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Polarizing electron beams using light is highly desirable but exceedingly challenging, as the approaches
proposed in previous studies using free-space light usually require enormous laser intensities. Here, we
propose the use of a transverse electric optical near field, extended on nanostructures, to efficiently polarize
an adjacent electron beam by exploiting the strong inelastic electron scattering in phase-matched optical
near fields. Intriguingly, the two spin components of an unpolarized incident electron beam—parallel and
antiparallel to the electric field—are spin-flipped and inelastically scattered to different energy states,
providing an analog of the Stern-Gerlach experiment in the energy dimension. Our calculations show that
when a dramatically reduced laser intensity of ∼1012 W=cm2 and a short interaction length of 16 μm are
used, an unpolarized incident electron beam interacting with the excited optical near field can produce two
spin-polarized electron beams, both exhibiting near unity spin purity and a 6% brightness relative to the
input beam. Our findings are important for optical control of free-electron spins, preparation of spin-
polarized electron beams, and applications in material science and high-energy physics.

DOI: 10.1103/PhysRevLett.130.186901

Introduction.—After Stern and Gerlach’s celebrated
experiment using inhomogeneousmagnetic fields to separate
neutral atoms by spin, Bohr and Pauli pointed out that a
similar scheme could not be simply applied to polarize
charged particles due to the influence of the Lorentz force
[1–3]. Consequently, alternative mechanisms are required to
prepare spin-polarized electrons [4]. Two main approaches
have been implemented experimentally: one uses semicon-
ductor photocathodes with negative electron affinities as
electron sources [5–7], while the other is based on spin-
dependent radiation from relativistic electron beams in
storage rings (i.e., the Sokolov-Ternov effect) [8–10].
Importantly, spin-polarized electron beams have served as
an essential tool for investigating the magnetic properties of
solid-state materials and molecules [11–13], probing atom
and nucleon spin structures [14–16], and studying funda-
mental problems in high-energy physics [17–19].
Concentrated efforts are now being devoted to exploring

the possibility of polarizing electrons using free-space
light. In this area, the spin-flip dynamics of electrons are
manipulated via Compton scattering [20–25] or by the
Kapitza-Dirac effect [26–36], which involve the use of
either a single laser beam or two counterpropagating lasers
[37–39], respectively. However, since direct photon absorp-
tions or emissions by electrons are forbidden in free space,
these free-space phenomena are at least second-order
quantum processes, which occur only at enormous laser
intensities (typically, ∼1018–1022 W=cm2, depending on
the interaction time [40]). Notably, although electron spin
flips have been predicted in these free-space approaches,

the scattered electrons of opposite spins overlap consid-
erably in energy and space, severely limiting their useful-
ness in generating spin-polarized electron beams.
In contrast to these free-space scenarios, interactions

betweenmoving electrons and optical near fields are intrinsi-
cally inelastic, mediated by large photonic momenta. For
example, in Cherenkov radiation (CR) and electron energy-
loss spectroscopy (EELS), electron beams spontaneously
release photons into vacuum photonic modes. Recently, the
photon-induced near-field electron microscopy (PINEM)
technique has been intensively investigated [41–61].
Unlike those spontaneous-emission-like phenomena such
asCR andEELS, a laser is introduced in PINEM to excite the
optical near field of a nanostructure. Surprisingly, recent
PINEM experiments [57,58] have observed emissions or
absorptions of hundreds of photons by a single electron at
moderate laser intensity, by matching the electron velocity
and near-field phase velocity. Given such strong inelastic
scattering, it is thus illuminating to explore whether electron
spins can be efficientlymanipulated using optical near fields.
To control electron spins via inelastic scatterings in

optical near fields, the spin angular momentum (AM) of an
electron must be switched between −ℏ=2 and ℏ=2 by
directly absorbing or emitting a photon with an AM of ℏ.
Significantly, optical near fields inherently possess an
extraordinary transverse AM [62–64] perpendicular to their
propagation directions, leading to new exciting physics
such as spin-orbit interactions [65–69], topological pho-
tonics phenomena [70–72], unidirectional emissions [73–
76], and chiral quantum optics [77–80]. Furthermore, the
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symmetry of the evanescent field is reduced compared to
the free-space light, which can relax the symmetry require-
ment [81,82] for quantum spin transitions.
In this Letter, we reveal an efficient pathway for polar-

izing electron beams via interactions with a transverse
electric (TE) optical near field, exploiting the giantly
enhanced and chiral electron–near-field interactions.
Compared to previous studies that involve only free-space
light, the intensity of the laser required to induce pro-
nounced electron spin-flip transitions in our approach is
dramatically reduced (to ∼1012 W=cm2 in our calcula-
tions). More importantly, for an unpolarized incident
electron beam, the two spin components along the electric
field direction are scattered to different energy states,
thereby offering an direct way to prepare spin-polarized
electron beams of high purity.
Model system.—In this Letter, we investigate a two-

dimensional (2D) periodic nanostructure, such as a nano-
wire array (see Fig. 1) illuminated by a laser. The laser
excites an optical near field that induces inelastic and spin-
flip scattering of an adjacent electron beam propagating
along þẑ. For simplicity, we assume a 2D electron beam
with its y-component wave vector vanishing [40]. In
PINEM, the electric field component parallel to the electron
beam dominates, inducing only spin-preserving transitions.
To enable spin-flip transitions, we consider a TE configu-
ration (Fig. 1) in which only Ey is present. The total electric
field includes a near-field component and can be approxi-

mated as E⃗yðrÞ ¼ E⃗b
yðxÞ þ ½ΔE⃗yðxÞeiqzz þ c:c:�, where

qz ¼ 2π=a. We also assume a monochromatic light field,

i.e., E⃗yðr; tÞ ¼ E⃗yðrÞe−iωt þ c:c:, which can be extended to
a pulsed laser field, as in the PINEM theory [57].
Similar to previous PINEM experiments [57,58], we

ensure a strong electron-photon interaction by considering
a resonant situation throughout this work. We assume that

the initial electron velocity matches the near-field phase
velocity, i.e., β ¼ v0=c ¼ a=λ, where λ is the vacuum
photon wavelength. Unlike the high-energy electron beams
(> 100 keV) typically used in PINEM (see exceptions in
[61,83]), as we shall explain below, the spin-flip transitions
of the electrons are significant only for low-energy elec-
trons. The low-energy electron beam we consider is not as
tightly bounded as in PINEM (see red shade in Fig. 1), and
the high laser intensity required to achieve significant
spin-flip transitions can cause electron-beam reshaping.
However, our theory, presented below, can fully capture
both the spin dynamics and diffraction effects of electron
beams in the optical near field.
Theory of spin dynamics.—As the spin-flip effect is signi-

ficant only for low electronvelocities (see below),we restrict
this work to nonrelativistic situations and neglect the
Coulomb repulsion [40,84]. Given this limit, the spin
dynamics of an electron beam is governed by Pauli’s equa-
tion, ðp̂2=2me þ ĤIÞΨðr; tÞ ¼ iℏ∂tΨðr; tÞ [r ¼ ðx; zÞ],
where the interaction Hamiltonian in the radiation gauge
reads

ĤI ¼
e

mec
Aðr; tÞ · p̂þ μBBðr; tÞ · σ⃗ þ e2

2mec2
A2ðr; tÞ;

p̂ is the momentum operator, μB ¼ eℏ=2mec is the Bohr
magneton, and σ⃗ ¼ ½σx; σy; σz� is the three-vector Pauli
matrix. The wave function in Pauli’s equation is described
using the two-component spinors, Ψðr;tÞ¼P

�Ψ�ðr;tÞ⊗
j�i, where jþi ¼ ½cosðθ=2Þ; sinðθ=2Þeiϕ�T and j−i ¼
½sinðθ=2Þ;− cosðθ=2Þeiϕ�T denote the two possible spins
of electrons along the direction implicitly defined by the two
polar coordinates ðθ;ϕÞ. In the radiation gauge, the vector

potential is related to the electric field byAðrÞ ¼ −iE⃗ðrÞ=q,
where q ¼ ω=c.
Considering an electron beam of initial energy E0

interacting with an optical near field, the bare electron
energy should spread only among discrete levels, i.e.,
En ¼ E0 þ nℏω. In the case of a paraxial and slowly varying
electron beam,we can expandΨ� using the eigenfunction of
p̂2=2me as Ψ�ðr; tÞ ¼ P

n ψ
�
n ðrÞeiðpnz−EntÞ=ℏ, where

pn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2meEn

p
≈ p0 þ nℏω=v0. Using this expansion,

and together with a nonrecoil approximation, Pauli’s equa-
tion can be rewritten as a set of coupled equations [40],

�
v0p̂z þ

p̂2
x

2me

�
ψ s
nðrÞ ¼ −

X

n0s0
Mss0

nn0ψ
s0
n0 ðrÞ; ð1Þ

where the nonzero transition matrix elements for the TE
electromagnetic field are

Mss0
n;n−1 ¼ e−i

ω
v0
zμBhsjBðrÞ · σ⃗Þjs0i;

Mss
nn ¼

e2

meω
2
jEyðrÞj2; ð2Þ

FIG. 1. Illustration of the process of polarizing electrons in an
optical near field. Awide TE laser beam (blue arrow) is normally
incident on a nanowire array, with the electric field oriented
parallel to the nanowires. This produces a near field that is
periodically modulated (bottom panel). Unpolarized electrons
passing through the optical near field are scattered by either
absorbing or emitting a photon of energy Ep, with the spins of the
scattered electrons aligned alongþŷ and −ŷ (red circular arrows),
respectively.
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and their Hermitian conjugates Ms0s
n0n ¼ ðMss0

nn0 Þ�. The
above matrix elements reveal that the magnetic field can
induce both spin-flip and spin-preserving transitions. In
addition, the A2 term in ĤI , which corresponds to the
ponder-motive force, introduces an additional phase to the
wave function [85].
As seen from Eq. (2), for the infinitely extended nano-

structure shown in Fig. 1, resonantly enhanced interactions
arise when ω=v0 ¼ qz or equivalently v0=c ¼ a=λ [57,58].
Furthermore, only the near-field component propagating
parallel to the electron beam, such as the electric field

component ΔE⃗yðxÞeiqzz, contributes to the electron scatter-
ings. Assuming that the electron beam is above the
nanowires (see Fig. 1), this evanescent near field is
characterized by a factor e−qxx, and the corresponding
magnetic field according to Maxwell’s equations is

ΔBðrÞ ¼ q × ΔE⃗yðxÞeiqzz=q, where qx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2z − q2

p
and

q ¼ ðiqx; 0; qzÞ. Using ΔBðrÞ, we can simplify the off-
diagonal matrix elements in Eq. (2) to

Mss0
n;n−1 ¼ μB½hsjðq × ŷÞ · σ⃗js0i�ΔEyðxÞ=q: ð3Þ

It is important to note that ΔBðrÞ is circularly polarized
along þŷ when qz ≫ q, which is associated with the
transverse spin AM in the evanescent near field [62–64].
This transverse near-field AM results in chiral interactions
with the electron spins in the same direction. More
precisely, if j�i is defined along �ŷ, we have Mþ−

n;n−1 ≈
2iμBΔEyβ

−1 while M−þ
n;n−1 ≈ 0. By contrast, for electron

spins in the x-z plane, which is perpendicular to the near-
field AM, the chiral symmetry is preserved.
Assuming an incident spin along þŷ, in the weak-

interaction regime [ψþ
0 ðzÞ ≈ 1], the spin-flip transition

probabilities over a propagation distance of L can be
evaluated, according to Eqs. (1) and (3), by
Pflip ≈

P
� jM−þ

�1;0L=v0ℏj2 ≈ j2μBΔEyL=cℏj2β−4, which
is greatly enhanced when electrons slow down.
However, an excessively small electron velocity widens
the electron beam waist and requires a more localized near
field (∼e−qxx) to fulfill the phase-match condition, thereby
reducing the chance of electron-photon interaction.
Consequently, we assume a moderate electron velocity,
i.e., β ¼ 1=10, in the detailed calculations below.
Diffractionless approximation.—To concisely reveal the

spin dynamics of an electron beam in optical near fields, we
begin by using the diffractionless approximation (p̂2

x ≈ 0)
and assuming that the electron dynamics on different
straight trajectories (x ¼ const) are independent. This
approximation simplifies the electron spin dynamics gov-
erned by Eq. (1) to a one-dimensional (1D) equation. The
numerical results calculated by the reduced 1D equation are
presented in Fig. 2, where we adopt the simplified matrix
elements in Eq. (3) and consider spin-polarized incident

electron beams. The incident spin directions [see Figs. 2(a),
2(c), 2(e)] are consistently denoted as “spin-up” (s ¼ þ).
Because of the circular polarization of ΔB, the electron

spin dynamics in the x-z plane is isotropic. Here, we chose
the incident electron spin ŝin ¼ �ẑ to demonstrate the
electron spin dynamics in the x-z plane [40] [Figs. 2(a) and
2(b)]. As the electron interacts with the near field, the initial
state occupancy, jψþ

0 ðz ¼ 0Þj2 ¼ 1, gradually decreases
[Fig. 2(a)], while the adjacent energy levels ψ�

�1 of both

0 40 80 120 160 200
-4

-2

0

2

4(a)

0 0.5 1

0 40 80 120 160 200
-4

-2

0

2

4(b)

0 0.5 1

0 40 80 120 160 200
-4

-2

0

2

4(c)

0 40 80 120 160 200
-4

-2

0

2

4(d)

0 40 80 120 160 200
-4

-2

0

2

4(e)

0 40 80 120 160 200
-4

-2

0

2

4(f)

0 40 80 120 160 200
0

0.2

0.4

0.6

0.8

1(g)

0 1 2 3
0

1

2

3(h)

FIG. 2. (a)–(f) Distributions of the (a),(c),(e) spin-preserving
(jψþ

n j2) and (b),(d),(f) spin-flipped electrons (jψ−
n j2) among

discrete energy levels (plotted in the color scale as ribbons)
for different propagation distances, calculated within the dif-
fractionless approximation (x ¼ const). The input electron beams
are spin-up polarized (see black arrows, i.e., ψþ

0 ) along (a) �ẑ,
(c)þŷ, and (e) −ŷ, respectively. (g) The spin-flip probabilities for
incident electron spins along ẑ and ŷ show the same period of Lp.
(h) The period Lp for different ΔEy (see definition in Fig. 1). We
assume an electric field component ΔEy ¼ 1 × 107 V=cm in (a)–
(g), and use parameters λ ¼ 1 μm and a ¼ 100 nm for all
calculations.
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spin directions are equally populated via inelastic scatter-
ing. The populations undergo oscillations upon further
propagation. The populations are symmetric in energy and
equal for incident spins along þẑ and −ẑ, which are rooted
in the lack of a chiral symmetry-breaking mechanism as
described by Eq. (3). This equality ultimately suggests that
it is impossible to separate the two spin components in the
x-z plane of incident unpolarized electron beams.
In contrast, when incident electron spins are parallel to the

near-field AM, the electrons chirally couple to the field,
resulting in asymmetric patterns of the energy state pop-
ulations [Figs. 2(c)–2(f)]. For ŝin ¼ þŷ, the only possible
transition from the initial state is that the electron simulta-
neously releases an energy quantum of ℏω and an AM
quantum of ℏ into the near field, namely, ψþ

0 → ψ−
−1

[Figs. 2(c) and 2(d)]. Likewise, ŝin ¼ −ŷ only gives rise
to the transition ψþ

0 → ψ−
þ1 [Figs. 2(e) and 2(f)]. However,

emissions or absorptions ofmultiple quanta of photonAMby
one electron are not allowed, so only the three energy levels,
ψþ
0 and ψ�

�1, are populated in Figs. 2(a)–2(f), in contrast to
the random walk [60] pattern observed in PINEM.
Considering an unpolarized incident electron beam, the
electrons scattered to states of energy Eþ1 and E−1 are spin
polarized along þŷ or −ŷ, respectively, and can be further
separated by an energy filter. This offers a pathway for
polarizing electron beams in a mixed state. Importantly, our
approach can theoretically achieve a spin purity of unity for
the polarized electron beams, and this purity is not expected
to significantly deteriorate under realistic experimental con-
ditions, as suggested by PINEM experiments.
The spin-flip probabilities [Fig. 2(g)], defined as

Pflip ¼ jΨ−j2=jΨj2, also exhibit oscillatory behaviors,
which can be captured by Pflip ¼ Pmax

flip sin
2ðπz=LpÞ, where

Pmax
flip ¼ 0.5 and 1 for incident spins along the z and y

directions, respectively. The repetition of the population
observed here is, in fact, a Rabi oscillation among the two
relevant electron states, e.g., ψþ

0 and ψ−
−1 for ŝin ¼ þŷ,

induced by the interactions described in Eq. (3). The
corresponding Rabi frequency can be found as
ΩR ¼ 2jM−þ

−1;0j=ℏ ¼ 4μBΔEy=βℏ, which leads to a period
of Lp ¼ 2πv0=ΩR that is consistent with the numerical
results [Fig. 2(h)]. Notably, within the diffractionless
approximation, Fig. 2 is a universal plot, which is scaled
only by the dimensionless factor of z=Lp.
Spin-flip of diffractive electron beams.—To include the

diffraction effects, we perform 2D calculations of Eq. (1),
incorporating both the transverse momentum (the p̂2

x term)
and the pondermotive force. Our calculations utilize a
numerically solved electromagnetic field [see Fig. 3(a)],
where B is enhanced near the nanowire. We consider a
Gaussian electron beam, which is spin-polarized along �ŷ
and propagates though the near-field calculated above.
The beam is focused at z ¼ 0 with a distribution of
Ψðx; z ¼ 0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2=πw2

0

p
e−ðx−30½nm�Þ2=w2

0 , where w0 ¼ 3 nm
is the beam waist. The unperturbed Gaussian beam width,
wðzÞ ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðz=zRÞ2

p
, is indicated by the dashed curves

in Fig. 3(b), where zR ¼ πw2
0=λe and λe ¼ 2πℏ=p0 is the

electron wavelength.
During interactions with the near field, the Gaussian

electron beam is reshaped due to an additional phase
imprinted by the pondermotive force (see, e.g., [85]). For
the TE field considered in this work, the pondermotive force
introduces a phase, captured by dφ ¼ Mss

nndz=ℏv0, accord-
ing to Eq. (1). Consequently, the electron wave segment
propagating in a region of higher intensity accumulates a
larger phase, causing the electron beam to be deflected
toward the nanowires surrounded by lower field intensity
[see jEyj in Fig. 3(a)].

(a) (b) (c) (d)

FIG. 3. (a) Electric (right) and magnetic (left) near field surrounding a nanowire array excited by a plane wave of wavelength
λ ¼ 1 μm (Ep ¼ 1.24 eV). We assume a platinum nanowire array, with an experimentally measured optical permittivity −105.76þ
16.49i [86] for the chosen photon energy, radius of R ¼ 20 nm, and a lattice constant of a ¼ 100 nm. (b)–(d) The spatial distributions of
the (b) spin-preserving and (c) spin-flipped electron density, and the (d) spin-flip probability, calculated for an electron beam interacting
with the optical near field shown in (a). An electron beam, spin-polarized along�ŷ and with a phase-matched velocity, i.e., β ¼ 1=10, is
initially focused at z ¼ 0 and x ¼ 0.3a, with a waist of 3 nm. In (c), the spin-flipped electrons are scattered to the state of energy
Ep ∓ E0. The unperturbed beam width is shown by the white dashed curves in (b). The electron beam is slightly deflected due to a
reshaping effect in the optical field, and the nanowire array is adaptively rearranged to avoid crossing (the top of the nanowires are
shown by the white solid curve). The incident electric field is assumed to be Ein

y ¼ 4 × 107 V=cm.
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To avoid crossing of the electron beam with the nano-
wires, as shown by the solid curve of xj þ R in Fig. 3(b),
we adaptively displace each nanowire slightly in the x
direction, while maintaining the distance between the
center of each nanowire, ðxj; zjÞ (jth nanowire), and the
electron-density peak in the plane z ¼ zj. With this
adaptive design, the electron beam experiences almost
constant acceleration along the x direction, following a
paraboliclike trajectory [40]. Additionally, the reshaping
effect leads to a better confinement and even refocusing of
the electron beam. We note that the paraxial approximation
assumed to derive Eq. (1) is valid, since the electron beam
deflection angle, δ ≈ 1.8a=120a ≈ 15 mrad [see Fig. 3(b)],
is still small.
Despite the reshaping effect, our adaptive design of the

nanowire array ensures a strong interaction between the
electron beam and the magnetic field localized around
the nanowire [see jBj in Fig. 3(a)], which results in efficient
spin-flip transitions. As shown in Figs. 3(c) and 3(d), the
population of spin-flipped electrons with energy E0 ∓ Ep

continuously increases along the propagation, and the
spin-flip probability Pflip reaches ∼12% at a propagation
distance of 16 μm. A comparable estimate of Pflip (∼15%)
can be found using the scaling law shown in
Fig. 2(g), with the modulated electric field component of
ΔEy ≈ 0.032Ein

y obtained from Fig. 3(a). Under the same
parameters as in Fig. 3, an unpolarized incident electron
beam can produce two electron beams spin polarized along
�ŷ and with energies of E0 � Ep. Both beams exhibit high
spin purity and a 6% brightness relative to the input beam.
Concluding remarks.—In this Letter, we propose an

exceptionally efficient mechanism to polarize electrons
using optical near fields. Our method is also applicable
to the important category of electron vortex beams [87,88],
since spin and orbital AM are decoupled in paraxial beams.
By superposing TE and TM components properly, the near-
field AM can be oriented in any direction [63], and the
interplay with the PINEM scattering may lead to new
opportunities for electron manipulation. The electron
beams produced using our approach comprise coherent
superpositions of states with different AM, energies and
spins, which could lead to novel beam dynamics [89–92].
The spin-flip effect proposed in the present work is
feasible, because PINEM is already a well-established
technology that has even been implemented using a
scanning electron microscope [61]. The incident laser
intensity adopted in Fig. 3, Iin ¼ 8.5 × 1012 W=cm2, is
attainable using commercial ultrafast lasers, and the inten-
sity Iin required to achieve the same Pflip as in Fig. 3 can be
further reduced by extending the interaction length. As the
typical laser damage threshold of metals is several J=cm2

and the plasmon-enhanced absorption is absent for the TE
illumination, the nanostructures should sustain a laser
illumination with a pulse duration of ∼102 fs, provided

the peak intensity of Iin ¼ 8.5 × 1012 W=cm2. In addition,
the use of a higher input electric current can further reduce
the laser intensity required to induce observable spin-
flipped electrons and prove the spin-flip effect proposed
in this Letter.
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