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We present the transfer of the spatially variant polarization of topologically structured light to the spatial
spin texture in a semiconductor quantum well. The electron spin texture, which is a circular pattern with
repeating spin-up and spin-down states whose repetition rate is determined by the topological charge, is
directly excited by a vector vortex beam with a spatial helicity structure. The generated spin texture
efficiently evolves into a helical spin wave pattern owing to the spin-orbit effective magnetic fields in the
persistent spin helix state by controlling the spatial wave number of the excited spin mode. By tuning the
repetition length and azimuthal angle, we simultaneously generate helical spin waves with opposite phases

by a single beam.
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Spatial structures have attracted considerable attention,
because their spatial modes offer a new information basis,
as represented by space division multiplexing in optical
communications. Topologically structured light has unique
properties, such as a doughnut-shaped intensity profile,
orbital angular momentum (OAM) originating from a
spatial phase structure, and spatially variant polarization.
Its applications include superresolution microscopy using
doughnut-shaped light patterns [1,2], fabrication of chiral-
ity-dependent helical nanoneedles using an optical vortex
[3,4], and optically induced rotational motion of nano-
particles by OAM [5,6]. Structured light with spatially
variant polarization, such as azimuthal and radial beams, is
a vector beam with nonseparable spatial and polarization
degrees of freedom. This coupled spatial-polarization mode
improves optical communication and optical metrology
[7-11].

The spatial structures of spins in semiconductors have
also drawn attention recently. A persistent spin helix (PSH),
a helical spin texture in space, emerges when Rashba-type
[12] and Dresselhaus-type [13] spin-orbit (SO) interactions
are tuned to equal strengths in a (001)-grown quantum well
(QW) with a zinc blende structure [14—16]. In the PSH
state, the spatial spin texture is protected from dephasing
caused by spin-independent scattering, because momen-
tum-dependent SO effective magnetic fields are unidirec-
tional and have an exact SU(2) symmetry. PSH can be
applied not only in semiconductor-based spintronic devices
using long-lived spin states, but also in devices using
spatial spin modes. Studies have reported direct observa-
tions of the PSH texture [17-23], modulation of PSH
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frequencies by gate voltages [18,24], and long-distance
transport of the PSH by drift currents [25-28].
Semiconductors have an excellent response to light, and
spin-polarized electrons can be generated in semiconduc-
tors by polarized light following optical selection rules. In
addition to the optical generation and detection of spin
populations, the coherent transfer of arbitrary light polari-
zation to electron spins and the direct readout of coherent
spin states have been demonstrated [29,30]. Almost all
previous studies on optical spin injection have used
homogeneously polarized beams, and pioneering studies
on spatially structured light have demonstrated the gen-
eration of stripe-patterned polarized light created by the
superposition of two homogeneously polarized beams and
spin excitation by such light [16,31,32]. Vector vortex
beams (VVBs) have a spatial helicity structure arising from
the OAM of light, which does not exist in the Gaussian
beam and the stripe-patterned polarized light described
above. The use of VVBs is expected to generate novel spin
textures with topological structures, thereby facilitating
access to spatial spin textures and information conversion
between topologically structured light and spin textures.
Herein, we demonstrate the imprinting of spatial helicity
structure of a VVB on the spin texture of electrons in a
semiconductor QW. A spatially periodic structure of the
spin state is directly generated by the VVB. In this
structure, the spin-up and spin-down states are repeated
in a circular pattern, and the structure period varies with
the topological charge of the VVB. The excitation of the
periodic spin texture by the VVB corresponds to the
excitation of a specific spatial spin wave mode. This is
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in contrast to spin excitation by a conventional homo-
geneously polarized Gaussian beam, which excites various
spin wave modes simultaneously. The spatiotemporal
dynamics of the spin texture reveals that the excited spin
texture rapidly evolves into a PSH texture through the
matching of the spatial spin mode excited by the VVB with
the eigenmode of the helical spin wave of PSH induced by
the SO effective magnetic field. We also show that two
helical spin waves with opposite phases can be produced by
a single VVB.

A VVB is generated from a homogeneously polarized
beam. A linearly polarized beam is converted into an
azimuthal beam by a vortex half-wave plate, whose fast
axis rotates continuously in space while having a constant
retardance of 7. Subsequently, the beam passes through a
quarter-wave plate, and a spatial pattern of polarization is
obtained. The polarization of the VVB is expressed using
AqwpAvuwpdy

the Jones vector as
1 (1 i\ [cos(lg) —sin(lp) /0
V2 < i 1> (sin(l¢) cos(Ip) ) (1)
P 1
= Lo ( o ) (1)

where A gwp and Aypwp are the Jones matrices of a quarter-
wave plate and vortex half-wave plate, respectively, and Jy
is the initial linear polarization. The phase varies spatially
with the azimuthal angle ¢, as represented by e/?, thereby
forming a vortex beam that carries an OAM determined by
the topological charge /. The spatial distribution of polari-
zation forms a periodic structure of helicity, where left- and
right-circularly polarized light is repeated in a circular
pattern, as shown in Figs. 1(a) and 1(b). The VVB expressed
by Eq. (1), as well as an optical vortex and the azimuthal
beam, is also a polarization state that can be described by a
higher-order Poincaré sphere [33,34], which is an extension
of the Poincaré sphere representing the circular polarization
state. When the light polarization of the VVB is coherently
transferred to the electron spins, the spin states are expected
to have an azimuthal angle-dependent spatial structure, as
shown in Figs. 1(c) and 1(d) [34]. The arrows and the blue
and red shading in Figs. 1(c) and 1(d) represent the direction
of spin polarization and the out-of-plane spin component,
respectively.

The imprinting of spatial helicity structure of a VVB on
the spin texture of electrons is performed using a one-sided
modulation-doped 20 nm GaAs/AlGaAs QW. The time
evolution of the spin distribution is measured by time-
resolved (TR), spatially resolved magneto-optical Kerr
rotation (KR). The polarized electron spins are optically
excited by the pump beam following the optical selection
rule, and the out-of-plane spin component is detected as a
KR signal of the linearly polarized probe beam. Optical
measurements are performed at 7.5 K using a cryostat with
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FIG. 1. Sketch of imprinting of polarization distribution by
VVB on spin texture in a semiconductor QW. Azimuthal angle
dependence of polarization of VVB with (a) [ = 1 and (b) / = 2.
(c),(d) Spatial spin structures photoexcited by VVB shown in (a)
and (b) following optical selection rules. The arrows represent the
polarization directions in coherent transcription, and the colors
represent the spin z component.

optical access (see Supplemental Material [35] for details
on the sample structure and TRKR microscopy).

Figures 2(a)-2(c) show KR maps corresponding to the
spin distribution s_(x, y) immediately after spin excitation
under the different pump beams. Electron spins excited by a
homogeneously circularly polarized Gaussian beam are
distributed around the spatial origin at = 19 ps and are in
the spin-up state [Fig. 2(a)]. By contrast, when the spins are
excited using the VVB [Eq. (1), with [ = 1], a twofold
symmetric structure of the spin state is observed at
t =10 ps, as shown in Fig. 2(b); in this structure, the
spin-up and spin-down states are repeated in a circular
pattern. Since the VVB has a doughnut-shaped intensity
profile in space originating from a topological singularity,
spins are not excited into the spatial origin corresponding to
the dark spot. The observed spin texture with a twofold
symmetric structure indicates the presence of the spin
configuration shown in Fig. 1(c) and proves that the
polarization pattern of the VVB is imprinted on the spatial
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FIG. 2. KR maps corresponding to spatial spin distribution
s.(x,y). (@) s.(x,y) at + =19 ps excited by a homogeneously
polarized beam. (b) s.(x,y) at r = 10 ps excited by a VVB with
I=1.(c) s.(x,y) at t = 10 ps excited by a VVB with [ = 2.
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(a) Spatial spin distribution s, (x, y) at r = 164 ps. (b) Spatiotemporal map of x direction s.(x, 0, ). (c) Spatiotemporal map of

y direction s.(0,y,7). (d) Time evolution of spin wave-mode distribution A(q,, ), obtained by frequency analysis of (b) under
homogeneously polarized beam spin excitation. (e) s, (x,y) at = 160 ps, (f) s.(x,0, 1), (g) 5.(0, y, ), and (h) A(g., t) obtained from (f)

under VVB spin excitation.

structure of the electron spin states in the semiconductor.
Other spin textures can be easily generated using the VVB
with different topological charges /, since the repetition rate
of helicity varies with [/, as shown in Eq. (1). Figure 2(c)
shows the spin distribution at # = 10 ps excited by the
VVB with [ = 2. The spatial period of the helicity of
the excitation beam is half of that with [ = 1. Hence, the
photoexcited spin texture has a fourfold symmetric struc-
ture, unlike the twofold symmetric spin texture excited by
the VVB with [ = 1. In addition, the dark spot without spin
excitation enlarges due to the increase in the topological
charge. Thus, the periodic helicity structure of the VVB
enables the direct excitation of complex spin textures by a
single beam.

Figure 3(a) shows s_(x,y) at t = 164 ps under homo-
geneous spin excitation [Fig. 2(a)]. The observed spin
texture exhibits a striped pattern, with repeated spin-up
and spin-down states along the x direction. Figures 3(b) and
3(c) show the time evolution of the spin distribution along
the x and y directions, corresponding to s,(x,y = 0,7) and
s.(x =0,y,1), respectively. The electron spins diffuse in
the QW plane from the initial spin distribution and precess
with momentum-dependent SO effective magnetic fields
with z. The spins moving along the x direction precess and
form the helical spin pattern by the SO effective magnetic
fields with time evolution, whereas the spins moving along
the y direction diffuse without spin precession. Under the
PSH condition in a (001) QW, where the Rashba parameter
a and Dresselhaus parameter § are balanced, the SO
effective magnetic fields acting on moving electron spins
are uniaxially oriented with the SU(2) symmetry [35].
This leads to the formation of a PSH texture with helical
spin stripes. The observed spin stripe pattern suggests
that the SO effective magnetic field induced by the studied
QW structure is close to the PSH state. The helical spin

wavelength, which corresponds to the period of the spin
stripe pattern, converges to the eigenvalue of the PSH state
with 7. According to the residual helical spin mode at
t =300 ps, as shown in Fig. 3(b), the spin precession
length Agp is 11.0 £0.3 pum. The SO parameters are
estimated as a=—1.76 meVA and § = 1.44 meV A,
and their ratio is |a/f| ~ 1.2 [35].

The electron spins excited into the twofold symmetric
spin texture by the VVB also diffuse and undergo the
SO effective magnetic fields. Figure 3(e) shows the spin
distribution s,(x,y) at 7= 160 ps, which is the time
elapsed from the spin distribution in Fig. 2(b). The distance
between the excited spin-up states in Fig. 2(b) is inten-
tionally set to A4 by adjusting the beam spot size. The dark
spot of the spins at the spatial origin is filled by the inflow
of electron spins. Moreover, the spin texture becomes a
striped pattern, as in the case of spin excitation by the
homogeneously polarized beam. Figures 3(f) and 3(g) show
s.(x,0,7) and s,(0,y,7) in the case of the VVB spin
excitation. The spin distribution in the x direction broadens
with 7, forming a helical spin wave. In the y direction, the
spin distribution broadens in the spin-down state without
spin rotation, because the SO field acting on the electron
spins moving along the y direction is canceled out. As
shown in Fig. 3(f), the helical spin wave converges to the
spin wave with the intrinsic spin precession length of PSH
As0, but its formation is faster than that in the case shown in
Fig. 3(b). The difference in the formation time of PSH
modes between homogeneously polarized beam and VVB
spin excitation is caused by the wave number distributions
of the spin waves in the initial spin distribution. Figures 3
(d) and 3(h) show the time evolution of the wave-mode
distribution in the x direction, analyzed by the fast Fourier
transformation in Figs. 3(b) and 3(f), respectively. The
initial spin state with Gaussian distribution excited by the

126701-3



PHYSICAL REVIEW LETTERS 130, 126701 (2023)

homogeneously polarized beam includes various spin wave
components with different wave numbers. Thus, the wave-
mode distribution also has the Gaussian distribution in the
wave number space, as shown in Fig. 3(d). As the spin
waves except the long-lived spin wave of the PSH mode of
gpsy = 0.6 um™! are relaxed, the helical spin wave with
the eigenvalue of the spin precession length of the PSH
state remains in real space over time. The initial spin
distribution has a periodic structure in the case of VVB
excitation, unlike that in the case of homogeneous spin
excitation. When the distance between spin-up states is
consistent with the spin precession length of the PSH, the
dominant spin wave mode is already the PSH mode in the
wave number space at the time of spin excitation, as shown
in Fig. 3(h). That is, the eigenwave of the PSH state is
directly excited by the VVB. Consequently, the helical spin
wave of the PSH emerges in real space faster than that
excited by the homogeneous polarized beam. The relaxa-
tion times of the PSH mode extracted from the time
evolution of the amplitude of the spin wave modes at ¢, =
gpsy = 0.6 um~! of VVB and homogeneous beam exci-
tation are 189 =4 and 158 £ 5 ps, respectively [35]. The
difference is small, because the dephasing of the PSH
mode, determined by the balance between a and f, is
independent of the polarization distribution of the excita-
tion light.

As shown above, VVBs can imprint their structured
polarization distributions on electron spins in semiconduc-
tor QWs as spatial structures with specific wave modes. For
the efficient generation of the helical spin texture, the
excited spin mode should match the eigenmode of the spin
wave in the PSH. Figure 4(a) shows s_(x,y) at 7 = 10 ps
excited by a z/4-rotated VVB with [ = 1 by rotating the
optical axis of the retarder for VVB generation. The excited
spin texture is rotated by /4 relative to that in Fig. 2(b),
but its size is the same. The periodic structure consists of
spin-down and spin-up states along the positive x direction,
and its phase is inverted between positive and negative y
values. The rotated spin texture is diluted and destroyed
over time, as shown in Fig. 4(b), although the PSH texture
is clearly observed in the case of the initial spin texture
shown in Fig. 2(b). For the z/4-rotated spin texture,
because the distance between the spin-up and spin-down
states parallel to the spin stripe direction becomes longer
than half the PSH length, the excited spin mode does not
match the eigenmode of the PSH texture, thereby dis-
turbing the formation of the spin texture in real space.
Figure 4(c) shows s_(x,y) at = 10 ps with a smaller spot
size than that in Fig. 4(a). The distance between the excited
spin-up and spin-down states parallel to the x axis is
approximately 5 pm, which is half the PSH length. The
spin distribution evolves with time into a spin texture with
spin wave structures with opposite phases in positive and
negative y, as shown in Fig. 4(d). Figures 4(e) and 4(f)
show the wave-mode distributions at different ¢ values
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FIG. 4. Spatial spin distribution excited by x/4-rotated
VVB with [ = 1. s_(x,y) at (a) =10 ps and (b) t = 160 ps
under large-spot spin excitation. s.(x,y) at (c) # =10 ps and
(d) t = 120 ps under small-spot spin excitation. Spin wave mode
distribution in x direction at different 7 under (e) large-spot and
(f) small-spot excitation.

under large-spot [Fig. 4(a)] and small-spot [Fig. 4(c)]
excitation, respectively. For large-spot spin excitation,
the dominant spin wave mode at the time of photoexcitation
(t =10 ps) is not the eigenmode of the PSH ¢gpgy.
Subsequently, the initial spin wave mode decays, and the
dominant wave modes shift toward the eigenvalue of the
PSH with increasing time (¢ = 45 and 160 ps). By contrast,
for small-spot spin excitation, the dominant spin wave
modes do not change with time relative to the initial spin
distribution. Hence, the spatial spin mode excited by the
small-spot VVB is consistent with gpgy. Consequently, the
decrease in the spin wave mode is suppressed, and two
helical spin patterns with opposite phases are clearly
observed in real space with electron spin diffusion.
Therefore, a new spin texture with two helical spin waves
having opposite phases can be produced by a single VVB
tuning a proper helicity period and azimuthal angle with
respect to the helical spin stripe by only adjusting the spot
size and angle of the phase plate; the use of a conventional
homogeneously polarized beam cannot accomplish this
process.

In conclusion, we directly generate electron spin textures
by imprinting the polarization distribution of topologically
structured light. The VVB imprints its periodic helicity
structure arising from the OAM of light on the spatial
pattern of electron spin states. The spin texture with
azimuthal angle-dependent spin orientation is excited,
and its rotation frequency is proportional to the topological
charge. The excitation of the periodic spin texture by the
VVB corresponds to the excitation of a specific spatial spin
wave mode. Matching the excited spin mode with the
eigenmode of the long-lived spin wave of the PSH, the
formation of the PSH texture in real space is accelerated,
because the extra spin wave modes that prevent the
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formation of the PSH texture are not excited. We also show
that a discriminative spin texture, such as the presented
helical spin waves with opposite phases, can be produced
even from a single beam by using a combination of helicity
patterns of structured light and momentum-dependent SO
effective magnetic fields. Our findings are valuable for the
preparation and control of arbitrary spin textures in semi-
conductors and are of great importance for high-order
quantum media conversion and spintronic applications
using spin textures.
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