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要旨	
 

	
 正味の電荷電流を伴わない純スピン流は、ジュール発熱の無い情報伝達に寄与する可能

性があるため、基礎・応用の両面から注目を集めている。本研究では、これまでほとんど

着目されて来なかった、高周波スピン流のコヒーレンスに着目し、それを利用する事で将

来のスピン流制御技術へと繋がる基盤構築を目指した。スピン流を注入する物質として有

機半導体を用いた点も本研究の特色である。一連の研究の中で、これまで未解明であった

有機半導体中におけるスピン流の輸送・緩和メカニズムを解明し、またコヒーレンス制御

の第一歩として、強磁性体の磁化と有機半導体中の電子スピンの歳差周波数が等しくなる

条件を確認した。しかし、スピン流のコヒーレンス制御の決定的証拠は現時点では得られ

ていない。今後、素子構造と計測技術の改善によって、スピン流のコヒーレンス制御を実

現したいと考えている。 
１．背景と目的･目標	
 

	
 近年、電子スピンの持つスピン自由度の流れであるスピン流が、基礎・応用の観点から

注目を集めている。その中でも特に、電流を伴わないスピン角運動量のみの流れである「純

スピン流」は、ジュール発熱を伴わない情報伝達に有用であると考えられる事から、基礎・

応用の観点から注目を集めている。これまでに、純スピン流の生成・検出法に関する研究

は数多く行われており、いくつかの確立した手法が報告されている。その一方で、将来重

要となるスピン流制御の方法についてはあまり研究が進んでいない。本研究提案ではスピ

ンポンピングと呼ばれる方法によって注入された純スピン流の高周波成分に着目し、その

コヒーレンスの制御を通して、スピン流の伝搬距離(スピン拡散長)やスピン注入効率の制
御を最終目的としている。 
	
 またスピン流を注入する対象として、有機半導体に着目している点も本研究提案の特色

である。有機半導体はスピン軌道相互作用が小さい事から、長いスピン拡散長とスピン寿

命が期待されるため、将来のスピントロニクス材料として注目を集める物質群である。ま

た、軽量性や柔軟性など、従来の金属材料にはない特性を併せ持つ点も大きい。本研究で

は有機半導体の持つ長いスピン寿命に着目し、スピン流のコヒーレンスの効果が顕著に現

れるのではないかと考え研究を行った。 
２．結果及び考察	
 

	
 本研究ではまず、スピンポンピング法によって有機半導体へのスピン注入が可能かどう

かを検証するために、図 1(a)の様な積層型素子を用いて研究を行った。本研究では、有機
半導体としてドープした導電性高分子 PEDOT:PSSを用いている。PEDOT:PSSは大きさ
数十 nmのグレインが凝集して薄膜を形成しており、電気伝導はグレイン間のホッピング
によって支配される。図１(b)の素子構造では強磁性パーマロイ(Fe19Ni81: Py)から注入され



たスピン流は PEDOT:PSS層を透過し Pt層に
吸収され、Ptの逆スピンホール効果によって電
圧信号として検出される。図１(c)に Py の強磁
性共鳴(Ferromagnetic resonance: FMR)信号
と、Ptにおいて検出された電圧信号を示す。図
から分かる様に、Py の FMR に伴って、Pt の
電圧信号にもピーク信号が観測されている。ス

ピンポンピングによるスピン注入では強磁性磁

化の歳差運動の振幅が最も大きくなった時にス

ピン流も最大となるため、Ptの逆スピンホール
効果による電圧信号も FMR 共鳴磁場において
最大値を取る。そこで本研究では、図 1(c)に示
した電圧信号を共鳴磁場に対して対称な成分と

非対称な成分に分離し、対称な成分のみの大き

さを逆スピンホール電圧信号として扱っている。

このような一連の測定を様々な PEDOT:PSS膜厚を持つ素子に対して行い、プロットした
物が図 2(a)である。逆スピンホール電圧信号は膜厚の増加に伴って減少しており、この減
衰から、PEDOT:PSS中におけるスピン拡散長を求める事ができる。図中の実線と点線は
本研究におけるデバイス構造に対して、一次元スピン拡散を仮定した場合の計算結果から

予想される振る舞いであり、このフィッティングからスピン拡散長が約 140 nmである事
が明らかになった。また、より詳しいスピン伝導機構を調べるために、電気抵抗率測定を

行ったところ、電子が一回のホッピングによって移動する距離(ホッピンング長: Lm)よりも
スピン拡散長の方が 5-6倍長く、スピンの情報がホッピングに対して保存される事が明ら
かになった。ホッピング伝導においては、ホッピングによってスピン情報が失われるかど

うかがこれまでの議論における焦点の一つであったが、今回の結果はそれに対する一つの

回答となっており国際的評価も高い。本研究によって得られた結果を基に、PEDOT:PSS
中におけるスピン流の伝導機構を示した模式図が図 2(b)である。 
	
 次に、PEDOT:PSS中のコヒーレントなスピン流を検証する目的で、スピン注入する強
磁性磁化の歳差周波数と PEDOT:PSS 中の伝導電子のスピン歳差周波数を一致させる実
験を行った。この実験では図 3(a)に示す様な Py/PEDOT:PSS の二層構造を用い、磁場角
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measurements were performed using the same trilayer struc-
ture with a junction area of 40 × 100 (µm)2.

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 φ = 0◦. The magnetic field angle φ was defined
as shown in Fig. 1(a). The solid line is a curve fit to the sum

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 φ = 0◦.

of symmetric and asymmetric Lorentz functions,

V (H )

= VS("H/2)2

[(H − H0)2 + ("H/2)2]
− VA"H (H − H0)

[(H − H0)2 + ("H/2)2]
,

(1)

where "H is the spectral full width at half maximum and
H0 is the resonance field. VS and VA 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 (VISH) 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 H0.
Consequently, VISH can only contribute to VS, whereas VAMR
can contribute to both VS and VA. The origin of VAMR 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 ∝ sin 2φ and thus vanishes
when φ = 0◦, 90◦, and 180◦ [21,22]. In the case of the ISH
effect, the conversion relation between the spin current and
electric field is V ISH ∝ JS × σ ∝ cos φ, where JS is the spin
current, and σ is the spin polarization vector. Therefore, VS
for φ = 0◦ only arises from the ISH effect: VS(0◦) = VISH(0◦)
[23,24]. However, the asymmetric voltage contribution still
remains for φ = 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 φ = 0◦, 90◦, and 180◦. As shown in the
figure, VS changes its sign depending on the field direction,
and vanishes when φ = 90◦. Also, the magnitude of VISH is
proportional to the microwave power injected into the cavity
[Fig. 2(b)]. Here, we take the average of VS for φ = 0◦ and
180◦ as VISH, where VISH = [VS(0◦) − VS(180◦)]/2. These
tendencies are consistent with the expected behaviors of VISH
induced by spin pumping [26,29]. The contribution of the
PEDOT:PSS layer to VISH [11] is expected to be quite small
in the present sample, and cannot explain the observed VISH
in Fig. 2(a) (see the Supplemental Material [30]). Because the
observed VISH 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 VISH on the PEDOT:PSS thickness (tPE). The plot of
normalized VISH divided by the resistance of the Pt layer
(V N

ISH/RPt) for several values of tPE is shown in Fig. 2(c).
To consider the decay of the spin current with tPE, 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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indirectly estimated using the relation between the SDL and
DS, where τS = (λS)2/DS and assuming the Einstein relation
for nondegenerate semiconductors with DS = µkBT/e, where
µ is the mobility, kB is the Boltzmann constant, and e is
the elementary charge. The large discrepancy between τS of
our experiment and the previous estimation suggests that the
estimation of DS using the Einstein relation for nondegenerate
semiconductors is not applicable to the PEDOT:PSS film.
Indeed, the Einstein relation to determine DS has different
forms depending on the conduction mechanism. For thermally
excited transport (nondegenerate case), DS = µkBT/e is
applicable, but for highly doped semiconductors (degenerate
case), DS is inversely proportional to the resistivity (ρ) and the
density of states at the Fermi level [N (EF)], which is similar
to metallic systems where DS = [e2N (EF)ρ]−1.

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 (ρ⊥

PE) shows insulating behavior below room
temperature and the logarithm of ρ⊥

PE is almost linear with
T −1/4, i.e., ρ⊥

PE ∝ exp(T0/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 T0 is expressed as β/[kBN (EF)ξ 3] with constant
N (EF), where β and ξ are the numerical factor (β = 18.1
for 3D case) and the localization length, respectively. This
temperature-independent N (EF) 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 T0 and ξ . We measured three distinct
samples and obtained the following average values: ρ⊥

PE =
1.0 ± 0.4 k& cm, N (EF) = 8.8 ± 7 × 1017 eV−1 cm−3, and
ξ = 11 ± 4 nm. These values are reasonably consistent with
the previous study [13]. If we substitute the present values of
ρ and N (EF) into the Einstein relation for degenerate systems,
DS was estimated to be 7.1 ± 6 × 10−7 m2/s. This value leads
to an estimated spin lifetime from the spin and charge transport
experiments (τ transport

S ) of τ
transport
S = (λS

PE)2/DS = 28 ± 20 ns.
We now relate τ

transport
S to T1 estimated from the EPR

experiments. Because the present charge transport mechanism
is dominated by VRH, τ

transport
S contains contributions from

spin relaxation during the hopping and trapping processes. In
this case, the relation between τ

transport
S and the spin relaxation

rates is expressed as 1/τ
transport
S = 1/τ

hop
S + 1/τ

trap
S . On the

other hand, T1 is almost equivalent to τ
trap
S because EPR

experiments mainly probe electronic states inside the conduct-
ing polymer cores, i.e., T1 ≈ τ

trap
S [35], and thus we obtain

1/τ
transport
S = 1/τ

hop
S + 1/T1. The present study shows that

τ
transport
S and T1 are the same order of magnitude, implying that

τ
transport
S ≈ T1 [36]. Therefore, we obtain 1/τ

hop
S & 1/τ

trap
S :

The spin relaxation mainly takes place during the trapping
process. This expectation is consistent with the experimental
result of λS

PE > Lm, where Lm is the average hopping length.

FIG. 4. (Color online) Schematic of the expected spin transport
mechanism in the PEDOT:PSS film. The three characteristic lengths
(ξ , Lm, and λS

PE) are also shown. Because λS
PE is longer than

Lm, 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 I -V measurements, we estimated Lm = 25 ± 8 nm
at room temperature (see the Supplemental Material [30]).
This value is five to six times smaller than λS

PE 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/τ

hop
S ' 1/τ

trap
S : 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.

FIG. 5. (Color online) (a) Temperature dependence of T2 evalu-
ated from 'HEPR. (b) The hac dependence of the EPR intensity at
9 K. The solid line shows the saturation curve for T1 = 1.0 µs and
T2 = 37 ns [31].
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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 φ = 0◦, 90◦, and
180◦. (b) Microwave power dependence of VISH. (c) V N

ISH/RPt 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(tPE) ∝ V N
ISH/RPt] is

JS(tPE) ≈ JS(0) exp
(
tPE/λS

PE

)[
1 − tanh

(
tPE/λS

PE

)]
(2)

for ρPt % ρ⊥
PE. Here, JS(0), λS

PE, ρPt, and ρ⊥
PE 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 ρPt %
ρ⊥

PE is reasonable because their values are ρPt ≈ 22 µ$ cm and
ρ⊥

PE ≈ 1.0 k$ 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 k$ cm, respectively. The SDL of 140 ± 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 τS was estimated to be 5–10 µs [11].
Therefore, τS 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 τS.

The inset of Fig. 3(a) shows an EPR spectrum for a thick
(tPE = 10 µm) 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 &HEPR is correlated with the spin-spin relaxation
(or dephasing) time T2 as in the relation &HEPR = 2/(γT2)
with a gyromagnetic ratio of γ [31]. The present result
(&HEPR = 24 Oe) gives T2 = 4.7 ns. However, the spin
lifetime τS responsible for the dc component of the spin current
is the spin-lattice (or energy) relaxation time T1, which is
generally longer than T2. We estimated T1 by measuring the
saturation behavior of the EPR intensity (IEPR) with a change
in the microwave magnetic field (hac) [31]. The main panel
of Fig. 3(a) shows the hac dependence of IEPR. IEPR has an
almost linear dependence with hac and does not saturate even
at maximum hac. We also show the simulated results of the

saturation curve with hac in Fig. 3(b). The comparison between
these two figures suggests that T1 is in the range of 5–100 ns and
the lower limit of T1 corresponds to the case where T1 = T2.
This value is much shorter than the previously estimated τS of
5–10 µs at room temperature [11]. In the previous study, τS was
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FIG. 3. (Color online) (a) Microwave magnetic field (hac) de-
pendence of the EPR intensity of a thick PEDOT:PSS film at
room temperature. hac 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 hac = 0.042 Oe. The
observed spectrum was fit to a single Lorenz function with a &HEPR

of 24 Oe. (b) The simulated behavior of the EPR intensity as a
function of hac for several values of T1. The EPR intensity was
calculated using IEPR = hac/{1 + h2

acγ
2T1T2} with a fixed T2 (=4.7

ns) [31]. (c) Temperature dependence of ρ⊥
PE plotted with T −1/4. We

measured three distinct samples. The solid lines are fits based on the
3D-VRH.
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度を変化させる事によって Py 薄膜中の有効磁
場を制御し、強磁性磁化の歳差周波数を変化さ

せている。図 3(a)は Py/PEDOT:PSS 二層膜の
Pyの FMRおよび、PEDOT:PSSの EPR共鳴
磁場の角度依存性である。Pyの FMR共鳴磁場
は大きな角度依存性を示すのに対して、

PEDOT:PSSは常磁性体であるため、EPR共鳴
磁場はほとんど磁場角度依存性を示さない。ま

た、θ=70、110 付近で両者の共鳴磁場が一致
しており、ここで両者の歳差周波数が等しくな

っていると考えられる。そこで、この付近にお

いて、PEDOT:PSS中のスピンコヒーレンスが
変化しているかどうかを詳細に調べた。スピン

コヒーレンスは電子スピンの集団としての位相

であり、もしスピンコヒーレンスに変化があれ

ば、PEDOT:PSSのスピン位相緩和、すなわち
ESR線幅に変化が現れると考えられる。図 3(b)
は縦軸に PEDOT:PSSの EPR線幅、横軸にの Pyの FMR共鳴磁場をプロットした図であ
る。PEDOT:PSSの EPR共鳴磁場角度に依存せず 3367 Oeであるため、Pyの FMR磁場
が 3376 Oeに一致した点が両者の歳差周波数が一致した点である。しかし、その付近にお
いて、EPR線幅の明確な変化を観測する事は出来なかった。その理由として、今回の実験
では PEDOT:PSSの EPR信号強度を稼ぐためにマイクロメートル程度の厚い膜を用いて
いる点が挙げられる。スピン注入の効果はスピン拡散長程度で減衰してしまうと考えられ

るため、より薄い PEDOT:PSS膜を使用する事が有効であると考えられる。 
３．まとめと課題	
 

	
 本研究では、有機半導体薄膜中の高周波スピン流の高周波成分に着目し、そのコヒーレ

ンスを変化させる事によるスピン流制御を最終目標とした。一連の研究の中で、スピンポ

ンピングを用いた導電性高分子薄膜へのスピン注入に成功し、純スピン流の伝導、および

緩和メカニズムの解明に成功した。また、磁場角度を精密に変化させた実験から、強磁性

磁化と有機半導体中のスピンの歳差周波数が一致する条件を確認した。今回の実験では有

機半導体膜が比較的厚いため、コヒーレンスの変化を観測する事が出来なかったと考えら

れる。今後、有機半導体膜をスピン拡散長程度まで薄くした試料の測定を行う事で、スピ

ン注入によるコヒーレンスの制御が観測出来ると期待される。そのためには、非常に薄い

有機半導体膜からの微弱な EPR信号を検出する必要があり、測定手法の改良が必要と考
えられる。	
 

研究成果	
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