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Brownian spin-locking effect
 

Xiao Zhang    1,7, Peiyang Chen1,2,7, Mei Li    1, Yuzhi Shi    3, Erez Hasman    4  , 
Bo Wang    1   & Xianfeng Chen    1,5,6 

Brownian systems are characterized by spatiotemporal disorder, which 
arises from the erratic motion of particles driven by thermal fluctuations. 
When light interacts with such systems, it typically produces unpolarized 
and uncorrelated fields. Here we report the observation of a large-scale 
spin-locking effect of light within a Brownian medium. In an observation 
direction perpendicular to the incident wave’s momentum, scattering 
naturally divides into two diffusion regions, each associated with an 
opposite spin from the Brownian nanoparticles. This effect arises from the 
intrinsic spin–orbit interactions of scattering from individual nanoparticles, 
which ubiquitously generate radiative spin fields that propagate through 
the Brownian medium with multiple incoherent scattering. It offers an 
experimental platform for exploring macroscale spin behaviour of diffused 
light, with potential applications in precision metrology for measuring 
various nanoparticle properties. Our findings may inspire the study 
of analogous phenomena for different waves from unusual spin–orbit 
interactions in complex disordered systems.

The study of coherent wave interactions with complex disordered 
structures has led to many unique wave phenomena, including Ander-
son localization1,2, super oscillation3, branched flow4 and Hall effects5. 
Spin is an intrinsic angular momentum carried by different waves. It 
plays a central role in both classical and quantum phenomena and 
has broad implications in various branches of physics. In condensed 
matter physics, spin interactions give rise to exotic states of matter, 
such as topological insulators6,7 and spin liquids8,9, while magnetic 
properties emerge due to the coupling of spin and orbital degrees 
of freedom10. In optics, spin angular momentum is associated with 
light’s circular polarization11,12. The interplay between light and matter 
gives rise to many optical spin-dependent effects, such as the Rashba 
effect13,14, spin Hall effect15, universal spin–momentum locking of 
evanescent waves16–20, and exotic spin and momentum structures in 
optical fields21–24. Many spin-dependent phenomena are described as 
a stable separation between two spin components of light, which can 
be characterized by a geometric-phase gradient ∂ΦG/∂ξ that occurs 

in a general parameter space ξ, driven by various spin–orbit inter-
actions (SOIs)25. Generally, ∂ΦG/∂ξ arises from spatially asymmetric 
light–matter interactions that are induced either by asymmetric optical 
illuminations26,27 or by engineered structures28–30. However, coherent 
waves can severely destroy SOI due to overwhelming randomness. As 
the scale of disorder increases, a delicate symmetry-breaking condition 
becomes less defined, eliminating spin–split phenomena as <∂ΦG/∂ξ> 
approaches zero31,32.

Compared with static disordered structures, a Brownian system is 
not only spatially disordered but also temporally fluctuating. Brownian 
motion exists widely in nature. It is not only a cornerstone of statistical 
physics33, but also a key component in numerous practical applica-
tions across a wide range of research fields including chemistry, biol-
ogy and even finance. In optics, the diffusion properties of Brownian 
particles give rise to an optical technique for measuring the size of 
nanoparticles, known as dynamic light scattering (DLS)34. For colloidal 
suspensions, the random movement of particles results from their 
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two aspects: one is the intrinsic SOI from nanoparticles, and the other is 
the incoherent multiple scattering among them. First, spin-symmetry 
breaking emerges in an observation direction perpendicular to the inci-
dent momentum. This is a universal effect for optical scattering that 
does not require any structural anisotropy or chirality. Specifically, it can 
emerge for isotropic spherical nanoparticles excited by linearly polarized 
plane waves. The scattered spin is generally partially aligned with the 
kinetic momentum (that is, Poynting vector). It can be characterized by 
a power-law decaying function (∝1/r2) and radiates into the far field, lead-
ing to multiple scattering. Second, the erratic movement of many nano-
particles leads to continuous density variation and incoherent multiple 

stochastic collisions with fluid molecules. Therefore, the locations 
of these Brownian particles are unpredictable, and the mean squared 
displacement of these particles is proportional to time.

Here, we report an unforeseen Brownian spin-locking effect, mani-
fested as a stable spatial distribution of spin-polarized light regardless of 
the Brownian motion of the scattered nanoparticles. This phenomenon 
arises from the spatiotemporally disordered scattering from a massive 
number of spherical nanoparticles in the colloidal suspension. Instead 
of being destroyed by strong and dynamic disorder, the spin fields are 
divided into two opposite macroscale regions with a stable and homo-
geneous spatial distribution. Its physical mechanism is composed of 
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Fig. 1 | Experimental observation of the Brownian spin-locking effect of light 
scattered from Brownian nanoparticles. a, Experimental set-up for observing 
the effect. A linearly polarized laser (639 nm) impinges on the sample at normal 
incidence. The sample is contained in a glass vial with AuNPs suspended in water. 
The observation path is set at a scattering angle perpendicular to the incident 
light. The images are captured by the camera using a single lens. Pol., linear 

polarizer; QWP, quarter-wave plate; Lens, convex lens (f = 80 mm). b, An example 
of a scanning electron microscope image of the AuNPs with <D> = 250 nm. c, 
Measured second-order autocorrelation function of the AuNPs using a DLS 
instrument. The coherence time is τc ≈ 0.7 ms. d,e, Intensity (d) and spin (e) 
distributions of light scattered from AuNPs (<D> = 250 nm). f,g, Intensity (f) and 
spin (g) distributions of light scattered from AuNPs (<D> = 400 nm).
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scattering. Thermodynamic disorder preserves the spin distribution of 
a single nanoparticle, and it notably reduces the destructive interference 
and spin fluctuations that usually occur in coherent disordered system. 
Because of this dynamic disorder, the spin field is continuously accumu-
lated through multiple Brownian nanoparticles, resulting in distinct spin 
fields homogeneously distributed on opposite sides of the laser beam. 
Notably, the experimentally observed spin split can easily reach a centi-
metre scale, which is so far the largest reported in disordered structures.

Typical experimental results
The experimental setting for observing the spin-locking effect is shown 
in Fig. 1a. The sample is placed in a glass container, which consists of 
spherical gold nanoparticles (AuNPs) suspended in water (Supplemen-
tary Section 7). The average diameter of AuNPs is <D > = 250 nm (Fig. 1b). 
To observe the scattering effect, an x-polarized plane wave laser (wave-
length 639 nm, beam width ~2 mm) impinges on the sample at a normal 
incidence angle. The observation path is positioned perpendicular to 
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Fig. 2 | The two-step scattering theory for the spin-locking effect. a, Schematic 
diagram of the observation system. b, The working principle in the xy plane. In 
the laser illumination region, the incident laser excites one of the nanoparticles, 
resulting in a radiation source Eb. Eb propagates into the diffusion region with 
direction-dependent spin and momentum, and excites another nanoparticle, 
that is, the second scattering. The imaging system then captures the polarized 
field from the incoherent summation (because of the Brownian motion) of many 

second scatterings from the kx direction. c,e, The theoretical kinetic momenta and 
spin distributions of a single AuNP with D = 250 nm (c) and D = 400 nm (e). The 
nanoparticles are excited by E0 at a wavelength of 639 nm. The radial distance from 
each point on the surface to the origin represents the magnitude of the normalized 
kinetic momentum. The blue and red colours represent the projection of the far-
field spin onto the kx direction. d,f, The calculated spatial distributions of spin from 
the incoherent scattering theory for AuNPs D = 250 nm (d) and D = 400 nm (f).
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the incident direction, and we used a simple lens system to capture the 
scattering images with the camera. A quarter-wave plate and a 
post-polarizer are used to detect the intensities of opposite spin polar-
izations. All experiments are performed at room temperature (~25 °C), 
at which we characterized the Brownian motion behaviour of the sam-
ples using a DLS method (Supplementary Section 11). As shown in Fig. 1c, 
the second-order autocorrelation function g2 indicates a strong inten-
sity fluctuation of the scattered light on timescales above τc = 0.7 ms. 
The acquisition time of our detector system is about 2 s; hence the 
observations are performed in the incoherent region. Typical examples 
of the observed intensity and spin distributions are shown in Fig. 1d 
and Fig. 1e, respectively. The scattering intensity distribution consists 
of a region that spatially overlaps with the laser beam and two diffusion 
regions on opposite sides of the beam. The upper and lower diffusion 
regions show opposite spin angular momenta, respectively. Here, the 
spin (normalized) is characterized by sx = (IR − IL)/(IR + IL) , with IR,L 
being the intensities for right- and left-handed circular polarizations. 
Despite the thermodynamic nature of the system, the observed spin 
split is very large and robust. Each spin region reaches a centimetre 
scale, and the spatial spin fluctuation in each region is very small (Fig. 3c 
and Fig. 3d, bottom right). Apparently, this unusual spin phenomenon 
is neither due to tilted optical illumination nor to the transverse spin 
of the laser35,36, because we used a normally incident plane wave as the 
excitation (Gaussian beam with a ~2-mm beam waist; Extended Data 
Fig. 1). This spin effect potentially comes from the colloid. As a simple 
verification, we performed another experiment with the same optical 
setting but using a bottle of different AuNPs with <D> = 400 nm. As 
shown in Fig. 1f,g, the sign of spin is flipped. Therefore, this indicates 
that the physical properties of the Brownian scattering system play a 
critical role in the spin-momentum locking effect. This phenomenon 
is also demonstrated for nanoparticles of different materials and con-
centration (Extended Data Fig. 2 and Supplementary Section 11).

A two-step incoherent scattering theory
To evaluate the observed phenomena from a macroscale scattering 
system, we established a theory that simplifies the complex scattering 
into a few essential steps (Fig. 2a,b). We calculated a two-step scattering 
process for a combination of any two nanoparticles: one is located in 
the illumination region (for the first scattering) and the other in the 
diffusion region (for the second scattering). The incident laser field, 
E0, excites one of the nanoparticles in the illumination region, result-
ing in Eb = M × E0. Here, M represents the Mie scattering matrix and Eb 
propagates in space following the exact solution (Methods, Extended 
Data Fig. 3 and Supplementary Section 8). As depicted in Fig. 2c, the 
far-field distributions of spin and kinetic momentum exhibit distinct 
angular features around the first scattering nanoparticle, depending on 
the radiation direction k (kx, ky, kz). The radial distance from each point 
on the surface to the origin represents the magnitude of the normal-
ized kinetic momentum, indicating that Eb radiates an electromagnetic 
field with a strongly directional momentum pattern. The surface is 
colour-mapped according to the projection of the far-field spin onto 
the kx direction, which corresponds to our experimentally observed 
sx, revealing a non-trivial spin structure in the electromagnetic field. 
The spin field propagates to the diffusion region and excites another 
nanoparticle to induce a second scattering. The polarized light in the 
diffusion regions is obtained from many incoherent second scatterings 
with varying positions of nanoparticles.

The directional properties of the kinetic momentum and the spin 
of the first scattering are crucial for observing the macroscale 
spin-locking effect. Taking Fig. 2c as an example (AuNP, D = 250 nm), 
in the kx−ky plane, the AuNP radiates spin-up (sx > 0, σ+) polarization to 
the region of ky > 0, and spin-down (sx < 0, σ−) polarization to the region 
of ky < 0. This spin symmetry breaking is a typical result of the interac-
tion between E0 and a nanoparticle, which radiates an electromagnetic 
field beyond the electric dipole approximation. In the ky−kz plane, spin 

splits along the ky direction, and two asymmetric lobes emerge (Fig. 2c, 
inset). Therefore, after performing many incoherent secondary scat-
terings, we can see opposite spin polarizations in the two diffusion 
regions (Fig. 2d), which is in good agreement with our experimental 
observation (Fig. 1e).

When the size of nanoparticle increases, the kinetic momentum 
and spin structures will both change and even become complex, due 
to the increased multipole components in Mie scattering. For an AuNP 
with D = 400 nm, we see an opposite spin pattern in the kx−ky plane, in 
comparison with that from D = 250 nm, and there are six spin lobes in 
the ky−kz plane (Fig. 2e, inset). These properties eventually result in a 
flipped spin distribution in the diffusion regions with small side lobes 
near the laser’s side, as shown in Fig. 2f. This theoretical result also 
agrees well with our experimental observation (Fig. 1g).

We emphasize that the spin structures in Fig. 2c,e originate from 
the non-diagonal components of M, indicating a universal SOI effect 
when we convert a two-dimensional-vector electromagnetic field 
into three dimensions via scattering. For extremely small particles 
in the Rayleigh limit, M is Green’s function operator. In our experi-
ments, the size of the nanoparticles is large enough to violate Rayleigh 
approximation, and multipole response inevitably occurs. The scat-
tered spin fields become longitudinal and partially aligned with the 
kinetic momentum. Thus, the spin field can propagate to the diffusion 
regions for second and multiple scattering.

The role of Brownian motion in the spin-locking effects
To clearly show the role of the Brownian motion in these effects, we 
performed additional experiments to detect the spatial distribution 
of the spin fields as a function of the camera’s acquisition time (texp). 
To do this, we utilized a polarized grating that spatially separates the 
spin-up and spin-down components, projecting them onto different 
regions of the camera for simultaneous detection (Fig. 3a). Figure 3c 
shows the experimental obtained g2 of sample A (Fe3O4, <D> = 470 nm; 
Fig. 3b, left). The coherent time, τc ≈ 2.4 ms, characterizes the Brown-
ian motion diffusive velocity of the nanoparticles. By controlling the 
acquisition time of the camera from texp = 0.43 ms to 200 ms, we cap-
tured the spin distributions in the upper and lower diffusion regions 
and analysed their average spin values <sx> and spatial fluctuations Δsx 
(Fig. 3c). For texp«τc, namely, a very short acquisition time, the colloidal 
system can be considered static, so that the interferences between 
scatterings are coherent. In this case, we observe a strong spatial 
fluctuation of the spin across each diffusion region, distributing as a 
Gaussian profile with a width Δsx ≈ 0.21. The average spin values for the 
upper and lower diffusion regions are <sx>up ≈ −0.07 and <sx>low ≈ 0.05, 
respectively. Clearly, we have Δsx ≈ 2|<sx>up − < sx>low|, and the spin is not 
‘locked’ in the diffusion regions because of the strong fluctuation Δsx. 
For texp ≈ τc, the width of spin distribution notably decreases, and we 
obtain Δsx ≈ |<sx>up − <sx>low|. This is a spin-locking criterion determined 
by the coherent time of the Brownian motion. For texp » τc, which returns 
to the dynamical limit with sufficiently long Brownian motions, we have 
Δsx « |<sx>up − <sx>low|, and two homogeneous spin distributions are 
observed in the two diffusion regions. Notably, the average values <sx> 
are stable while we change texp, and only the fluctuation Δsx is affected by 
the Brownian motion. To validate our analysis, we performed another 
group of experiments with sample B that consists of nanoparticles 
with a different material and size (SiO2, <D> = 1.69 μm, Fig. 3b, right). 
We observed similar behaviours of the Δsx and <sx> as a function of texp, 
and again, Δsx ≈ |<sx>up − <sx>low| at texp ≈ τc (Fig. 3d). In theory, we also 
show a similar evolution of Δsx and <sx> by continually changing the 
degree of coherence in the scattering system, verifying our experimen-
tal observations (Extended Data Fig. 4 and Supplementary Section 13).

Results from different incident polarizations
From Fig. 2c,e, we see that the radiation momentum and spin of the first 
scattering are associated with the incident polarization E0. Therefore, 
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Fig. 3 | Measuring the Brownian spin-locking effect with different camera 
acquisition times. a, Schematic of the optical setup. Laser wavelength: 639 nm. 
Pol., linear polarizer; Lens, focal length 80 mm; PG, polarized grating. b, SEM 
images of two samples: the Fe3O4 nanospheres with <D> = 470 nm and the SiO2 
nanospheres with <D> = 1,690 nm, respectively. c,d, The experimental results of 
samples A (c) and B (d). The measured spatial spin distribution width is plotted as 
a function of acquisition time texp (green dots). The second-order autocorrelation 

function of intensity (g2) was measured using a DLS device (orange curves). The 
images are spatial spin distributions in the upper and lower diffusion regions, 
taken at different texp. The histograms (Exp) present the experimentally measured 
spatial spin statistics from the corresponding upper and lower diffusion regions, 
and the solid curves (Fit) represent the numerical fits using a Beta distribution. 
The vertical dashed lines and the coloured labels in the spin distribution plots 
denote the averaged spin values for the upper and lower diffusion regions.
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these momentum and spin structures will rotate along with E0. To study 
this, we performed experiments with different linear polarizations char-
acterized by an incident polarization angle θ (Figs. 2a and 4a). The Stokes 
parameters (s1, s2, s3 and s0) are measured for both the incident laser and 
the scattered light to characterize the polarization states and the degree 
of polarization (DoP) (Methods). As shown in Fig. 4b, we depicted the 

average intensity distribution (s0) and the DoP of the image along the y 
direction for several different incident polarizations. The illumination 
region and diffusion region are distinguished by the drastically different 
scattering intensity and DoP. Generally, illumination region remains a 
relatively high DoP, as it is dominated by the first scattering process, 
consistent with our assumption. In particular, for the y-polarization 
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(θ = π/2), the DoP in the illumination region can even reach 0.9 (Fig. 4b, 
middle), meaning that the y-polarization is hardly affected by the ran-
dom system. In general, the DoP in the diffusion regions is much lower 
(~0.1–0.2), attributed to many incoherent secondary and multiple scat-
terings. Therefore, the experimentally observed small sx in the diffusion 
region is due not only to the elliptical polarization, but also to the depo-
larization effect. In total, we performed experiments with 19 different 
incident polarizations (from θ = 0 to π) (Fig. 4e). The measured <sx> in 
the upper and lower diffusion regions agrees well with our incoherent 
scattering theory (Fig. 4e). Example comparisons between experimental 
and theoretical spin distributions are depicted in Fig. 4c,d.

Furthermore, we investigated the ‘locking’ effect from unpolarized 
laser illumination. The unpolarized light was created by continually 
rotating the incident polarization spanning 180°, and then we meas-
ured the Stokes parameters of the scattered light. In this case, the DoP 
of the incident light is 0. However, the DoP of the scattered light remains 
0.41 in the illumination region and 0.1 in the diffusion regions, showing 
polarized scattered fields from unpolarized illumination. Moreover, 
we observed a clear spin-locking effect with smaller <sx> (Fig. 4c,d, 
rightmost panels), indicating the robustness of the spin-locking effect 
under the randomness of incident polarization.

Spin-resolved spectroscopy for nanoparticle size 
measurement
The spin-resolved optical field carries information about individual 
nanoparticles through multiple scattering, which allows us to detect 
the physical properties of Brownian nanoparticles from a paraxial opti-
cal imaging system. As a proof of concept, we developed spin-resolved 
optical spectroscopy to measure the size of the AuNPs. To do this, we 
utilized a broadband laser as the excitation source, and the camera 
was replaced by a spectrometer, which captured sx (λ) (Supplementary 
Section 12). We prepared three AuNP samples with different nominal 
<D> (typical scanning electron microscopy (SEM) images are shown in 
Fig. 5a), and we used SEM to measure their size distributions as a bench-
mark reference (Fig. 5b, histograms). The experimentally observed 
spin-spectral sx (λ) are shown in Fig. 5c, in the wavelength range between 
430 nm and 700 nm. The experimental sx (λ) is compared with different 
theoretical spectra, sx, theory (D, λ), which are calculated using the incoher-
ent scattering theory applied to many AuNPs with size D (Fig. 5d). The 
normalized correlations between sx (λ) and sx, theory (D, λ) are depicted as 
orange curves in Fig. 5b, and the stars mark the highest correlation for 
each sample. We see a good agreement between our method and the 
SEM measurements. In particular, for sample 1, the highest correlation 
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Fig. 5 | Spin-resolved spectroscopy of the Brownian spin-locking effect for 
measuring the size of AuNPs. a, Typical SEM images of three different samples, 
with their nominal <D> = 100 nm, 150 nm and 200 nm, respectively. b, The 
histograms are measured D distributions of the three samples using SEM images. 
The curves are correlation functions defined by the overlap between sx, theory (D, λ) 
and sx(λ), which is observed in the spin-resolved spectroscopy. The SEM-obtained 

highest probability regions are ~98–104 nm, ~148–154 nm and ~197–205 nm, 
respectively. The highest correlations (marked as stars) obtained from the 
spin-resolved spectroscopy are 100 nm, 135 nm and 195 nm, respectively. c, 
Experimentally observed sx(λ) from spin-resolved spectroscopy. d, Examples of 
the theoretical spin-resolved spectra calculated using D = 100 nm, D = 135 nm and 
D = 195 nm, corresponding to the highest correlations in b.
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occurs at D = 100 nm, while the value obtained from SEM is 101 nm. 
The accuracy of our spin-resolved spectroscopy is 99%. For samples 
2 and 3, the accuracy is 89% and 97%, respectively. The precision can 
be further improved by increasing the detection wavelength range, or 
using a feedback algorithm for optimization.

Discussion
In summary, we have observed a spin-locking phenomenon of light 
from a Brownian system with spatiotemporal disorder. The system 
consists of enormous dynamical nanoparticles, and the spin fields are 
generated by the first scattering from laser illumination and are probed 
by the nanoparticles in the diffusion region, resulting in macroscale 
spin distributions from many incoherent scatterings. This phenom-
enon is universal and ubiquitous, and it can occur for nanoparticles 
with different shapes, sizes or refractive indices. The measurement of 
this spin effect can be developed as a spin-resolved optical means to 
detect the size, material and other properties of nanoparticles using 
a simple paraxial optical imaging system. As Brownian motions are 
widely present, this method may find broad applications in chemistry, 
biology, micromechanics and materials science. Complex disordered 
systems offer a plethora of fascinating wave phenomena, and many 
of them are unexpected. Our study can be an inspiration for discover-
ing similar effects in other wave-based systems for both classical and 
quantum regimes. One possible direction in the future is to investigate 
dynamical spin effects using fast optical detecting approaches37,38 or, 
equivalently, by slowing down the Brownian motion via temperature 
or viscosity control. Moreover, the Brownian system can be composed 
of engineered nanostructures with customized size and shape. In this 
sense, the nanoparticles are thermally fluctuating metamolecules, and 
a Brownian system resembles a liquid metamaterial, enabling exotic 
light–matter interactions.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41563-025-02413-5.
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Methods
The theory of the Brownian spin-locking effect
To evaluate the observed phenomena in a macroscale scattering sys-
tem, we established a scattering theory that simplifies the complex 
scattering into two essential physical processes (Supplementary 
Fig. 18). The simulation parameters are set to match the experimental 
conditions, in which a laser beam with a diameter of approximately 
2 mm is incident on a 1 cm × 1 cm glass container. In the laser illumina-
tion region, 30 nanoparticles are distributed along the z axis within the 
range z ∈ [0, 1 cm], at x = 0 and y = 0. The incident laser light field, E0, 
excites one of the nanoparticles in the illumination region, resulting 
in a radiation source Eb = M ×E0. Here, M represents the Mie scattering 
matrix, and Eb propagates in space following the exact solution. In the 
diffusion region, particles are located within the spatial bounds 
x ∈ [1 mm, 5 mm], y ∈ [ 2.5 mm, 2.5 mm] and z ∈ [0 mm, 5 mm]. These 
nanoparticles in the diffusion region rd are similarly excited by Eb, 
resulting in Ed = M × Eb. We calculated the superposition of the fields 
Ed from many nanoparticles at different rb. In the case of incoherent 
scattering, we project the field Ed(r′) onto the spin-up and spin-down 
states, and obtain IR(r′) and IL(r′), respectively. The intensities are 
summed over all nanoparticles, IR,L(rd) = ∑rb

IR,L(rd − rb). The macroscale 
spin effect is then shown by calculating the spatial distribution of the 
difference between IR(rd) and IL(rd). By configuring the nanoparticle 
diameter and the polarization state of the incident light, simulation 
results can be obtained for different cases, including linearly polarized 
incidence, circularly polarized incidence and nanoparticles of varying 
materials and sizes.

Characterizing the spin-locking effect with varying acquisition 
times
To detect the real-time intensities of opposite spin polarizations, a polar-
ized grating is inserted in the set-up, as shown in Fig. 3a. This polarized 
grating (ZGS25-700-10-SP241211) works similarly to a geometric phase 
metasurface, which can split the spin-up and spin-down components of 
an image into different directions. This allows us to measure the spin of 
scattered light on a very short timescale (~0.4 ms). The samples are 
contained in a 2 mm × 1 cm glass container (Fig. 3a), consisting of spheri-
cal Fe3O4 with <D> = 470 nm or SiO2 nanospheres with <D> = 1,690 nm 
suspended in water (Fig. 3b). The camera (Basler, acA720-520uc) is 
configured to capture about 2,000 frames per second. An x-polarized 
plane wave laser (wavelength 639 nm, beam width ~2 mm) impinges on 
the samples at normal incidence. For each measurement, the camera 
continually captures images for 1 s. We select diffusion regions on the 
images and use sx = (IR − IL)/(IR + IL) to calculate the real-time (resolution 
~0.4 ms) spin distributions. As shown in Fig. 3a, by summing the recorded 
intensity frames over different time durations, the intensities of opposite 
spin polarizations with various texp can be reconstructed. The spin prob-
ability distributions in the upper and lower diffusion regions are ana-
lysed, enabling the evolution of the fluctuation width (∆sx) over time. 
The second-order autocorrelation function g2 is measured using a DLS 
method (Supplementary Section 11).

Polarization characterization
To obtain the DoP of the observed scattered light, we conduct experi-
ments to measure the Stokes parameters s0, s1, s2 and s3 under different 
linear polarization states of the incident light. The Stokes parameters 
are calculated as

s0 = (I0∘ + I90∘ + I45∘ + I135∘ + IR + IL)/3,

s1 = (I0∘ − I90∘ )/s0,

s2 = (I45∘ − I135∘ )/s0,

s3 = (IR − IL)/s0.

Here, I0°, I90°, I45° and I135° represent the intensities of the scattered 
light after passing through a linear polarizer oriented horizontally, ver-
tically, 45° and 135°, respectively, which are measured after the polar-
izer. The intensities IR and IL are measured by inserting a quarter-wave 
plate with its fast axis aligned with the z axis before the linear polarizer 
and recording the scattering intensities with the polarizer set to 135° 
and 45°. The DoP of the observed scattered light is calculated as

DoP = √s21 + s22 + s23.

The obtained intensity s0 and DoP are averaged along the z axis to 
obtain their y-dependent behaviour (Fig. 4b). The incident laser power 
is ~19 mW, and the exposure time of the camera is 600 μs. The results 
for unpolarized light are obtained by summing the intensities of these 
measurements from different polarization states.

Data availability
Source data are provided with this paper. Additional data supporting 
the conclusions of this study are available from the corresponding 
author upon request.
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Extended Data Fig. 1 | Observations for different laser beam waists and 
polarizations. (a) and (c): plane-wave illumination (Gaussian beam waist ~2 mm); 
(a) is x- and y-polarized, and (c) is left- and right-handed circularly polarized. 
(b) and (d): focused-beam illumination (focused beam waist < 0.5 mm); (b) is 
x- and y-polarized, and (d) is left- and right- handed circularly polarized. When 

the incident light is linearly polarized (along x or y), the spin distributions under 
both plane wave and focused beam illumination are very similar. Under circular 
polarizations, the spin values are stronger in the illumination region but weaker 
in the diffusion region.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Experimentally observed Brownian spin-locking effect 
for different Fe3O4 nanoparticle concentrations. Normalized light intensity 
distributions (a) and sx distributions (b) for various concentrations of Fe3O4 
nanoparticles in water. ➀ and ➁ (yellow boxes) denote the analysis regions used 
to extract the light intensity and sx values in (c) and (d). The two upper boxes 
represent regions symmetric to ➀ and ➁ with respect to the laser beam. The laser 
is incident from the right side of the images. (c) Variation of normalized light 
intensity with particle concentration. <I1 > ( < I2 > ) represents the average light 
intensity in region ➀ (➁). (d) Variation of <sx> with particle concentration. 
<sx1 > (<sx2 > ) represents the average absolute value of sx in region ➀ (➁). As the 

concentration increases, the spin effect becomes weaker, although its spatial 
distribution remains similar. While the intensity evolution in both regions (➀ and 
➁) is comparable across the concentration range, the spin distributions differ 
significantly. Specifically, when the concentration of nanoparticles is 
approximately 2.28×108 cm−3, the statistically averaged spin at region ➀, <sx1 > , 
approaches 0, while <sx2> is about 0.09. Notably, the sx distribution near region ➁ 
persists over a wide range of concentrations, indicating the robustness of the 
Brownian spin-locking effect across single and multiple scattering regimes. Data 
are presented as mean ± s.d. (technical replicates, n = 10).
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Extended Data Fig. 3 | Spin angular momentum properties of the scattering 
field for different combinations of multipoles. (a) Schematic of Mie scattering. 
The location of the analytical point (black dot) in the figure is (5√2λ, 5√2λ, 0). 
(b) Phase diagram of sρ at the black dot in (a) with respect to Mie scattering 
coefficients. sρ represents the radial component of the spin angular momentum 
density in the xy plane. Φa1 , Φb1 , Φa2 represent the phases of a1, b1, a2, 
respectively. The spin is strong if there is a ±π/2 phase difference between the two 
coupled modes, and disappears if the phase difference approaches 0 or π. (c) 
Spin angular momentum distribution of the Mie scattering field under different 

combinations of Mie coefficients. The short arrows (orange arrows) represent 
the spin angular momentum. These scattering cases are divided into three 
different types. One, for instance, the electric dipole, represents topological-
insulator-like spin textures with two orbital spin distributions perpendicular to 
the radiation cones (a1, b1, a2 = 1, 0, 0). This is a typical transverse spin. For the 
Janus dipole, the spins are parallel to the radiation cones (a1, b1, a2 = 1, i, 0), that is, 
longitudinal spin. In general, the spin from scattering is neither perpendicular 
nor parallel to the kinetic momentum.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Statistical properties of the Brownian spin-locking 
effect and incoherent scattering theory. (a) The histograms are experimentally 
observed statistical distributions of the spatial intensity (upper panel) and spin 
(lower panel), which are obtained from the diffusion regions of Figs. 1d and 1e, 
respectively. The solid curves are fitted using a Burr distribution for the intensity 
and a Beta distribution for the spin. (b) The calculated spatial distributions of 
the normalized intensity and spin from the incoherent scattering theory. (c) The 

calculated spatial distributions of the normalized intensity and spin from the 
coherent scattering theory. (d) The theoretical evolution of the intensity and 
spin distributions by changing m/N from 100% (incoherent) to 0.01% (coherent). 
As the degree of coherence increases, the spin distributions become wider with 
enhanced skewness, corresponding to increased spin fluctuations that reduce 
the spin-locking phenomenon.
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