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On-Chip Laser-Driven Free-Electron Spin Polarizer
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Spin-polarized electron beam sources enable studies of spin-dependent electric and magnetic effects at
the nanoscale. We propose a method of creating spin-polarized electrons on an integrated photonics chip by
laser-driven nanophotonic fields. A two-stage interaction separated by a free-space drift length is proposed,
where the first stage and drift length introduces spin-dependent characteristics into the probability
distribution of the electron wave function. The second stage uses an adjusted optical near field to rotate the
spin states utilizing the spin-dependent wave-packet distribution to produce electrons with high ensemble
average spin expectation values. This platform provides an integrated and compact method to generate
spin-polarized electrons, implementable with millimeter scale chips and tabletop lasers.
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Introduction—The  Stern-Gerlach (SG) experiment
revealed the quantized nature of electron spins within
neutral atoms utilizing spin-dependent magnetic-field gra-
dient forces [1]. The same apparatus to create spin-
polarized free electrons cannot be implemented due to
particle momentum-position uncertainty and Lorentz force
blurring [2]. Spin-polarized electron beams, which have
become an indispensable tool for probing fundamental
characteristics of matter [3—7], have been produced through
methods that include spin-polarized photocathodes using
semiconductors [4,8,9], self-polarizing interactions of rela-
tivistic electrons in storage rings (the Sokolov-Ternov effect
[10,11]), and proposed in high intensity free-space inter-
actions like the Kapitza-Dirac effect [12—14], or Compton
scattering [15]. These methods introduce challenges limit-
ing their accessibility, including cathode maintenance for
spin-polarized sources, and high laser intensities for free-
space interactions.

These challenges have promoted the continued explora-
tion of methods to produce spin-polarized electrons. Work
by Pan and Xu [16] suggested the use of optical near fields
to generate such beams. This method is attractive due to the
reduced laser intensities required and the potential to
achieve large beam polarization. Structure-mediated
near-field-electron interactions have been demonstrated
in dielectric laser accelerators [17-21], making similar
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geometries to implement spin-dependent interactions
experimentally feasible.

Here, we propose a two-stage approach using magnetic
near fields to produce spin-polarized electrons. We show an
on-axis SG-type setup for free electrons to break spin-state
symmetry [22,23]. We exploit intense magnetic-field gra-
dients created by rapid field oscillations of periodic grating
near fields, to impart efficient spin-dependent longitudinal
forces parallel to the electron propagation axis [16,22,23].
The second interaction stage polarizes electrons toward the
same transverse spin state. We show 70% beam polariza-
tion, defined as the normalized difference between the
number of electrons measured in one spin eigenstate and
the other, can be achieved in the proposed devices without
loss of beam brightness or the need for external bending
magnets. The proposed 70% polarization produced on chip
from an unpolarized source is above the theoretical
maximum of a standard GaAs semiconductor source and
comparable to strained GaAs-GaAsP lattices. [24].

Spin polarizer operating principles—The proposed spin-
polarizing structure is shown in Fig. 1, consisting of two
stages of dual-pillar gratings separated by a drift length,
Lp, where each pair of dual pillars along the gratings is
separated by a channel width on the order of a few tens to
hundreds of nanometers to allow electrons to propagate
through the structure from left to right. Both dual-pillar
grating stages are illuminated on each side with counter-
propagating transverse electric (TE) plane waves, where the
magnetic field is polarized along the electron propagation
axis, the z axis, to mitigate electric field scattering. The
illuminated subwavelength gratings produce channel
modes that can be decomposed into near-field spatial
harmonics [25]. Phase matching for synchronous propa-
gation of the first harmonic and electrons traveling through
the channel center can be performed by tuning the laser
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FIG. 1. Mechanism for generation of spin-polarized electron
beams on a chip. (a) Schematic of the proposed two-stage
interaction set-up. The first stage and following free-space
propagation introduces spin-dependent density formations and
the second stage rotates the spin states to produce a polarized
beam. (b),(c) First harmonic magnetic field profiles of modula-
tion and polarizing stages, respectively. Corresponding cosh and
sinh transverse profiles of B, and B_, and relative phases for
defined illuminants are shown.

wavelength and grating periodicity to fulfill 4, = $1, where
p = v,/ c is the electron’s relativistic fraction, 4 is the free-
space laser wavelength, and 4, is the grating period. The
first-harmonic near field oscillates sinusoidally along the
electron propagation axis with the wave vector k, = 27/ 4,.
A subrelativistic electron phase-matched to near-infrared
laser wavelengths has a 4, on the order of a few hundred
nanometers, leading to rapid spatial oscillation of the near
field and a large amplitude magnetic-field gradient force for
spin-dependent interactions.

When the dual-pillar gratings are driven by counter-
propagating plane waves, the evanescent near fields inter-
fere based on the relative phases between the plane waves.
Figure 1(b) has the relative phases between the plane waves
set so the longitudinal magnetic fields interfere construc-
tively in the channel center, therefore creating what we
denote as the first-harmonic cosh mode for longitudinal
spin separation. The cosh mode exhibits cosh B, profile and
asinh B, profile along x. Figure 1(c) has the relative phases
between the plane waves set so the longitudinal magnetic
field interferes destructively in the channel center, therefore
creating our denoted first-harmonic sinh mode used for spin
rotations. The sinh mode has a sinh B, profile and cosh B,
profile along x.

Sinusoidal forces, created by near-field harmonics acting
on free electron wave packets, have been previously shown
to impart spin-independent energy modulation leading to
density bunch formations within the wave packet after a
free-space drift length using transverse-magnetic (TM)
photon-induced near-field microscopy (PINEM) [26,27].
When the illumination is rotated from TM to TE, as in our
proposed device, magnetic-field interactions can dominate,
leading to a spin-dependent sinusoidal force acting on the

free electron wave packet. In the next section we will
formulate expressions for spin-dependent wave-packet
modulations occurring in the proposed TE illuminated
structure.

Theory—TE spin-density bunch formation: To predict
the spin-dependent bunching behavior of free electrons
with unpolarized spins defined along the axis of propaga-
tion, Z, we consider a TE dual-drive field with the E field
polarized along infinitely tall pillars [see Fig. 1(a)]. The
dual-drive fields will be 7 phase-shifted, creating a cosh B,
mode as shown in Fig. 1(b) [25,28].

We consider an electron wave packet transversely
defocused along the direction of the pillars, such that we
can assume it is effectively diffractionless along this
direction [see more details in Supplemental Material
(SM) [28] Sec. V]. The complex dimensionless magnetic
coupling coefficient can be defined as

_i/"Bkz L2 —ik
= —B% [ B ()ekd 1
=g [ Betaz )

where pp is the Bohr magneton, B,(z) is the complex
longitudinal magnetic field amplitude in the channel center,
and w is the laser angular frequency. With this definition we
can perform time evolution on an initial electron wave
packet using the Pauli interaction Hamiltonian [31]

eZ
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= A D B A (2)

where A(r,7) is the vector potential field, p is the
momentum operator, m, is the free electron mass, e is
the electron charge, and 6 = [0,,0,,0.] are the Pauli
matrices. Unlike conventional PINEM with TM modes
(where the electric field is aligned with the electron
velocity), which is dominated by the A - p term in the
Hamiltonian, here the coupling to the TE mode dominates
through the B - ¢ term. Applying the time evolution operator
defined from the interaction Hamiltonian and the Jacobi-
Anger expansion, the wave function after the interaction is
found. Following free-space drift, the quadratic photon-
order-dependent accumulated phase can be included [32] to
obtain the density-modulated wave function,

v (&) =yl()) _Ta(lgs,|) exp (ink 2 + ingy)

L
X exp (in <—g + g) —in’n L—QDR) , (3)

where . (7') are the initial spin-dependent electron wave
functions in space, 7, is the n th order Bessel function of the
firstkind, gp, is the magnetic coupling coefficient defined in
Eq. (1), Z' is the position offset from the packet center z,,, ¢,
the interaction phase, is the argument of gz , L, is the free-

space drift length, and Ly ~ f*m,cA*/h, is the quantum
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FIG. 2. Spin-dependent electron densities. (a) Experimental schematic. The positions where the electron density or spin density is
calculated are highlighted by an orange square and a green circle. (b) Spin-dependent electron probability density distribution after
interaction with first stage and free-space drift; input spin states differentiated by color. (c),(d) Electron y-axis spin density immediately
following interaction with the second stage: (c) has a relative interaction phase between stage 1 and 2 of —z/2, leading to (Sy> ~ 0;
(d) has a relative interaction phase between stage 1 and 2 of z, which results in (S,) ~ —0.72/2. (¢) Summary of example pillar

geometry values as denoted in (a).

revival length defined in [32]. The quantum revival length
describes the free-space drift length an electron travels to
observe density distribution revivals due to free electron
dispersion. This result assumes a small initial longitudinal
momentum spread and negligible longitudinal dispersion
over interactions lengths.

The =+ subscript corresponds to electrons initially polar-
ized in the spin-up or spin-down state along Z. The spin
states are defined as |1) = [cos(6/2),sin(8/2)e'?]” and
|{) = [sin(0/2), —cos(8/2)e'?]T, with polar coordinates
6 = 0 and ¢ = 7 used for the Z spin quantization axis. The
photon-order-dependent phase factors exhibit an additional
7 phase shift for odd photon-order interactions on || )
electrons due to the sign flip o,]|.) = —|].). The addi-
tional z phase for the spin-down electrons leads to a spatial
# phase shift in density bunch formation, as seen in
Fig. 2(b). The probability distribution initially of |1.)
and ||.) electron states is significantly separated into
separate time bins following the first interaction stage
and free-space drift. There is minimal overlap between
the up-spin and down-spin states’ probability densities at
Lp = Lyg/2, with small depolarizing contributions from
the edges of the bunches. Minimizing the overlap enhances
the degree of achievable spin polarization. The sinh B,
mode suppresses transverse magnetic-field spin contribu-
tions along the channel center [28].

One of the main implications of Eq. (3) and the resulting
time bin separation of Fig. 2(b) is mapping the initial spin
states |1,) and || ), which initially share the same spatial
wave packet y, into separate bins, constituting a general
unitary transformation Ugg that entangles the spin degree
of freedom with longitudinal position. Explicitly, we
have USG|TZ’W0>:|TZ’W{F> and USGN/Z’ l//0> = N’z’ Wl—>’
where y/, are close to being orthogonal. Importantly, this

transformation holds true for initially mixed spin states
Pspin ® |w°) (w°| (see further analysis in SM Sec. VI). In the
next section, we will demonstrate how the second inter-
action stage acts on the two wave packets i/, to rotate their
respective spins to be aligned with the same direction,
effectively polarizing the beam.

Creating high polarization electrons: In the previous
section we detailed a method to create spin-dependent
electron wave-packet distributions. These wave packets can
be used to create high polarization electron spin distribu-
tions regardless of the initial spin state.

Achieving high polarization relies on the z spatial phase
shift between spin-dependent wave packets, i.e., a |1.)
state’s probability density is phase-matched around ¢,
while the || ) state’s probability density is phase-matched
around ¢ 4 7. Given a wave packet resulting from the spin-
dependent modulation interacting with a cosh-transverse
magnetic-field mode [see Fig. 1(c)], the field will induce
spin rotations. With properly chosen interaction strengths,
coupled with the spin-dependent spatial z phase shifts in
the probability density function, the expectation value of
the final spin state can be polarized toward either the |1,)
state or the ||,) state along the y axis.

The dominating final spin state is dependent on the
injection timing of the spin-dependent wave packet into the
second stage. This timing is defined by the difference
between the first and second stage interaction phases of
the wave-packet center, z,, into the copropagating first-
harmonic fields of each stage. Explicitly, the final spin state
can be chosen by tuning ¢, = ¢ — ¢,.

A similar coupling strength can be defined for the
transverse magnetic-field interaction of the second stage,
by replacing B.(z) with B,(z) in Eq. (1). Following the
second stage interaction, the state can be given by

063802-3



PHYSICAL REVIEW LETTERS 136, 063802 (2026)
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where gp, and ¢, are the interaction strength and phase of
the second stage, and |Z/,s.) =|z/) ® |s,) denotes the
position and spin bases with eigenvalues 7z and
s, €{1., | .} on which the wave function, v/, ('), as given
in Eq. (3), is projected.

Expanding the wave function [Eq. (4)] into even-photon
order, spin-preserving interactions, and odd-photon order,
spin-rotating interactions, the spin-expectation value along
the y axis can be described for an arbitrary initial spin state,

($)=5 [ d2le. P @) =le- Py ()7 sin 2az)

+2|ci||c_|cos (2a(z’))§)’i{iei¢dt v, (z’)l//_*(z/)},
(5)

where ¢, and c_ are the coefficients for an arbitrary initial
superposition state of |1,) and |{.), respectively, ¢, =
arg(c,) —arg(c_) and a(z’) = 2|gp,|sin(k.z’ + ¢,). The
prefactor from Eq. (4) can be collapsed into the sine term in
the spin-expectation value in Eq. (5). The outer sine term
holds information about the cyclic nature of the spin
rotation. As the interaction becomes stronger (equivalently,
as the |gp | factor increases), additional spin-rotating
oscillations are introduced from the spatially varying
magnetic field. This spatially varying spin factor is then
multiplied onto the probability density function to obtain a
spin-weighted probability distribution. Equation (5) can
also describe the polarization of mixed spin states with
density matrix p,.,k, k¥ = %, by replacing |c, |> with p, ,
and ¢ c% with py.

Figures 2(c) and 2(d) show the effect of tuning ¢, on the
final spin distribution. Figure 2(c) shows an example where
net spin polarization is not enhanced. Figure 2(d) shows an
example where the spin polarization is enhanced and tuned
toward a [|,) state. The spin-weighted probability distri-
bution shown in Fig. 2(d) equates to a spin expectation
value of ~ — 0.7#/2, which corresponds to a beam polari-
zation percentage of approximately 70%, or equivalently a
probability of measuring a spin-down particle, P; ~ 85%
and spin-up, P; ~15%. Calculations were performed

considering initial spin states of |1.) or || .), representing
a maximally mixed input state p=1/2[1.){1.] +
1/2|}.){{ .| when averaged. Thus, from the density matrix
description and Eq. (5), various state mixtures resulting in a
maximally mixed input beams can achieve ~70% polari-
zation with our considered electron beam and laser param-
eters. These parameters include low energy spread
electrons with o = 0.15 eV, subrelativistic initial electron

(@ 195, = 19g,| ®) Ly = Lag/2
3 B1 B2 0.7 3 D QR 07
Crs 1. o 0o
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FIG. 3. Influence of experimental parameters. (a) Heat map

of (S,) in terms of the drift length and coupling strength
parameters, with the condition |gg | = |gp,|- Notably, high
polarization shows minimized drift length dependence for
l98,] = |gs,| = 0.5, corresponding to microbunches with signifi-
cant temporal coherence. (b) Heat map of (S,) in terms of |gg, |

and |gp, |, depicting higher order overlaps when the drift length is
half the quantum revival length.

energy with # = 0.1 to enable proper treatment by the Pauli
Hamiltonian [16], laser wavelength of 2.4 pm, and corre-
sponding 4, = 240 nm. Additionally, the first interaction
region electric field strength E, and interaction length L is
tuned so that only a couple orders of photon absorptions
and emissions lead to significant contributions in the wave
structure of the electron, or |gg | ~0.5. After the spin-
dependent modulation of the first stage, a drift length
LQR/2 is chosen for maximal contrast [32]. The second
interaction length and field strength is tuned so |g,| ~ 0.5,
to maximize the first-order photon exchange and minimize
higher order exchanges.

The discussed set of conditions give a large overlap
between portions of high z-axis spin density and spin-
rotating magnetic fields, enabling the creation of highly
polarized electrons. Figure 3 maps the value of (3‘ ) When
¢, = 0 in two cases. Figure 3(a) maps varying |g, ,| and
Lp/Lgg, when |gg | = |gp,| = |931/2|- High spin-polariza-
tion effects are observed over a significant range of Lp
values for moderate magnetic coupling coefficients, while
increased magnetic coupling factors see a reduction in spin-
polarization magnitude and acceptable drift range.
Moderate |gp| factors benefit coherence lengths for density
bunches and minimize quadratic phase accumulation
within interaction regions. The sub-wave-packet spin
separation inherent to the proposed interaction enables
the use of longitudinally extended electrons, further
improving coherence lengths. Figure 3(b) depicts the
one-to-one linear relationship between the coupling factor
in the first and second stage when L, is half Lyg. The
moderate and equal coupling coefficients exhibit signifi-
cant spin polarization and strong temporal coherence.

Experimental considerations—A commercial femtosec-
ond laser can provide the needed fields for spin polarization
on a chip. Considering the requirement of g, [ ~ 0.5 and
the electron beam parameters discussed above, we choose
an interaction length of 52.7 um for the first interaction
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stage, an achievable conversion efficiency from incident
field strength to field strength in the channel center of
0.057, and incident complex electric field amplitude (half-
peak) of 750 MV /m on each dual-drive side. An elliptical
silicon pillar with x diameter of 190 nm and z diameter of
152 nm, and channel width of 80 nm were simulated using
finite-difference time-domain simulations (Flexcompute
Tidy3D) to achieve the desired 0.057 conversion efficiency.
Figures 2(a) and 2(e) summarize the geometries of the
simulated pillars. In the second stage a wider channel width
of 180 nm, with a reduced conversion efficiency of 0.0106
and increased interaction length of ~305 pm, can be used
to suppress ponderomotive interactions. In higher intensity
regimes, the ponderomotive force can lead to momentum
contributions and bunching that can retain a similar spin-
polarizing degree [see SM [28] Sec. VII for a discussion of
bunching dynamics during the interaction region]. Peak fields
of 550 MV /m have been shown to be under the laser induced
damage threshold of hydrogen-annealed processed silicon
pillars for 300 fs, 1.96 pm laser pulses [33]. Longer wave-
lengths are expected to exhibit higher laser induced damage
thresholds [34]. The use of a pulse front tilt has been
demonstrated to improve interaction time [35,36], and could
be used with shorter laser pulses to further increase peak fields.

Realistic electron beam parameters are important for
experimental implementation. We note that, due to the only
electric field contributions being E,, the p - A term of the
Pauli Hamiltonian that was neglected previously would be
sensitive to v, within the transverse electron wave packet.
Additionally, for the first stage where PINEM interactions
would degrade the fidelity of the spin-dependent micro-
bunches, E, exhibits a sinh mode along the x axis around
the center of the channel, and thus vanishes at the position
of the electron beam.

In the cases where the electron beam is highly collimated
in the y direction and focused in the x direction throughout
the interaction region, nonzero photon order terms can be
heavily attenuated. An astigmatic beam with such charac-
teristics can provide high fidelity spin distributions and
naturally fits the geometry of a dielectric laser accelerator
with a narrow x-axis channel, and very tall pillars in the y
direction (see SM [28] Sec. V).

Conclusions—We have proposed a single-chip, two-
stage device to produce a polarized electron beam from
an initially unpolarized beam. Because it converts spin
orthogonalities into time-based orthogonalities, the two-
stage interaction is a powerful operation to polarize
arbitrary unpolarized initial state mixtures. No external
bending magnets are required for the creation of high
polarization beams. Switching between final state polari-
zation can be performed by tuning the relative phases of the
two stages. Reducing the requirement of external magnetic
fields opens the door for efficient on-axis integration with
PINEM and other photonic on-chip technology, such as
focusing structures or photonic guiding structures.

Beyond creation of significantly polarized electrons,
near-field-based momentum modulations and spin rotations
can create more complex spin superposition states and
probability-density structures within the electron wave
packet. The wave-packet formalism is of interest to free-
electron quantum optics, an increasingly explored research
area [37], where spin-dependent dynamics may add inter-
esting additional degrees of freedom to carry and manipu-
late quantum information held by free electrons. The fine
spin and momentum structure created within the electron
wave packet could present TE and TM PINEM prepared
electrons as unique probes for ultrafast experiments and
imaging of spin-dependent properties.
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