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Injection of spin currents into solids is crucial for exploring spin physics and
spintronics’?. There has been significant progress in recent years in spin injec-
tion into high-resistivity materials, e.g., semiconductors and organic materials,
which uses tunnel barriers to circumvent the impedance mismatch problem314;
the impedance mismatch between ferromagnetic metals and high-resistivity ma-
terials drastically limits the spin-injection efficiency'®. 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 ver-
satile 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 Nig Fe;g 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 Nig;Fe;q/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 resis-
tance of these two layers is considerably different, e.g., a ferromagnetic metal /semiconductor
(FM/SC) contact. This is known as the impedance mismatch problem®!°.,

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

1618 " provides a powerful way for direct

of pure spin currents from magnetization precession
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

Nig;Fejg through both ohmic and Schottky contacts in a Nig;Fej9/GaAs interface even at



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 Nig;Fei9/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)' 2. 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 Nig;Fejq/Zn-doped GaAs
(a Nig,Fejg/p-GaAs film) with a doping concentration of Np = 1.4 x 10 ¢cm™ and a
Nig; Feyg/Si-doped GaAs (a NigiFejg/n-GaAs film) with Np = 1.2 x 10'® cm™ (for de-
tails, 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 Nig;Fejq/p-GaAs and
Nig; Fejg/n-GaAs interfaces, respectively.

We measured the ferromagnetic resonance (FMR) signal and the electric-potential dif-
ference 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
Eisug in the GaAs layer via the ISHE. In the ISHE process, when the spin current carries

the spin polarization o along the spatial direction js, Eigpp is given by?°
EISHE O(js X O. (1)

Here, the dc component of o is parallel to the magnetization-precession axis in the NigiFeqq
layer and j is along the normal direction to the film plane as shown in Fig. 2a?3. During the
measurements, the Nig;Fej9/GaAs sample was placed at the center of a TEq;; 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(0 = 0) measured for the NigFei9/p-GaAs (black) and NigFejg/n-GaAs (red)



films under the 200 mW microwave excitation. Here, we define V(8) = (V¢ — V0+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). V? and
VOH180° are the electromotive force V measured when the external magnetic field is applied
at an out-of-plane angle of § and 6 + 180° to the film plane (see Fig. 3c), respectively. In
the V(6 = 0) spectra, clear electromotive force signals are observed around the resonance
field H = Hgyg for both the NigiFejg/p-GaAs and Nig;Feg/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 pumping?. This is confirmed
also from the microwave power Pyw and out-of-plane magnetic field angle 6 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 Nig;Fejg layer into the GaAs
layer is driven by the dynamical exchange interaction between a localized spin S in the
Nig;Fejg layer and a spin s of carriers in the GaAs layer at the NigiFejg/GaAs interface:
Hoy. = —JiS - s, where J, is the exchange interaction constant. By solving coupled
equations for the magnetizations of the Nig;Fe;9 and GaAs layers (the Landau-Lifshitz-
Gilbert equation and the Bloch equation with spin diffusion)?*, 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:
JoP = gl (e/2mh)(h/M2) [M x AM/df],, where g* = (wh/2¢)(ox /2n) @/ )2 (S xS/ 1)?
is the spin-mixing conductance, which determines the spin-injection efficiency. Here, M; is
the saturation value of the magnetization M. on and Ay are the electrical conductivity and
the spin diffusion length of the GaAs layer, respectively. a. and 73 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 Visug(6 = 0) (see Fig. 3d), we find the spin-mixing conductance g+ = 3.7 x 10'® m~2
for the Nig Feig/p-GaAs film and ¢g/¥ = 1.5 x 10*” m~2 for the Nig;Fe;g/n-GaAs film (see



Supplementary Information section C for details). The corresponding spin current density
for the Nig;Feyg/p-GaAs film is j5» = 3.3 x 10° A/m?  which is comparable to the value
J = 5.8 x 105 A/m? obtained in a Nig;Fe;g/Pt film?®. This large amplitude of spin cur-
rents is several orders of magnitude larger than that obtained by the electrical spin injection
through a tunnel barrier™® ~ 103—10* A/m?  where a high resistivity interface limits the cur-
rent 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 Nig;Fejg/n-GaAs system is mainly due to the existence of
the Schottky barrier at the interface. In fact, g/+ measured for a Schottky Nig;Feyg/p-GaAs
(Np = 4.1 x 10" em™3) interface g+ = 2.2 x 101" m~2 (see Figs. 4b, 4c, and Supplementary
Information section C) is smaller than that for the ohmic Nig; Fej9/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 Vi, across the interface (see Fig. 4a). In Fig. 4g, we show the band structure of the
Schottky NigiFejg/p-GaAs interface with the bias voltage Vi,. When Vi, < 0, the depletion
region and potential barrier increase, reducing spin exchange at the interface. In contrast,
when V;, > 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 Nig; Fejg/p-GaAs system with applying Vi, across the interface.

Figure 4h shows the Vi, dependence of the spin-mixing conductance g+ estimated from
the magnitude of the measured voltage Vigyg(f = 0) with the assumption that electric
field effects on spin diffusion are negligibly small, since the applied field is sufficiently small

5. The spin-mixing conductance g/* decreases with decreasing Vi, when

in this system?
Vin < 0. When Vi, > 0, in contrast, ng increases with the bias voltage Vj,. 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
47 M, is independent of Vi, as shown in Fig. 4e. This shows that heating effects are negligibly
small in this measurement because heating decreases 47w M, ?¢. Current-induced effects, such
as the ordinary Hall effect, are also irrelevant; the electric voltage is independent of V;,, when
Puw = 0 (see Fig. 4d) and the observed change of Visgg(f = 0) when Pyw = 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.



We demonstrated the versatility of the dynamical spin injection method by showing suc-
cessful 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 demon-
stration 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 injec-
tion 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 mismatch?. Further-
more, even in a magnetic p-n junction where the impedance mismatch plays a minor role,
a space-charge region prevents spin injection at low bias?’. 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 inte-
gration of this method into spintronics devices, such as semiconductor spin lasers'. 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.



Methods

Measurements technique. The samples used in this study are NigFejq/p-GaAs and
Nig; Fejg/n-GaAs films comprising a 10-nm-thick ferromagnetic Nig;Fejg layer and a 400-
pm-thick GaAs layer, as illustrated in Fig. 2a. The Nig;Fejg layer was evaporated in a
high vacuum on a Zn-doped GaAs substrate (the Nig;Feig/p-GaAs film) with a doping
concentration of Np = 1.4 x 10! cm™ and a Si-doped GaAs substrate (the Nig; Fejg/n-GaAs
film) with Np = 1.2 x 10'® cm™3. The surface of the Nig Fejg layer is of a 1.0 x 2.5 mm?
rectangular shape for the Nig;Fe g /p-GaAs film and a 1.0 x 2.0 mm? rectangular shape for the
Nig; Fejg/n-GaAs film, respectively. The surface of the GaAs layer was cleaned by chemical
etching immediately before the evaporation?®. 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 oy to that for the Nig;Feyg layer op, ox/or = 9.7 x 1072 (the NigFejg/p-
GaAs film) and oy/or = 2.6 x 1072 (the Nig;Fejg/n-GaAs film), show that the impedance
mismatch problem is critical in these systems. The mismatch of the spin-diffusion length
of the Nig;Fejg layer and the GaAs layer also reduces the spin injection efficiency®!®. The
thick GaAs substrates ensure that the backflow spin currents are negligibly small in these
systems'”. 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 Nig;Fejq/p-GaAs
system. The strong ISHE in p-doped GaAs allows sensitive detection of the spin pumping.
The Nig; Fejg/p-GaAs sample comprises a 10-nm-thick ferromagnetic Nig; Fejg layer and a 400
pm-thick GaAs layer with the doping concentration of Np = 4.1 x 10*” cm™2. The Schottky
barrier at the interface enables the electric tuning of the dynamical exchange interaction.

The surface of the Nig;Fejg layer is of a 1.0 x 2.5 mm?

rectangular shape. In the voltage
measurements, we define the asymmetric component of the electromotive force V() 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 Nig;Feig 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 mate-
rial/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 Nig;Fej9/GaAs system. H and
M(t) represent the external magnetic field and the magnetization in the Nig; Feqg layer, respectively.
Eisug, js, and o 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 Vi, dependence of current density J through the NigiFei9/p-GaAs junction. c, Bias
voltage Vi, dependence of current density J through the Nig;Fejg/n-GaAs junction for various
temperatures T. Jr is the current density for the fixed bias Vg = 0.13 V. A is the electrically
active area. The Schottky barrier height is found to be ¢g = 0.20 eV from the temperature

dependence of the forward bias current?’.
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Figure 3: Measurements of spin injection. a, Field (H) dependence of the FMR signal
dI(H)/dH measured for the NigiFej9/p-GaAs film when the external magnetic field H is applied
along the film plane (@ = 0). Here, I denotes the microwave absorption intensity. Hpymg is the
resonance field. Hpyr = 111 mT for the NigiFejg/p-GaAs film and Hrpvg = 121 mT for the
Nigi Fejg/n-GaAs film, respectively. b, Field dependence of the electromotive force V(6 = 0)
measured for the NigiFejg/p-GaAs (black) and NigiFejg/n-GaAs (red) films under the 200 mW
microwave excitation. Here, V (0) = (V?—V?180°) /2 where V? and V189 are the electromotive
force V measured when H is applied at an angle of § and 6 + 180° to the film plane (see c), respec-
tively. The open circles are the experimental data. The solid curve shows the fitting result using
a Lorentz function. ¢, The definition of the out-of-plane-magnetic field angle 6 and magnetization
angle ¢. d, The definition of the magnitude of the electromotive force Vispg. e, Field dependence
of V(6 = 0) measured for the NigjFej9/p-GaAs at different microwave excitation power. f, Mi-
crowave power Pyw dependence of Visgg(6 = 0). The solid circles are the experimental data. The
solid lines show the linear fit to the data. g, Magnetic field angle § dependence of the FMR signal
dI(H)/dH for the NigiFejg/p-GaAs film. h, Magnetic field angle 6 dependence of V() for the
Nigi Fe19/p-GaAs film. i, Magnetic field angle 6 dependence of Hpyr measured for the Nigi Fejg/p-
GaAs 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 6 dependence of ¢ for the NigiFej9/p-GaAs film estimated from
the equilibrium condition. k, Magnetic field angle # dependence of Visyg(6)/Visue (@ = 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
Nig1Fei9/p-GaAs system. Vi, represents the bias voltage applied to the system. b, Field (H)
dependence of the electromotive force V(6 = 0) measured for the Nigi Feg/p-GaAs (Np = 4.1x 1017
cm~?) 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. Hryr = 106 mT is the resonance
field. c, Bias voltage Vi, dependence of current density J through the Nig;Fej9/p-GaAs junction
at Pyyww = 0. The Schottky barrier height is estimated to be ¢g = 0.43 eV. d, Bias voltage Vi,
dependence of the magnitude of the electromotive force Vigpg(6 = 0) at Pyw = 0: Vlggw‘é" =Y. The
solid line shows Vlggg’zo = 0. e, Bias voltage Vi, dependence of the saturation magnetization
47 My obtained from the FMR spectra at Pyw = 200 mW. The solid line shows 47 M, = 0.814
T. f, Bias current J dependence of the magnitude of the electromotive force Viggg(d = 0) for
the NigiFejg/p-GaAs system at Pyw = 200 mW. The error bars represent the 95% confidence
level. g, Schematic illustrations of the band structure of the NigiFeq9/p-GaAs system for Vi, < 0,
Vin =0, and Vi, > 0. ¢g is the Schottky barrier height. Fp is the Fermi level. h, Bias voltage Vi,
dependence of the spin-mixing conductance ng‘L estimated from the measured voltage Visgg (6 = 0)
for the Nig; Fe19/p-GaAs system at Pyrw = 200 mW. We estimated gj ¥ 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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K. Ando et al., Figure 1: Spin injection via carrier transport and dynamical exchange interaction.
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