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Injection of spin currents into solids is crucial for exploring spin physics and
spintronics1,2 . There has been signiﬁcant progress in recent years in spin injection into high-resistivity materials, e.g., semiconductors and organic materials,
which uses tunnel barriers to circumvent the impedance mismatch problem3–14 ;
the impedance mismatch between ferromagnetic metals and high-resistivity materials drastically limits the spin-injection eﬃciency15 . However, because of this
problem, there is no route for spin injection into these materials through low
resistivity interfaces, i.e., ohmic contacts, even though it promises easy and versatile pathway for spin injection without the need for growing high-quality tunnel
barriers. Here we show experimental evidence that spin pumping enables spin
injection free from this condition; room-temperature spin injection into GaAs
from Ni81 Fe19 through an ohmic contact is demonstrated via dynamical spin
exchange. Furthermore, we demonstrate that this exchange can be controlled
electrically by applying a bias voltage across a Ni81 Fe19 /GaAs interface, enabling
electric tuning of the spin-pumping eﬃciency.
Electron transport across a ferromagnetic metal/nonmagnetic material gives rise to
nonequilibrium spin currents in the nonmagnetic layer. However, the spin polarization
of the current across the interface is strongly reduced especially when the electrical resistance of these two layers is considerably diﬀerent, e.g., a ferromagnetic metal/semiconductor
(FM/SC) contact. This is known as the impedance mismatch problem3,15 .
The above problem arises from the fact that spins are injected by carrier transport across
a FM/SC interface (see Fig. 1a). It seems natural to consider that this problem disappears
when spins are injected directly into the SC layer without using charge transport across
the interface (see Fig. 1b); the driving force for the spin ﬂow (not the charge carrier ﬂow)
is expected to oﬀer a way for versatile spin injection free from the impedance mismatch
problem. In this work, we experimentally demonstrate that the spin pumping, generation
of pure spin currents from magnetization precession16–18 , provides a powerful way for direct
spin injection. The spin-angular momentum of the precessing magnetization in the FM
layer is transferred to the carriers in the SC layer via dynamical exchange interaction at
the FM/SC interface, inducing a pure spin voltage, the potential acting on spins not on
carriers, in the SC layer. This enables spin injection into both p- and n-doped GaAs from
Ni81 Fe19 through both ohmic and Schottky contacts in a Ni81 Fe19 /GaAs interface even at
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room temperature. The ohmic contact case is the one showing the higher spin current
injection in our experiments in contrast to the expectation in the case of spin injection by
charge transport where the conductivity mismatch problem is present. Furthermore, the
spin-pumping eﬃciency is demonstrated to be controlled electrically via electric modulation
of the dynamical exchange interaction at the Ni81 Fe19 /GaAs interface, providing a clear
picture of the dynamical spin injection.
The room-temperature spin injection through ohmic and Schottky contacts is observed
using the inverse spin-Hall eﬀect (ISHE)19–23 . The ISHE converts a spin current into an
electric voltage, enabling electric detection of the spin current. Figure 2a shows a schematic
illustration of the samples used in this study. The samples are a Ni81 Fe19 /Zn-doped GaAs
(a Ni81 Fe19 /p-GaAs ﬁlm) with a doping concentration of ND = 1.4 × 1019 cm−3 and a
Ni81 Fe19 /Si-doped GaAs (a Ni81 Fe19 /n-GaAs ﬁlm) with ND = 1.2 × 1018 cm−3 (for details, see Methods). Here, note that the current-voltage characteristics shown in Figs. 2b
and 2c indicate the formation of ohmic and Schottky contacts in the Ni81 Fe19 /p-GaAs and
Ni81 Fe19 /n-GaAs interfaces, respectively.
We measured the ferromagnetic resonance (FMR) signal and the electric-potential difference V between the electrodes attached to the GaAs layer to detect spin injection; as
shown in Fig. 2a, in the FMR condition, the dynamical exchange interaction drives the spin
pumping, injecting pure spin currents into the GaAs layer through the ohmic and Schottky
contacts. This spin current ﬂows in the GaAs layer, giving rise to an electromotive force
EISHE in the GaAs layer via the ISHE. In the ISHE process, when the spin current carries
the spin polarization σ along the spatial direction js , EISHE is given by20
EISHE ∝ js × σ.

(1)

Here, the dc component of σ is parallel to the magnetization-precession axis in the Ni81 Fe19
layer and js is along the normal direction to the ﬁlm plane as shown in Fig. 2a23 . During the
measurements, the Ni81 Fe19 /GaAs sample was placed at the center of a TE011 microwave
cavity with the frequency of f = 9.46 GHz. An external static magnetic ﬁeld H was
applied along the ﬁlm plane (see Fig. 2a). All of the measurements were performed at room
temperature.
Figures 3a and 3b show the FMR spectrum dI(H)/dH and the dc electromotive force
signals V (θ = 0) measured for the Ni81 Fe19 /p-GaAs (black) and Ni81 Fe19 /n-GaAs (red)
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ﬁlms under the 200 mW microwave excitation. Here, we deﬁne V (θ) ≡ (Ṽ θ − Ṽ θ+180 )/2,
the asymmetric component of V with respect to H, which allows us to eliminate heating
eﬀects arising from the microwave absorption from the V spectra (see Methods). Ṽ θ and
◦

Ṽ θ+180 are the electromotive force V measured when the external magnetic ﬁeld is applied
at an out-of-plane angle of θ and θ + 180◦ to the ﬁlm plane (see Fig. 3c), respectively. In
the V (θ = 0) spectra, clear electromotive force signals are observed around the resonance
ﬁeld H = HFMR for both the Ni81 Fe19 /p-GaAs and Ni81 Fe19 /n-GaAs ﬁlms.
The observed electromotive force signals are direct evidence for room-temperature spin
injection into the GaAs layer through the ohmic and Schottky contacts; the electromotive
force is attributed to the ISHE in the GaAs layer induced by the spin pumping. Notable is
that the spectral shape of the electromotive force is well reproduced using a Lorentz function
(see Fig. 3b), as expected for the ISHE induced by the spin pumping20 . This is conﬁrmed
also from the microwave power PMW and out-of-plane magnetic ﬁeld angle θ dependence of
the electromotive force shown in Figs. 3f and 3k (see Supplementary Information sections A
and B for details), providing further evidence for room-temperature spin injection into the
GaAs layer through the ohmic and Schottky contacts.
The dynamical spin injection using spin pumping from the Ni81 Fe19 layer into the GaAs
layer is driven by the dynamical exchange interaction between a localized spin S in the
Ni81 Fe19 layer and a spin s of carriers in the GaAs layer at the Ni81 Fe19 /GaAs interface:
Hex = −Jex S · s, where Jex is the exchange interaction constant. By solving coupled
equations for the magnetizations of the Ni81 Fe19 and GaAs layers (the Landau-LifshitzGilbert equation and the Bloch equation with spin diﬀusion)24 , in which the exchange
torque arising from the exchange interaction is taken into account (see Supplementary
Information section C for details), we obtain the pumped spin current at the interface:
jssp = gr↑↓ (e/2π~)(~/Ms2 ) [M × dM/dt]z , where gr↑↓ = (π~/2e2 )(σN /λN )(ac /λN )2 (SJex τNsf /~)2
is the spin-mixing conductance, which determines the spin-injection eﬃciency. Here, Ms is
the saturation value of the magnetization M. σN and λN are the electrical conductivity and
the spin diﬀusion length of the GaAs layer, respectively. ac and τNsf are the average distance
between carriers and the spin relaxation time of carriers in the GaAs layer, respectively. The
z axis is deﬁned in Fig. 2a. Using the measured values of the magnitude of the electromotive
force VISHE (θ = 0) (see Fig. 3d), we ﬁnd the spin-mixing conductance gr↑↓ = 3.7 × 1018 m−2
for the Ni81 Fe19 /p-GaAs ﬁlm and gr↑↓ = 1.5 × 1017 m−2 for the Ni81 Fe19 /n-GaAs ﬁlm (see
4

Supplementary Information section C for details). The corresponding spin current density
for the Ni81 Fe19 /p-GaAs ﬁlm is jssp = 3.3 × 106 A/m2 , which is comparable to the value
jssp = 5.8 × 106 A/m2 obtained in a Ni81 Fe19 /Pt ﬁlm23 . This large amplitude of spin currents is several orders of magnitude larger than that obtained by the electrical spin injection
through a tunnel barrier7,9 ∼ 103 −104 A/m2 , where a high resistivity interface limits the current density; the dynamical spin injection using the spin pumping enables high density spin
injection with low energy carriers free from the impedance mismatch condition. The small
spin-mixing conductance in the Ni81 Fe19 /n-GaAs system is mainly due to the existence of
the Schottky barrier at the interface. In fact, gr↑↓ measured for a Schottky Ni81 Fe19 /p-GaAs
(ND = 4.1 × 1017 cm−3 ) interface gr↑↓ = 2.2 × 1017 m−2 (see Figs. 4b, 4c, and Supplementary
Information section C) is smaller than that for the ohmic Ni81 Fe19 /p-GaAs interface.
The above experimental results suggest the possibility of electric control of the dynamical
spin injection; the dynamical exchange interaction can be controlled by applying a bias
voltage Vin across the interface (see Fig. 4a). In Fig. 4g, we show the band structure of the
Schottky Ni81 Fe19 /p-GaAs interface with the bias voltage Vin . When Vin < 0, the depletion
region and potential barrier increase, reducing spin exchange at the interface. In contrast,
when Vin > 0, the depletion region and potential barrier decrease as shown in Fig. 4g, giving
rise to strong exchange interaction. We measured the ISHE induced by the spin pumping
in the Schottky Ni81 Fe19 /p-GaAs system with applying Vin across the interface.
Figure 4h shows the Vin dependence of the spin-mixing conductance gr↑↓ estimated from
the magnitude of the measured voltage VISHE (θ = 0) with the assumption that electric
ﬁeld eﬀects on spin diﬀusion are negligibly small, since the applied ﬁeld is suﬃciently small
in this system25 . The spin-mixing conductance gr↑↓ decreases with decreasing Vin when
Vin < 0. When Vin > 0, in contrast, gr↑↓ increases with the bias voltage Vin . These results
are consistent with the above prediction; the dynamical exchange interaction is enhanced
by reducing the barrier width and height. We conﬁrmed that the saturation magnetization
4πMs is independent of Vin as shown in Fig. 4e. This shows that heating eﬀects are negligibly
small in this measurement because heating decreases 4πMs 26 . Current-induced eﬀects, such
as the ordinary Hall eﬀect, are also irrelevant; the electric voltage is independent of Vin when
PMW = 0 (see Fig. 4d) and the observed change of VISHE (θ = 0) when PMW = 200 mW is
not linear to the bias current J (see Fig. 4f), conﬁrming that the spin-pumping eﬃciency is
controlled electrically by applying a bias voltage.
5

We demonstrated the versatility of the dynamical spin injection method by showing successful spin injection at room temperature with various cases, p- and n-type semiconductors
through ohmic and Schottky interfaces using the same structure as in metallic systems; this
method can be used as a versatile and powerful method for spin injection into a wide range
of materials free from the impedance mismatch problem. We further provide a clear demonstration that dynamical spin injection can be controlled by applying a bias voltage, opening
a route for a spin-current switch. Here, note that it is nontrivial that pure-spin-current injection is free from the impedance mismatch problem; e.g., the eﬃciency of spin injection using
the spin-Hall eﬀect in bilayer systems is limited by the impedance mismatch26 . Furthermore, even in a magnetic p-n junction where the impedance mismatch plays a minor role,
a space-charge region prevents spin injection at low bias27 . Since the spin pumping method
requires only magnetization precession in a FM/SC junction, this method can be combined
with a wide range of FMR excitation elements, e.g., spin torque oscillators, enabling integration of this method into spintronics devices, such as semiconductor spin lasers1 . Thus,
this new spin-injection approach will pave the way toward the creation of room-temperature
spintronic devices in a large selection of materials, promising dramatic advances in the ﬁeld
of spintronics.
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Methods
Measurements technique. The samples used in this study are Ni81 Fe19 /p-GaAs and
Ni81 Fe19 /n-GaAs ﬁlms comprising a 10-nm-thick ferromagnetic Ni81 Fe19 layer and a 400µm-thick GaAs layer, as illustrated in Fig. 2a. The Ni81 Fe19 layer was evaporated in a
high vacuum on a Zn-doped GaAs substrate (the Ni81 Fe19 /p-GaAs ﬁlm) with a doping
concentration of ND = 1.4×1019 cm−3 and a Si-doped GaAs substrate (the Ni81 Fe19 /n-GaAs
ﬁlm) with ND = 1.2 × 1018 cm−3 . The surface of the Ni81 Fe19 layer is of a 1.0 × 2.5 mm2
rectangular shape for the Ni81 Fe19 /p-GaAs ﬁlm and a 1.0×2.0 mm2 rectangular shape for the
Ni81 Fe19 /n-GaAs ﬁlm, respectively. The surface of the GaAs layer was cleaned by chemical
etching immediately before the evaporation28 . Two In-based ohmic contacts are attached to
the ends of the GaAs layer as shown in Fig. 2a. The ratios of the electrical conductivity for
the GaAs layer σN to that for the Ni81 Fe19 layer σF , σN /σF = 9.7 × 10−3 (the Ni81 Fe19 /pGaAs ﬁlm) and σN /σF = 2.6 × 10−2 (the Ni81 Fe19 /n-GaAs ﬁlm), show that the impedance
mismatch problem is critical in these systems. The mismatch of the spin-diﬀusion length
of the Ni81 Fe19 layer and the GaAs layer also reduces the spin injection eﬃciency3,15 . The
thick GaAs substrates ensure that the backﬂow spin currents are negligibly small in these
systems17 . The magnitude of the electromotive force due to the ISHE can be increased by
reducing the thickness of the GaAs layer, since it reduces a short circuit current in the GaAs
layer. The sample used for the electric control of the spin pumping is a Ni81 Fe19 /p-GaAs
system. The strong ISHE in p-doped GaAs allows sensitive detection of the spin pumping.
The Ni81 Fe19 /p-GaAs sample comprises a 10-nm-thick ferromagnetic Ni81 Fe19 layer and a 400
µm-thick GaAs layer with the doping concentration of ND = 4.1 × 1017 cm−3 . The Schottky
barrier at the interface enables the electric tuning of the dynamical exchange interaction.
The surface of the Ni81 Fe19 layer is of a 1.0 × 2.5 mm2 rectangular shape. In the voltage
measurements, we deﬁne the asymmetric component of the electromotive force V (θ) with
respect to H to eliminate thermoelectric eﬀects due to small but ﬁnite asymmetry of the
position of the electrodes attached to the GaAs layer with respect to the Ni81 Fe19 layer.
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Figure 1: Spin injection via carrier transport and dynamical exchange interaction.
a, A schematic illustration of the conventional electrical spin injection in a nonmagnetic material/ferromagnetic metal junction. M denotes the static magnetization. The spin current is driven
by electron transport across the interface, which is drastically limited by the impedance mismatch.
b, A schematic illustration of spin injection via dynamical exchange interaction in a nonmagnetic
material/ferromagnetic metal junction. M(t) shows the precessing magnetization. The dynamical
exchange interaction at the interface transfers the spin-angular momentum from the magnetization
in the ferromagnetic layer to the electrons in the nonmagnetic layer, inducing a pure spin voltage
in the nonmagnetic layer.
Figure 2: Dynamical spin injection and inverse spin-Hall eﬀect. a, A schematic illustration
of the inverse spin-Hall eﬀect induced by the spin pumping in the Ni81 Fe19 /GaAs system. H and
M(t) represent the external magnetic ﬁeld and the magnetization in the Ni81 Fe19 layer, respectively.
EISHE , js , and σ denote the electromotive force due to the inverse spin-Hall eﬀect, the spatial
direction of the spin current, and the spin-polarization vector of the spin current, respectively. b,
Bias voltage Vin dependence of current density J through the Ni81 Fe19 /p-GaAs junction. c, Bias
voltage Vin dependence of current density J through the Ni81 Fe19 /n-GaAs junction for various
temperatures T . JF is the current density for the ﬁxed bias VF = 0.13 V. A is the electrically
active area. The Schottky barrier height is found to be ϕS = 0.20 eV from the temperature
dependence of the forward bias current29 .
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Figure 3: Measurements of spin injection. a, Field (H) dependence of the FMR signal
dI(H)/dH measured for the Ni81 Fe19 /p-GaAs ﬁlm when the external magnetic ﬁeld H is applied
along the ﬁlm plane (θ = 0). Here, I denotes the microwave absorption intensity. HFMR is the
resonance ﬁeld. HFMR = 111 mT for the Ni81 Fe19 /p-GaAs ﬁlm and HFMR = 121 mT for the
Ni81 Fe19 /n-GaAs ﬁlm, respectively. b, Field dependence of the electromotive force V (θ = 0)
measured for the Ni81 Fe19 /p-GaAs (black) and Ni81 Fe19 /n-GaAs (red) ﬁlms under the 200 mW
◦

◦

microwave excitation. Here, V (θ) ≡ (Ṽ θ − Ṽ θ+180 )/2, where Ṽ θ and Ṽ θ+180 are the electromotive
force V measured when H is applied at an angle of θ and θ + 180◦ to the ﬁlm plane (see c), respectively. The open circles are the experimental data. The solid curve shows the ﬁtting result using
a Lorentz function. c, The deﬁnition of the out-of-plane-magnetic ﬁeld angle θ and magnetization
angle ϕ. d, The deﬁnition of the magnitude of the electromotive force VISHE . e, Field dependence
of V (θ = 0) measured for the Ni81 Fe19 /p-GaAs at diﬀerent microwave excitation power. f, Microwave power PMW dependence of VISHE (θ = 0). The solid circles are the experimental data. The
solid lines show the linear ﬁt to the data. g, Magnetic ﬁeld angle θ dependence of the FMR signal
dI(H)/dH for the Ni81 Fe19 /p-GaAs ﬁlm. h, Magnetic ﬁeld angle θ dependence of V (θ) for the
Ni81 Fe19 /p-GaAs ﬁlm. i, Magnetic ﬁeld angle θ dependence of HFMR measured for the Ni81 Fe19 /pGaAs ﬁlm. The ﬁlled circles represent the experimental data. The solid curve is the numerical
solution of the equilibrium and resonance conditions (see Supplementary Information section B for
details). j, Magnetic ﬁeld angle θ dependence of ϕ for the Ni81 Fe19 /p-GaAs ﬁlm estimated from
the equilibrium condition. k, Magnetic ﬁeld angle θ dependence of VISHE (θ)/VISHE (θ = 0). The
solid circles are the experimental data. The solid curve is the theoretical curve (see Supplementary
Information section B).
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Figure 4: Electric control of dynamical spin injection. a, A schematic illustration of the
Ni81 Fe19 /p-GaAs system. Vin represents the bias voltage applied to the system. b, Field (H)
dependence of the electromotive force V (θ = 0) measured for the Ni81 Fe19 /p-GaAs (ND = 4.1×1017
cm−3 ) system under the 200 mW microwave excitation. The open circles are the experimental data.
The solid curve shows the ﬁtting result using a Lorentz function. HFMR = 106 mT is the resonance
ﬁeld. c, Bias voltage Vin dependence of current density J through the Ni81 Fe19 /p-GaAs junction
at PMW = 0. The Schottky barrier height is estimated to be ϕS = 0.43 eV. d, Bias voltage Vin
PMW =0
dependence of the magnitude of the electromotive force VISHE (θ = 0) at PMW = 0: VISHE
. The
PMW =0
solid line shows VISHE
= 0. e, Bias voltage Vin dependence of the saturation magnetization

4πMs obtained from the FMR spectra at PMW = 200 mW. The solid line shows 4πMs = 0.814
T. f, Bias current J dependence of the magnitude of the electromotive force VISHE (θ = 0) for
the Ni81 Fe19 /p-GaAs system at PMW = 200 mW. The error bars represent the 95% conﬁdence
level. g, Schematic illustrations of the band structure of the Ni81 Fe19 /p-GaAs system for Vin < 0,
Vin = 0, and Vin > 0. ϕS is the Schottky barrier height. EF is the Fermi level. h, Bias voltage Vin
dependence of the spin-mixing conductance gr↑↓ estimated from the measured voltage VISHE (θ = 0)
for the Ni81 Fe19 /p-GaAs system at PMW = 200 mW. We estimated gr↑↓ from the height of a Lorentz
function as shown in Fig. 3d; the background voltage due to the ordinary Hall eﬀect is ruled out
in this estimation.
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