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In the celebrated Stern-Gerlach experiment an inhomogeneous static magnetic field separates
a beam of charge-neutral atoms with opposite spins, thereby driving a “spin current” normal to
the propagation direction. Here we generalize it to the dynamic scenario by demonstrating a spin
transfer between an AC inhomogeneous magnetic field and intraband electrons or charge-neutral
excitons and phonons. We predict that parametric pumping can efficiently radiate their DC spin
currents from local AC magnetic sources with van der Waals semiconductors as prototypes. This
mechanism brings a unified and efficient paradigm in the spin transport of distinct mobile carriers.

Introduction.—The flow of electron spins or spin cur-
rent is a fundamental physical concept that plays an
important role in understanding the conversion between
angular momentum in different disguises [1–5]. Besides
electrons, angular momentum and magnetic moments
can also be carried by bosonic information carriers such
as magnons [6–9], photons [10, 11], chiral phonons [12–
14], as well as excitons [15–18]. Spin pumping by mag-
netic contacts [19, 20] and the spin-Hall effect [21–23]
are popular approaches generating electron spin currents
in metals, but are less appealing for semiconductors and
low-dimensional van der Waals materials due to Schottky
barriers and electronic structure mismatch [24]. These
approaches are difficult to apply to charge-neutral car-
riers as well such as phonons and excitons, which have
become important information carriers utilized in mod-
ern quantum nanodevices [12–18].

Generation of spin current of charge-neutral carri-
ers may be historically traced to the celebrated Stern-
Gerlach experiment [25], where the gradient of static
magnetic fields separates a beam of charge-neutral atoms
with opposite spins, thereby driving a spin current nor-
mal to the propagation direction. Still, a similar ef-
fect appears to disappear when the magnetic field and,
thereby, the “force” oscillates. Instead, specific inter-
band optical selection rules or spin-orbit coupling optical
fields can generate spin polarization or accumulation for
charge-neutral excitons [26–28] and chiral phonons [29],
as well as electrons [30–34]. Their interplay in semicon-
ductors and van der Waals materials inspires function-
alities in opto-spintronic [35, 36] and magnonic [6–9, 37]
devices. However, plane-wave optical photons hold very
little momentum and cannot directly generate a spin cur-
rent for the charge-neutral carriers and electrons. This
raises the issue of whether it is possible to generalize the
Stern-Gerlach effect to an AC magnetic field to generate
spin currents of distinct mobile carriers.

In this Letter, we predict intraband angular momen-
tum transfer between a focused radio-frequency (rf) or
terahertz (THz) radiation and the electrons or the charge
neutral carriers in conductors, semiconductors, and van
der Waals materials, which is very different from the
creation of interband electron-hole pairs by the polar-

ized electric fields of THz/infrared radiation. Strongly
localized near fields may be generated by, e.g., proxim-
ity excited nanomagnets [38–40], focused laser beams,
metallic nanostructures [41, 42] or a scanning near-field
optical microscope (SNOM) [43–46]. We predict a para-
metric pumping mechanism that efficiently generates DC
spin currents carried by electrons, charge-neutral exci-
tons, and phonons (Fig. 1). Since the spin current is ra-
diated from the local source, we term this phenomenon
as “spin radiation” for short.
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FIG. 1. Radiation of DC spin current of electrons or excitons
when pumped by a focused magnetic (optical or microwave)
field with circular polarization.

Inelastic spin-flip by photons.—We first sketch the key
physical processes by electrons and estimate the mag-
nitude of DC spin currents emitted by localized AC
magnetic (microwave or optical) fields in a setup as in
Fig. 1. We consider a monochromatic magnetic field
h(ρρρ, t) =

∑
q

(
h(+)(q)e−iωt + h(−)(q)eiωt

)
eiq·ρρρ [47] with

frequency ω applied to a two-dimensional electron gas
(2DEG) with an in-plane position vector ρρρ = xx̂ + yŷ.
The electric-field component may be disregarded for our
purpose since it does not couple to the spin degree of
freedom. The Fourier components of a strongly localized
field at the origin with polarization or “spin” along the
out-of-plane ẑ-direction read

h(±)(q) ≈ (h0/S)(1,±i, 0)T , (1)

where h0 is the amplitude, S is the sample area, and
“+” (“−”) corresponds to the positive (negative) circu-
lar polarization. It couples with the electrons by the
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Zeeman interaction V̂ (t) = µ0γe
´
ŝ(ρ) · h(ρ, t)dρρρ, in

which µ0 is the vacuum permeability and γe is the ef-
fective gyromagnetic ratio of electrons, and excites a
non-equilibrium spin accumulation in the conduction
band, which is the the expectation value of the spin
density operator ŝ(ρρρ) =

∑
η,ϵ(ℏ/2)σσσηϵ|ρρρ, η⟩⟨ρρρ, ϵ|, where

σσσ are Pauli matrices, {η, ϵ} = {↑, ↓} denote electron
spins along the ẑ-direction, and |ρρρ, η⟩ is an electron ket.
We decompose the coupling into V̂ (t) = V̂ (+)e−iωt +
V̂ (−)eiωt and expand it into electron eigenstates |k, η⟩
as V̂ (±) =

∑
k,k′

∑
η,ϵ G

(±)
k′−k|ηϵe∓iωt|k′, η⟩⟨k, ϵ|, where

k = kxx̂ + kyŷ is electron wave vector and G(±)
q |ηϵ =

(µ0γeℏ/2)
∑

α={x,y,z} σ
α
ηϵh

(±)
α (q) are matrix elements.

On substituting Eq. (1), only G(+)
q |↑↓ and G(−)

q |↓↑ are
non-zero, which reflects the conservation of angular mo-
mentum.

The localized or focused magnetic field coherently cou-
ples electron states of different wave vectors since the
operator V̂ (+) has finite matrix elements between an oc-
cupied initial state |k, ↑⟩ of energy εk and an empty state
|k′, ↓⟩ of higher energy εk′ . Inversely, at finite tempera-
tures V̂ (−) emits a photon when the higher energy state
is occupied and the lower empty. These processes are
captured by the time evolution of the 2× 2 spin density
matrix ρρρk′k|ηϵ = ⟨k′, η|ρ̂|k, ϵ⟩, in which diagonal terms
represent the population and off-diagonal terms the co-
herence between opposite spins. As detailed in the Sup-
plemental Material (SM) [48] the density matrix obeys
the Liouville equation

iℏ
∂ρk′k

∂t
= (εk′ − εk)ρk′k +

∑
ζ=±

∑
q

G(ζ)
k′−qρqke

−iζωt

−
∑
ζ=±

∑
q

ρk′qG(ζ)
q−ke

−iζωt. (2)

A uniform field cannot induce inter-momentum coher-
ence since when Gq−k ∝ δqk, ρk′k ∝ δk′k is diagonal in
the wave vector space.

The carrier population and spin coherence induced by
external fields follow from the solutions of the equation
of motion (2). Without drive, ρk′k ≈ fkδk′k is the Fermi-
Dirac distribution fk = 1/(e(εk−µ)/(kBT ) + 1) at temper-
ature T and chemical potential µ. With drive, the series
expansion up to V 2 to Eq. (2) reads

ρk′k = fkδk′k +
∑
ζ=±

G(ζ)
k′−k(fk − fk′)e−iζωt

εk + ζℏω − εk′ + i0+
+

∑
ζ1,ζ2=±

∑
q

×
[ G(ζ1)

k′−qG
(ζ2)
q−k(fk − fq)e

−i(ζ1+ζ2)ωt

(εk + (ζ1 + ζ2)ℏω − εk′ + i0+)(εk + ζ2ℏω − εq + i0+)

+
G(ζ1)
k′−qG

(ζ2)
q−k(fk′ − fq)e

−i(ζ1+ζ2)ωt

(εk + (ζ1 + ζ2)ℏω − εk′ + i0+)(εq + ζ1ℏω − εk′ + i0+)

]
.

(3)

When disregarding the interference between different
wave vectors in Eq. (3) and taking ζ1 = −ζ2 for DC
spin-injection processes, the spin injection rate is then
constant and governed by the rate equation [48]

∂s

∂t

∣∣∣
DC

=
ℏ
2

∑
k

∑
η,ϵ={↑,↓}

∂ρIkk(t)|ϵη
∂t

σσσηϵ

= π
∑
k,q

(fq − fk) Tr
(
G(+)†
q−kG

(+)
q−kσσσ

)
× δ (εk + ℏω − εq) + H.c., (4)

noting in the interaction representation ρIkk(t) = ρkk(t).
The spin injection is driven by the spin-flip induced

by the AC magnetic field (1) that may be understood
in terms of photon absorption processes in Fig. 2 for a
parabolic electron dispersion εk = ℏ2k2/(2m∗), wherem∗

is effective mass of electrons. The red curves sketch an
electron with spin “↓” that under absorption of a photon
with energy ℏω flips to a “↑” under energy and momen-
tum conservation, i.e., a transition from |k, ↓⟩ to |q+, ↑⟩.
Here ε(q±) = ε(k) ± ℏω. The blue curves indicate the
photon emission process from |k, ↑⟩ to |q−, ↓⟩.
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FIG. 2. Spin-transfer process in an electron gas induced by a
circularly polarized photon. An electron at the Fermi energy
can absorb a photon with energy to be excited to a higher en-
ergy state or emit a photon to a lower energy state under en-
ergy and linear/angular momentum conservation. Here state
k is occupied while states q must be empty. The Feynman di-
agrams depict the photon absorption and emission processes
with spin angular momentum conservation.

At zero temperature electrons occupy states below the
Fermi energy Ef and Fermi wave number kf . Substi-
tuting the parabolic electron dispersion and the field (1)
into (4),

∂s

∂t

∣∣∣
DC

=
∑
k

ˆ 2π

0

dφq

ˆ ∞

0

dεq
iSm∗

πℏ2
(f(εq)− f(εk))

×
(
h
(+)∗
k−q × h

(+)
k−q

)
δ (εk + ℏω − εq) + H.c.

= ω(m∗µ0γeh0)
2/(2πℏ)ẑ. (5)
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It indicates that the photon absorption in Fig. 2 con-
tribute to the spin injection. The number of ab-
sorbed photons with frequency ℏω is proportional to
ℏωD2DEG, where the density of states of 2DEG D2DEG =
Sm∗/(2πℏ2). In the ballistic regime, the energy and an-
gular momentum injection rate into the electron system
equals the total spin and energy currents flowing through
a circle around the source. We then estimate the spin
current density by [48]

∂s

∂t

∣∣∣
DC

=

"
JJJ DC

s (ρρρ) · dS

= 2πρJ est
s (ρ)ẑ = ω(m∗µ0γeh0)

2/(2πℏ)ẑ, (6)

where ρ = |ρρρ|. The process is proportional to the absorp-
tion coefficient of the light intensity ∼ h20.

Quantum formalism.—Below we substantiate the mag-
netic spin pumping found by rate equation as sketched
above by a full quantum formalism. The Hamiltonian of
2DEG in the x-y plane subject to an inhomogeneous AC
magnetic field h(ρρρ, t) of frequency ω reads

Ĥe = Ĥ0 + V̂ (t) =
∑
k,η

(εk − µ) |k, η⟩⟨k, η|

+
∑
ζ=±

∑
k,k′

∑
η,ϵ={↑,↓}

G(ζ)
k′−k|ηϵe

−iζωt|k′, η⟩⟨k, ϵ|, (7)

where all symbols have been defined above. Refer-
ring to the SM [48] for details, the time evolution op-
erator ÛI(t, t0) in the interaction representation is ex-
panded into Dyson series of which we again retain
the lowest two order of V̂ . The electron wavefunc-
tion evolves under the perturbation according to [49–

51] ψη(ρρρ) =
∑

k′
∑

ϵ⟨ρ|e−iĤ0t/ℏ|k′, ϵ⟩⟨k′, ϵ|ÛI(t, t0 →
−∞)|k, η⟩. The field operator of such driven eigenstates
in terms of the electron annihilation operator âη(k) of an
unperturbed state with wave vector k and spin η [48]

ψ̂η(ρ, t) =
1√
S

∑
k

âη(k)e
i(k·ρ−εkt/ℏ) +

∑
ζ=±

∑
ϵ

∑
k,k′

âϵ(k)

×
G(ζ)
k′−k|ηϵei(k

′·ρ−(εk+ζℏω)t/ℏ)

εk + ζℏω − εk′ + i0+
+

∑
ζ1,ζ2=±

∑
k′,k,q

∑
ξ,ϵ=↑,↓

âϵ(k)

×
G(ζ1)
k′−q|ηξG

(ζ2)
q−k|ξϵei(k

′·ρ−(εk+(ζ1+ζ2)ℏω)t/ℏ)

(εk + (ζ1 + ζ2)ℏω − εk′ + i0+) (εk + ζ2ℏω − εq + i0+)

)
,

where the Cartesian position (wave) vector ρρρ (qζ) trans-
forms to polar coordinates as ρρρ = ρ cosφx̂ + ρ sinφŷ
(qζ = qζ cosφqζ x̂+ qζ sinφqζ ŷ).
The spin-current density carried by the excited states

is then

JJJ s(ρ, t) =

〈
ℏ2

4im∗

∑
ηϵ

ψ̂†
ησσσηϵ∇ψ̂ϵ +H.c.

〉
=

∑
n≥0

JJJ (n)
s (ρ, t),

where the second step indicates a perturbation ex-

pansion JJJ (n)
s ∝ V n. Since the ensemble average〈

â†η(k1)âϵ(k2)
〉
= δk1k2

δηϵfk in terms of the Fermi-Dirac
distribution fk, the zero-order (equilibrium) spin current

JJJ (0)
s (ρ, t) = ℏ2/(4m∗S)

∑
k fk Tr (σσσ ⊗ k)+H.c. vanishes.

In the linear response, the tensor

JJJ (1)
s (ρρρ) =

∑
k

−i
8πS

ˆ φ+π
2

φ−π
2

dφq+(fk − fq+)e
i((q+−k)·ρρρ−ωt)

× Tr
(
G(+)†
q+−kσσσ ⊗ (k+ q+)

)
+H.c.

oscillates at frequency ω and can be detected via the AC
spin Hall effect [52, 53]. However, the linear response
conserves energy and spin and vanishes on time average.
Analogous to the spin pumping by magnetization dynam-
ics, DC spin currents emerge in the second-order term of
the perturbation series:

JJJ (2)
s (ρ, t) =

∑
ζ1,ζ2=±

∑
q,q′,k

ℏ2

4m∗Tr
(
G(ζ1)†
q−k (σσσ ⊗ q′)G(ζ2)

q′−k

)
×
[

fk
(εk + ζ2ℏω − εq′ + i0+)(εk + ζ1ℏω − εq − i0+)

+
fq′

(εq + (ζ2 − ζ1)ℏω − εq′ + i0+)(εk + ζ2ℏω − εq′ + i0+)

+
fq

(εq + (ζ2 − ζ1)ℏω − εq′ + i0+)(εq − ζ1ℏω − εk + i0+)

]
× ei((q

′−q)·ρρρ−(ζ2−ζ1)ωt) +H.c.,

in which the ζ1 = ζ2 contribution is constant in time and
leads to the DC spin current

JJJ DC
s (ρ) ≈

∑
ζ=±

∑
k

i
m∗µ2

0γ
2
e

32π2S

ˆ φ+π
2

φ−π
2

dφpζ
dφqζe

i(qζ−pζ)·ρ

×
(
h(ζ)(qζ − k)× h(ζ)∗(pζ − k)

)
⊗ qζ

× (fk − fqζ
) + H.c., (8)

in the approximation fq = fq′ due to the factor 1/(εq −
εq′ + i0+). We derive the same result by the density-
matrix approach in the SM [48]. The circular polarization
h(+)(q+ − k)× h(+)∗(p+ − k) or “photon spin” [10, 11]
governs the electron spin polarization, which depends on
the optical/microwave source and is flexibly tunable.

The above formalism holds for arbitrary magnetic
field profiles, frequencies, and electron densities. It is
convenient to derive specific results from a line source
h(ρ, t) = h(x, t) with Fourier components h(ζ)(q) =
2πδ(qy)H

(ζ)(qx). In the far-field x → +∞, the DC spin
current [54]

JJJ DC
s,1D(ρ) ≈

∑
ζ=±

∑
kx,ky

im∗µ2
0γ

2
e

8κζS
(f(kx, ky)− f(κζ , ky))

×
(
H(ζ)(κζ − kx)×H(ζ)∗(κζ − kx)

)
⊗ x̂+H.c.,
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where κζ ≡
√
k2x + 2ζm∗ω/ℏ.

Numerical results.—Here we illustrate the 2D spin ra-
diation by the THz field (1) of strong localization. Sub-
stituting into Eq. (8),

JJJ DC
s (ρ) =

∑
k

m∗µ2
0γ

2
eh

2
0

8S

(
fk − fq+

)
(ẑ⊗ êρ)

× (kF (kρ) + q+F (q+ρ))

≈ m∗2µ2
0γ

2
eh

2
0

8πℏ
ωkfkfF (kfρ) (ẑ⊗ êρ) , (9)

where q+ = |q+| and in F (x) = J0(x)H−1(x) +
J1(x)H0(x), Jn(x) and Hn(x) are n-order Bessel func-
tion of the first kind and Struve function. In the second
step, we assume the degenerate limit, in which only elec-
trons near the Fermi surface contribute.

Figure 3 plots the spatial distribution of radiated
JJJ DC

s (ρ). In the calculation, we consider a mono-
layer n-doped MoS2 with effective electron mass m∗ =
0.48me [57] and g-factor |ge| = 2.16 [58]. The typical
electron density ne = 5.6 × 1012 cm−2 [59] corresponds
to a Fermi energy Ef ∼ 28.5 meV. The mobility of elec-
trons is high [55] and their out-of-plane spin polarization
has a long lifetime [56]. The field frequency ω = 10 THz
and its amplitude µ0h0 ≈ π × 10−16 T · m2 is equiva-
lent to a spot of magnetic field 0.4 mT of radius 500 nm,
which could be generated by THz near-field from metal-
lic nanoparticles [41, 42] or SNOM [43–46]. As shown
in Fig. 3(a), the spin current radiates outward from the
optical spot and decays according to 1/ρ. In Fig. 3(b),
2πρJJJ DC

s (ρ) is almost a constant with the increase of ra-
dius ρ, which agrees well with the estimation from the
spin transfer in Eq. (6). The effect is robust and persist-
ing at different temperatures and electron densities, as
shown in Fig. 3(c) and (d).

Referring to the SM [48], the spin current can be ef-
ficiently generated by realistic magnetic-field spots and
for the spin radiation by a line source, the directed spin
current does not decrease with the distance.

Optical radiation of exciton spin/valley current.—We
then generalize the above mechanism to the spin-current
generation of charge-neutral angular momentum-carriers
such as excitons and chiral phonons [12–14]. The energy-
degenerate excitons in opposite valleys of monolayer
MoS2 carry opposite spins {↑, ↓}. Their coupling with
magnetic fields is referred to as “valley Zeeman ef-
fect” [16–18]. Exciton with a valley, thereby spin, polar-
ization can be pumped by a laser of circular polarization
via direct-band photon absorption. We demonstrate here
that an exciton pure spin or valley current radiates when
the exciton distribution is subjected to a focused THz
magnetic field, differing from previous proposals based
on interference [60, 61] or dispersion warping effect [62].

Here an optical laser generates a Gaussian distribu-
tion f↑,↓ex (k) = α↑,↓

ex exp
(
−(εexk − εp)

2/(2δ2ε)
)
of excitons

with spin {↑, ↓} in opposite valleys, centered around the
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FIG. 3. Radiated DC spin current JJJ DC
s (ρρρ) under a spot of

magnetic field. (a) illustrates the magnitude (the color) and
direction (the arrows) of the radiated spin current. (b) plots
2πρJJJ DC

s (ρ)/ℏ as a function of radius ρ and compares with
the estimation of spin transfer rate via Fermi’s golden rule
[Eq. (6)]. (c) and (d) plot the efficiency of the spin transfer
with different temperatures and electron densities.

laser energy εp and broadened by δε [63–65]. εexk =
ℏ2k2/(2m∗

ex) with exciton mass m∗
ex. The normaliza-

tion factor α↑,↓
ex = n↑,↓ex /

∑
k exp

[
−(εexk − εp)

2/
(
2δ2ε

)]
de-

pends on the exciton densities n↑,↓ex in opposite valleys,
tunable by the ellipticity of light polarization. We then
subject the exciton to a strongly localized magnetic field
h(ρ, t) with circular polarization along the ẑ-direction.
For the excitons of spin s and gyromagnetic ratio γex =
gexµB with exciton g-factor gex, the exciton spin current
pumped by a focused magnetic field reads, analogous to
Eq. (9),

JJJ ex
s (ρ) =

∑
k

m∗
exµ

2
0γ

2
exh

2
0s

2

2S

(
f↓ex(k)− f↑ex(q+)

)
× (kF (kρ) + q+F (q+ρ)) (ẑ⊗ êρ) . (10)

This exciton spin current vanishes when n↑ex = n↓ex, but
exists in the presence of valley polarization, which can
be understood from the pumping process depicted in
Fig. 3(a): The exciton with polarization “↓” is pumped
to the “↑” states through the photon absorption V (+)

process, and inversely, the exciton with polarization “↑”
is driven to the “↓” states by photon emission V (−) pro-
cess. The net spin transfer by absorption and emission
then depends on the exciton distribution f↑ex and f↓ex.
Figure 3(b) plots the exciton spin current under a laser

irradiation of energy εp ≈ 100 meV and bandwidth δε ≈
4 meV [66], and for the THz field ω = 10 THz and µ0h0 ≈
π× 10−16 T ·m2. For excitons, m∗

ex ≈ 0.19me [67], gex =
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FIG. 4. Optical radiation of exciton spin current. (a) ad-
dresses the spin transfer process in the opposite valleys, in
which exciton distributions f↑

ex ̸= f↓
ex. (b) shows pumped ex-

citon spin current 2πρJJJ ex
s (ρ)/ℏ.

−4 [68], and n↑ex = 0.7n↓ex = 7× 109 cm−2 [69].
For phonon spin current, we only need to replace the

distribution function of exciton (10) with that of chiral
phonons [12–14]. We will address such effects and those
of different materials in the future.

Conclusion and discussion.—In conclusion, we gener-
alize the spin-current generation in static Stern-Gerlach
effect to a dynamic scenario or “magnetic spin pumping”,
in which a focused AC magnetic field provides “forces”
to radiate the spin current of charge-neutral excitons and
phonons, as well as electrons. This effect is free of charge,
optical selection rules, and spin-orbit coupling. Its ef-
ficiency is measurable: the pumped spin current is of
the same order as the spin Hall current generated by
an electric field of 0.1 kV/cm and a common spin Hall
conductivity σy

x = 105 (Ω · m) [22, 23]. The polariza-
tion of pumped spin currents is governed by the angular
momentum of optical/microwave fields, which is thereby
tunable and beyond that limited by the magnetization
direction in the spin pumping and the spin-Hall conduc-
tivity tensor. The transfer of optical or microwave spin
is, thereby, a unified and efficient mechanism for distinct
mobile carriers.
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