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Controlling the helicity of light by electrical
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Controlling the intensity of emitted light and charge current is the basis of transferring
and processing information'. By contrast, robust information storage and magnetic
random-access memories are implemented using the spin of the carrier and the
associated magnetization in ferromagnets® The missing link between the respective
disciplines of photonics, electronics and spintronics is to modulate the circular
polarization of the emitted light, rather thanits intensity, by electrically controlled
magnetization. Here we demonstrate that this missing link is established at room
temperature and zero applied magnetic field in light-emitting diodes*”, through the
transfer of angular momentum between photons, electrons and ferromagnets. With

spin-orbit torque

8-11

,acharge current generates also a spin current to electrically

switch the magnetization. This switching determines the spin orientation of injected
carriersinto semiconductors, in which the transfer of angular momentum from the
electron spin to photon controls the circular polarization of the emitted light®. The
spin-photon conversion with the nonvolatile control of magnetization opens paths
to seamlessly integrate information transfer, processing and storage. Our results
provide substantial advances towards electrically controlled ultrafast modulation
of circular polarization and spin injection with magnetization dynamics for the
next-generation information and communication technology', including space-
light data transfer. The same operating principle in scaled-down structures or using
two-dimensional materials will enable transformative opportunities for quantum
information processing with spin-controlled single-photon sources, as well as for
implementing spin-dependent time-resolved spectroscopies.

The rapid growth of information and communication technology
results in increasing power consumption dominated by transferring
rather than processing information®. This is demonstrated by the global
internettraffic thatincreased by 40% between February and mid-April
2020 during the COVID-19 containment™, whereas data centres alone are
predictedtorequire 8% of globally generated electrical power by 2030
(ref.15). To overcome this situation and the related von Neumann bottle-
neck’, thereisapush to develop integrated multifunctional single-chip
platforms that combine magnetic storage, optical transmission and
CMOS processing, while recognizing theimportance of energy-efficient
optical communication with enhanced bandwidth". A promising direc-
tion is to use the left/right circularly polarized light or photons with

negative/positive helicity, because their spin angular momentum can
be directly coupled to the spin of electrons, with applications from
quantum information processing'® and three-dimensional displays"
to optical sensors® and encryption®. In spintronics, this light-matter
interaction provides an effective source of spininformation and over-
comes the limitation of carrier spinimbalanceinsolids to typical lengths
(less than pm) and timescales (less than ns). Instead, from the conserva-
tion of total angular momentum, the information of spin imbalance of
carriers (spin polarization) can be transferred much farther and faster
throughthe circular polarization of the emitted light with polarization
degree®P, = (5" - 87)/(5° + §7), where S” is the right circularly polarized
photon density and 7" is the left circularly polarized photon density.
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In spin-lasers with optically injected spin-polarized carriers, ultra-
fast P, switching at above 200 GHz is about one order of magnitude
faster than the fastest intensity-modulated lasers and simultane-
ously supports an ultralow power operation'. Although this advance
is encouraging for the P.-encoded information transfer, the optically
generating spin-polarized carrierisimpractical for many applications.
The key challenge is modulating P, through electrically controlled
magnetization, which would combine electron and photon spin with
thenonvolatile properties of ferromagnets, to integrate transferring,
processing and storing information effectively?>. Theimportance of this
breakthroughis well recognized. Even without integrating magnetiza-
tion dynamics, changing electrically controlled P, in atomically thin
semiconductors, WSe,, by combining the effects of anisotropic band
structure and applied electric field in electric-double-layer transistor?
or light-emitting diode (LED)* has attracted considerable interest. In
both cases, modulating P.is not decoupled from modulating the light
intensity that limits the P.-encoded information transfer. By integrating
GaAs semiconductor-based LEDs with a pair of ferromagnets having
antiparallel magnetizations, M, P, 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 heli-
city®. Such a spin-LED is attractive because its operation is directly
coupled to the nonvolatile M. However, switching P, in this manner
is complicated because it requires alternating currents injected into
the different ferromagnets, thus removing the advantage compared
with the conventional intensity modulation. Extending this design
principle to spin-lasers®*?, which are necessary for ultrafast operation
and can be viewed as LEDs with resonant cavities adding optical gain,
possesses inherent disadvantages (Supplementary Note 1). A large
separation (several microns) from the ferromagnet to the active region
of the laser, in which the electrons and holes recombine, exceeds the
spin-diffusionlength and substantially diminishes the degree of carrier
spin polarization that determines the P,amplitude change®.

Device design

Inthis work, we use aninnovative approach to establish the missing link
between photonics, electronics and spintronics. Asingle ferromagnet
injects electron spins in an LED, whereas a commercially established
spin-orbit torque (SOT) electrically switches M, whichin turn controls
the changesin P,at roomtemperature and zero applied magnetic field.
Despite the apparent simplicity of this approach with common materi-
als,inSupplementary Note 2 we document the development obstacles
for the SOT spininjector and identify subtle material challenges to be
overcome. Figure 1a describes the principle of M switching. Passing a
steady-state or pulsed charge current, /, in the spin injector channel,
consisting of a ferromagnet-heavy metal junction, is accompanied
by a spin Hall effect (SHE) in the heavy metal with strong spin-orbit
coupling,inwhichthe electrons with opposite spins (s) are pushed in
the opposite directions perpendicular to/. The misalignment of these
spins with an out-of-plane M of the ferromagnet leads to its twisting
or SOT. The SOT-related damping-like torque, ;o < M x (M x s), gener-
ates a spin-orbit field, Hy, (ref. 29), to switch the out-of-plane Mif Iis
large enough. With a small applied constantin-plane field, H.,, M can
be deterministically switched even with alternating the direction of
landitspulsedbehaviour.Ultimately,veryshortcurrentpulses(afewps)®
would enable an ultrafast operation, whereas using textured ferro-
magnetic layers®, in-plane exchange bias® or a substrate with suitable
crystalline orientations® removes the need for any H,,.. The top view of
anintegrated SOT spin-LED deviceisshowninFig.1b. A pulsed current,
Luses isinjected in the lateral direction to switch M, whereas a vertical
bias, V,,s isapplied to emit the light, with P, determined by the direc-
tion of the injected spin. Our quantum-dot-based spin-LED in Fig. 1c
shows that the spin injector is less than 100 nm away from the active
quantum-dot regioninwhichthe electron-hole recombination leads
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to the light emission. Although LEDs are already important building
blocks for integrated photonics®, this design is also compatible with
future spin-lasers, in which the proximity of the spin injector to the
active region ensures large P, modulation. A high-resolution scan-
ning transmission electron microscopy (HR-STEM) image in Fig. 1d
shows that the spininjector includes common materials, such as tun-
nelbarrier: MgO, ferromagnet: CoFeB, and heavy metal: Ta, whichare
used for commercial spintronic applications in magnetically storing
information®. An important innovation is adding a 3-nm thick Cr in
theinjector that yields several advantages: (1) It largely reduces the
channelresistance to300 Q, which strongly increases the breakdown
currentofthe Schottky barrier to overcome the semiconductor shunt-
ing problem (Supplementary Note 2). (2) Cr produces alarge spin Hall
angle, 6. With tunnelling spin Hall spectroscopy, we have measured
alarge 0, about —0.1for Cr (ref. 35). As the sign of 6, for Cr and Ta
is the same, this could enhance the SOT for M switching. (3) Cr can
produce a large orbital current using the orbital Hall effect with an
opposite sign compared with its spin Hall angle®**”. However, through
anegative orbital-to-spin current conversion process by the inserted
3-nm thick Ta (spin-orbit correlation factor of Ta n_s < O; ref. 38), Cr
could also enhance SOT for M switching. Detailed information about
the sample preparation and materials characterizationis giveninthe
Methods.

Magnetization switching of the injector

Tostudy Mswitching, we use the anomalous Hall effect (AHE)>?, which,
for afinite out-of-plane M, leads to the spin imbalance and the result-
ing voltage in the direction transverse to / (V,,;; between the contacts
3and4inFig.1a). The corresponding AHE resistance?, Ry, - M, and its
reversal indicates the out-of-plane M switching, measured in Fig. 2a
asafunctionof out-of-planefield H,and in Fig. 2b as a function of /.
withtheduration, ¢, = 0.1s,atafixed smallin-planefield H,=-10 mT.
A constant channel current of 1 mA is applied to measure R,,; Grown
onanLED substrate, the spininjector shows arobust Mswitching, from
140 K to 300 K, with varying either H, or /.. Square-like hysteresis
loops in Fig. 2a confirm a good perpendicular magnetic anisotropy
(PMA) of the injector. From Fig. 2b at 300 K, the critical switching
current density is about 9.6 x 10° A cm™, comparable with the values
reported for MgO/CoFeB/Ta system'>*. On reversal of the in-plane H,,
the polarity of the current-induced switching loop also reverses, which
is consistent with the SOT-driven M switching (Extended Data Fig. 2).
The full Mswitching cannot be realized withoutin-planefield (H,=0 T)
(Fig.2c), whichisimportantto break the SOT symmetry for determinis-
tic perpendicular switching*. From the change of R, compared with
that measuredin Fig.2a, we can estimate that 52% of magnetic domains
have been switchedat H,=0T.

We use magneto-optic Kerr effect (MOKE) microscope images
(Fig.2d,e) tostudy the magnetic domain propagation with different £,
and /.. At room temperature, with ¢, = 0.1s, asingle /. =20 mA
is large enough to fully switch M with a small in-plane field. However,
whenreducing ¢, to1 ms (Fig. 2d), alarger /,,;,c up to 55 mAis needed
toachievesingle pulse switching. With smaller /. = 45 mA, Mis gradu-
ally switched withincreasing pulse number (Fig. 2e). With 10 pulses, M
canbe completely switched. In our system, ¢, for Mswitching is much
longer than that reported for the CoFeB/MgO/Ta system*.. This could
bebecause of the strong pinningsitesin the injector channel prevent-
ing the domain wall propagation in the creep regime*? and related to
the Ta diffusion inside CoFeB or structure defects for CoFeB/MgO on
GaAs substrate (Extended Data Fig. 1). However, this pulse duration
is not a fundamental obstacle. In a different sample with a W-based
spininjector (Supplementary Note 4), we can reduce ¢, to at least
10 ps, whereas the actual value might be even lower and is limited by
our measurement technique. With future improvements in injector
structure and channel geometry, ashorter ¢, can be expected.
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Fig.1|Structure of SOT spin-LED. a, Schematic of the magnetization switching
intheinjector Hall bar structure by the SHE. To monitor Mswitching, the
anomalous Hall resistance, R, is measured by probing the Hall voltage, V¢,
between contacts 3 and 4 inthedirectiontransverseto/(injected between
contactsland2).b, Top view of the optical microscopy image of the SOT
spin-LED device. A pulsed current, /., isinjected in the spininjector channel

Electrical control of polarization

We next compare V,;,-dependent polarization-resolved electrolumi-
nescence for standard and SOT spin-LEDs to characterize P, (H,, T, Vy,s)
(Methods). InFig.3a, both spin-LEDs validate our highly efficient spin
injector at room temperature and zero applied field. For the SOT
spin-LED, P.decreases from 30% at V,,;,,=1.7 Vto 18% at 3.1 V. Detailed
Viias-dependent polarization-resolved electroluminescence spectra
areshownin Extended Data Fig. 4. The standard spin-LED with alarge
circularinjector shows nearly constant .~ 36%,evenupto V;,,=4.5V.
This difference can be explained by an approximately 60 times smaller
injector areainthe SOT spin-LED. As the product of the metal-insula-
tor-semiconductor (MIS) junction resistance and the injector area
R- A= e% where d is MgO thickness, is constant, the smaller injector
areayields alarger junction resistance R. Therefore, the voltage drop
across the MgO barrier becomes more significant in the SOT
spin-LED because the total voltage is applied across a series resistor

Bias current for light emitting

(between electrodes1and 2) to switch the magnetization, while a vertical bias,
Vyias is applied to pump the LED (between electrodes 4 and 5). ¢, Schematic
side view of the spin-LED structure withanInAs quantum dot active layer.
Thespininjector consists of MgO(2.5 nm)/CoFeB(1.2 nm)/Ta(3 nm)/Cr(3 nm).
d, Enlarged HR-STEM bright-field image showing the injector multilayer
structure.Scalebar, 5 nm (d).

consisting of a MIS junction and a semiconductor n-i-p junction. This
resultsinahigher kinetic energy, E,, of injected electrons (Fig. 3a, inset)
than in the standard spin-LED. As the spin-flip rate is «< £} in the
Dyakonov—-Perel spin-relaxation mechanism?, P, decreases more rapidly
inthe SOT spin-LED at large V,,, (refs. 4,43).

To verify the P, control by M switching, we first used a single
Louse =30 mA with ¢, = 0.1 s and then measured P, shown in Fig. 3b
for Vs =1.9 V after M switching with positive and negative /.. Dur-
ing the SOT switching, asmall H,=+10 mT was applied, whereas P,was
measuredat H,= 0 Tand H,= 0 T. These results show that the intensities
of o+ and o- luminescence have been modulated depending on the
pulsed-current direction. As a consequence, the P, can be switched
from +31% to —-31%. As shown in Fig. 3¢, the control of P, remains pos-
sible even at zero field. A partial 52% M switching (Fig. 2c) explains
why the modulation amplitude of P, becomes smaller (around +12%).
However, as astable two-state switching canstill be fulfilledat H, =0 T,
these results are very encouraging for future practical applications.
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Fig.2|SOT switchinginjector magnetization. a, R, of the spininjectoron
top of the LED structure as a function of the out-of-plane magnetic field at
different temperatures. b, R, of the spininjector asafunction of the pulsed
current at different temperatures with asmallin-plane field of H,= -10 mT for
switching. ¢, R, of the spininjector asafunction of pulsed currentinjectedin
theinjector channel withzeroin-plane field for switching at 300 K.d, Room

Furthermore, for spin-lasers, afew per cent spin polarization of injected
carriers can already result in P, ~100% (refs. 44,45).

To verify the stability of P, for repeated switching, we consider
switching for 30 cycles. For eachcycle, /. = +25 mAand /. = 25 mA
were alternately applied at H, = +10 mT. After each M switching, the
polarization-resolved spectrawererecorded, and P, was measured. To
have a higher lightintensity withashorter acquisition time for electro-
luminescence spectra, we used a higher V,;,,=3.5V.The P.evolutionasa
function of the number of switching cycles in Fig. 3d shows very robust
switching between the two states at +15% and -19%. The deviation of P,in
eachstateislessthan1%. Several selected electroluminescence spectra
after different numbers of repetitions are shown in Extended DataFig. 6.
To further verify if there is any damage to the ferromagnet-semicon-
ductor Schottky interface because of the switching currentin the lateral
injector channel, we measured the /-V,;,, curves of spin-LED before and
after the repetition measurement. As shownin Extended DataFig. 7, the
two /-V,,, curves almost coincide, which indicates that the Schottky
barrier heightisrobust and negligibly affected by the switching current
inthe channel, thus validating the appropriate approach for P, modula-
tion. Thisisastriking difference from the previously tried spininjectors,
which have shown astrong degradation of the ferromagnet-semicon-
ductorinterface after pulse-current switching (Supplementary Note 2).
InFig.3e, we compare the switching of P with /.. and current-induced
M switching measured by R,,;;, whereas detailed electroluminescence
spectrameasured after different pulse-current switching are shownin
Extended DataFig. 8. As P.and R, show similar hysteresis loops, this
further demonstrates the connection between the P, modulation and
the Mswitching. Between /.. 0f 10 mAand 20 mA, thereis a partial M
switching, resulting in intermediate P, states. By controlling the frac-
tion of Mswitchingwith /. and ¢,,;., Wwe are able to obtain multi-state
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8 pulses

10 pulses

temperature (RT) MOKE images of the injector Hall bar channel after applying
onesingle pulse of -55 mA (¢,,s=1ms) with H,=-15mT. ¢, Room temperature
MOKE images of the injector Hall bar channel after applying different numbers
of pulses of +45 mA (t,,s =1 ms) with H, = +15 mT. Error bars are smaller than
datapointsina-c.Scalebar,10 pm(d,e).

P, which could enable a multi-level modulation coding, even for P,
modulation-based optical communications.

Outlook

Although our approach to transfer angular momentum between pho-
tons, 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
(<7 nm), our spininjector could be embedded directly in the opti-
cal cavity of a spin-laser. By placing the injector in a node of the sta-
tionary electromagnetic field beneath a dielectric-distributed Bragg
reflector top mirror and close to the semiconductor-based optical
gain region (Supplementary Note 7), the already low absorption
and small magnetic circular dichroism of the magnetic layers can be
further minimized while keeping a desirably short path for injected
spins to the gainregion. (Low optical absorption of typically 10% was
demonstrated for a 5-nm layer thickness at 1-pm transmission wave-
length*®, as well as a small magnetic circular dichroism of less than 1%
(ref.5), which can both further be reduced by an appropriate cavity
design.) As our SOT-based spin-injection concept can be operated in
a continuous-wave mode with a constant carrier density in the gain
region under M switching (Supplementary Note 8), this enables to
decouple modulating P. 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 fur-
ther enhance our implementation of SOT spin-LEDs and spin-lasers
and stimulate the investigations into the ultimate speed limitations,
perhaps reaching psscale®. By reducing the mesa diameter from Fig. 1b
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Fig.3|Polarization-resolved electroluminescence characterizationand
electrical control of circular polarization of spin-LEDs. a, Bias-dependent
circular polarizationat300 Kand H,=0 T for an SOT (black) and standard (red)
spin-LED. Inset, schematic spininjection from the Fermilevel, £, of the metal to
the GaAs conductionband by tunnelling through the MgO barrier. With the
applied bias, the electrons have akinetic energy, E;, injected into the GaAs
layer.b,c, Electroluminescence spectraof SOT spin-LED measured at 300 K,
Vyias =1.9 Vand H, = 0 T, after one single pulse of magnetization switching.

toseveral pm, our concept enables realizing disruptive devices, includ-
ing spin-controlled single-photon sources for optical quantum appli-
cations. With the spin—photon polarization conversion, this source
produces high-yield circularly polarized single photons, increasing
the probability of obtaining N indistinguishable photons by a factor
of 2V, compared with the unpolarized counterparts. This exponential
increase will accelerate the development of quantum technologies.
GHz polarizationmodulation of single photons would greatly increase
the databandwidth for quantum cryptographic communication, com-
pared withKbps-Mbps in the current quantum key distribution tech-
nology*¢. We also predict a scaled-down realization of our proposal
relying on the growing family of two-dimensional ferromagnets and
semiconductors withexcellent optical and SOT properties**3. As spin
injectionis notonly an element of spintronic devices but also asensitive
spectroscopictool to study various fundamental phenomena, such as
the pairing symmetry of unconventional superconductors, skyrmion
excitations inthe quantum Hallregime, and spin-charge separationin
non-Fermi liquids?, our progress provides interesting prospects for
spin-dependent time-resolved spectroscopies. Our scale-downed
SOT-based spin injector and mesa would enable ultrafast electrical
control of both spin injection and circular polarization of the emit-
ted light, which could be used as a time-resolved, spin-resolved and
spatially resolved probein the optically or electrically detected spec-
troscopies, all at room temperature and in the absence of an applied
magnetic field.

Allspectradatahave beensmoothed by the10-point FFT filter method.

b, Switching with H, = +10 mT and +30 mA; ¢, Switchingwith H,=0 Tand

+30 mA.d, Repetition measurement of P.at 300 Kand H,= 0 with 30 cycles of
magnetizationswitching.In each cycle, the magnetization is switched by two
I, for positive and negative 25 mA with H, =+10 mT. e, Comparison of P.and
R e loopsasafunction of /. Error bars are smaller than data pointsina-e.
a.u., arbitrary units; EL, electroluminescence.
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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
molecular beam epitaxy (MBE) containing a single layer of InAs quan-
tum dots embedded in the active region. The full structure is as fol-
lows: p+-GaAs:Zn (001) substrate (p = 3 x 10" cm™)/300 nm p-GaAs:Be
(p=2x10"%cm™)/400 nm p-Al,;Ga, ,As:Be (p = 2 x 10'8-5 x 107 cm™)/
30 nmi-GaAs with Be §-dopingin the centre/InAs quantum dot/30 nm
i-GaAs/50 nm n-GaAs:Si (n=1x10" cm™). Therole of the Be §-doping
isto form p-doped InGaAs quantum dots. This growth method allows
to precisely control the doping concentration in the quantum dots,
which is optimized to an average of one dopant per quantum dot.
The reason for the need for p-doped quantum dots is the following.
The eigenstates of neutral quantum dots are linearly polarized because
of the anisotropic electron-hole exchange interaction, resulting in
only a vanishing or weak circular polarization of the emitted light*.
By contrast, in p-doped quantum dots, the exchange interactions
between the electron and the two holes within the positively charged
exciton cancel each other®, resultingin circularly polarized eigenstates
(eveninthe absence of anexternal magnetic field), which leads to large
circular polarization of the light and long electron spin-relaxation time,
both desirable for the operation of our spin-LEDs. Supplementary
Note 3 provides more structural and chemical characterizations of
InAs quantum dots.

The LED was passivated with arsenic in an MBE chamber and trans-
ferred by air to a second inter-connected MBE-sputtering system in
which the As capping layer was desorbed at 300 °C. Next, the sample
was transferred to asputtering chamber under an ultrahigh vacuumto
growthe spininjector. The structure of the spininjectorisMgO(2.5 nm)/
Co, 4Feq4By,(1.2 nm)/Ta(3 nm). Afterwards, the sample was transferred
back to the MBE and a 3-nm thick Cr layer was deposited on the top.
Two types of spin-LEDs were processed with UV photolithography and
etching techniques. One is a standard spin-LED device with a circular
mesa and spin injector of a diameter of 500 um. The otheris aSOT
spin-LED withaspininjectorinaHallbar shape, asshowninFig. 1b. The
channel length and width are 50 pm and 20 pum, respectively. Finally,
the processed wafers were cutinto small pieces to performrapid tem-
perature 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 spininjector can be foundinrefs. 4,5,51,52.

Structural and chemical characterization of spininjectors

The interface of the spin injector was investigated by HR-STEM com-
bined with spatially resolved electron energy loss spectroscopy (EELS).
These characterizations were performed using a probe-corrected
microscope JEOL ARM20OF equipped with a GATAN GIF quantum
energy filter to reveal the structure and element distribution. The
microscope was operated at 200 kV. The EELS spectrum images were
recorded with aprobe current of about 50 pA. The two EELS spectrum
images were simultaneously recorded: one for the low-loss part con-
taining zero loss and 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.

Extended Data Fig. 1a shows a low-magnification STEM high-angle
annular dark-field (HAADF) image showing the quantum-dot-based
spin-LED structure. The quantum-dot layer appears as a light-grey
line in the middle of the micrograph. The spininjector exhibits a very
good homogeneity onthetop of the LED. Extended Data Fig.1b shows
the magnified HR-STEM bright-field image of the injector structure.
Here the contrasts are inverted as compared with the HAADF image and
the interferential contrast is visible in the crystalline parts. The MgO
layer exhibits a clear (001) texture with an abrupt interface between
the GaAs and CoFeB layers. Although the Ta/CoFeB interface appears

rather diffuse, we can still confirm the continuity of the 1.2-nm thick
CoFeB layer. After annealing at 300 °C, the CoFeB layer is crystallized.
Ontheright, the fast Fourier transform (FFT) in different layers shows
good crystallinity and epitaxial features between GaAs [110] (001)//
MgO [110] (001)//CoFe [100] (001) (ref. 51).

Extended Data Fig. 1c shows quantitative chemical maps generated
by processing the EELS spectrumimages. The clear-layered structures
of Ga, As, O, Fe and Co elements prove that no evident interdiffusion
occurs from the ferromagnet layer to the MgO and GaAs layers, thus
demonstrating that MgO acts as an efficient diffusion barrier. Moreo-
ver, the B atoms are found to strongly diffuse into the Ta layer after
annealing at 300 °C, which is important for establishing the PMA at
the MgO/CoFeB interface>*. To qualitatively identify the interfacial
diffusion, semi-quantitative profiles of the normalized content of each
elementare plotted in Extended Data Fig.1d. Each pointin the profile is
extracted by integrating the elemental signals of the EELS maps from
anareaof 0.2 nmin height (about1atomic column) and 10 nminwidth,
paralleltotheinterfaces. The chemical distribution profiles show that
B diffusesinto Tabecause of the crystallization of CoFeB from the MgO
side®. A perfect overlap of Co and Feis found, in contrast to the previ-
ous samples in which the MgO/CoFeB interface was Fe enriched®. We
also find aslight oxidation of CoFe at the MgO interface for about one
totwo planes of thickness (as a small shift between Mg and O signals).
A small diffusion of Tainto the CoFe layer and a small interdiffusion
between Ta and Cr at the Ta/Cr interface can also be detected. As for
the Cr capping layer, a part of it is oxidized. A small oxygen content
detected elsewhere in Cr and Ta comes from the surface oxidation
of the TEM lamella during the air exposure at the time of the transfer
between the FIB milling system, vacuum storage and TEM. The high
background for Ga is because of a small Gaimplantation in the TEM
lamella due to the FIB milling procedure.

Polarization-resolved electroluminescence characterization of
standard and SOT spin-LEDs
For the polarization-resolved electroluminescence measurements,
theelectroluminescence signalis detected in a Faraday geometry and
analysed by a spectrometer (Acton SP2500 Princeton Instruments)
equipped with an 80 grooves per mm grating (blazed at 870 nm) and
detected by an Si-based CCD camera (Pylon Excelon 400 BR from
Princeton Instruments). The P.of the electroluminescence is analysed
byaquarter-waveretarderandalinear polarizer. All spectradatahave
beensmoothed by 10-point FFT filter method. Asthe wavelength of the
light emitted by the spin-LED approaches the limitation of the Si-based
detector, the shape of the EL spectrais partially deformed, resultingina
change of the peak position of about 20 nm at room temperature (Sup-
plementary Note 5). However, the wavelength dependence of P, shows
only a very slight difference around the electroluminescence peak
wavelength (about 1%), for which the P, value is analysed in this work.
Extended DataFig. 3a (insets) shows the typical polarization-resolved
electroluminescence spectrameasured fromaSOT spin-LED at 300 K
and Vs =3.5Vwithacurrentdensity of 8.2 Acm2at H,= 0 T.In these
spectra, we can observe atwo-peak feature, oneis centred atabout1 pum
corresponding mainly to the emission of the X" trion transition (one
electron and two holes forming a spin singlet) from the quantum-dot
ensemble. The other peak, located at 930 nm, corresponds to the emis-
sionfromthe InGaAs wetting layer. This peak becomes less important
inthe netspectraafter takinginto account the total response efficiency
of the spectrometer and CCD camera (Supplementary Note 5). The
left and right insets correspond to the measurements in which the
sample Mis first saturated with a positive and negative 15 mT field,
respectively.Inboth cases, we measured alarge differencein theelec-
troluminescence intensities for the right (§°*) and left (§°) circularly
polarized components atzero field. The electroluminescence P.can be
determined to be about +15.5% and -18.5% in the left and right insets,
respectively. Although aspurious component due to magnetic circular
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dichroism could artificially increase the measured P, it is estimated to
be less than 1% for such a thin CoFeB layer (1.2 nm) (ref. 5). As shown
in Extended Data Fig. 3a, the behaviour of P, shows a clear hysteresis
loop as a function of an applied magnetic field, which matches well
the hysteresis loop in M, measured from an unpatterned sample by a
superconducting quantuminterference device at room temperature.
This provides strong support that the large remnant P, observed at
H,=0Tisbecause of the injection of spin-polarized charge carriers
from the ultrathin CoFeB layer with PMA. The sign change of the P is
because of the Mreversal of the spininjector. Slightly different P.ampli-
tudes for the two saturation states are probably because of a partial
non-reversible magnetic domain pinned at the CoFeB/MgO interface.

We also investigated the temperature, T, dependence of P, for the
standard spin-LED (Extended DataFig. 3b). Itisinteresting to find that
the P increases with Tand saturates for 7> 250 K. Detailed electrolumi-
nescence spectrameasured at different Tare shownin Extended Data
Fig. 5.1t is found that the intensity of the peak assigned to the InGaAs
wetting layer (shorter wavelength side) increases with 7, indicating
that a fraction of the electrons injected into the quantum dot have
escaped and recombined in the wetting layer at high T. Itis convenient
torelate P.and the spin polarization of the injected electrons, P., using
P.=F- P,, with the renormalization factor F=1/(1+17/7,) (refs. 2,54),
which describes the reduction of the injected spin polarization at the
time of carrier recombination, where rand r, are the carrier and spin
lifetimes of the electrons in the quantum dot, respectively. In [lI-V
semiconductors, the reduction of the injected spin polarization is
dominated by the DP spin-relaxation mechanism?. It is well known
that CoFeB has a high Curie temperature (>750 K) (ref. 55), leading to
the nearly constant P, for Tbetween 10 K and 300 K. Therefore, P.(T)
should reflect the change of the Ffactor inherent to the semiconductor
part rather than to the spin injector. To extract 7 and z,, we have per-
formed time-resolved photoluminescence (TRPL) measurements on
anidentical quantum-dot LED substrate (see details below). Asshown
in Extended Data Fig. 3c, both 7 and 7, decrease with 7. However, the
drop of Tis much larger than that of 7, resulting in an increase of F
from 0.2 at 100 K to 0.53 at 300 K. The evolution of F follows well the
same trend as the variation of P,, thus explaining that the increase of
P.at room temperature is mainly because of the reduction of the car-
rier lifetime in the quantum dot. With the extracted F factor of 0.53
and P, of 35% at room temperature, we can deduce the injected spin
polarization P, of about 66%, which is close to the spin polarization
of bulk CoFeB (P, = 65%) measured by point-contact Andreev reflec-
tion*®. Two opposite effects are relevant for our spin-LEDs: (1) spin
relaxation and depolarization during the transport across the GaAs
layer, before the electron-hole recombination®*, which reduces the
injected spin polarization and (2) MgO spin filtering, which enhances
theinjected spin polarization beyond what would be expected fromthe
ferromagnet for CoFeB (refs. 29,57). Therefore, the figure of merit of
spininjection (P./P,) inour spin-LED is close to 100%. The spin-filtering
mechanismin the MgO is well known. Its band structure enables elec-
trons with orbital symmetry 4, to pass through the barrier with the
smallest decay compared with electrons with other orbital symmetries
of an evanescent wavefunction inside the barrier?>** %% In this case,
MgO can effectively enhance the spin polarization for spininjection
because 4, electrons in the Fe band structure have the highest spin
polarization at the Fermilevel (half-metallic property withabout 100%
spin polarization).

The high P, measured at zero magnetic field in the quantum-dot
spin-LED atroom temperature is almost four times larger than our previ-
ously reported P, values (8%) in the QW-based spin-LED with the same
type of PMA spininjector’. The reason why our previous quantum-dot
spin-LEDs* cannot operate at room temperature is mainly because of
the lower In concentration in the quantum dots. The higher In con-
centration in this work results in a smaller bandgap and better con-
finement of electrons and holes at high T. Furthermore, owing to the

smaller T at room temperature, we can obtain a twice larger P, than
previously reported in quantum-dot-based spin-LEDs (19%) (ref. 4).
The high P, value also exceeds the highest room temperature record
(32%) reported with in-plane magnetized spin injectors® in the same
detectiongeometry (Faraday geometry, see the benchmark of spin-LED
work in Supplementary Note 6). In that case, alarge applied magnetic
field up to 5 T was required to orient M to the out-of-plane direction
(recall also a similar situation in Supplementary Fig. S1b).

Time-resolved photoluminescence and the extraction of spin
and carrier lifetimes
Short laser pulses from a mode-locked Ti:sapphire laser with a2 ps
pulse width were used for non-resonant circularly polarized excita-
tion at a centre wavelength of 810 nm (1.531 eV). The TRPL signal was
analysed with atemporal (spectral) resolution of 2.7 ps (5 nm) using a
streak camera (Hamamatsu C5680, S-1 cathode) in combination with
aspectrometer (Bruker Chromex 2501S). To analyse P., the TRPL signal
was detected through a quarter-wave retarder and a linear polarizer.
Extended Data Fig. 9a shows the TRPL intensity as a function of
photon wavelength at 100 K. Two peaks can be found, one is related
to the GaAs barrier and the other is related to the quantum-dot layer.
To extract the carrier and spin lifetimes, 7 and 7,, we focus on the
quantum-dot spectrum. As an example, we show in the Extended
Data Fig. 9b TRPL intensity evolution for the 7 and $”” components
measured at 300 K. 7 can be extracted from the exponential fit of the
photoluminescence curve ($° + 5°°) tobe about 37.8 ps (Extended Data
Fig. 9¢). To extract 7, we have studied the P, dynamics, recalling that
P.=(87"-587)/(8" + §7). Extended Data Fig. 9d shows P, as a function
of time. The decay time of P, that corresponds to 7, can be extracted
from the exponential fit to be 43.3 ps at 300 K.
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repository (https://zenodo.org/records/10666881).
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