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ABSTRACT

Studies of spin current injection, transport, and interface control have drawn attention recently for efficient organic spintronic devices. In
this study, we apply both spin pumping (SP) and the longitudinal spin Seebeck effect (LSSE) to inject spin currents into a p-conjugated
organic semiconductor, perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA), and characterize injection and transport by measuring
inverse spin Hall voltage VISHE in spin detectors. A normalization factor introduced to SP analysis eliminates a contribution provoked by
deviation of spin sources and leads to a more accurate determination of the spin diffusion length in PTCDA. While SP with Permalloy as a
spin source is effective in generating detectable VISHE, the LSSE from yttrium iron garnet shows no convincing sign of spin injection. In
addition, spin-flip scattering induced by hybrid states undermining electrical spin injection is negligible in SP. These results are attributed to
interfaces between spin sources and PTCDA, indicative of the importance of injection methods and material choices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0106446

Organic semiconductors (OSCs) are growing alternatives to con-
ventional spintronic materials by virtue of their unique properties such
as low cost, mechanical flexibility, and, in particular, the weak spin–orbit
coupling, which leads to long spin relaxation time,1 a key property for
efficient spin transport. Spin-injection into and spin-transport within
OSCs have inspired promising technological applications in the field of
organic spintronics. Over the past decades, spin-polarized carriers have
been injected into OSCs in spin valves2 and light emitting diodes3,4 by
bias voltage. Furthermore, microscopic techniques, including two-
photon photoemission5 and a low energy muon spin rotation,6 have
been applied to demonstrate spin injection and transport in OSCs as
well. OSCs–metal interfaces also introduce spin-charge conversion by
effects such as Rashba spin splitting and cooperative molecular field.7,8

However, generation, manipulation, and detection of spin polari-
zation along a vertical direction in a layered structure such as an
organic spin valve are challenging with issues ranging from interfacial

roughness to material compatibility and conductivity mismatch at an
interface, which involves OSCs and other materials.9–11 One method
we have demonstrated in the past to overcome parts of these issues is
the insertion of a thin insulating layer at OSC/ferromagnet interfaces,
which significantly improves spin injection efficiency and allows spin-
polarized carriers to propagate through the OSC spacers.12–14

Recently, spin pumping (SP) and the spin Seebeck effect have been
proposed to effectively inject pure spin currents from ferromagnetic
layers into OSC layers as solutions to conductivity mismatch.15–17 In
general, how to effectively generate and inject spin using these techni-
ques is a crucial issue to realistic applications.

In this work, we applied both SP and the longitudinal spin
Seebeck effect (LSSE) to inject spin currents into an organic semicon-
ducting layer of perylene-3,4,9,10-tetracarboxylic dianhydride
(PTCDA), which has been favorably used in organic thin-film transis-
tors and organic light-emitting diodes due to its planar adhesion and
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low surface roughness.18–20 A platinum (Pt) layer is established adja-
cent to PTCDA as a spin detector, whereas spin currents induced by
SP/LSSE are generated from a Permalloy (Py)/yttrium iron garnet
(YIG) layer.21,22 The injected spin currents propagating through
PTCDA from the spin sources would reach Pt and then converted
into charge currents by the inverse spin Hall effect (ISHE).23,24 A nor-
malization factor is introduced to the ISHE voltage (VISHE) for SP and
disposes of deviations from the spin sources. While spin transport
from Py through PTCDA agrees with the work of Nishida et al.,25 the
induced VISHE is largely suppressed in YIG-based LSSE systems. We
attribute these results to a change of spin mixing conductance and dis-
cuss improvements of interfacial issues.

For the SP measurements, 10 nm Pt was grown on 1.5� 4mm2

clean glass substrates by magnetron sputtering. Afterward,
1.5� 3mm2 PTCDA with various thickness t was deposited on top of
Pt by thermal evaporation and then covered by 1.5mm� 2mm
� 10nm Py. The devices were prepared in UHV with a base pressure
of 1� 10�8 Torr. A growth rate around 1.5 Å/s for PTCDA was certi-
fied using an atomic force microscope (AFM). Such deposition rate
yields surface roughness of around 1.4nm for PTCDA on Pt and YIG,
of which the AFM images are shown in the supplementary material.
In the LSSE measurements, 0.5mm commercial polycrystalline YIG
slabs with a dimension of 2� 5mm2 function as both substrates and
spin sources. The ferrimagnetic insulator YIG has been widely used as
substrates to get rid of the unwanted anomalous Nernst effect. The
same procedures are used to grow PTCDA and Pt on top of YIG.

In our SP measurements, a TE102 resonant cavity is used to apply
9.75GHz microwaves to the devices. Figure 1 shows the setup of the
SP measurements for microwave absorption spectra and correspond-
ing VISHE. The mechanism of SP mainly correlates with magnetization
dynamics, which could be expressed by the Landau–Lifshitz–Gilbert
(LLG) equation dm̂=dt ¼ �jcjð1þ a2Þm̂ �Heff þ am̂ � dm̂=dt,
where m̂ is a unit vector of the magnetization, Heff is an effective mag-
netic field, and a is the dimensionless Gilbert damping constant.26,27

By assuming that Heff contains a demagnetizing field induced by
shape anisotropy, Heff ¼ Hdc þ hacðtÞ ¼ hx exp½ixt�̂i þ ðhy exp½ixt�
�MyðtÞÞ̂j þ Hk̂ with undamped oscillatory solutions, a dynamic
Polder susceptibility tensor vðxÞ in our thin film systems could be
acquired,28–30

vxx vxy
vyx vyy

" #
¼ xM

ðxH þ iaxÞðxH þ xM þ iaxÞ � x2

�
xH þ xM þ iax ixM

�ix xH þ iax

" #
; (1)

where x is the angular frequency of the microwave, xH ¼ jcjH, and
xM ¼ jcjMs from the saturation magnetization Ms. Based on
Poynting’s theorem,31 Maxwell equations, and v in Eq. (1), time-
average power absorbed in the TE102 resonant cavity with the ac mag-
netic field in the x-direction could be derived,32

hPit ¼ �
ð
V
hixhac � ð1þ vÞ � hacitds

¼ 1
2
xh2xVImðv�xxÞ

¼ h2xV
2

cMsðH þMsÞ
að2H þMsÞ

DH2

ðH � H0Þ2 þ DH2
; (2)

where V is the volume of the ferromagnetic layer, e is an electric field
inside, and 1 is an identity matrix. ImðvxxÞ results in a Lorentz line
shape of the absorption spectra with a linewidth DH ¼ axð2H þMsÞ
�½cðH0 þH þMsÞ��1, and the field H0 satisfies a resonance condi-
tion of the magnetic thin film:32 x ¼ ðxHðxH þ xMÞÞ1=2. As shown
above, v not only demonstrates a phase shift between the magnetiza-
tion and the external magnetic field but also strongly correlates with
the line shape of effects induced by spin dynamics. The absorption
spectrum of the 15-nm-PTCDA SP device is fitted with Eq. (2) with
characteristic strength I ¼ h2xVcMsðH þMsÞ½að4H þ 2MsÞ��1,
shown in Fig. 2(a). The ultrathin Py layers forbid the creation of spin
waves and allow only the uniform-mode ferromagnetic resonance,

FIG. 1. A schematic illustration of SP devices. /H and /M represent the angle of
the static external magnetic field H and the magnetization. After a 9.75 GHz micro-
wave is applied, a spin current Js with spin r will be pumped into PTCDA from Py.
Js reaching Pt will be converted to a charge current Jc by the ISHE.

FIG. 2. (a) An absorption spectrum of Pt/15 nm PTCDA/Py with /H ¼ 180� is plot-
ted as a function of the applied field H. Line shape could be described by Eq. (2)
with DH � 62 Oe and H0 � 1278 Oe. The fitted curve is represented by a red
line. The inset is a derivative absorption spectrum that gives peak-to-peak linewidth
DHpp � 70 Oe, which agrees with the relation DH ¼ 2DHpp=

ffiffiffi
3
p

. (b) Field-
dependent voltage with /H ¼ 180� and the fitting curves. The resonance field is
similar with that in the absorption spectrum in (a). (c) Angle-dependent resonance
field and the fitted curve. Inset: plot of /M vs /H . (d) A linear relation between
VISHE and microwave power P is verified.
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resulting in the only one peak in the absorption spectrum.32 The fact
that V(H) in Fig. 2(b) and the absorption spectra share the same reso-
nance fields implies that the voltage signals originate from SP and the
spin rectification (SR) effects.

Field-dependent voltage of devices within the cavity could be
expressed as24

V Hð Þ ¼ Vs
DH2

H �H0ð Þ2 þ DH2
þ Va

�2 H �H0ð ÞDH
H � H0ð Þ2 þ DH2

: (3)

Proportional to the microwave absorption, VISHE is in the form a
Lorentzian line shape and contributes to the symmetric term Vs, while
Va originates from the SR effects.15,33–35 By fitting Eq. (3) to the results,
we acquired Vs and Va around 0.45 and �0.43 lV in the 15-nm
PTCDA device with a microwave power of 100 mW, shown in Fig.
2(b). Sign inversion of the fitted Vs at /H ¼ 0� and 180� in Fig. 2(b) is
consistent with the ISHE. Angle-dependent H0 in Fig. 2(c) can be
described by Kittel’s formula,36,37 revealing a saturation magnetization
4pMs of around 7200 Gauss as well as a gyromagnetic ratio jc=2pj of
2:90� 106 Hz/Gauss. Figure 2(d) also verifies a linear relation
between the ISHE voltage and power:33 VISHE / h2 / P. These
repeatable results show stability of the devices and confirm VISHE is
induced by SP.

The spin diffusion length of PTCDA, ks, can be extracted from
the exponential decay of VISHE, which is proportional to exp½�t=ks�
with t being the thickness of the PTCDA layer.15,16,38 However, to dis-
cuss such spin transport in devices with varied t, VISHE needs to be
carefully normalized. The time-average dc spin currents injected into
PTCDA can be described by exchange interaction between conduction
electrons and local moments,27

j0s ðHÞ ¼
�h
2
g"#eff

x
2p

h2x
2M2
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4
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2
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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¼ �h
2
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DH2
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where g"#eff is the effective spin mixing conductance. The damping con-
stant a can be separated into an intrinsic a0 and an additional a0. The
latter is proportional to g"#eff : a

0 ¼ jcj�hð4pMsVÞ�1g"#eff . In t-dependent
measurements, g"#eff depends on the spin back flow from PTCDA and
can be expressed as27

g"#eff ðtÞ ¼ 1þ g"#1
g

1þ tanhðt=ksÞg"#2 =g
tanhðt=ksÞ þ g"#2 =g

" #�1
g"#1 ;

where g is the spin conductance in PTCDA per ks, and g"#1 and g"#2 are
g"# at the Py–PTCDA and PTCDA–Pt interfaces, respectively.
Although the change of g"#eff with t directly affects j0s and corresponding
VISHE, it is irrelevant to spin scattering in PTCDA and should be
removed by dividing a0 into VISHE. hx in Eqs. (4) depends on the power
of microwave in resonance cavity and could slightly deviate after device
replacements, which can be eliminated by normalization over the
absorption strength I. In addition, comparing the Lorentzian expression
in Eqs. (3) and (4b) with the original form of j0s / 1=½ðH �H0Þ2
þDH2� in Eq. (4a), one notices that an additional DH2 should be

included in VISHE to compensate the mathematical input for Lorentzian
fitting. Since I already contains DH in its denominator, only DH to the
power of one needs to be involved. Hence, we introduce a normalized
ISHE voltage, ~V ISHE ¼ VISHEDHðIa0Þ�1, by removing the change of
g"#eff in each device, the variation of hx in the cavity, and the mathemati-
cal input. After the normalization, a variation of ~V ISHE among the devi-
ces is contributed solely by spin transport in PTCDA. In Fig. 3, ~V ISHE

is plotted as a function of PTCDA thickness t. To bring data to the
same scale for comparisons, ~V ISHE is divided by ~V ISHE(1nm) and
~V ISHE(5nm) in Figs. 3(a) and 3(b), respectively. In the thinner t region
[<5nm, gray zone in Fig. 3(a)], an abnormal enhancement of ~V ISHE is
observed, which will be discussed later. In the thicker t region [	 5nm,
white zone in Fig. 3(a)], ~V ISHE exponentially decays as expected. Figure
3(b) shows a fitted curve of data in the white zone with ks of
11.486 0.08nm, which is of the same order of magnitude as the previ-
ous study.25 Insets of Figs. 3(a) and 3(b) show the data without normali-
zation by DHðIa0Þ�1. ks obtained from unnormalized VISHE is
166 2nm, and the residual sum of squares is three orders of magnitude
larger. While resistivity of Pt, dimensional parameters, and the tempera-
ture dependency of spin diffusion length may also disturb the SP mea-
surements, they were well-controlled in our SP devices. Pt resistivity
around 30.6 lX cm is deduced from direct I–V measurements and is
stable from sample to sample. Despite fruitful works of spin transport in
organic molecules in previous studies,15,25,34,35,38–40 normalization other
than dividing spin-detector resistance has not been fully elaborated. The
much improved ks precision by our developed normalization method
proves the method effective. Addressing the instability of spin sources,
the normalization method is not limited to organic spacer and can be
generally applied to SP devices with similar structures. It is also worth
noting that recent studies point out that SR effects could contribute to
both Vs and Va in spin pumping voltage, depending on electromagnetic
phase U.41,42 Detailed angular-dependent experiments for the extraction
ofU should help to improve accuracy of ks from SP studies.

The injection of spin currents into PTCDA by the LSSE was per-
formed by creating a temperature gradient of 8K between the top and
bottom surfaces in YIG/PTCDA(t nm)/Pt, as shown in Fig. 4. VISHE

induced by the LSSE in a device without PTCDA (i.e., YIG/Pt) is com-
parable to that induced by SP in Pt/Py [Figs. 5(a) and 5(b)]. A plateau

FIG. 3. (a) Thickness-dependence of the normalized ISHE voltage ~V ISHE. An
abnormal enhancement of magnitude is observed in a gray region. The inset in (a)
displays VISHE before the normalization. (b) A spin diffusion length of
11.486 0.08 nm is acquired by fitting an exponential decay to normalized
thickness-dependent ~V ISHE in the white region. Unnormalized data in the inset in
(b) give a spin diffusion length of 166 2 nm.
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behavior shown in Fig. 5(a) is caused by a non-collinear magnetization
configuration between the surface and bulk of YIG.43 In the thickness-
dependent LSSE results in Fig. 5(c), VISHE is not detectable if the thick-
ness of PTCDA is larger than �4.5 nm, which differs from the SP
results. No matter in SP or the LSSE, mechanisms of spin current gen-
eration are associated mainly with interface spin-exchange interaction,
of which the strength is correlated with g"#, between local moments
and conduction electrons.27,44,45 Spin injection efficiencies are utterly
disparate when inserting PTCDA, even though spin injection effi-
ciency of the pristine Py-based SP system is similar to that of the pris-
tine YIG-based LSSE devices, shown in Figs. 5(a) and 5(b). This

phenomenon suggests that g"# is extremely reduced at YIG/PTCDA
interfaces compared to that at the Py/PTCDA interface. Interfacial
hybridization of the electron orbits between OSCs and metals corre-
lates with spin behaviors and might play an important role here.10,46

In our previous work of organic spin valves, we have unveiled hybrid
states between PTCDA and metals by x-ray photoelectron spectros-
copy.47 The single-bond oxygen atoms in PTCDA have a strong
chemical interaction with adjacent metal atoms, which leads to hybrid-
ization and extra spin-flip scattering. In related studies, high density of
states within PTCDA bandgap induced by reactive metals are observed
and calculated as well.48–50 The insertion of a partially oxidized layer
AlxO could suppress the hybrid states and preserve the spin injection
by bias voltage.14,47,51–54 The oxide insertion is, however, not necessary
in SP as shown in Fig. 2. This contrast indicates that the hybrid states
suppress electrical spin injection10 but allow exchange interaction for
SP by offering more conduction electrons. On the other hand, the
wide bandgap of YIG could forbid the formation of YIG–PTCDA
hybrid states and, thus, lead to reduced g"# and vanishing VISHE.
Accordingly, the spin injection efficiency depends on the hybrid states
at the OSC/ferromagnet interface, and, therefore, materials with the
higher density of hybrid states in between could be selected to enhance
the spin injection efficiency.

As in the Py–PTCDA systems, high VISHE appears in the
YIG–PTCDA devices when PTCDA is thin [gray regions in Figs. 3(a)
and 5(c)]. To address origins of the sudden increase in VISHE, the
temperature-dependent LSSE measurements were performed with
3 nm PTCDA. The temperature dependence of the LSSE in YIG-based
systems can be described by the bulk magnon chemical potential the-
ory44 and an atomistic spin model,55,56 which is described in detail in
the supplementary material. As mentioned in Ref. 56, the peak posi-
tion strongly depends on the interface effects. In Fig. 6(a), the trend

FIG. 4. A diagrammatic sketch of the LSSE in a device. Dimensions of the sub-
strate YIG are 2 mm� 5 nm. A temperature difference between top and bottom of
the devices is 8 K, measured by thermal couples.

FIG. 5. (a) and (b) are H-dependent voltage measurements of the LSSE and SP,
respectively. Magnitudes of VISHE induced by two distinct effects are comparable.
(c) Thickness-dependent LSSE measurements show VISHE vanishes after the inser-
tion of 4.5 nm and thicker PTCDA. Note that the boundary between gray and white
is not definite. The inset shows disappearance of VISHE with 7 nm PTCDA.

FIG. 6. (a) Trends of temperature-dependent VISHE induced by LSSE are similar
before and after the insertion of a 3 nm PTCDA spacer. (b) and (c) are VISHE from
the LSSE and SP, respectively. Spin currents pass through a hybrid spacer, com-
posed of a partially oxidized aluminum layer and PTCDA, in series of SP but are
blocked in the LSSE measurements. VISHE induced by SP is around 0.20 lV.
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resembles that of pristine YIG/Pt sample with no obvious peak shift,
which implies potential pinhole issues in the gray regions. The indica-
tion is reasonable since the arithmetic mean deviation roughness of
PTCDA is about 1.39 nm for both the SP and LSSE systems.
Therefore, the abnormally large VISHE in the thin (gray) regions in
both the SP and LSSE measurements can be attributed to pinholes
from the top Py and Pt layers, respectively. Several studies of organic
spin valves have demonstrated that Al-oxide would reduce the impact
of pinholes and enhance spin injection into the organic layers.57,58 In
our previous work, it has been shown that the junction conductance
GJ decreases exponentially with the PTCDA thickness when an AlxO
layer is inserted, and a reasonable extinction coefficient b is obtained
by fitting GJ with G0 exp½�bt�, indicating that the junctions are pin-
hole-free.14 To block direct contact through pinholes, we inserted
AlxO into YIG/PTCDA and PTCDA/Py with 1-nm PTCDA. After the
AlxO insertion, VISHE in Figs. 6(b) and 6(c) is comparable to those in
the thick PTCDA regions in Figs. 5(c) and 3(a), respectively, which
support our speculation about pinhole-induced large VISHE in the thin
PTCDA devices.

It should be noted that, in the Py-based devices, VISHE (1 nm
PTCDA/0.6 nm AlxO) is close to VISHE(25 nm PTCDA), as shown in
Fig. 6(c) and the inset of Fig. 3(b). Since VISHE of the device with the
insertion of 0.6 nm AlxO is comparable with that in pristine Pt/Py
devices (data not shown), the significant drop of VISHE is not caused
by spin transport in AlxO. As mentioned in the previous paragraphs,
AlxO can suppress hybrid states and the corresponding conduction
electrons, which benefit SP. We conclude that AlxO restrains
Py–PTCDA hybridization and, therefore, reduces the spin injection
efficiency. On the other hand, the PTCDA–Pt interfaces could affect
the spin transport by extra spin-flip scattering induced from interdiffu-
sion,10,59 which might occur in our LSSE devices due to the fabrication
sequence. To clarify this issue, we fabricated a reversed Py-based SP
device (Py/AlxO/PTCDA/Pt). VISHE from the reversed device has simi-
lar order of magnitude to the original structure, indicative of subtle
change in the spin transport efficiency at the PTCDA–Pt interfaces
with and without Pt interdiffusion (see the supplementary material for
the SP result). Namely, the poor spin injection efficiency in the LSSE
devices is not caused by the interdiffusion at the PTCDA–Pt
interfaces.

In summary, the experiments of spin injection into PTCDA by
SP and the LSSE are performed. Distinct VISHE acquired predicts sig-
nificant reduction of g"# at the YIG–PTCDA interfaces compared to
that at the Py–PTCDA interfaces. A normalization factor has been
introduced to our SP system and disposes of VISHE deviations caused
by the spin sources, which leads to a more precise ks. The role of
hybrid states in spin injection efficiency depends on material choices
and the injection method. Our qualitative characterization of g"# in
the present work points out the importance of organic interfaces in
spin injection, which is worth of further endeavor.

See the supplementary material for the morphological profiles of
the PTCDA films and the SP measurement of the reversed Py-based
device.
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