Supplemental Material for details [30]), and then N(EF) can
be calculated from 7; and &. We measured three distinct
samples and obtained the following average values: plﬁ-E =
1.0+ 0.4kQcm, N(Ep)=8.8+7x 107 eV~'em™3, and
& = 11 =4 nm. These values are reasonably consistent with
the previous study [13]. If we substitute the present values of
p and N (EF) into the Einstein relation for degenerate systems,
Ds was estimated to be 7.1 & 6 x 10~7 m?/s. This value leads
to an estimated spin lifetime from the spin and charge transport
experiments (g ") of 7 P = (A3g)?/Ds = 28 £ 20 ns.

We now relate 7" to T; estimated from the EPR
experiments. Because the present charge transport mechanism
is dominated by VRH, 74""*" contains contributions from
spin relaxation during the hopping and trapping processes. In

. . 1 sport . .
this case, the relation between rsmmpo and the spin relaxation

rates is expressed as 1/78"™P" = 1/2{® + 1/z5*. On the
other hand, T; is almost equivalent to 7g** because EPR
experiments mainly probe electronic states inside the conduct-
ing polymer cores, i.e., Tj ~ 74 * [35], and thus we obtain

/7™ =1 /téwp + 1/T,. The present study shows that

rgamp(m and T are the same order of magnitude, implying that
7P &~ Ty [36]. Therefore, we obtain 1/7¢% < 1/74™:

The spin relaxation mainly takes place during the trapping
process. This expectation is consistent with the experimental
result of A3; > Ly, where Ly, is the average hopping length.
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FIG. 4. (Color online) Schematic of the expected spin transport
mechanism in the PEDOT:PSS film. The three characteristic lengths
(€, Ly, and A3;) are also shown. Because A3; is longer than
L,,, the spins are almost preserved through hopping. The spin
relaxation during trapping process is enhanced by diffusive transport
in the PEDOT-rich cores. Therefore, spin relaxation is likely to be
dominated by spin relaxation in the cores.

From the 7-V measurements, we estimated L, = 25 &+ 8 nm
at room temperature (see the Supplemental Material [30]).
This value is five to six times smaller than A3; of 140 % 20
nm. Therefore, the spin flip probability in the hopping event is
much smaller than unity and spin angular momentum is almost
conserved in the hopping process.

The previously reported spin transport experiment for
another OSC suggests spin relaxation during the hopping
process, where 1 /ré“’p > 1/t4"": Spin relaxation during the
trapping process was not considered [12]. The OSC used in
the previous report was not intentionally doped, therefore the
electrons involved in the trapping process are localized and
highly isolated from the spin relaxation path. This situation is
completely different from the present case where the PEDOT
molecule is highly doped with PSS. Because of the intensive
doping, many conduction electrons exist in the PEDOT-rich
cores, so that the spin relaxation rate during the trapping
process is highly enhanced by diffusive transport in the cores
[35]. A schematic of the expected spin transport mechanism
in a PEDOT:PSS film is illustrated in Fig. 4.
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FIG. 5. (Color online) (a) Temperature dependence of T, evalu-
ated from A Hgpgr. (b) The h,. dependence of the EPR intensity at
9 K. The solid line shows the saturation curve for 77 = 1.0 us and
T, = 37 ns [31].
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Next, we discuss the temperature dependence of spin
relaxation. In OSCs, the dominant spin relaxation mechanism
is still controversial, but two major candidates were proposed:
the hyperfine (HF) interaction and SO coupling [37-39].
Figure 5(a) shows the temperature dependence of 7, obtained
from A Hgpr(T). In this figure, 7, gradually increased with
a decrease in temperature, and reached 37 ns at 9 K. Also,
the saturation behavior of Igpg at 9 K gives a 77 of 1 us
[Fig. 5(b)]. These results indicate that t&™® of PEDOT:PSS
increases at low temperatures. As discussed in Ref. [35], this
result clearly indicates that spin relaxation is caused by the
spin-lattice relaxation via SO coupling between the polymer
back bone and the conduction electrons. The effect of the HF
interaction would not be dominant in the present case because
HF coupling in organic materials is weak, and the magnitude of
the HF field amounts to a few tens of oersted [40]. Therefore,
the spin relaxation (or dephasing) originating from the HF field
is suppressed at sufficiently high magnetic fields (21000 Oe
in the present experiments). The spin relaxation because of the
HF interaction, on the other hand, should be considered at very
low magnetic fields and in a material with weak SO coupling
[41].

Finally, we mention the future prospects to enhance the
SDLs of OSCs. The present study suggests that SO coupling
is the dominant origin of the spin relaxation process even in
organic materials. In PEDOT:PSS, the largest SO contribution
is likely to arise from coupling with sulfur atoms, which is the
heaviest atom in the thiophene framework. Hence, using light
elements as a molecular building block is a straightforward
way to achieve a longer ts. Another way would be to reduce
the dopant concentration within the degenerate regime. As
theoretically predicted, Ds is considerably enhanced by carrier
doping, which induces crossover from the nondegenerate
regime to the degenerate regime [42]. Therefore, the existence
of degenerate charge carriers is quite important to realize
a large Ds. Based on the Einstein relation for degenerate
systems, large Ds can be obtained by reducing N(EF), i.e.,
reducing the doping concentration. Also, ts depends on the
doping concentration. The in situ EPR experiment as a function
of doping concentration showed that the EPR linewidth
decreased as the doping concentration was lowered [43]. This
indicates that 7g is increased by reducing the doping. These
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discussions are qualitatively consistent with the different SDLs
of the present and the previous studies: The present SDL
of ~140 nm on average is rather long compared with the
previously reported value of 21-30 nm [11]. This discrepancy
is probably because of the difference in doping concentration
in PEDOT:PSS. The material used in the previous report was
also doped with dimethyl sulfoxide solvents.

IV. CONCLUSIONS

We performed dynamical pure spin current transport, EPR,
and charge transport experiments in a film of the highly
doped organic polymer PEDOT:PSS. The obtained 7g """
from spin and charge transport experiments was much shorter
than the previous report for nondoped OSCs. Therefore, this
75 """ was caused by intentional hole doping in the PEDOT
molecule. Because the PEDOT molecules are concentrated at
the PEDOT-rich core, rémmpon is dominated by the tg at the
core, i.e., the trapping center. Indeed, 7| obtained from the
EPR experiment, which mainly probes tg inside the cores,
was comparable to 7g"P"". Also, we found that the SDL
was longer than the average hopping length, meaning that
the spin angular momentum is almost preserved during the
hopping process. Based on these discussions, spin relaxation
in the PEDOT:PSS film mostly takes place while the carrier is
trapped in the core. The temperature dependence of the EPR
experiment shows that the main spin relaxation mechanism of
this material is spin-lattice relaxation caused by SO coupling.
These conclusions will contribute to the full understanding of
pure spin current transport in organic semiconductors.
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