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Controlling the intensity of the emitted light and charge current is the cornerstone of 

transferring and processing information[1]. On the other hand, robust information storage in 

computer hard drives and magnetic random-access memories is implemented using the 

carrier’s spin and the associated magnetization in ferromagnets[2]. The missing link between 

the respective disciplines of photonics, electronics, and spintronics, is to modulate the circular 

polarization of emitted light, rather than its intensity, by the electrically-controlled 

magnetization. Here we demonstrate that this missing link is established at room temperature 

and zero-applied magnetic field in light-emitting diodes[2,3,4,5,6,7], through transfer of angular 

momentum between photons, electrons, and ferromagnets. With spin-orbit torque[8,9,10,11], used 

in commercial memory applications, a flow of charge current generates also a spin current to 
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electrically switch the magnetization orientation. This switching determines the direction of the 

injected spins into a semiconductor, where the transfer of angular momentum from the electron 

spin to photon controls the circular polarization of the emitting light[2]. The spin-photon 

conversion with the nonvolatile control of magnetization opens paths to seamlessly integrate 

information transfer, processing, and storage. Our results offer a breakthrough towards 

electrically-controlled ultrafast modulation of circular polarization and spin injection with 

magnetization dynamics for the next-generation information-communication technology[12]. 

An explosive growth of information and communication technology requires an increasing 

power consumption dominated by transferring, rather than processing information[ 13 ]. This is 

exemplified by the global internet traffic which surged by 40% between February and mid-April 2020 

during the Covid-19 containment[14], while data centers alone are predicted to require 8% of globally-

generated electrical power by 2030[15]. To overcome this situation and the related von Neumann 

bottleneck[16], there is a push to develop novel integrated multifunctional single-chip platform that 

combines magnetic storage, optical transmission, and CMOS processing, while recognizing the 

importance of energy-efficient optical-communication with an enhanced bandwidth[17]. A promising 

direction is to use the left/right circularly polarized light or photons with negative/positive helicity, 

since their spin angular momentum can be directly coupled to the spin of electrons, with applications 

from quantum information processing[18] and 3D displays[19] to optical sensors[20] and encryption[21]. 

In spintronics, this light-matter interaction provides an effective source of spin information and 

overcomes the limitation for carrier spin imbalance in solids to typical lengths (< micron) and 

timescales (< ns). Instead, from the conservation of total angular momentum, the information of spin 

imbalance of carriers (spin polarization) can be transferred much further and faster through the 

circular polarization of the emitted light with polarization degree[3] Pc=(Sσ+-Sσ-)/(Sσ++Sσ-), where Sσ+(-

) is the right (left) circularly polarized photon density. 

Surprisingly, in spin-lasers with carrier spin polarization, ultrafast Pc switching at above 200 

GHz is about one order of magnitude faster than the fastest intensity-modulated lasers and 
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simultaneously supporting an ultralow power operation[12]. While this advance is encouraging for the 

Pc-encoded information transfer, the optically generating spin-polarized carriers is impractical for 

applications. The key challenge is the missing tunable Pc through electrically-controlled 

magnetization, which would combine electron and photon spin with the nonvolatile properties of 

ferromagnets, to effectively integrate transferring, processing, and storing information[ 22 ]. The 

importance of this breakthrough is well recognized. Even without integrating magnetization 

dynamics, changing electrically-controlled Pc in atomically-thin semiconductors, WSe2, by 

combining the effects of anisotropic band structure and applied electric field in electric-double-layer 

transistor[23] or in light-emitting diode (LED)[24], has attracted a significant interest. In both cases, 

modulating Pc is not decoupled from modulating the light intensity which constraints the Pc-encoded 

information transfer. By integrating GaAs semiconductor-based LEDs with a pair of ferromagnets 

having antiparallel magnetizations, M, Pc can be modulated by varying the current injected into each 

of the ferromagnets to inject carriers of opposite spins, thus contributing to the emission of opposite 

helicity[25]. Such spin-LED is attractive since its operation is directly coupled to the nonvolatile M. 

However, switching Pc in this manner is complicated because it requires alternative currents injected 

into different ferromagnets, thus removing the advantage compared to the conventional intensity 

modulation. Extending this design principle to spin-lasers[26,27], which are necessary for ultrafast 

operation and can be viewed as LEDs with resonant cavities adding optical gain, poses inherent 

disadvantages (Supplementary information (SI) Note 1). A large separation (several microns) from 

the ferromagnets to the active region of laser, where the electrons and holes recombine, exceeds the 

spin-diffusion length and substantially diminishes the degree of carrier spin polarization which 

[28]determines the amplitude of change in Pc . 

In this work, we use a novel approach to establish the missing link between photonics, electronics, 

and spintronics: A single ferromagnet injects spins in a LED, while a commercially-established spin-

orbit torque (SOT) electrically switches M, which in turn controls the changes in Pc at room 

temperature (RT) and zero applied magnetic field. Despite the apparent simplicity of this approach 
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with common materials, in SI Note 2 we document the development obstacles for SOT spin injector 

and identify subtle materials challenges to be overcome. Figure 1a describes the principle of M 

switching. Passing a charge current, I (steady state or pulsed), in the spin injector channel, comprised 

of a ferromagnet (F)/heavy metal (HM) junction, is accompanied by a spin Hall effect (SHE) in the 

HM with strong spin-orbit coupling, where the electrons with opposite spins (�) are pushed in the 

opposite directions perpendicular to I. The misalignment of these spins with an out-of-plane M of the 

ferromagnet leads to its twisting or SOT. The damping-like torque related SOT, τSO ∝ �× (� × �) 

generates a spin-orbit field, HSO[29], which is sufficient to switch the out-of-plane M if I is large enough. 

With a small applied constant in-plane field, Hext, M can be deterministically switched even with 

alternating direction of I and its pulsed behavior. Ultimately, very short (6 ps) current pulses[30] would 

allow for an ultrafast operation, while using textured ferromagnetic layers[31], in-plane exchange 

bias[32], or a substrate with suitable crystalline orientations[33], removes the need for any Hext. The top 

view of an integrated SOT spin-LED device is shown in Fig. 1b. A pulsed I, Ipulse, is injected in the 

lateral direction to switch M, while a vertical bias, Vbias, is applied to emit the light, with Pc determined 

by the direction of the injected spin. A schematic structure of our quantum dot (QD)-based spin-LED 

in Fig. 1c, reveals that spin injector is less than 100 nm away from the active QD region where the 

electron-hole recombination is responsible for the emitted light. While LEDs are already important 

building blocks for integrated photonics[34], this design is also compatible with future spin-lasers, 

where the proximity of spin injector to the active region ensures large Pc changes. A high-resolution 

scanning transmission electron microscopy (HR-STEM) in Fig. 1d shows that the spin injector 

includes common materials, such as tunnel barrier: MgO, F: CoFeB, and HM: Ta, for commercial 

spintronic applications in magnetically storing information[29]. An important innovation is adding a 3 

nm-thick Cr in the injector which yields several advantages. (i) It largely reduces the channel 

resistance to 300 Ω, which significantly increases the breakdown current of the Schottky barrier and 

thus overcomes the semiconductor shunting problem (SI Note 2). (ii) Cr itself produces a large spin 

Hall angle, θSH. With tunneling spin Hall spectroscopy, we have measured a large θSH~0.1 for Cr[35]. 
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Since the sign of θSH for Cr and Ta is the same, that could enhance the SOT for M switching. (iii) Cr 

can produce a large orbital current[36,37]. Through orbit-to-spin current conversion, by the inserted 3 

nm-thick Ta, Cr could also contribute for the SOT switching. Detailed information about the sample 

preparation and materials characterization is given in Methods and SI Note 3,4. 

To study M switching, we use the anomalous Hall effect (AHE)[2,29] which, for a finite out-of-

plane M, leads to the spin imbalance and the resulting voltage in the direction transverse to I (VAHE 

between the contacts 3 and 4 in Fig. 1a). The corresponding AHE resistance[2], RAHE ~M, with its 

reversal indicates the out-of-plane M switching, measured in Fig. 2a as a function of out-of-plane 

field Hz and in Fig. 2b as a function of Ipulse with the duration, tpulse=0.1s, at a fixed small in-plane 

field Hx=-10mT. A constant channel current of 1mA is applied to measure RAHE. Grown on a LED 

substrate, the spin injector shows a robust M switching over a large temperature range, from 140 to 

300 K, with varying either Hz or Ipulse. Clear square-like hysteresis loops in Fig. 2a confirm a good 

perpendicular magnetic anisotropy (PMA) of the injector. From Fig. 2b at 300K, the critical switching 

current density is found to be about 9.6×106A/cm2, comparable to the values reported for 

MgO/CoFeB/Ta system[10,38]. Upon reversal of the in-plane Hx, the polarity of the current-induced 

switching loop also reverses, which is consistent with the SOT driven M switching (SI Note 5). The 

full M switching cannot be realized without in-plane field (Hx=0T) (Fig. 2c), which is important to 

break the SOT symmetry for deterministic perpendicular switching[39]. From the change of RAHE 

compared to that measured in Fig. 2a with field switching, we can estimate 52% of magnetic domains 

have been switched at Hx=0T. 

To have an in-depth understanding of M switching, we have performed Kerr microscopy to study 

the magnetic domain propagation with different tpulse and Ipulse. Magneto optical Kerr effect (MOKE) 

microscope images are shown in Figs. 2d,e. At RT, with tpulse=0.1s, a single Ipulse=20 mA is large enough 

to fully switch M with a small in-plane field. However, when reducing tpulse to 1 ms (Fig. 2d), larger 

Ipulse up to 55 mA are needed to achieve single-pulse switching. With smaller Ipulse=45 mA, M is 

gradually switched with increasing pulse number (Fig. 2e). With 10 pulses, the M can be totally 
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switched. In our system, tpulse for M switching is much longer than that reported for CoFeB/MgO/Ta 

system[40]. This could be due to the strong pinning sites in the injector channel preventing the domain 

wall propagation in creep regime[41] and related to the Ta diffusion inside CoFeB or structure defects 

for CoFeB/MgO on GaAs substrate (SI Note 3). However, this pulse duration is not a fundamental 

obstacle. In a different sample with W based spin injector (SI Note 6), we can reduce tpulse by several 

orders of magnitude to at least 10 µs, while the actual value might be lower and is limited by our 

measurement technique. With future improvement of injector structure and the channel geometry, we 

expect to achieve an even shorter tpulse. 

We next examine the relation between M switching and the electrical control of Pc. Conventional 

electroluminescence (EL) measurements have been performed for standard and SOT spin-LEDs to 

characterize Pc (Hz, T, Vbias) (SI Note 7), which validate our highly-efficient spin injector at RT and 

zero applied field. To verify the Pc control by M switching, we first used a single Ipulse=30 mA with 

tpulse=0.1 s and then measured Pc, shown in Fig. 3a for Vbias=1.9V after M switching with positive and 

negative Ipulse, respectively. During the SOT switching, a small Hx =+10mT was applied, while Pc 

was measured at Hx=0T and Hz=0T. These results clearly show that the intensities of σ+ and σ- have 

been modulated depending on the pulse current direction. As a consequence, the Pc can be switched 

from +30% to -30%. Remarkably, as shown in Fig. 3b, the control of Pc remains possible even at 

zero-field SOT M switching. We recall (Fig. 2c), that such a process induces a partial 52% M 

switching, which explains why the modulation amplitude of Pc becomes smaller (~±12%). However, 

since a stable two-state switching can still be fulfilled at Hx=0T, these results are very encouraging 

for future practical application. Furthermore, for spin-lasers, a small 4% spin polarization of injected 

carriers can already result in Pc~100%[42]. 

To verify the stability of Pc for repeated switching, we consider switching for 60 cycles. For each 

cycle, Ipulse=±25mA, were alternatively applied at Hx=+10mT. After each M switching, the 

polarization-resolved spectra were recorded, and Pc was measured. To have a higher light intensity 

with a shorter acquisition time for EL spectra, we have used a higher Vbias=3.5V. The Pc evolution as 
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a function of number of switching cycles in Fig. 3c reveals are very robust switching between the two 

states at +15% and -19%. The deviation of Pc in each state is less than 1%. Several selected EL spectra 

after different number of repetitions are shown in SI Note 8. By comparing to Fig. 3a, we see that at 

a higher Vbias the Pc amplitude is reduced (SI Note 7). To further verify if there is any damage of 

F/semiconductor Schottky interface due to the switching current in the lateral injector channel, we 

measured the I-Vbias curves of spin-LED before and after the repetition measurement. As shown in SI 

Note 9, the two I-Vbias curves nearly completely coincide, which indicates a robust Schottky barrier 

height and only negligibly affected by the switching current in the channel, validating the appropriate 

approach for Pc modulation. This is a striking difference from the previously tried spin injectors, 

which have shown a strong degradation of F/semiconductor interface after pulse-current switching 

(SI Note 2). In Fig. 3d, we compare the switching of Pc vs. Ipulse and current-induced M switching 

measured by RAHE, while detailed EL spectra measured after different pulse-current switching are 

shown in SI Note 10. Since Pc and RAHE display similar hysteresis loops, this further demonstrates 

the connection between the Pc modulation and the M switching. Between Ipulse of 10 and 20mA, there 

is a partial M switching, resulting in intermediate Pc states. By controlling the fraction of M switching 

with Ipulse and tpulse, we are able to obtain multi-states Pc, which could enable a multi-level modulation 

coding even for Pc modulation-based optical communications. 

While our new approach to transfer angular momentum between photons, electrons, and 

ferromagnets was demonstrated in spin-LEDs, this electrical control of the polarization of light at 

room temperature and zero magnetic field also provides a key breakthrough to enable electrically-

injected spin-lasers. With its ultrathin metallic layers (<7nm), our spin injector could be embedded 

directly in the optical cavity of a spin-laser. By placing the injector in a node of the stationary 

electromagnetic field beneath a dielectric distributed Bragg reflector top mirror and close to the 

semiconductor-based optical gain region, the already low absorption and small magnetic circular 

dichroism of the magnetic layers[43] can be minimized while keeping a desirably short path for 

injected spins to the gain region. Since our SOT-based spin-injection concept can be operated in a 
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continuous wave mode with a constant carrier density in the gain region under magnetization 

switching (SI Note 11), this allows to decouple a modulating Pc from modulating the light intensity, 

crucial for future high-speed and secure data transmission. Independent advances in the fast M 

switching for magnetic memories could further enhance our implementation of SOT spin-LEDs and 

spin-lasers and stimulate the investigations into the ultimate speed limitations, perhaps reaching ps 

scale[30]. We also envision a scaled-down realization of our proposal relying on the growing family 

of two-dimensional ferromagnets and semiconductors with excellent optical and SOT properties[44,45]. 

Since spin injection is not only an element of spintronics devices but also a sensitive spectroscopic 

tool to study various fundamental phenomena, such as the pairing symmetry of unconventional 

superconductors, skyrmion excitations in the quantum Hall regime, and spin-charge separation in 

non-Fermi liquids,[2] our progress towards an ultrafast and zero-magnetic-field electrically-controlled 

spin injection provides fascinating prospects for novel pump-probe spectroscopies. 
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Methods: 

Sample preparation: 

The spin-LED structure contains two parts: the semiconductor LED and the metallic spin injector. 

The p-i-n LED device was grown by molecule beam epitaxy (MBE) containing a single layer of InAs 

quantum dots embedded in the active region. The full structure is as follows: p+-GaAs:Zn (001) 

substrate (p=3×1018 cm-3)/ 300 nm p-GaAs:Be (p=2×1018 cm-3)/ 400 nm p-Al0.3Ga0.7As:Be 

(p=2×1018-5×1017 cm-3)/ 30 nm i-GaAs with Be δ-doping in the center/ InAs QD/ 30 nm i-GaAs/ 50 

nm n-GaAs:Si (n=1×1016 cm-3). The Be δ-doping concentration is calibrated to yield approximatively 

one hole per dot. The average lateral dot diameter is about 10 nm and the height is about 2 nm (SI 

Note 4). The LED was passivated with arsenic in one MBE chamber and transferred via air to a 

second inter-connected MBE-sputtering system where the As capping layer was desorbed at 300°C. 

Next, the sample was transferred to a sputtering chamber under ultra-high vacuum to grow the spin 

injector. The structure of the spin injector is as follows: 2.5 nm MgO/ 1.2 nm Co0.4Fe0.4B0.2/3 nm Ta. 

Afterwards, the sample was transferred back to the MBE and 3 nm thick Cr layer was deposited on 

the top. Two kinds of spin-LEDs were processed with UV photolithography and etching techniques. 

A standard spin-LED device with a circular mesa and spin injector of 500 μm in diameter and a SOT 

spin-LED with a spin injector in Hall bar shape, as shown in Fig. 1b. The channel length and width 

are 50 µm and 20 µm, respectively. Finally, the processed wafers were cut into small pieces to 

perform rapid temperature annealing at 300°C for 3 min to establish the PMA of the spin injector. 

More details concerning the growth and the optimization of the PMA spin injector can be found in 

Refs.[4,5,46,47]. 

HR-STEM and EELS characterization: 

The interface of the spin injector was investigated by HR-STEM combined with spatially-

resolved electron energy loss spectroscopy (EELS). These characterizations were performed by using 

a probe-corrected microscope JEOL ARM200F equipped with a GATAN GIF quantum energy filter 

to reveal the structure and element distribution. The microscope was operated at 200 kV. EELS 
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spectrum images were recorded with a probe current of about 50 pA. Two EELS spectrum images 

were simultaneously recorded: one for the low-loss part containing the zero-loss, the other for the 

core loss, which allows advanced data post processing. Thin lamellas were prepared by focused ion 

beam (FIB) milling using an FEI Helios Nanolab 600i dual beam. 

Electroluminescence characterization of standard and SOT spin-LED 

For the EL measurements, the EL signal is detected in a Faraday geometry and analyzed by a 

spectrometer (iHR 320) equipped with a 300 grooves/mm grating and detected by a Si-based CCD 

camera. The Pc of EL is analyzed through a λ/4 wave plate and a linear polarizer. 

Time-resolved photoluminescence (TRPL) measurements 

Short laser pulses from a mode-locked Ti:sapphire laser with 2 ps pulse width were used for the 

non-resonant circularly polarized excitation at a center wavelength of 810 nm (1.531 eV). The PL 

signal was analyzed with a temporal (spectral) resolution of 2.7 ps (5 nm) using a streak camera 

(Hamamatsu C5680, S-1 cathode) in combination with a spectrometer (Bruker Chromex 250IS). To 

analyze Pc, the PL signal was detected through a quarter-wave retarder (QWR) and a linear polarizer 

(LP), a setup known as Stokes polarimeter. Two measurements with an angle of 45° and 135° degree 

between the axes of LP and QWR were taken subsequently, yielding the intensities I045 and I135 

corresponding to the σ+ and σ- components, respectively. See details for TRPL measurement and the 

extraction of carrier lifetime τ and spin lifetime τs in SI Note 12. 
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Main figures 

Fig. 1 | Structure of SOT spin-LED. a, Schematic of the magnetization switching in the injector 

Hall-bar structure by spin-Hall effect. To monitor M switching, the anomalous Hall resistance RAHE 

is measured by probing the Hall voltage (VAHE) between contacts 3 and 4 in the direction transverse 

to I (injected between contacts 1 and 2). b, Top view of optical microscopy image of SOT spin-LED 

device. A pulsed current, Ipulse, is injected in the spin injector channel (between electrodes 1 and 2) to 

switch the magnetization, while a vertical bias Vbias is applied to pump the LED (between electrodes 

4 and 5). c, Schematic side view of spin-LED structure with a InAs QD active layer. The spin injector 

consists of 2.5nm MgO/1.2nm CoFeB/3nm Ta/3nm Cr. d, Enlarged HR-STEM bright field (BF) 

image showing the injector multilayer structure. 
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Fig. 2 | SOT switching injector magnetization. a, RAHE of the spin injector on top of a LED structure 

as a function of the out-of-plan magnetic field at different temperatures. b, RAHE of the spin injector 

as a function of pulse current at different temperatures with a small in-plane field of -10mT for 

switching. c, RAHE of the spin injector as a function of pulse current injected in the injector channel 

with zero in-plane field for switching at 300K. d, RT MOKE images of the injector Hall bar channel 

after applying one single pulse of -55mA (duration of 1ms) with Hx=-15mT. e, RT MOKE images of 

the injector Hall bar channel after applying different number of pulse of +45mA (tpulse=1 ms) with 

Hx=+15mT. 
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Fig. 3 | Electrical control of circular polarization of SOT spin-LED. a,b EL spectra of SOT spin-

LED measured at 300K with bias of 1.9V under zero out-of-plane field after one single pulse of 

magnetization switching. a, Switching with Hx=+10mT and ±30mA; b, Switching with zero in-plane 

field and ±30mA. c, Repetition measurement of Pc at 300K under zero out-of-plane field with 60 

cycles of magnetization switching. In each cycle, magnetization is switched by one pulse of current 

of positive and negative 25mA with Hx=+10mT. d, Comparison of Pc and RAHE loops as a function 

of Ipulse. 
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