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Abstract 5 

A nanoscopic understanding of spin-current dynamics is crucial for controlling the spin transport in 6 

materials. However, gaining access to spin-current dynamics at an atomic scale is challenging. 7 

Therefore, we developed spin-polarized scanning tunneling luminescence spectroscopy (SP-STLS) 8 

to visualize the spin relaxation strength depending on spin injection positions. Atomically resolved 9 

SP-STLS mapping of gallium arsenide demonstrated a stronger spin relaxation in gallium atomic 10 

rows. Hence, SP-STLS paves the way for visualizing spin current with single-atom precision. 11 
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The sub-nanoscale visualization of spin-current dynamics is crucial in gaining a fundamental 13 

understanding of spin transport phenomena [1,2]. Previous studies on spin-current dynamics in 14 

nanofabricated devices have revealed essential functionalities, including reading, writing, and 15 

transferring of spin information [3], many of which indicate the significant influence of local 16 

environments via spin-orbit coupling [1,3,4]. Spin-polarized scanning tunneling microscopy (SP-17 

STM) [5,6], an experimental platform for atomic-scale spin injection and detection, enables the 18 

selective investigation of local spin behavior at the sample surfaces. The positional controllability 19 

of SP-STM has prompted its use in studies on local spin dynamics in atomic-scale impurities and 20 

adsorbates [7–9]. However, SP-STM employs tunnel magnetoresistance for imaging localized spins 21 

at the sample surface; hence, it would be desirable to provide additional access to diffusive spins 22 

and direct insights into spin current at an atomic scale.  23 

Combining SP-STM with scanning tunneling luminescence spectroscopy (STLS) [10] offers a 24 

promising way to capture the diffusive spin current. Because luminescence in STLS occurs after 25 

electron injection followed by relaxation dynamics, luminescence spectroscopy facilitates the 26 

investigation of diffusive electron dynamics in materials. STLS studies have revealed various 27 

electron dynamical processes in local electronic states, such as surface states [11], molecules [12–28 

14], and low-dimensional materials [15,16]. Therefore, the development of spin-polarized STLS 29 

(SP-STLS) [17] is expected to allow the spin-resolved investigation of diffusion dynamics inside 30 

the electronic states. Despite considerable efforts to advance SP-STLS techniques [17–20], 31 

nanoscopic measurements of diffusive spin dynamics have not yet been realized. 32 

In this paper, we present a technique for visualizing the dynamical footprint of the spin current 33 

depending on the spin injection positions using atomic-scale spin injection and circular polarization-34 

resolved photon spectroscopy based on SP-STLS. The atomic-scale accessibility reveals the local 35 
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electronic states responsible for spin-current scattering, providing insights into the underlying 36 

dynamics of the spin current at the local electronic states.  37 

We performed experiments using a low-temperature scanning tunneling microscope (Scienta 38 

Omicron, LT STM) operating at 4.6 K under an ultra-high vacuum (UHV) environment. A magnetic 39 

field of ±0.2 T was applied in a direction perpendicular to the sample surface using permanent 40 

magnets. The field strength was estimated using a Hall probe gaussmeter at room temperature, with 41 

the positive direction defined as the direction from the sample to the tip. An iron (Fe) tip was 42 

prepared by electrochemically etching an Fe wire (99.5%). The samples were direct bandgap 43 

semiconductor p-type gallium arsenide (p-GaAs), which was heavily doped with zinc (Zn) (2×1019 44 

/cm3). An optical lens (f-number: 1.67, diameter: 11 mm) was installed in the vicinity of the STM 45 

stage to collect optical responses, and photons emitted from the sample were guided outside the 46 

vacuum chamber for detection. The photon detector was a cooled CCD (Princeton, Spec-10-100B-47 

eX) connected to a spectrometer (Acton, SpectraPro 2300i).  48 

The study of the spin current by SP-STLS in p-GaAs depends on the bandgap luminescence. 49 

Because spin information is transferred to photon polarization in the luminescence process (Fig. 1a), 50 

precise measurements of the energy and circular polarization of the emitted photons can reveal the 51 

energy and spin polarization of the electrons responsible for luminescence. The energy and spin 52 

polarization correspond to the information after the dynamical processes (Fig. 1a, II), providing 53 

quantitative data on the spin-current dynamics in p-GaAs. The photon energy (Eph) and circular 54 

polarization (Pph) were determined using a spectrometer, a quarter-wave plate, and a linear polarizer 55 

(Fig. 1b; see Supplemental Material for details [21]). When a ferromagnetic Fe tip was used to inject 56 

spin-polarized electrons into p-GaAs with a bias voltage (Vbias) of 1.60 V, both clockwise (σ+) and 57 

anticlockwise (σ−) circularly polarized photons were detected (Fig. 1c). The spectral shape (in this 58 
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case, the maximum Eph was 1.51 eV) originated from the bandgap luminescence of p-GaAs [11], 59 

corresponding to the optical transition from the conduction band minimum to the near Fermi level. 60 

Although it has been reported that the STM tip itself can also emit circularly polarized photons, this 61 

effect becomes negligible when electrons are mainly injected into the conduction band at a 62 

sufficiently high Vbias (i.e., > 1.6 V) [20]. Moreover, the polarity σ+>σ− (defined as Pph>0) was 63 

consistent with the selection rule for p-GaAs in the case of the spin-down injection (Fig. 1c, inset) 64 

[3,31,32] and switched upon reversing the injected-spin polarity (Fig. 1d). Thus, p-GaAs generated 65 

circularly polarized photons in response to the spin injection, allowing electron spin to be 66 

determined by measuring the photon polarization. Based on the expression Pph=(σ+−σ−)/(σ++σ−), 67 

Pph was estimated to be 15.3%. To convert Pph to electron spin polarization (Pe), the following 68 

processes were considered: the optical transition in p-GaAs (Fig. 1c, inset), refraction at the p-69 

GaAs/vacuum interface [19], and photon detection (see Supplemental Material for detailed 70 

estimates [21]). After accounting for these processes, the conversion rate Pph/|Pe| was estimated to 71 

be 0.458±0.009, with |Pe|=33.4±0.6% at the conduction band minimum. This value corresponds to 72 

the spin polarization remaining after spin-current relaxation in p-GaAs (Fig. 1a, Pe).  73 

 74 
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 75 

FIG. 1 Spin injection and photon detection by spin-polarized scanning tunneling luminescence 76 

spectroscopy (SP-STLS). (a) Experimental setup showing three key processes in SP-STLS: 77 

tunneling (Ⅰ), relaxation (ⅠⅠ), and luminescence (ⅠⅠⅠ). Fe, iron; p-GaAs, p-type gallium 78 

arsenide; Pe
0 (Pe), initial (final) spin polarization of electrons in p-GaAs; Pph, circular polarization 79 

of luminescence; Eph, photon energy; σ+ (σ−), clockwise (anticlockwise) circularly polarized light. 80 

(b) Schematic of an optical system for measuring Pph and Eph. (c) Spectroscopy of σ+ and σ− photons 81 

(setpoint: 1.60 V, 150 pA). The inset shows the optical transitions (dotted arrows) between the 82 

electronic states of p-GaAs (black bars), which is known to occur in the ratio 3:1 [3,31,32]. The 83 

numbers shown above or below each electronic state indicate their angular momentum. Vbias, bias 84 

voltage; EF, Fermi level of p-GaAs; cps, counts per second. (d) Magnetic field dependence of 85 

normalized luminescence spectra (setpoint: 1.60 V, 150 pA). 86 

 87 

Atomic-scale positional control over the site of injection provides the electronic-state selectivity of 88 
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the spin injection, allowing investigation of the spin-current relaxation at atomic-scale scatterers by 89 

monitoring the Pph response (which in this case equals −0.458Pe). An atomic-scale map of Pe 90 

contrast and STM topography at 1.60 V are shown in Fig. 2a, revealing that Pe in the Ga atomic row 91 

(Gar) is approximately 40% lower than that in the As atomic row (Asr). This implies that the electron 92 

spins injected at Gar and Asr underwent different spin dynamical processes. Note that the states of 93 

the surface band in III-V semiconductors are localized near the cationic centers on the (110) surfaces 94 

(i.e., Ga centers in GaAs(110), Fig. 2b) [11,33]. The Pe contrast therefore indicated that the spin 95 

relaxation occurred more strongly in the surface band than in the bulk band because the initial spin 96 

polarization (Pe
0) was almost identical in each band (see Supplemental Material for details [21]). 97 

SP-STLS thus enabled visualization of the differences in the spin-current relaxation between the 98 

individual electronic states via atomic-scale Pe mapping, revealing that the spin relaxation was 99 

stronger in the surface band than in the bulk band.  100 

 101 
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102 

FIG. 2 Atomic-scale SP-STLS mapping reveals spin-current relaxation. (a) Atomic-scale Pph 103 

mapping in response to the spin-down injection (top) with an STM topography and the schematic 104 

of the atomic structure [11] (bottom). The |Pe| values were estimated using Pe=−Pph/0.458 to 105 

determine the remaining spin polarization in the conduction band minimum. (setpoint: 1.6 V, 150 106 

pA). (b) Three-dimensional topography of p-GaAs with schematic spatial distributions of the 107 

densities of states for individual electronic states (blue and pink). Gar, gallium atomic row (setpoint: 108 

1.60 V, 150 pA). (c) Band structure of p-GaAs showing three valleys of bulk states (Γ, L, and Xb), 109 

one valley of a surface state (Xs), and the corresponding possible spin relaxation pathways. AB, 110 

acceptor band. (d) Tunnel conductance (dI/dVbias) spectra around the bandgap of p-GaAs. Red 111 

spectrum was spatially averaged in the surface and black spectrum was taken at Gar, in which the 112 

individual spectra were taken in different tip conditions. Arrows indicate the valley edges. Setpoints: 113 

1.60 V, 10 pA for red spectrum; 1.60 V, 150 pA for black spectrum; lock-in: 731 Hz, 20 mV for red 114 
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spectrum; 817 Hz, 10 mV for black spectrum.   115 

 116 

The origin of spin-current relaxation can be associated with the details of the band structure. At the 117 

p-GaAs(110) surface, the conduction band has three valleys (Γ, L, and Xb) originating from the bulk 118 

state and one (Xs) from the surface state (Fig. 2c) [33,34]. Tunnel conductance (dI/dVbias) 119 

measurements were performed to determine the energy levels of these valleys (Fig. 2d). The spectra 120 

showed a sharp rise at 1.51 V from the Fermi level (0 V), which corresponds to the conduction band 121 

minimum (Γ valley edge [34,35]). There were also slight kinks at 1.56 V and at approximately 1.8 122 

V in the dI/dVbias spectra corresponding to the changes in the spatial distribution of dI/dVbias (Fig. 123 

S2a [21]). The features were derived from the Xs and L valley edges, respectively, as demonstrated 124 

by a dI/dVbias simulation using the effective masses of these valleys (see Supplemental Material for 125 

details [21]). Thus, the dI/dVbias measurements at the p-GaAs(110) surface revealed that electrons 126 

were injected into the individual valleys based on Vbias. When Vbias=1.60 V (see Fig. 2a), electrons 127 

can be injected into both the Γ and Xs valleys but not into the L and Xb valleys. This implies that the 128 

atomic-scale Pe mapping measured at 1.60 V (Fig. 2a) visualized the difference in the spin relaxation 129 

strength between the Γ and Xs valleys. According to the previous first-principles calculations of the 130 

GaAs band structures, the Xs valley showed stronger spin-orbit coupling than the Γ valley owing to 131 

the contribution of p-like orbitals [33,36], which can cause faster spin relaxation [31]. The spin 132 

relaxation difference between the bulk and surface states can therefore be derived from the strength 133 

of the spin-orbit coupling in the Γ and Xs valleys, and the stronger spin-orbit coupling in the Xs 134 

valley results in a lower Pe at Gar in Fig. 2a. Thus, SP-STLS together with the dI/dVbias 135 

measurements provided experimental evidence for determining the origin of the spin-current 136 

relaxation at the local electronic state, suggesting stronger spin relaxation in the Xs valley owing to 137 
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the stronger spin-orbit coupling. 138 

Precise control of the Vbias plays a key role in the valley-selective spin injection of the SP-STLS, 139 

providing insights into the contribution of individual valleys to spin-current relaxation. Figure 3a 140 

shows the bias dependence of Pe at different tip positions along the [110] direction. For a lower 141 

Vbias, Pe at Gar exhibited a lower polarization than at Asr because of the stronger spin relaxation in 142 

the Xs valley, as also observed during the Pe mapping in Fig. 2a. Interestingly, the local difference 143 

in Pe gradually vanished at a higher Vbias due to an increase in Pe at Gar, which was clearly observed 144 

in the Pe plots averaged over Gar or Asr (Fig. 3b). This indicates that the spin relaxation in the Xs 145 

valley did not contribute to Pe at a higher Vbias. Previous experiments have reported that the tunneling 146 

probability into the Xs valley [11] decreases with an increase in Vbias, which can reduce the electron 147 

population in the Xs valley at a higher Vbias. Therefore, the contribution of the Xs valley to Pe 148 

decreases as Vbias increases, revealing that the spin-current relaxation at the surface state is negligible 149 

at a higher Vbias. When Vbias exceeded 1.8 V approximately, Pe at Asr started to decrease 150 

monotonically. This implies that the electron spins were injected into the L valley, in addition to the 151 

Γ valley, and underwent stronger spin relaxation in the L valley. Previous studies have reported that 152 

the spin relaxation is orders of magnitude faster in the L valley than in the Γ valley [35]. Considering 153 

this together with the higher tunneling probability into the L valley at a higher Vbias (see 154 

Supplemental Material for details [21]), the decrease in the Pe spectra over 1.8 V was derived from 155 

the spin relaxation in the L valley. Thus, the SP-STLS data revealed that the individual valleys 156 

affected the spin-current relaxation via tunneling, which in turn enabled bias control of the spin 157 

polarization transfer.  158 
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 159 

FIG. 3 Bias control of the spin-current relaxation. (a) Bias dependence of the Pe mapping taken along the [1160 

10] direction in response to the spin-down injection (top) with schematics of the atomic structure (bottom). 161 

Corresponding STM topography is in Fig. 2a (setpoint: 150 pA). (b) Bias dependence of Pe averaged in Gar 162 

(blue) or in the arsenic atomic row (Asr, red) (setpoint: 150 pA). 163 

 164 

An atomic-scale investigation of the spin-current relaxation was achieved by combining a precise 165 

spin injection with the spectroscopic detection of photon polarization based on SP-STLS. This study 166 

visualized the spin relaxation strength depending on the spin injection positions, revealing the 167 

atomic-scale scatterer of the spin current at the p-GaAs(110) surface. Precise adjustment of the bias 168 

voltage determined the electronic states involved in the spin-current relaxation, providing insights 169 

into the origin of spin relaxation based on the band structure. Thus, SP-STLS allows the 170 

characterization of the spin-current dynamics beyond the spatial averaging of the local scattering 171 
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phenomena, thereby presenting a platform for visualizing and controlling the spin current at an 172 

atomic scale in the future.   173 
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