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We present a systematic investigation of the inverse spin-Hall effect (ISHE) in the m-conjugated polymer
poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS). Using a number of reference experi-
ments, we are able to identify and isolate side effects which obscure the small but finite inverse spin-Hall effect
in the polymer. We employ a sample geometry in which the contact areas and the area of spin current injection
are laterally separated, which allows us to distinguish the ISHE from thermovoltages induced by nonreciprocal
magnetostatic spin waves (MSSW) and from the ISHE induced by spin pumping through the polymer into the
contacts. With an additional control experiment, we can even quantify the Nernst effect, which also needs to be
taken into account. With these results, we can unambiguously show that the ISHE is present in this material,
albeit at a level which requires a dedicated sample design and careful consideration of various artifacts.
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I. INTRODUCTION

Poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfo-
nate) (PEDOT:PSS) is a conducting polymer which has been
of interest for spintronics applications in past decades. The
presence or absence of the inverse spin-Hall effect (ISHE)
generated in YIG/PEDOT:PSS bilayer systems has been
investigated in the past with contradictory results. In Ref. [1],
Ando et al. claimed an effect similar in magnitude to that
of YIG/Pt. In Ref. [2], our group already indicated that the
so-called spin wave heat conveyor effect, which can create
a temperature gradient in a typical measurement geometry
for the inverse spin-Hall effect, may result in thermovoltages
whose symmetry is indistinguishable in signature from the
ISH voltage, even when thin-film YIG is used. In 2018,
Wang et al. [3] showed that indeed the thermovoltages which
appear in their sample geometry, which is similar to that
used in Ref. [1], are dominating and as a result claimed
that there is either no ISHE in YIG/PEDOT:PSS or that it
is below their detection limit due to the strong effects of
asymmetric sample heating. As we will show, it is possible to
avoid the mentioned effect by using a suitable sample design.
Nevertheless, we also find that further side effects need to
be investigated and quantified to identify the small but finite
ISHE in PEDOT:PSS.
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The ISHE is one of the most popular mechanisms used

in spintronics to detect pure spin currents J; injected from
a ferromagnet (FM) into a spin sink, which in most cases is

nonmagnetic (NM). The injected J; is caused by spin pump-
ing either using magnetization precession M in ferromagnetic

resonance (FMR) or using thermal gradients. In the case of
FMR, it is described as

—
T, = 4ngeff|:M(l‘) x— } (1)

Here, ﬁ(t) is the magnetization vector, / is the reduced
Planck’s constant, glfif is the spin-mixing conductance for the
FM/NM interface, and the spin current is polarized along M
[4,5]. As shown in Fig. 2(a), the ISHE is detected as a dc
voltage (or charge current 7:) in the direction perpendicular

to J; and the spin polarization vector &, respectively, whose
direction in the case of saturation is denoted by the external

— — —
magnetic field H, which orients M . The relation between J.

and 73 is defined by a vector product and the spin-Hall angle
0y, which describes the spin-charge conversion efficiency in
the NM [5,6]:

-

2e >
Jo = ? Iy x o] (2)

According to the J;-J. conversion, Visgg in the perfect
spin sink in contact to the FM insulator is given as [6]

I B4 Asp tanh(dypy/2Asp) <%> L3

VisHE = W

with the inverse spin-Hall voltage Visyg, the effective length
of the area of spin pumping /, the spin diffusion length and the
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thickness of the spin sink Asp and dyy,, the electron charge e,
and the conductivity of the spin sink oyy.

In contrast to the investigation of the ISHE in metals with
large spin-orbit coupling (e.g., Pt, Ta), ISHE in conducting
polymers with large spin diffusion length (SDL) [1,7] and
high Seebeck coefficient [3,3,8—11] requires special attention
to side effects. From Ref. [12], it is clear that any ISHE in this
material system, if existent, must be small compared to the
signals measured by Ref. [1], so any attempt to measure the
ISHE must take into account all physics which may cause a
signal with a signature similar to that of the ISHE.

Indeed, there are a number of artifacts which can appear
in the typical detection geometry for the ISHE. Only one
example is nonreciprocal magnetostatic surface spin waves
(MSSW) or Damon-Eshbach modes (DEM) [9,13]. Follow-
ing the ferromagnetic resonance intensity, these spin waves
generate a lateral temperature gradient resulting in a thermo-
voltage in the polymer-metal contacts which are at different
respective temperatures. Because of the properties of DEM,
this gradient is reversed for the opposite direction of the
external magnetic field, and the resulting thermovoltage is
virtually undistinguishable from the ISHE. Especially for
PEDOT:PSS, the effect can be quite severe because of the
large Seebeck coefficient [8,11]. In this case, the ISHE can
only be determined either by measuring and subtracting the
thermovoltage in a reference experiment or by using a special
geometry which we describe below.

Using excitation by coplanar waveguides as in our experi-
ments or in Ref. [2] certainly favors the unbalanced excitation
of Damon-Eshbach modes at the top and bottom sides of the
YIG film. It should, however, be noted that even for excitation
in a microwave cavity [13] the asymmetric heating and the
spin-wave heat conveyor effect are observed because Damon-
Eshbach modes on the substrate side may exhibit a higher
damping than at the surface.

Also in many samples, the spin source under the organic
film overlaps with the metal contacts on top of the film.
In this case, it is possible that a spin current flows through
the polymer into the metal contacts and causes an additional
ISHE there. This effect is normally discarded by using a
contact material with negligible ISHE. It should be noted,
however, that an ISHE negligible in one experiment may
become sizable when the detection sensitivity is increased
by several orders of magnitude as is typically necessary for
polymers. This effect can also be avoided in the optimized
geometry presented below.

A third artifact can be caused by the Nernst effect in the
spin sink. At resonance condition, the absorbed power in the
ferromagnet leads to a local heating which causes a perpendic-
ular temperature gradient in the nonmagnet. Together with the
external magnetic field, the resulting Nernst effect can cause a
voltage which similarly to the ISHE appears only at resonance
and is reversed with reversing magnetic field. Because the
Nernst effect appears in the same spot as the ISHE it can only
be quantified in a suitable reference experiment which allows
the Nernst effect but completely excludes the ISHE. While all
these effects are mostly negligible when a metallic spin sink
with large spin-orbit coupling and short spin diffusion length
(like Pt) is used, they can be sizable or even dominant for
low spin-orbit coupling polymers. In that case, the measured

voltage Vj, is composed of four components,

Vi = VisHg + Vmssw + VNemst + Vcontact s 4)

where V\issw 1s the thermovoltage caused by the DEM, VNemst
is the voltage caused by the Nernst effect, and Veoneaer the
voltage caused by spin pumping into the contacts.

II. EXPERIMENTAL DETAILS

A. Sample fabrication

All samples in this work use 100-nm-thick films of single-
crystal YIG with a size of 2 x 5 mm? grown on gadolinium
gallium garnet (GGG) by liquid phase epitaxy. For a number
of samples, the YIG layer is patterned to form a 2-mm-wide
stripe (Fig. 4) using Ar-ion milling with Al foil as a shadow
mask.

In order to obtain a high-quality YIG surface for increased
spin pumping and ISHE [14], two subsequent cleaning pro-
cedures are performed. First, the samples are cleaned for
10 min each in acetone, methyl-isobutyl-ketone (MIBK), and
isopropanol, aided by ultrasonic agitation. Then piranha solu-
tion (1:4) (H,O, : HySOy) is applied for 10 min followed by
rinsing in deionized water for 10 min and drying in N, flow.

The PEDOT:PSS is prepared using a watery solution of
94.5 wt% of PEDOT:PSS (Clevios PH1000, Heraeus) doped
with 5 wt% of dimethyl sulfoxide (DMSO) to improve the
electrical conductivity and 0.5 wt% of Dynol as a surfactant
[15]. The solution is mixed for 3 h using magnetic stirring.
The polymer is deposited by spin coating in an ambient
atmosphere at 4500 rpm for 45 s. Finally, the films are
annealed on a hot plate at 140°C for 10 min. The resulting
PEDOT:PSS has a thickness of approximately 70 nm and an
in-plane conductivity Ginpiane = 800 S/cm.

Rectangular contact electrodes of either Pt or Ru are
defined at the edges of each sample. By the width of the
electrodes given in Table I and the sample size also the
electrode spacing is defined which is an important parameter
for the analysis of the results. The electrodes are deposited
by magnetron sputtering using a shadow mask to guarantee
well-defined dimensions.

For control experiments, an interfacial layer of approxi-
mately 30 nm Al,O; is deposited on the YIG by electron beam
evaporation. The layer sequence and relevant parameters for
all samples investigated in this study are listed in Table I.

B. ISHE characterization and setup configuration

For the measurements, the samples are placed face down
on a strip-line antenna with a thickness of 35 um and a
width of 250 um. While an external homogeneous magnetic
field (H,.) saturates the magnetization of the YIG parallel
to the antenna, a radio frequency (RF) current through the
antenna is used to create an RF field (hgr) which excites the
ferromagnetic resonance in the YIG. The stripline is isolated
with a thin layer of PMMA to avoid any shorting between
the antenna and the sample conducting layer. For the FMR
spectra, the external magnetic field is modulated. The RF
amplitude is measured using a diode, a lock-in amplifier, and
a Keysight 34420A nanovoltmeter. ISHE measurements are
carried out using copper leads attached to the Pt contacts with
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TABLE I. Samples parameters and layers dimensions for the full YIG and YIG stripe structure (d, thickness; w, width).

Al,O4 Pt [d, w] Ru [d,w]
Sample YIG [nm] [nm, mm] [nm, mm)]
S1[YIG-PEDOT:PSS-Pt] Full (10, 2)
S2[YIG-Al,O5-PEDOT:PSS-Pt] Full 30 (10, 2)
S3[YIG-PEDOT:PSS-Pt] Full (10, 1)
S4[YIG-PEDOT:PSS-Pt] Full (10, 2)
S5[YIG-PEDOT:PSS-Ru] Full (10, 1)
S6[YIG-PEDOT:PSS-Ru] Full (10, 2)
S7[YIG-PEDOT:PSS-Pt] Stripe (10, 0.5)
S8[YIG-Al,O5-PEDOT:PSS-Pt] Stripe 30 (10, 0.5)

silver glue. For these measurements the signal is detected in
the same way, however, modulating the RF amplitude rather
than the magnetic field. To avoid any effects by aging of the
polymer, all ISHE measurements are done shortly after finish-
ing the respective sample fabrication. The voltage values are
extracted as the maximum of the curves fitted by a symmetric
Lorentzian function [16].
The ISHE-voltage is given by [17]

—e 0y, Asp tanh(dyu/2rsp) g f1P©?

dnmonm

Visue = Q)

For all our samples, we can assume the same spin mixing
conductance at the interface between YIG and PEDOT:PSS.
In order to allow for quantitative comparison, we need to
normalize by the cone angle

h, ¢
o=
200w

(6

which can vary due to different damping or small variations
in the coupling between the stripline antenna and the sample
[12]. The necessary linewidth and RF field can be extracted
from the respective FMR absorption measurements.

Furthermore, comparing different samples is only possible
if the sample resistance is taken into account because the
ISHE voltage is caused by the ISHE current which flows
in the sample and the voltage drop is proportional to the
resistance of the sample in the area where spin currents are
injected. So all voltages measured are divided by the respec-
tive resistance value and only the resulting currents are plotted
and compared. This normalization by the sample resistance
transforms Eq. (5) to

Iisue = —ey,(w/L)Asptanh(dyy /24sp)g™V fIP O, (7)

which is plotted for all the samples in the following, where
Asp, w, and L are the spin diffusion length, width, and length
of the spin sink, respectively.

III. RESULTS AND DISCUSSION

The ISHE is measured at the uniform mode of the FMR
where maximum RF absorption takes place (Fig. 1).

As our measurements show, the ISHE voltage follows the
absorption of the ferromagnetic resonance. The position of the
FMR line fits well the Kittel formula for the uniform FMR
mode using typical material parameters for YIG, as would

be expected. Nevertheless, as we have shown in Refs. [2,12],
even the line which is measured for the uniform mode can
have substantial overlap with low k-vector magnon modes
which are also excited during the measurement.

The first measurement is done on a sample with continuous
YIG and PEDOT:PSS films, respectively, and 2-mm-wide Pt
contacts (S1) [Fig. 2(a)]. This geometry is typical for ISHE
measurements as in Refs. [1,3].

ISHE measurements for sample S1 are shown in Fig. 2(c).
In this structure, the YIG film extends over the whole sample
and thus also underneath all PEDOT:PSS and the Pt contacts.
This geometry is typically used to measure the ISHE in poly-
mers. In Ref. [1], Au contacts were used which are replaced
here by Pt in order to allow for better identification of artifacts
due to spin pumping into the contacts. As expected, the ISHE
signal shows the opposite sign for the opposite magnetic field.
These results are qualitatively consistent with the previous
results reported for this polymer with this geometry [1,3]. In

: I — Lo'rentz fi{—
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FIG. 1. ISHE at the FMR. (a) ISHE-voltage curves for YIG-
PEDOT:PSS bilayer structure at magnetic field angles of 0 and
180 deg with respect to the stripline in the in-plane geome-
try. (b) FMR spectrum measured simultaneously to the ISHE
measurement.
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FIG. 2. ISHE current for two different YIG/PEDOT:PSS samples. Sample S1 has the geometry shown in panel (a), which is typically
used in those experiments. As shown, the expectation is that the spin pumping into the PEDOT:PSS is the origin of the measured voltage. The
respective signal is shown in panel (c). For sample S2 which has the geometry shown in panel (b), an Al,O5 layer prevents any spin pumping
and as in Ref. [12] we expect the MSSW to create a temperature difference between the two contacts which results in a thermovoltage. The
resulting signal (d) is smaller than for the sample without insulating interlayer.

Ref. [1], Ando er al. attributed this voltage to the spin-charge
conversion in the polymer while Wang et al. [3] identified
the thermal gradient resulting from MSSW as its origin. As
we will see, both effects are present but there are even more
effects to be taken into account.

To distinguish between thermally induced effects and the
ISHE, we investigate a similar sample but with an insulating
interlayer between YIG and PEDOT:PSS which prevents any
spin pumping [Fig. 2(b)]. Structures S2 and S1 are completely
identical except for a 30-nm layer of Al,Os3 between YIG
and polymer. In this case, any voltage signal must result from
thermally induced effects and either be induced by the MSSW
or by the Nernst effect. From experiments with YIG/Pt and
YIG/Al,O3/Pt, we know that the interlayer completely sup-
presses the ISHE [12]. It should, however, be noted that while
in the PEDOT:PSS the ISHE is now absent, the presence of the
conducting polymer can still induce additional so-called radi-
ation damping in the YIG film. In Ref. [12], we have shown
that the radiation damping for materials like PEDOT:PSS can
be even larger than the one induced by spin pumping and can
erroneously be identified as such.

On the other hand, in Ref. [12] it was also shown that
pure Al,O3; does not induce additional damping. This is
quite important for our experiments because the asymmetric
propagation of MSSW on the top and bottom side of the YIG
also can be caused by different respective damping on both
sides of the film. In this case, we have strongly paramagnetic
GGG at the bottom and nonmagnetic Al O3 with no additional
damping at the top, which basically reflects the previous state
of the sample without Al,O3.

The signals measured for S2 are shown in Fig. 2(d). Unlike
the results obtained by Wang et al. [3], the ISHE signals
observed here for both structures S1 and S2, respectively, are

not equal but differ by a factor of 2. This is in contrast to
the assumption in Ref. [3] that the observed voltage is only a
thermovoltage induced by MSSW. Because simulations show
that the temperature profile in the PEDOT:PSS is not modified
by the Al,Oj3 insertion, the result strongly suggests that there
is at least one other effect related to spin pumping. It would,
however, be premature to take this as a proof for ISHE, as we
will see later.

We have investigated YIG films under similar excitation
conditions using lock-in thermography in order to elucidate
the lateral temperature profile. Similar measurements can
be found in Ref. [2]. As a result, we find a clear temperature
difference between both sides of the CPW. At the end of the
structures, the temperature difference is very small if present
at all and close to our detection limit of approximately 0.1 mK.
Howeyver, it should be noted that the Seebeck coefficient of
PEDT:PSS is sizable and even 0.1 mK of temperature differ-
ence can lead to tens of nV of thermovoltage between the two
contacts. It should also be pointed out that in Ref. [2] it was
demonstrated that due to finite linewidth even an excitation
of the uniform mode (FMR condition) has enough overlap
with low k-vector MSSW to induce a measurable temperature
difference. This effect need not be present in all samples
or experiments but the fact that we can observe it indicates
that for a careful quantitative analysis its presence should be
excluded or taken into account.

In order to investigate further side effects, we prepare a
set of samples with different respective contact width (2 mm
in sample S4 versus 1 mm in sample S3). A smaller con-
tact width simultaneously increases the spacing between the
contacts from 1 to 3 mm, modifying several aspects of the
experiment. For smaller contacts, spin pumping into the con-
tacts is reduced, as are any temperature differences between
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FIG. 3. ISHE results for combinations of two different respective contact widths and two different respective contact materials. As shown
in panels (a) and (b), we expect the spin pumping into the contact and the related ISH voltage to cause a larger effect for wider contacts. The
respective results are shown in panels (c) and (e) for 1-mm contacts and in panels (d) and (f) for 2-mm contacts. The difference between Pt
[(c), (d)] and Ru [(e), (f)] indicates that spin pumping into the contacts definitely contributes to the ISHE signal.

the contacts and related thermovoltages. The ISHE, however,
increases because the relevant length in which the ISHE is
induced is increased and shunting by the contact metal is
reduced.

In our samples, smaller contacts cause a strong decrease
of the signal, indicating that at least in this configuration the
ISHE does not dominate [Figs. 3(c) and 3(d)]. To narrow down
the origin of the signal, we investigate two more samples with
1- and 2-mm contacts, respectively, but with Ru as a contact
material instead of Pt [Figs. 3(e) and 3(f)]. Ru has a smaller
ISHE than Pt but a comparable Seebeck coefficient [18]. This
allows us to distinguish between MSSW and ISHE in the
contacts. Especially for the sample with 2-mm contacts, the
signal is reduced by more than 25% from Pt to Ru, showing
that the ISHE in the contacts is not negligible although not
fully responsible for the measured signal.

It should be noted that the effect can be modified and
even increased by interactions between contacts and polymer
during the contact deposition because the morphology may
change and especially the effective polymer thickness can be
reduced. We can expect that the influence of contact morphol-

ogy on our analysis is minimized for the following reason:
For the individual metals which were used (Pt and Ru), the
respective samples only differ in the contact area which is in
the mm? range. Also, for Pt and Ru, the deposition conditions
were similar so a qualitative comparison seems adequate.
Nevertheless, a significant contribution by the MSSW is
still undisputed in these samples as is also expected because
of the high Seebeck coefficient of PEDOT:PSS [3,8-11].
Obviously Pt is not a suitable choice as a contact material
if side effects are to be minimized because its large spin-Hall
angle emphasizes any artifacts from spin pumping into the
contacts. Nevertheless, it is useful to show that the effect can
be present. As our experiments show, a different choice of
material (in our case Ru) may reduce the effect. However,
one must always keep in mind that the ISHE that needs to be
identified may also be very small and an ISHE in the contacts
which compared to Pt may be negligible can be of the order of
magnitude of the signal generated from ISHE in the polymer.
Furthermore, there are also examples from literature where
metals with larger spin-orbit coupling like Au [1] have been
used as contact materials that can create a sizable ISH voltage.
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FIG. 4. Measurements of the ISHE in the optimized geometry. Sample (a) has a centered YIG stripe which does not extend underneath the
contacts. The resulting ISH current is shown in panel (c). When an Al,O; layer is introduced between YIG and PEDOT:PSS in this geometry,
a small effect remains (d) which can be attributed to the Nernst effect caused by a vertical temperature gradient in the sample (b).

Based on these results, we have designed a sample ge-
ometry which eliminates at least the MSSW and the contact
ISHE. Instead of a full YIG layer underneath the polymer, we
use a YIG stripe which is smaller than and centered in the
gap between the metal contacts [Fig. 4(a)]. This way no spin
pumping into the contacts can take place and also the asym-
metric heating of the contacts by the MSSW is dramatically
reduced. It should be noted that the lateral spacing between
the YIG and the contacts is of the order of mm. Comsol sim-
ulations were performed to show that there is indeed a sizable
reduction of the temperature difference at the contacts due to
the new geometry. Again, we prepare one sample for the ISHE
measurement (S7) and a reference sample with Al,O3 [S8,
sample structure in Fig. 4(b)] to prevent spin pumping. As
shown in Fig. 4, both samples show a finite signal; however,
the signal for the sample with no spin pumping is reduced
by approximately 50%. These results finally prove that there
is indeed an ISHE in PEDOT:PSS. Nevertheless, there is a
further contribution that does not originate from the MSSW or
from the contacts and that we can now attribute to the Nernst
effect. The Nernst effect is caused by the vertical temperature
gradient induced by the heating of the YIG, which occurs at
ferromagnetic resonance. It is the only thermally generated
artifact that is not avoided in our measurement geometry. To
finally quantify the ISHE, the Nernst voltage needs to be
subtracted from the ISHE voltage and then the ISHE must be
normalized by the sample resistance which finally yields an
ISHE current of approximately 25 pA.

It should be noted that a comparison between different
samples based on PEDOT:PSS is not straightforward. Aging
of the polymer and of the samples can change the size of
the effect and it is of utmost importance to compare only
samples which are based on the exact same formulations of
PEDOT:PSS and solvent, ideally prepared at the same time

under the same conditions and characterized immediately
afterward. For our experiments, we have made sure that all
samples which were compared directly were fabricated under
conditions that allowed reproducibility better than the effects
investigated. Sets of samples which were fabricated and mea-
sured for direct comparison constitute samples S1-S2, S3-S4,
S5-S6, and S7-S8, respectively.

Because of these constraints, we have not fabricated large
series of samples to get a precise number for the spin mixing
conductance or the spin Hall angle. Nevertheless, theoretical
calculations were performed to predict the relevant parame-
ters for PEDOT:PSS. These parameters were used to check
whether our results fit at least the order of magnitude of the
expectations.

To allow for the comparison of our findings with theoretical
expectations, we have made an estimate for the voltages which
may be caused by the Seebeck and the Nernst effects in our
geometry. In the past, Seebeck coefficients between 20 and
153 wV/K have been reported [8,10,11]. As mentioned, we
expect a temperature difference of less than 1 mK between
the two contacts, which seems very small at first but for
these Seebeck coefficients might cause more than 100 nV
of thermovoltage. Unfortunately, no value has been reported
so far for the Nernst coefficient (N) in PEDOT:PSS. How-
ever, based on values published for other metallic-behaving
polymers or simply for metals, an educated guess can be
made for a Nernst coefficient of approximately 10 nV/KT
[19,20]. To estimate the Nernst voltage, we further use T
(generated by the RF absorption at FMR) = 1 mK, B (at
FMR condition) = 110 mT at 5 GHz, x (polymer thickness) =
70 nm, and ¢ (effective length) = 250 um. Using the formula
V' = BUNdT /dx yields V' ~ 4 nV. Both these values are
in the range of the measured voltages in our experiments,
showing that they cannot be neglected from the start.
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IV. THEORETICAL CALCULATION OF SPIN-HALL
ANGLE (Oy,)

Our numerical calculations for the spin-Hall angle are
based on a recent theoretical work on the spin-Hall effect
in organics [21]. In the hopping regime, the spin-Hall effect,
similar to the ordinary or the anomalous Hall effects, arises
when in addition to hopping between pairs of sites (sites i
and j), the hopping in triads (hopping via an intermediate site
k) is also considered. The hopping integrals over a triad loop
for the spin-Hall effect, give rise to a nonzero phase shift, if
the molecular orientations of organic material are not aligned
[21]. The importance of hopping in triads was first recognized
by Holstein [22] and subsequently by others [23-30] in the
study of the ordinary Hall effect and later for the anomalous
Hall effect [31,32].

Here we consider a system which includes more than
10 000 sites arranged on a cubic mesh. Hopping between
any pairs and triads of sites within a cutoff distance is taken
into account. With parameters taken from literature, we obtain
the electrical conductivity by applying a small bias, within the
linear response regime, across the x or y direction. First, the
voltage drop along the x or y direction is obtained using

Zgij(V,-x/y - ij/y)z =0, 8)
J

where the conductance between site i and j is defined as g;; =
ve2Ri=Rjl g=(B/2)I€iltlejl el and V¥ are the potentials.
The parameters €, |R; — R;|, a and v are the site energies,
the intersite separation, the decay constant of the localized
wave functions, and the phonon frequency, respectively. The
electrical conductivity is calculated by

1 oy /2
Oy = 305 ;gi,-(vi TV ©)

with © being the volume of the system. The spin-Hall con-
ductivity is obtained via oy, = J; /E* with J; the spin current
along the y direction when the electric field E* is applied along
the x direction. The spin-Hall conductivity can be written as

— xy7Yy Yyrx
Osh = 6QE2 Z Uk ‘/I]V]k ‘/l]‘/]k) (10)

where the hopping probablhty via an intermediate site is
)\N;/k hvze*a(R:/+R,‘k+Rki)
0
x [e*(ﬁ/Z)(IE_;|+|€k|+|€/*€i|+\€k*€i\) +i=j+i= k].
(1D

The spin-Hall angle is determined as Oy, = 0,/ (04,0yy)"/?
with o, and oy, as the electrical conductivity along the x and
y directions, respectively.

In order to ensure that the results are not the artifact of
an ordered cubic mesh (not applicable for semicrystalline
or disordered organics), we allow for a spatial disorder by
altering the distance between any pair of sites randomly in
all directions by up to 15% of its original distance. The
results for the spin-Hall conductivity and the spin-Hall angle

10_6 E—% T T I—E
5 1 S '
~ 1077t ~ E
) 3 & ]
< - 9‘\ ]
s | <]
1078 ¢ \\\<.>':
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FIG. 5. Spin-Hall conductivity oy, and spin-Hall angle 6y, as a
function of temperature for PEDOT:PSS.

are plotted in Fig. 5. The parameters are @ =2, A = 1073,
v=10" s7! and V, =0.1 eV. The transport results are
consistent with variable range hopping behavior, over a tem-
perature range [40, 320] K, as expected. At room temperature,
we get 0, = 8 x 1077 and Oy, = 6 x 1077, consistent with
our experimental results.

Based on Eq. (7), we calculate the expected ISHE for
our experiment using y = 2.8 MH/Oe [12], d = 70 nm, f =
5GHz,/ =2mm, P = 1.21[17] for YIG, w =2, L = 3 mm,
hgr = 0.16 Oe (corresponding to P = 80 mW for the given
dimensions of our antenna), @ = 1.54 x 10™*, Asp = 100 nm
(based on the theoretical calculations), and opgpor.pss =
800 Scm™'. An approximate value for the spin mixing con-
ductance of g™ = 8 x 10'7 m~2 for YIG/PEDOT:PSS was
estimated in a previous experiment [12]. The calculation
yields an ISH current of 40 pA, which is nearly twice as
much as we actually measure. Because of the large uncer-
tainty of the input parameters, this is still a surprisingly
good agreement with our experimental results. Nevertheless,
the fact that the orders of magnitude fit confirms at least
that the claim of an ISHE of this order of magnitude is
credible.

V. CONCLUSION

We have shown that despite any previous claims [3] PE-
DOT:PSS exhibits a small but measurable ISHE which is in
rough agreement with theory. In typical sample geometries,
this ISHE is easily concealed by thermovoltages induced by
MSSW or by spin pumping into the contacts. By carefully
optimizing the sample geometry, it is possible to eliminate
these two artifacts. The remaining small signal can be par-
tially attributed to the ISHE and to the Nernst effect. These
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results show that extreme care is necessary to identify or even
quantify ISHE in organic materials or other materials with
low spin-orbit coupling. The sample geometry derived for our
experiments can at least facilitate this procedure, although the
Nernst effect can only be removed by careful extraction and
subtraction from the original signal.
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