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 15 

Abstract An exclusive advantage of semiconductor spintronics is its potential for opto-16 

spintronics that will allow integration of spin-based information processing/storage with 17 

photon-based information transfer/communications. Unfortunately, progresses have so far 18 

been severely hampered by the failure to generate nearly fully spin-polarized charge carriers 19 

in semiconductors at room temperature. Here, we demonstrate successful generation of 20 

conduction electron spin polarization exceeding 90% at room temperature without a magnetic 21 

field in a non-magnetic all-semiconductor nanostructure, which remains high even up to 22 

110°C. This is accomplished by remote spin filtering of InAs quantum-dot electrons via an 23 

adjacent tunneling-coupled GaNAs spin filter. We further show that the quantum-dot electron 24 

spin can be remotely manipulated by spin control in the adjacent spin filter, paving the way 25 

for remote spin encoding and writing of quantum memory as well as for remote spin control 26 

of spin-photon interfaces. This work demonstrates the feasibility to implement opto-spintronic 27 

functionality in common semiconductor nanostructures.   28 
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Spintronics aims to explore the spin degree of freedom of the electron for information 29 

storage, processing and transfer 1-6. Since 1990s, we have witnessed great success of metal-30 

based spintronics that has revolutionized the mass data storage industry 5,6. Recently, 31 

demonstration of ultralong spin transport and giant magneto-tunneling resistance in graphene, 32 

a well-known Van der Waals semimetal, has attracted intensive attention 7-9. There has also 33 

been an enormous push for semiconductor spintronics during the past two decades 1-4, with 34 

the aim to capitalize the past and current success of charge-based semiconductor technology 35 

and to make its spin counterpart the backbone of future spintronics, just like semiconductors 36 

have done in today’s electronics/photonics. An exclusive advantage of semiconductor 37 

spintronics is its potential to interface with photonic devices that allows exchange of spin 38 

quantum information via photons, leading to opto-spintronic devices serving as spin-photon 39 

interfaces essential for inter-connects and data communications among and between classical 40 

and quantum information nodes and systems10-12.   41 

As conventional semiconductors are generally non-magnetic, a prerequisite for the 42 

success of semiconductor spintronics and opto-spintronics is to generate nearly fully spin-43 

polarized carriers in semiconductors at and above room temperature (RT) at which today’s 44 

devices operate; the required maximum operating temperature is 70°C for commercial 45 

applications, 85°C for industrial applications, and 125°C for automotive and military 46 

applications 13. As illustrated in Fig.1, numerous approaches have been attempted including 47 

spin injection into semiconductors from e.g. diluted magnetic semiconductors 14,15, 48 

ferromagnetic metals 16-20, Heusler alloys 21,22, magnetic oxides 23,24, as well as optical spin 49 

generation in semiconductors such as quantum wells, quantum dots (QDs) 25-27 and most 50 

recently 2D transition metal dichalcogenides 28-30. Despite impressive advances, two major 51 

issues remain unresolved: low spin-generation/injection efficiency and rapid thermal 52 

quenching of generated electron spin polarization – a general trend clearly evident from Fig.1. 53 
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Up to now, these obstacles have made efficient spin generation in semiconductors at/above 54 

RT elusive, severely limiting carrier spin polarization as well as associated optical 55 

polarization to below 60% regardless of what approaches were employed (see Fig.1). 56 

Usually, steady-state electron spin polarization (𝑃𝑃𝑒𝑒 = 𝑛𝑛↑−𝑛𝑛↓
𝑛𝑛↑+𝑛𝑛↓

 ) in a semiconductor is 57 

governed by spin-relaxation time 𝜏𝜏𝑠𝑠, lifetime 𝜏𝜏 and the initial spin polarization degree 𝑃𝑃0 58 

created by spin generation/injection (see Supplementary Note),  59 

𝑃𝑃𝑒𝑒 = 𝑃𝑃0
1+𝜏𝜏/𝜏𝜏𝑠𝑠

< 𝑃𝑃0. (1) 60 

Here 𝑛𝑛↑ (𝑛𝑛↓) denotes the density of the spin-up (spin-down) electrons. 𝑃𝑃𝑒𝑒 could be 61 

significantly lowered than 𝑃𝑃0 by spin relaxation after spin generation, because 𝜏𝜏𝑠𝑠 is commonly 62 

much shorter than or at least comparable with 𝜏𝜏. In any case, 𝑃𝑃𝑒𝑒 is fundamentally limited by 63 

𝑃𝑃0.  64 

To overcome this limit, an approach of defect-enabled spin filtering in a 65 

semiconductor, such as GaNAs, has recently been proposed and explored 31-34. In this 66 

approach, a paramagnetic defect is introduced where its unpaired electron spin can be 67 

dynamically polarized via a spin-dependent recombination (SDR) process towards a direction 68 

defined by the helicity of circularly polarized excitation light under the optical spin 69 

orientation condition 35. Such spin-polarized defect will only capture a conduction band (CB) 70 

electron with an opposite spin due to the Pauli blockade 32, thereby acting as a spin filter, as 71 

illustrated in Fig.2a (also Supplementary Note). As a result, the lifetimes of the majority-spin 72 

and minority-spin are no longer equal, with the former becoming longer than the latter. 𝑃𝑃𝑒𝑒 73 

now takes the modified form (see Supplementary Note) 74 

𝑃𝑃𝑒𝑒 = (1+𝑃𝑃0)𝜏𝜏↑/𝜏𝜏↓−(1−𝑃𝑃0)
(1+𝑃𝑃0)𝜏𝜏↑/𝜏𝜏↓+(1−𝑃𝑃0)+2𝜏𝜏↑/𝜏𝜏𝑠𝑠

 . (2) 75 

Here, 𝜏𝜏↑ (𝜏𝜏↓) denotes the lifetime of the spin-up (spin-down) CB electrons. Besides the 76 

dependence on 𝜏𝜏𝑠𝑠, 𝑃𝑃𝑒𝑒 also critically depends on the ratio 𝜏𝜏↓/𝜏𝜏↑, as simulated in Fig.2c taking 77 
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spin-down as the majority-spin. Even with a modest increase of 𝜏𝜏↓/𝜏𝜏↑ from 1, |𝑃𝑃𝑒𝑒| can easily 78 

become greater than |𝑃𝑃0| – an effect equivalent to spin gain. This relaxes the otherwise strict 79 

requirement on spin relaxation as long as 𝜏𝜏𝑠𝑠 > 𝜏𝜏↑, such that electrons undergoing spin flips 80 

from the majority to the minority spin will immediately be captured by the defect and 81 

annihilated with valence band (VB) holes. Thanks to thermally accelerated carrier capture and 82 

recombination via defects in semiconductors, rather high RT 𝑃𝑃𝑒𝑒 has been reported in GaNAs 83 

thin films, quantum wells and nanodisks31,32,34. However, the confirmed maximum 𝑃𝑃𝑒𝑒 remains 84 

restricted so far to below 60% 34. The main problems stem from the fact that the active region 85 

of a device, i.e. GaNAs, is also the spin-filtering region itself. High defect concentrations and 86 

strong, randomly oriented CB potential fluctuations, both are inherent to this highly 87 

mismatched alloy, lead to severe spin relaxation that strongly competes with spin filtering. 88 

The occupation of both heavy-hole (hh) and light-hole (lh) VB states at RT due to a small hh-89 

lh splitting, which give rise to opposite optical polarization when they recombine with spin-90 

polarized CB electrons, also prevents GaNAs from applications in spin light-emitting devices 91 

and a spin-photon interface, where a pure photon state and its one-to-one correlation with 92 

electron spin are crucial. 93 

 94 

Principle of defect-enabled remote spin filtering 95 

To significantly boost electron spin polarization and spin-photon conversion 96 

efficiency for opto-spintronic applications, we propose here a new approach of defect-enabled 97 

remote spin filtering, in which the active region (e.g. QDs) is spatially separated from the spin 98 

filter (i.e. GaNAs) as illustrated in Fig.2b. The remote spin filtering is expected to be vastly 99 

superior over the standard spin filtering in a number of key aspects. First, it will reduce the 100 

risk of potential side effects induced by defects that could harm device applications by e.g. 101 

accelerating CB spin relaxation and lowering quantum efficiency or carrier mobility. More 102 
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importantly, it will allow 2-step spin filtering when the electron ground state (e0) of the QDs 103 

is carefully tuned between the occupation levels of the majority and minority spins in GaNAs 104 

as illustrated in Fig.2b in a simplified picture. In the 1st-step, CB electron spins are filtered in 105 

GaNAs just like the standard single-step spin filtering. In the 2nd-step, the majority spins in 106 

GaNAs will be more favored to inject to QDs than the minority spins due to a higher quasi-107 

Fermi level. Meanwhile, the minority spins are favored for back transfer from QDs to GaNAs 108 

where they will be further filtered out, leading to 𝜏𝜏↑
𝑄𝑄𝑄𝑄 < 𝜏𝜏↓

𝑄𝑄𝑄𝑄 that drives the 2nd-step spin 109 

filtering. These favorable conditions provide the foundation for an even higher 𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄 after the 110 

2nd-step spin filtering (see Fig.2c,d).  111 

 112 

Nanostructure design for remote spin filtering 113 

To experimentally examine the feasibility of the proposed remote spin filtering, we 114 

have employed a semiconductor nanostructure (referred to as QD/GaNAs) consisting of InAs 115 

QDs that are tunneling coupled to a GaNAs spin-filtering layer through a thin GaAs barrier 116 

(Supplementary Fig.S1). N compositions of GaNAs over the range of 1-2.6% were selected, 117 

which is theoretically predicted to align the GaNAs CB edge in the vicinity of the QD e0 level 118 

for resonant electron tunneling between them (see Supplementary Note). For a direct 119 

comparison, a reference QD structure (ref-QD) and reference GaNAs layers (denoted as ref-120 

GaNAs) are also studied. A detailed description of the studied nanostructures and their 121 

structural characterization is given in Methods and Supplementary Figs.S1-S3.  122 

Here we have chosen QDs as the active region of such an opto-spintronic 123 

nanostructure because they have long been recognized as being among the most promising 124 

candidate structures for spintronics due to their suppressed carrier spin relaxation/decoherence 125 

36. QDs are also known for their superior optical properties highly desirable for single photon 126 

sources 37, efficient light-emitting devices 38, etc. Moreover, a pure photon state and the one-127 
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to-one correlation between 𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄 and circularly polarized optical polarization 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜

𝑄𝑄𝑄𝑄, 𝑖𝑖. 𝑒𝑒.𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄 =128 

−𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑄𝑄𝑄𝑄, can be fulfilled in strained InAs/GaAs QDs thanks to the fact that only the hh0 state is 129 

occupied due to a large hh-lh splitting. These merits make such QDs excellent candidates for 130 

spin-photon interfaces bridging spintronics and photonics. 131 

 132 

Spin generation at and above RT via remote spin filtering 133 

To evaluate 𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄 resulting from the remote spin filtering, we have conducted 134 

polarization-resolved photoluminescence (PL) studies of the coupled QD/GaNAs structures 135 

under optical excitation with continuous-wave (cw) 𝜎𝜎+ polarized excitation above the GaNAs 136 

bandgap (see Fig.3a). The relevant optical excitation and emission processes are illustrated in 137 

Fig.3b. Governed by the optical selection rule of the band-to-band (BB) transitions in GaNAs 138 

shown in Fig.3c, the 𝜎𝜎+ excitation is expected to generate a spin imbalance among CB 139 

electrons favoring the spin-down orientation. Due to severe spin losses during the optical spin 140 

generation and the subsequent energy relaxation, however, the initial CB electron spin 141 

polarization 𝑃𝑃0𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠 is < 10% (see Supplementary Note), 39 substantially lower than the 142 

theoretical limit of 50% allowed by the selection rule. Nevertheless, it provides the impetus 143 

for dynamic spin polarization of the defects and its resulting spin filtering of CB electrons. In 144 

Fig.3d, we show PL spectra obtained at RT from the QD/GaNAs structure with [N]=1.5%, 145 

where 𝜎𝜎+/𝜎𝜎+ stands for 𝜎𝜎+-excitation/𝜎𝜎+-detection and 𝜎𝜎+/𝜎𝜎− for 𝜎𝜎+-excitation/𝜎𝜎−-146 

detection. They are composed of a low-energy PL band from the InAs QDs and a high-energy 147 

band from GaNAs. The latter consists of the BB transitions involving the hh and lh states with 148 

opposite PL polarization (𝑃𝑃𝑃𝑃𝑃𝑃), see Fig.3b,c, split under the in-plane tensile strain leaving the 149 

lh emission at the lower energy. The PL and 𝑃𝑃𝑃𝑃𝑃𝑃 spectra from the GaNAs BB emission of the 150 

QD/GaNAs structure are nearly identical to that from the ref-GaNAs sample (Fig.3e), 151 

indicating similar spin filtering in GaNAs. The QDs in QD/GaNAs, on the other hand, exhibit 152 
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remarkably higher 𝑃𝑃𝑃𝑃𝑃𝑃
𝑄𝑄𝑄𝑄 of 90% at RT (i.e. -90% 𝑃𝑃𝑒𝑒

𝑄𝑄𝑄𝑄) than only 2% 𝑃𝑃𝑃𝑃𝑃𝑃 (thus -2% 𝑃𝑃𝑒𝑒) from 153 

ref-QD shown in Fig.3f, i.e. by a factor of 45, demonstrating an extremely high efficiency of 154 

the remote spin filtering. Such high �𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄� is shown to be robust against rising temperature up 155 

to 110°C (383 K) as seen in Supplementary Fig.S5. The observed increase of �𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄� from 100 156 

K to RT, see Fig.1, demonstrates that the remote spin filtering is thermally activated owing to 157 

thermally accelerated capture of carriers by the spin-filtering defects – a common property for 158 

deep-level defects in semiconductors. 159 

 160 

Evidence for remote spin filtering 161 

As described above, a fingerprint of the spin filtering is a longer lifetime of the 162 

majority spin than the minority spin, i.e. 𝜏𝜏↓
𝑄𝑄𝑄𝑄 > 𝜏𝜏↑

𝑄𝑄𝑄𝑄 under 𝜎𝜎+ excitation. To verify that the 163 

observed high �𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄� is indeed induced by the remote spin filtering, we performed time-164 

resolved PL (tr-PL) studies of optical spin generation dynamics under pulsed 𝜎𝜎+ excitation. In 165 

the absence of the remote spin filtering when 𝜏𝜏↑
𝑄𝑄𝑄𝑄 = 𝜏𝜏↓

𝑄𝑄𝑄𝑄 = 𝜏𝜏𝑄𝑄𝑄𝑄, the total decay time of the 166 

majority spin should always be shorter than the minority spin as the former additionally 167 

suffers spin flips to the latter. This is consistent with the initial shorter decay time of the 𝜎𝜎+-168 

polarized PL than the 𝜎𝜎−-polarized PL, i.e. 𝜏𝜏
𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎+)
𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎−)

< 1, and the resulting 𝑃𝑃𝑃𝑃𝑃𝑃
𝑄𝑄𝑄𝑄 decrease 169 

observed in ref-QD over the time window of spin relaxation, marked by the grey area in 170 

Fig.4a. The deduced 𝜏𝜏𝑠𝑠
𝑄𝑄𝑄𝑄=80 ps is typical for strained InAs QDs 40. After spin relaxation is 171 

completed, both PL components approach towards an identical decay time 𝜏𝜏𝑄𝑄𝑄𝑄 = 0.9 ns, 172 

typical for radiative recombination in III-V QDs 40. The large ratio of 𝜏𝜏𝑄𝑄𝑄𝑄/𝜏𝜏𝑠𝑠
𝑄𝑄𝑄𝑄 = 11.25 173 

explains the weak �𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄� of only 2% obtained in ref-QD under the cw excitation (Fig.3f), as 174 

𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄 ≈ 0.08𝑃𝑃0

𝑄𝑄𝑄𝑄 following equation (1). In sharp contrast, the initial decay of the majority-175 



8 
 

spin PL is slower than the minority-spin PL in QD/GaNAs, yielding  𝜏𝜏
𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎+)
𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎−)

> 1 over the 176 

time period when 𝑃𝑃𝑃𝑃𝑃𝑃
𝑄𝑄𝑄𝑄 drastically rises (see the grey area in Fig.4a). This is possible only if 177 

𝜏𝜏↓
𝑄𝑄𝑄𝑄 is much longer than 𝜏𝜏↑

𝑄𝑄𝑄𝑄 to a degree that can even overcompensate spin relaxation. This 178 

provides direct and unambiguous evidence for the remote spin filtering as being the physical 179 

mechanism for the remarkably high �𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄� of 90% observed at RT in the QD/GaNAs 180 

structure.  181 

Another hallmark of the defect-enabled spin filtering is that the PL intensity with spin 182 

filtering should be higher than that without spin filtering thanks to spin blockade of defect-183 

mediated recombination losses of the majority-spin electrons in the former. In other words, 184 

the ratio between the total PL intensities under circularly (𝜎𝜎+ or 𝜎𝜎−) and linearly (𝜎𝜎𝑥𝑥) 185 

polarized optical excitation – the so-called SDR ratio, 𝐼𝐼𝑃𝑃𝑃𝑃(𝜎𝜎± 𝑒𝑒𝑥𝑥𝑒𝑒.)
𝐼𝐼𝑃𝑃𝑃𝑃(𝜎𝜎𝑥𝑥 𝑒𝑒𝑥𝑥𝑒𝑒.)

, should be 1 without spin 186 

filtering but >1 with spin filtering. This effect is predicted from the rate equation analysis 187 

described in Supplementary Note and Fig.S10. Each step of spin filtering is expected to 188 

exhibit a step-wise increase of the SDR ratio above 1. Indeed, the SDR ratio was 189 

experimentally shown to be about 1.63 by monitoring the GaNAs PL and 1.87 by monitoring 190 

the QD PL, see Supplementary Fig.S10. The observed 2-step increase in the SDR ratio serves 191 

as an additional, direct proof of the 2-step remote spin filtering.  192 

Further support for the defect-enabled remote spin filtering is provided by the 193 

quenching of the SDR ratio in a transverse magnetic field by monitoring the QD PL, see 194 

Supplementary Fig.S15, due to spin precession and the resulting spin depolarization of the 195 

defect electrons in GaNAs that deactivates spin filtering. An effective spin lifetime 𝑇𝑇𝑠𝑠= 592 ps 196 

is deduced from a linewidth analysis with 𝑇𝑇𝑠𝑠 = ℏ/(𝜇𝜇𝐵𝐵𝑔𝑔𝑔𝑔1/2), where 𝑔𝑔1/2 = 9.6 𝑚𝑚𝑇𝑇 is the 197 

half-width of the Lorentzian line fitting 35. This value is consistent with the spin lifetime of 198 

the spin-filtering 𝐺𝐺𝐺𝐺𝑖𝑖2+ defects in GaNAs 33.  199 
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 200 

Effect of barrier thickness and energy-level alignment 201 

To identify an optimal design of the coupled QD/GaNAs nanostructures for spin 202 

generation, we have investigated a series of QD/GaNAs structures with different GaAs barrier 203 

thicknessed d. As shown in the lower panel of Fig.4b, the QD �𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄� increases with decreasing 204 

d, which is correlated with the shortening of the corresponding QD PL decay time, denoted by 205 

𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎𝑥𝑥/𝜎𝜎𝑥𝑥), obtained under linearly polarized excitation and detection (see Supplementary 206 

Fig.S9). The observation of a nearly exponential increase of 𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎𝑥𝑥/𝜎𝜎𝑥𝑥) with increasing d 207 

indicates quantum tunneling as the nature of electron transfer between QDs and GaNAs. The 208 

increase in �𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄� with decreasing d is also found to correlate with an increase in the ratio  209 

𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎+)
𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎−)

 (correlated with 𝜏𝜏↓
𝑄𝑄𝑄𝑄/𝜏𝜏↑

𝑄𝑄𝑄𝑄), see the upper panel of Fig.4b, which further proves the 210 

dominant role of the remote spin filtering in the achieved high �𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄�. In the case of  211 

𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎+)
𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎−)

 >1, the spin filtering dominates over spin relaxation, leading to spin gain as 212 

marked by the red area in Fig.4b. The optimal value of d for spin filtering is found to be 213 

within the range of 3-5 nm. The fact that the observed �𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄� = 90% in QD/GaNAs with d=3 214 

nm is higher than the maximum value 𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄 ≈ 75% allowed in the absence of spin filtering, 215 

according to equation (1) using 𝜏𝜏𝑄𝑄𝑄𝑄 = 26 ps (Supplementary Fig.S9) and 𝜏𝜏𝑠𝑠
𝑄𝑄𝑄𝑄=80 ps (Fig.4a), 216 

is a further proof of the remote spin filtering. 217 

To examine the effect of energy-level alignment on spin generation, we investigated a 218 

set of QD/GaNAs coupled structures with varying N concentrations between 1% and 2.6%, 219 

which shifts the GaNAs CB edge 41 and thus its alignment with the QD e0 level. The 220 

maximum �𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄� = 90% is found for [N]=1.5%, where the maximum overlap is reached 221 

between the density of state of the GaNAs and QD as described in Supplementary Note.  222 

 223 
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Remote spin control enabled by remote spin filtering 224 

Below we shall show that QD 𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄 in QD/GaNAs can be remotely manipulated at RT 225 

by controlling electron spins in GaNAs. For example, by driving spin precession of GaNAs 226 

CB electrons in an applied transverse magnetic field B, as depicted in Fig.5a, their spin 227 

orientation will alternate between spin-up and spin-down directions at a Larmor frequency 228 

𝜈𝜈 = |𝑔𝑔|𝜇𝜇𝐵𝐵𝑔𝑔/ℎ. Indeed, as shown in Fig.5b, the measured transient 𝑃𝑃𝑃𝑃𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠 oscillates at 𝜈𝜈 = 229 

2.3 GHz at B = 164 mT and 5.2 GHz at B = 380 mT. The fitting of the 𝜈𝜈~𝑔𝑔 relation yields 230 

|𝑔𝑔| ≈ 1, see Fig.5c, which agrees with the CB electron g-factor of GaN0.015As0.985 31,42. 231 

Strikingly, the same oscillations are also observed in 𝑃𝑃𝑃𝑃𝑃𝑃
𝑄𝑄𝑄𝑄 with no apparent phase delay, but at 232 

a larger amplitude. The observed cloning demonstrates the capability of very fast remote spin 233 

manipulation of QD electrons by controlling CB electrons in GaNAs. The effect of electron 234 

spin precession of the spin-filtering 𝐺𝐺𝐺𝐺𝑖𝑖2+ defects (𝑔𝑔 = 2) 32 on QD 𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄 can be revealed in 235 

Hanle measurements 7,20,43 under cw optical excitation (see Supplementary Note). Both Hanle 236 

curves obtained by detecting �𝑃𝑃𝑃𝑃𝑃𝑃
𝑄𝑄𝑄𝑄� and |𝑃𝑃𝑃𝑃𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠| at RT, shown in Fig.5d-e, can be fitted by a 237 

Lorentzian line-shape35 with an identical electron spin lifetime 𝑇𝑇𝑠𝑠 = ℏ/(𝜇𝜇𝐵𝐵𝑔𝑔𝑔𝑔1/2) =196 ps, 238 

consistent with the reported electron spin lifetime of the spin-filtering 𝐺𝐺𝐺𝐺𝑖𝑖2+ defects under an 239 

intermediate excitation density 33. This demonstrates that 𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄 and 𝑃𝑃𝑃𝑃𝑃𝑃

𝑄𝑄𝑄𝑄 can be remotely 240 

manipulated by spin control of both defect and CB electrons in GaNAs, relevant to remote 241 

spin encoding and writing of quantum memory in QDs. The above results in turn also show 242 

the potential of using the QD light emitters to remotely readout the information encoded in 243 

GaNAs CB and defect electron spins and to convert the spin-coded information to polarized 244 

photons for information transfer and communications. 245 

It is worth noting that the following two striking and extraordinary features have made 246 

the remote spin filtering approach attractive and standout. The first feature is the built-in spin 247 

gain/amplification function, which effectively removes the seemingly “impossible” 248 
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simultaneous requirements of (a) perfect spin generation/injection and (b) virtually without 249 

any subsequent spin loss imposed on other traditional methods in order to achieve near 100% 250 

𝑃𝑃𝑒𝑒. For example, 90% 𝑃𝑃𝑒𝑒 can be achieved in our work despite of the fact that the initial CB 251 

electron spin polarization 𝑃𝑃0 generated by optical orientation in GaNAs is < 10%. In contrast, 252 

spin polarization in several spin aligners as well as optical orientation in TMDC is capable of 253 

generating 𝑃𝑃0 of near 100%; yet, 𝑃𝑃𝑒𝑒 reported to date never exceeds 60% at RT.28 The second 254 

feature of our approach is the overall trend of increasing 𝑃𝑃𝑒𝑒 with increasing temperature as 255 

illustrated in Fig.1, thanks to the thermally activated and accelerated spin-filtering process, 256 

which is opposite to the detrimental trend seen in all other known methods. The combination 257 

of these two features has, for the first time, enabled us to achieve steadily high 𝑃𝑃𝑒𝑒 (around 258 

90%) at/above RT, paving the way for practical applications of future semiconductor 259 

spintronics and opto-spintronics. 260 

The principle of our proposed approach is expected to be valid also for electrical spin 261 

injection as long as injected electrons possess non-vanishing spin polarization that can trigger 262 

the defect-enabled spin filtering. We should also point out that optical spin generation is of 263 

direct relevance to device applications in future opto-spintronics and spin-photonics, such as 264 

optically pumped spin-LEDs and spin lasers, optical initiation, manipulation and readout of 265 

spin qubits, and quantum communications and computation based on spin-photon interfaces 266 

in all-optical devices and systems in general. 267 

In summary, we have proposed a novel approach of defect-enabled, two-step remote 268 

spin filtering and have demonstrated its capability to generate electron spin polarization of 269 

90% at RT in an opto-spintronic semiconductor nanostructure, which remains steadily high 270 

even up to 110°C. This represents the highest RT electron spin polarization ever reported in a 271 

semiconductor, which is a giant leap from the previously reported highest value of 60% in any 272 

semiconductor by any approach. We further show that QD electron spin can be manipulated 273 
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by spin control of both conduction and defect electrons in the adjacent spin filter, providing 274 

new opportunities for remote spin encoding and readout at RT that will utilize both 275 

conduction and defect electron spins. The fact that the demonstrated opto-spintronic 276 

functionality is implemented in a commonly used semiconductor nanostructure system (i.e. 277 

InAs/GaAs QDs) based on the mature GaAs technology can greatly facilitate the integration 278 

of spin functionalities with the existing electronic and photonic devices. It could also pave the 279 

way for a range of potential spintronic and opto-spintronic applications exploiting the state-280 

of-the-art GaAs technology platform, such as spin-LEDs, spin lasers, spin-polarized single-281 

photon sources, spin-photon interfaces, spin qubits, etc. 282 
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 412 

 413 

Fig. 1 | State-of-art spin generation in semiconductor materials. The steady-state 414 

conduction electron spin polarization 𝑃𝑃𝑒𝑒 achieved in this work in comparison with 415 

representative 𝑃𝑃𝑒𝑒 values reported in the literature in semiconductors (SC) through spin 416 

injection from dilute magnetic semiconductors (DMS), ferromagnetic metals (FMM), 417 

ferromagnetic metal/insulator (FMM/I), Heusler alloys (HA), magnetic oxides (MO) and from 418 

optical orientation in QDs and 2D transition metal dichalcogenides (TMDC) and spin filtering 419 

in GaNAs. Each dashed line shows the temperature dependence of 𝑃𝑃𝑒𝑒 for a given material 420 

system. The grey shaded area indicates the range of the measured 𝑃𝑃𝑒𝑒 and measurement 421 

temperature where earlier studies have been restricted to.  422 
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 423 

 424 

Fig. 2 | Principle of the defect-enabled remote spin filtering. a, A simplified picture of the 425 

working principle of the single-step defect-enabled spin filtering in GaNAs, and b, the 2-step 426 

remote spin filtering in a coupled QD/GaNAs nanostructure. DOS denotes the density of 427 

state. 𝑁𝑁↑ (𝑁𝑁↓) refers to the spin-up (spin-down) electron density of the spin-filtering defect. 428 

c,d, Simulations of electron spin polarization enhancement as a result of the 1st-step and 2nd-429 

step spin filtering, demonstrating the capability of sizable spin gain during each step once the 430 

ratio of the lifetimes between the majority spin and minority spin (𝜏𝜏↓/𝜏𝜏↑) becomes greater 431 

than 1. The horizontal dashed lines mark the initial spin polarization in each step. The 432 

illustration and the simulations are done by taking, as an example, spin-down as the majority 433 

spin. The same conclusion can be drawn when the majority spin is spin-up, by inter-434 

exchanging the two spin orientations and reversing the sign of the spin polarization. 435 
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 436 
 437 

Fig. 3 Generation of record-high electron spin polarization at RT via remote spin 438 

filtering. a, A schematic illustration of the experimental configuration for polarization-439 

resolved photoluminescence, employed to optically generate and detect electron spin 440 

polarization. b, Energy diagram of the coupled QD/GaNAs structure and the relevant optical 441 

transitions. c, Optical selection rules of the BB transitions in GaNAs and QDs. d-f, PL and 442 

𝑃𝑃𝑃𝑃𝑃𝑃 spectra measured at RT under 𝜎𝜎+ excitation from the QD/GaNAs structure (d), the ref-443 

GaNAs sample (e), and the ref-QD sample (f). The excitation wavelength was 920 nm for the 444 

QD/GaNAs structure and the ref-GaNAs sample, and 850 nm for the ref-QD sample.  445 

  446 
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 447 
 448 
 449 
Fig. 4 | RT QD spin dynamics and effect of tunneling barrier thickness. a, Decay curves 450 

of the QD PL and 𝑃𝑃𝑃𝑃𝑃𝑃 from the ref-QD and QD/GaNAs structure with d=3 nm, obtained by 451 

monitoring the 𝜎𝜎+ and 𝜎𝜎− PL components (denoted by 𝜎𝜎+/𝜎𝜎+ and 𝜎𝜎+/𝜎𝜎−, respectively) under 452 

𝜎𝜎+ excitation at 900 nm. The dashed lines mark the effective PL decay times of the 𝜎𝜎+ and 453 

𝜎𝜎− PL components in the QD/GaNAs structure, i.e. 𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎+) and 𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎−), which is 454 

affected by the remote spin filtering. The grey area represents the time window where the 455 

values of 𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎+)/𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎−) shown in b were obtained. b, 𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎+)/𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎+/𝜎𝜎−), 456 

𝑃𝑃𝑃𝑃𝑃𝑃
𝑄𝑄𝑄𝑄 (=-𝑃𝑃𝑒𝑒

𝑄𝑄𝑄𝑄) and effective PL decay time 𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎𝑥𝑥/𝜎𝜎𝑥𝑥) as a function of the tunneling barrier 457 

thickness d. The 𝑃𝑃𝑃𝑃𝑃𝑃
𝑄𝑄𝑄𝑄 (=-𝑃𝑃𝑒𝑒

𝑄𝑄𝑄𝑄) data were obtained from the cw PL experiments. 𝜏𝜏𝑄𝑄𝑄𝑄(𝜎𝜎𝑥𝑥/𝜎𝜎𝑥𝑥) 458 

denotes the PL decay time measured under linearly polarized excitation and detection. The 459 

data points at d→∞ are taken from the ref-QD sample. The red (blue) shade indicates the 460 

region where spin filtering (spin relaxation) dominates. The data from the QD/GaNAs 461 

structure were taken from the sample with N composition of 1.5%. All data were obtained at 462 

RT. 463 

  464 
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 465 
 466 
 467 
Fig. 5 | RT remote spin manipulation of QD electrons by the spin precession of CB and 468 

defect electrons in GaNAs. a, Schematic illustration of the measurement configuration of 469 

𝑃𝑃𝑒𝑒
𝑄𝑄𝑄𝑄 (= −𝑃𝑃𝑃𝑃𝑃𝑃

𝑄𝑄𝑄𝑄) in a transverse magnetic field B. b, Transient 𝑃𝑃𝑃𝑃𝑃𝑃 by detecting QD and 470 

GaNAs emission from the GaNAs/QD structure under the influence of Larmor precession of 471 

the CB electrons in GaNAs at B = 164 mT and 380 mT, under pulsed 𝜎𝜎+ excitation at 850 472 

nm. The symbols are experimental data, whereas the solid and dashed lines are the fitting 473 

curves. The corresponding oscillations of the spin orientations of the QD and GaNAs 474 

electrons are also indicated. c, Larmor precession frequencies at the two magnetic fields based 475 

on the data in b, together with the fitting curve with the specified g-value. The error bar is 476 

obtained from the fitting error using least-squares method. d, The Hanle curve obtained by 477 

detecting 𝑃𝑃𝑃𝑃𝑃𝑃
𝑄𝑄𝑄𝑄

 within the spectral window of 1150-1180 nm. e, Hanle curve obtained by 478 

detecting 𝑃𝑃𝑃𝑃𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠 within the spectral window of 1000-1020 nm. The error bars in d and e are 479 

estimated from the statistical counting within each spectral window, which contains a sample 480 

number of 150 (d) and 100 (e). In d and e, cw 𝜎𝜎+ excitation at 800 nm (above the GaAs 481 

bandgap) was employed. The fitting of both Hanle curves yields a half width 𝑔𝑔1/2 = 29 𝑚𝑚𝑇𝑇. 482 

The experimental values and the corresponding error bars are estimated from the mean value 483 

and standard deviation. 484 

  485 
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Methods 486 

Molecular beam epitaxy (MBE) fabrication. The studied sample structures, schematically 487 

depicted in Fig.S1, were fabricated using a Veeco GEN20 MBE system on GaAs(100) 488 

substrates. The system is equipped with SUMO-type effusion cells for the deposition of Al, 489 

Ga and In, a valved cracker for As, and a radio-frequency Veeco UNI-Bulb plasma source for 490 

N. For the epitaxy of the planar layers we used a growth rate of 0.5 µm/h, while the InAs QDs 491 

were deposited at a rate of 0.05 µm/h. The growth rates were calibrated prior to the 492 

fabrication of the samples. The N fluxes were calibrated using the incorporation model 493 

described in Ref.44.  494 

The epitaxial process started with thermal removal of the substrate oxides and 495 

deposition of a GaAs buffer at a substrate temperature of 580 °C. The GaNAs spin-filter 496 

layers were grown at a temperature of 400 °C. Then the QDs were formed using self-497 

organized Stranski-Krastanov growth mode by depositing 2.2 monolayer (ML) of InAs, and 498 

were capped with GaAs. The layered structure consisting of 20 nm GaNAs layer, GaAs 499 

tunneling barrier, 2.2 ML InAs QDs, and 50 nm GaAs layer capping the dots was repeated 500 

three times. We used four GaAs tunneling barrier thicknesses of 3, 5, 9 and 15 nm. The 501 

structure was terminated with an additional 2.2 ML InAs QD layer used for assessing the 502 

density and the uniformity of the dotes. The structures were similar except for the N 503 

composition in the spin-filter layer, which was varied. We used four N compositions of 1.0%, 504 

1.5%, 2.0%, or 2.6%, leading to different alignments between the CB edge of the GaNAs 505 

layers and the QDs. In addition, the lh-hh VB splitting increases with increasing N 506 

composition; the splitting is estimated to be 19 meV, 26 meV and 35 meV for the N 507 

compositions of 1.5%, 2.0%, or 2.6%, respectively 45.   508 

 509 

Structural characterization by high-resolution x-ray diffraction and atomic force 510 



24 
 

microscopy. After the epitaxy, the crystallography of the structures was probed using high-511 

resolution x-ray diffraction (XRD). Thus, we measured the (004) reflections using a Philips 512 

X'Pert Pro triple-axis XRD equipment and fitted the experimental data to a model using 513 

BEDE RADS software. As shown in Fig.S2, there is an excellent agreement between the 514 

XRD measurement ω-2θ data and the model fits for all the structures analyzed.  515 

Atomic force microscopy (AFM) analysis revealed a QD density in the range of 516 

4.5×1010/cm2 to 6×1010/cm2, with good size uniformity from sample to sample. Fig.S3 shows 517 

exemplary AFM images for the ref-QD sample and the QD/GaNAs sample with 1.5% N 518 

content, demonstrating similarity in QD density.   519 

 520 

Continuous-wave polarization-resolved optical and magneto-optical techniques. Optical 521 

excitation was provided by a wavelength tunable Ti:Sapphire laser focused to a spot size of 522 

∼2.2 µm in diameter by using a microscope objective lens or ∼0.05 mm by using a 523 

conventional lens. The excitation power was over the range of 15-600 mW under cw-laser 524 

excitation and over the range of 3-70 mW under the pulsed-laser excitation (with a pulse 525 

width of 150 fs and a repetition rate of 80 MHz). The laser line was tuned to 800-850 nm to 526 

optically generate electron spin polarization in GaAs, and 900-920 nm to generate it in 527 

GaNAs. In both cases, the excitation laser induced the band-to-band transitions involving both 528 

hh and lh VB states. The theoretical maximum electron spin polarization generated in GaAs 529 

or GaNAs was therefore 50%, limited by the selection rules of the optical transitions. The PL 530 

emission was detected by an InGaAs CCD camera or a cooled Ge detector through a 531 

monochromator. For optical spin orientation experiments, a set of a linear polarizer and a 532 

quarter-wave plate were inserted into the excitation (detection) beam paths to create (detect) 533 

𝜎𝜎+ or 𝜎𝜎− polarized excitation (emission). In PL measurements at low temperatures, the 534 

samples were kept in a liquid-helium cooled cryostat. The measurements above room 535 



25 
 

temperature were performed by placing the sample on a temperature controlled hot plate. The 536 

magneto-optical measurements were carried out with a calibrated electromagnet.  537 

When the highest degree of electron spin polarization under the cw-laser excitation 538 

was obtained, the excitation power density was around 2.76 𝑚𝑚𝑚𝑚µ𝑚𝑚−2 that could 539 

theoretically lead to a steady-state density of around 𝑛𝑛 = 7.1 × 1017𝑐𝑐𝑚𝑚−3 for photo-540 

generated CB electrons in GaNAs. The actual density is expected to be lower if the loss due to 541 

reflection and scattering of the excitation light is considered. From the rate equation analysis 542 

of the excitation-power dependence of the GaNAs PL polarization and SDR ratio, as shown in 543 

Supplementary Figure S12, 𝑛𝑛 = 3.3 × 1016𝑐𝑐𝑚𝑚−3 was deduced. 544 

 545 

Time- and polarization-resolved optical and magneto-optical techniques. The time-546 

resolved PL and PL polarization measurements were performed at RT under either circularly 547 

(𝜎𝜎+) or linearly (𝜎𝜎𝑥𝑥) polarized excitation from a mode-locked Ti:Sapphire laser. The 548 

excitation power was over the range of 3-70 mW. The laser wavelength was set at 850 nm 549 

(900 nm) to generate initial electron spin polarization in GaAs (GaNAs). The excitation laser 550 

pulses had a spectral and temporal width of 10 nm and 100 fs, respectively. The full-width-at-551 

half-maximum of the time response curve of the laser pulses was 6.7 ps. A home-made 552 

electromagnet was used to study the electron spin dynamics under spin precession in a 553 

transverse magnetic field. The strength of the magnetic field was calibrated by a standard Hall 554 

probe. 555 

 556 

Data availability  557 

All data generated or analyzed during this study are included in this published article (and its 558 

supplementary information files). 559 
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