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ABSTRACT

Ultrafast manipulation of polarization provides a powerful approach to controlling light-matter interactions on femtosecond
timescales. Here, we demonstrate the generation of photon spin-waves—spatiotemporal oscillations of the spin angular
momentum of light—arising from the beating of non-degenerate orthogonally polarized modes in photonic crystal cavities. To
capture this phenomenon, we develop a polarization-dependent quasi-normal-mode (QNM) theory to describe the temporal
polarization dynamics of pulsed excitation in anisotropic nanocavities, predicting ultrafast oscillations of the Stokes parameters.
Numerical simulations confirm that slight structural perturbations lift the degeneracy, producing sub-picosecond spin oscillations
that are tunable by cavity geometry. Remarkably, the oscillating spin is coupled to the far field, giving rise to propagating photon
spin-waves at the tails of transmitted pulses. We further verify the generality of this mechanism by investigating photon spin-wave
generation in square-lattice photonic crystals. Our work reveals a compact and versatile platform for engineering ultrafast spin
dynamics of light, with promising applications in chiral light-matter interaction, ultrafast magnetism via the inverse Faraday effect

(IFE), photonic spin angular momentum information processing, and ultrafast spin-lasers.

1 | Introduction

Manipulating the polarization state of light on ultrafast
timescales is a powerful technique with numerous potential
applications [1], including actively controlling the quantum
properties of materials [2-4], driving molecular rotation [5, 6],
advancing ultrafast nonlinear spectroscopy [7], tailoring the sub-
wavelength near field [8, 9], controlling magnetization dynamics
[10, 11] and facilitating nonlinear wavelength conversion [12-14].

A key method for achieving a temporally varying polarization
state is to exploit the beating effect—a fundamental wave phe-
nomenon arising from the interference of two coherent waves
with slightly detuned frequencies. The interference of such beams

results in a time-varying polarization state oscillating at the beat
frequency [15, 16] if their polarization states are orthogonal. This
technique has been extensively employed in studies of light-
matter interaction, particularly in cold-atom systems [17, 18].
Notably, the beating effect also induces Pancharatnam-Berry
phases in the time domain [15, 19, 20], which are essential
for observing the temporal analog of the photonic spin Hall
effect. This enables the spin-dependent separation of photons—a
phenomenon that has been extensively investigated in the spatial
and momentum domains but remains a burgeoning frontier in
the temporal regime [21-28]. While this beating principle is a
well-established cornerstone for signal modulation and carrier
generation in radio-frequency (RF) engineering, translating this
concept into the optical regime presents unique challenges.
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Over the past decade, optical nanostructures — such as meta-
surfaces [29-33], plasmonic gratings [34], and photonic crystals
[35-37] — have been widely employed to manipulate the spatial
and temporal properties of light in compact and efficient ways.
Metasurfaces, in particular, consist of two-dimensional arrays of
subwavelength elements that enable highly customized control
over light based on its wavelength and polarization, significantly
reducing the complexity of optical systems previously required to
generate arbitrary pulse beams [29-31]. They are especially advan-
tageous in Fourier-transform-based pulse shaping systems [38,
39], where they can replace traditional spatial light modulators
while offering enhanced functionality—such as simultaneous
control over polarization, phase delay, and transmission for each
spectral component. Compared to metasurfaces, planar optical
nanocavities offer a particularly compelling approach for ultrafast
polarization control due to their ability to strongly confine light
intrinsically in space and time. Remarkably, beating or pulse
shaping can be achieved in these platforms within a subwave-
length thickness, without the need for bulky dispersion gratings
or Fourier-transform lenses. However, prior platforms face sig-
nificant physical limitations. For instance, while temporal polar-
ization dynamics have been explored in plasmonic systems [34],
these platforms inherently suffer from high Ohmic losses and
low quality factors (Q), which restrict field enhancement and the
efficiency of light-matter interactions. Similarly, polaritonic plat-
forms in semiconductor microcavities can demonstrate polariza-
tion shaping through Rabi oscillations [40, 41], but they typically
necessitate cryogenic environments and face stringent challenges
regarding stability and dephasing, limiting their translation into
practical room-temperature device applications. Photonic crys-
tals have also attracted considerable attention owing to their
capacity to support narrowband resonances that enhance optical
fields and enable control over polarization and chirality [42-48].
Constructed primarily from low-loss dielectric materials, pho-
tonic crystals offer an additional advantage of minimal absorp-
tion. Notably, remarkable progress has recently been achieved
in tailoring spatial spin topologies, such as three-dimensional
hopfions and torons in complex photon spin-density fields [49,
50]. However, despite their great potential for light manipulation,
most research has focused on the static properties of light,
while the temporal dynamics of light-cavity interactions remain
relatively unexplored. Crucially, this compact architecture—
characterized by enhanced light-matter interaction and com-
patibility with advanced nanofabrication and active material
integration [27, 28]—establishes a promising framework for
investigating the spatiotemporal polarization dynamics of light.

In this work, we reveal the general polarization dynamics of a
pulsed laser interacting with an anisotropic resonant structure,
with the dynamics leading to the generation of photon spin-
waves—spatiotemporal oscillations of the photonic spin angular
momentum. We first develop a polarization-dependent quasi-
normal mode (QNM) theory to describe the response of a pulsed
laser interacting with an anisotropic resonator that supports
a pair of orthogonal polarization modes at different resonant
frequencies. Theoretical results predict that the photon spin
density vector s (associated with the third Stokes parameter
S5, details in Section S1.1) undergoes oscillations in both time
and space due to the beating effect. To validate this model,
we perform full-wave numerical simulations of a pulsed laser
interacting with a typical photonic crystal (PhC) defect cavity.

The high quality factor and small mode volume of the cavity
support strongly confined near fields with rapidly evolving
polarization dynamics. Notably, part of the modulated photonic
spin angular momentum is coupled to the far field through
the transmitted beam, forming a photon spin-wave that extends
into free space at the pulse tail (Figure 1). This cavity system
provides a compact platform for generating sub-picosecond
oscillations of photonic spin angular momentum, where the
oscillation characteristics can be precisely tuned by adjusting the
cavity anisotropy and geometric parameters. To provide a robust
theoretical framework for device design strategies, we further
apply QNM perturbation theory to our architecture, offering an
analytical prediction method for the inverse design of nano-
resonators under arbitrary geometric perturbations. We further
confirm the generality of this mechanism by demonstrating pho-
ton spin-wave generation in square-lattice photonic crystals. Our
proposed theoretical platform opens pathways for diverse appli-
cations, including the sensitive detection of molecular chirality,
the generation of ultrafast magnetic response via the inverse
Faraday effect (IFE) [51] using magnetic materials, photonic spin
angular momentum information processing, and ultrafast spin-
lasers [52], where birefringence-driven photon spin switching
may enable ultrahigh-frequency polarization modulation beyond
conventional laser bandwidth limits.

2 | Theory

We develop a polarization-dependent quasi-normal-mode (QNM)
theory to describe the temporal dynamics of a polarized laser
pulse after interacting with an anisotropic resonant structure [53-
56]. As a start, a scalar local optical field E,(¢) is governed by the
convolution of the incident field E;(f) and the impulse response
function G(t), with E.(t) = E;(t) * G(t). Here, the subscripts “e”
and “i” stand for the excited and incident fields, respectively. For
a single-mode resonator, G(t) is composed of the oscillation and
dissipation of this resonator, and it can be written in a general
form G(t) = H(t)e " sin (wt). Here, H(t) is the Heaviside function
used to determine the start time of pulse-resonator interaction,
w is the oscillation frequency, and I" is the decay rate caused by
dissipation. The quality factor Q of the resonator is Q = w/2I".

Next, we generalize the form to E () = E;(¢) * G(¢) for the interac-
tion between a polarized laser and an anisotropic structure, which
holds two independent resonant modes along x and y polariza-
tion, respectively. The vectorial impulse response function is then
written as G() = ¥, f,G,() =¥ _ jf H(®e " sin(w;t).
The coupling coefficient ; is equal to the square root of the decay
rate, namely, f; = \/IT} [57]. We also define the polarized pulse
in the form of E(t) = Z;_, jA;(1)cos(w,t + ¢;). Here, A;(t) =
AO_,-e*(Ho)Z/ **, A,; are the amplitudes, 7 is the pulse duration, w,
is the central frequency, and ¢; are the polarization-dependent
initial phases. By chosing different combinations of A; and ¢;,
this formulation is capable of describing arbitrary polarizations.

As shown in Figure 2a, we choose the parameters (4,, = A,
=19, =¢,=0,1 =100 fs, 7 = 20 fs, w, = 1.178 rad/fs (4, =
1600 nm)) to express a 6 = 45° linearly polarized pulse, where
6 = tan(Agy/A,,)"". The exampled vectorial coefficients of G(t)
are represented in Figure 2b, where G (f) corresponds to w, =
1.164 rad/fs (4, = 1620 nm) and Q, = 200, and G,(¢) corresponds to
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Top view

FIGURE 1 | Concept illustration of the ultrafast polarization dynamics of a pulsed laser interacting with a photonic crystal (PhC) defect cavity.

A pulsed laser with polarization angle 6 and pulse duration 7 is normally incident on a distorted H1 cavity, exciting near-field modes with temporal

spin oscillations at the surface. The oscillation is coupled to free space to generate a photon spin-wave at the tail of the pulse. The red and blue stripes

represent the photon spin density vector s, and the top arrows represent its direction (details in Section S1.1). Inset: The distorted H1 cavity is constructed

by removing a central air hole from a hexagonal lattice silicon photonic crystal slab (n = 3.4) with lattice constant P = 300 nm and air hole radius R =

90 nm, where the air holes in the middle row are slightly displaced by Ax to induce anisotropy.

w, =1.193 rad/fs (4, = 1580 nm) and Q, = 120. As shown at the top
of Figure 2c, the norm of the excited field |E.(¢)| exhibits a damped
oscillation with a beat period T, = 27r/Aw, which is determined by
the frequency difference Aw = lw, — w,|. Interesting polarization
dynamics emerge in E.(t), as shown at the bottom of Figure 2c.
We utilize the normalized Stokes parameters (S, , S, , S; ) to
characterize the polarization (details in Section S1.2). Here, S, (¢)
and S; (1) oscillate in pace with |E. (). Particularly, S;(¢) can be
used to describe the photonic spin angular momentum s(¢) (the
relationship between s and S; is explained in Section S1.1), whose
extremums always occur in the vicinity of the field intensity
nodes. This phenomenon indicates the generation of photon spin
oscillation that is manifested as the periodic switching of the spin
angular momentum, which can be modulated by Aw, or AL =
27cll/w, — 1/w,|. Notably, the slight shift of S;(¢) is caused by the
difference between I', and I',. The Stokes parameters undergo
a continuous evolution, indicating the possibility to generate
arbitrary polarization in the excited optical pulse.

The S(A) curves at the bottom of Figure 2d are obtained by a
Fourier transform of the time-domain Stokes dynamics, char-
acterizing the frequency-domain polarization behavior over the
entire cavity lifetime. The extrema of S, (1) align with the
resonant wavelengths 4, and 4, (the bottom of Figure 2d,
dashed gray lines), confirming x- and y-linearly polarized nature
of the cavity eigenmodes. In contrast, the peaks of S, (1) and
S; (1) emerge within the spectral overlap region. In this regime,
the superposition of the two orthogonal modes and their intrinsic
phase retardation result in a non-zero spin. This phenomenon
functions as a narrowband waveplate, generating unequal left-
and right-handed intensities over the cavity period. These spectra
demonstrate that linearly polarized eigenmodes can synthesize
photon spin through anisotropic mode coupling in an open
cavity. This mechanism may provide a novel pathway for gen-

erating strong optical chirality from planar anisotropic high-Q
nanostructures [44-46].

3 | Results

3.1 | Implementing the Quasi-Normal-Mode
Theory in an H1 Photonic Crystal Cavity

The aforementioned interesting polarization dynamics, espe-
cially the photon spin oscillation, can be realized in an anisotropic
photonic structure, and here we consider the H1 photonic crystal
defect cavity as a typical candidate. As it is well studied [58-60],
the HI cavity is constructed by removing a central air hole from
a hexagonal lattice photonic crystal, hosting a pair of degenerate
orthogonally polarized eigenmodes along the x and y directions,
respectively. Each eigenmode exhibits a dipole-like near-field
pattern, with the optical field of the mode localized in the center
of the cavity, covering a range of hundreds of nanometers. The
small mode volume (V), in combination with a large quality factor
(Q), gives rise to a considerably large Purcell factor, which is
benefical for a lot of applications in photon generation [61] and
photoluminescence enhancement [62, 63]. However, this double
degeneracy is guaranteed by an ideal hexagonal lattice with
perfectly shaped air holes. This condition is practically impossible
to realize in any fabrication process. Therefore, the resonant
frequencies w, and w, will split, resulting in a small Aw, or AA.
This effect is mostly considered harmful. For instance, in order to
generate entanglement of photons, one should adjust the lattice
period along one direction to overcome this mode splitting [64-
66]. In contrast, we take advantage of the A1 by applying a slight
location displacement (Ax = —5 nm) to the air holes in the middle
row of the H1 cavity, which we refer to as a distorted H1 cavity, as
shown in the inset of Figure 1.
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FIGURE 2 | Schematicdiagram of polarization-dependent quasi-normal-mode (QNM) theory. An incident pulsed laser field E;(¢), with polarization

components Ej,() (a, top) and E;,(t) (a, bottom), is convolved with the impulse response function G(t) of an anisotropic structure, characterized by
its vectorial coefficients G () (b, top) and G,(¢) (b, bottom). This convolution produces an excitation field |E.(¢)| (c, top) with polarization dynamics
described by the temporal evolution of Stokes parameters S;(f), S,(t), S5(t) (c, bottom). By applying a Fourier transform, the polarization-resolved
excitation spectra |Ee,(4)! and |E, ()| (d, top), as well as the spectral Stokes parameters S)(1), S»(1), S3(4) (d, bottom) can be obtained. The parameters
used to express a linearly polarized incident pulse at 6 = 45° are: Ay, = Ay, =1, ¢, = ¢, = 0, £, =100 fs, T = 20 fs, and w, = 1.178 rad/fs (corresponding

to 1o = 1600 nm).

The temporal response of the distorted H1 cavity is simulated
using the commercial software Lumerical FDTD. Here, we utilize
a 0 = 45° polarized plane wave (A, = Ag, =1L ¢, = ¢, =0, [,
=100 fs, T = 20 fs, 4, = 1040 nm) to excite the cavity with a
normal incident angle. A time monitor is placed at the center
of the cavity to record the temporal electric field magnitude
|El, as shown in Figure 3b. The polarized spectrum obtained by
Fourier transform shows a splitting of the wavelengths between
eigenmodes |E,(1)1* and |E,(2)I?, corresponding to A, = 1039 nm
and A, = 1034 nm, respectively, as shown in Figure 3a. By further
calculating the full widths at half maximum (FWHM) of the
two spectrum peaks, we obtain the quality factors Q, = 246 and
Q, = 210, respectively. The field magnitude |E| in the distorted
H1 cavity exhibits the same damped oscillation as predicted by
the QNM theory (the top of Figure 2c), and the time difference
between two adjacent intensity nodes is T;,/2 = 330 fs, as shown
in Figure 3b. Considering the time region around the first node
(~260 fs), there is a positive phase delay between E, and E,,
indicating a right-handed elliptical polarization (o,). For the

second node (~590 fs), the phase delay is negative, indicating
the opposite elliptical polarization (o_). The time-varying Stokes
parameters S,(¢), S,(t) and S;(¢) from the simulation are shown by
the dots in Figure 3c and agree well with the theoretical results
obtained by substituting the simulated resonant frequencies (w,,
w,) and quality factors (Q,, Q,) into the polarization-dependent
QNM theory, as shown by the solid line in Figure 3c.

We chose several characteristic snapshots within T,/2 with
an interval of T,/8 to demonstrate the polarization-dependent
dynamics of the near-field patterns. As shown in Figure 4a, |EI?
is confined to the center of the cavity and distributed within
a spatial region of 300 nm. This is a typical spatial pattern of
a defect photonic crystal cavity. More interestingly, we see that
|EI? varies with a period of T,. For a start time t,, the pattern
exhibits as a bright central spot surrounded by six equal-intensity
side lobes. Here, |E; |? is mainly concentrated in the central spot
(inside the yellow circle), while |Eg|? is distributed on the side
lobes, resulting in a large o_ of S;, as shown in the first column
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FIGURE 3 |

Demonstration of polarization dynamics in an H1 photonic crystal defect cavity. (a) Simulated polarization-resolved intensity spectra

|E,(A)1> and IEy(/l)IZ, where 1, and 4, denote resonance wavelengths, A1 indicates wavelength splitting, and Q, and Q, represent quality factors. Inset:

Eigenmode intensity patterns at resonance wavelengths with white arrows indicating polarization directions. (b) Simulated excitation field magnitude
IE(t)!. Inset: The zoomed-in polarized electric fields E,(¢) and Ey(t) at two nodes. Around the first node (~260 fs), E,() leads E,(t) in phase (Agp,, > 0,
0.), while around the second node (~590 fs), E,(¢) leads E,(f) in phase (Ag,, < 0, 0.). (c) Polarization dynamics described by the temporal evolution of

Stokes parameters S;(t), S,(t), S3(t) from simulation (dots) and polarization-dependent QNM theory (lines).

of Figure 4b-d. Here, Ey = E, + iE, and E; = E, — iE), are fields of
right-handed and left-handed circular polarization, respectively.
As time varies, |E;|*> decreases in the central spot, showing
a transition from a left-handed circular polarization (¢,) to
left-handed elliptical polarization (¢,+1/8T), linear polarization
(ty+1/4Ty), right-handed elliptical polarization (¢,+3/8T), and
then to a right-handed circular polarization (£,+1/2T,). We also
calculate the far-field distributions of these near-field patterns in
Section S3, showing that the radiated far field carries the spin and
polarization information encoded in the near field. Therefore, the
dynamics of the near-field patterns in the distorted Hl cavity can
be seen as an ultrafast photon spin oscillation, which can be used
as a source to generate the photon spin-waves.

3.2 | Modulation of the Properties of Photon Spin
Oscillation by H1 Cavity’s Parameter Engineering

Next, we provide an approach to modulating T}, which is
achieved by tuning the resonant wavelength of the y-polarized

eigenmode via changing Ax. As shown in Figure 5a,b, the
two eigenmodes are almost merged for Ax = 0, indicating an
infinite T,. If we compress (stretch) the lattice, namely, Ax
becomes negative (positive), the wavelength of the y-polarized
eigenmode will be smaller (larger) than that from the unaffected
x-polarized mode. From compressing to stretching the lattice,
we also observed an increased Q, along with an increased Ax.
Excessive stretching makes the H1 cavity gradually transform into
a L3 cavity of y polarization. For these distorted H1 cavities, we
can generate photon spin oscillations with different T varying
from 50 to 1000 fs, corresponding to a broadband terahertz signal
ranging from 1 to 20 THz, as shown in Figure 5c.

Furthermore, we show the evolution trajectories of Stokes param-
eters on the Poincaré sphere for four typical distorted cavities with
various Ax (Figure 5d), which are excited by the same laser as
indicated in Figure 3 (6 = 45°). The recorded fields are obtained
from the center of the cavity. The excited field undergoes diverse
polarization evolutions, which result in different spiral trajec-
tories rotating around the S, axis on the Poincare sphere. The
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t,+1/8T,

t+1/AT, t,+3/8T,  ty+1/2T,

FIGURE 4 | Near-field patterns dynamics of the distorted H1 cavity over half of a beat period. The near-field patterns are captured at different
characteristic snapshots for (a) electric field intensity |EI?, (b) right-handed circular polarized intensity |Eg|?, (c) left-handed circular polarized intensity

|E¢ |2, (d) Stokes parameter S;. The yellow circle marks the central defect region of the cavity. Here, Eg = E, + iE, and E;, = E, — iE, are fields of

right-handed and left-handed circular polarization, respectively.

temporal rotation of the trajectory originates from the oscillations
of both S, and S;, while a temporal shift of S| makes it noncyclic.
Notably, the rotation period of the trajectory is determined by
Ty, while the lateral shift along the S, axis is determined by the
decay rate I'. Therefore, for cases (I) and (II), where I', > I, the
trajectories shift toward S, = +1, while for cases (II) and (IV),
where I', < I, they shift toward S; = —1. The above-mentioned
trajectory dynamics provide us an opportunity to generate arbi-
trary polarization states during the temporal evolution of the
field. In order to do that, we can choose a laser pulse with the
incident S; approaching +1 and design a distorted H1 cavity with
I'. <T,.For instance, we generate a temporal evolution of the field
almost covering the full Poincaré sphere from 50 fs to 1800 fs by
exciting a distorted H1 cavity with Ax = +30 nm, with a 6 = 18°
polarized incident laser, as shown in Figure 5Se.

To further exploit the methodological advantages of the QNM
theory, we employ first-order QNM perturbation theory to map
structural perturbation to complex eigenfrequency shifts (1 and
Q) [67-71]. This approach allows us to predict the resonator’s
response to arbitrary small dielectric variations Ae (caused by
Ax in our H1 cavity) introduced within the perturbed volume
(details in Section S2). The QNM perturbation theory enables the
reconstruction of the temporal evolution of the Stokes parameter
S; (t) under varying perturbations, demonstrating highly tunable
photon spin-wave properties (Figure 6). Notably, these dynamics
closely resemble the time-domain spin Hall effect observed in
semiconductors [72]. This similarity arises because the structural
perturbations generate a dynamic photon spin density s(t), which

can be effectively converted into an equivalent magnetic field
when integrated with magnetic materials (details in Section S4),
providing a robust mechanism for light-matter interaction.

3.3 | Generating A Photon Spin-Wave at the Tail of
the Transmitted Pulse From the Distorted H1 Cavity

Lastly, we demonstrate that the photon spin oscillation on
the surface of the distorted H1 cavity can be coupled to
free space and generate a photon spin-wave, which is mani-
fested as a spatiotemporal spin oscillation propagating in free
space. Its spatiotemporal evolution is described by S; (z, t) =
A (z, t) sin(Awt — Akz + A@,) (the detailed theoretical deriva-
tion is provided in Section S1.3). The spatial period of the
spin-wave is ~cT,. The spatial distributions of |EI> and S; along
the propagation direction z are shown in Figure 7a,b, which are
captured from 200 to 400 fs with an interval of 20 fs. We can
see that the pulse transmits through the cavity with a spin-wave
appearing behind it as a tail. This is because after interacting
with the cavity, a portion of the incident pulse resonates in
the cavity, while the other transmits and propagates forward.
Taking the field captured at 360 fs as an example (Figure 7c),
the transmitted pulse reaches a distance around z = 75 um away
from the cavity. Meanwhile, the near-field oscillation of the cavity
mode delays the propagation of a spin-wave, forming a spatially
periodic distribution of S; at the tail of the transmitted pulse.
The intensity of the photon spin-wave is much smaller than that
of the main pulse, due to small coupling factors f. As shown in
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FIGURE 5 | Modulation of the properties of photon spin oscillation by Hl cavity’s parameter engineering. (a) Simulated tunable normalized
polarization-resolved spectrum via Ax modulation. Blue/red dots denote x-/y-polarized eigenmodes, respectively. (b) Polarization-resolved tunable
resonant wavelengths 4, and 4, (top) and quality factors Q, and Q, (bottom). (c) Modulated photon spin oscillation (beat) period Ty, (d) Poincaré
sphere trajectories of Stokes parameters for four typical distorted cavities: (I) Ax = —20 nm, (II) Ax = =10 nm, (IIT) Ax = +10 nm, and (IV) Ax = +20 nm.
(e) Temporal evolution of the Stokes parameters (left) and the corresponding full Poincaré trajectory (right) in the Ax = +30 nm cavity from 50 fs to 1800

fs excited by a 6 = 18° polarized incident laser.

Figure 7d, we take three typical regions to see the zoomed-in
phase differences between E, and E,. Apparently, for region (I),
the phase difference between E, and E, is always zero for the main
pulse. For region (II), a large extremum of S; (~ 0.99) appears
due to the equal intensity of the two modes with a ~ 7/2 phase
shift. For region (III), the phase difference switches to ~ —7/2,
but because of the unequal intensities between the two modes, S;
is smaller (~ —0.48).

4 | Discussion
To demonstrate the generality of the proposed mechanism for

photon spin-wave generation, we extend the work to a more
generic system: the x- and y-polarized quasi-bound states in the

continuum (g-BICs) in square-lattice photonic crystals [73, 74].
Figure 8a shows the calculated band structure of the square-
lattice photonic crystal (lattice period a, = a,) along the X
« I' - X path, where the two highlighted colored bands
correspond to the x-polarized (blue) and y-polarized (red) q-BIC
modes, respectively. The corresponding eigenmodes are depicted
in Figure 8c. For clarity, the irreducible Brillouin zone and a
schematic of the square-lattice cavity geometry are presented in
the left and right panels of Figure 8b. Similarly, we introduce a
lattice perturbation along the x-direction by varying the lattice
period a,, characterized by Aa = a, — a,. As shown in Figure 8d,
the altered band structures reveal that the originally degen-
erate modes undergo a distinct frequency splitting under this
symmetry-breaking perturbation. This frequency splitting at the
I point directly determines the beating period T, of the photon
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FIGURE 6 | Temporal evolution of S (¢) for varying Ax. (a) Normalized Stokes parameter S; (f, Ax), representing the evolution of the photon spin
state. (b) Intensity-weighted Stokes parameter I-S3 (¢, Ax), where I denotes the total field intensity.
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FIGURE 7 | Generating a photon spin-wave at the tail of the transmitted pulse from the distorted H1 cavity. The time-resolved spatial distributions
of (a) IEl and (b) S; along the propagation direction z. Each time slice along the vertical axis represents the field distribution in the transverse x direction,
with x ranging from —3 pm to +3 um and y fixed at 0. The dashed arrow indicates the instantaneous position of the transmitted pulse at each snapshot.
(c) Spatial evolution of |E| (top) and the corresponding Stokes parameter S; (bottom) at 360 fs. The regions along z direction are divided into cavity mode,
photon spin-wave, and transmitted pulse. (d) The zoomed-in polarized electric fields E, and E, at different propagation distances: (I) z ~ 55 um, (II) z
~ 40 um, and (III) z ~ 25 um. Here, the incident polarized laser is consistent with that in Figure 3. The data in (c) and (d) are sampled along the beam
centeratx=0andy = 0.

spin-waves, as shown in Figure 8e. Furthermore, the radiative Aa increases, both the temporal period T, and the spatial period
coupling of the photon spin into free space can be clearly observed cT, change significantly, adhering perfectly to our theoretical
in Figure 8f. For Aa = 0, the absence of structural anisotropy predictions. These results successfully verify that the mechanism
prevents the generation of the photon spin-wave. However, as underlying the generation and modulation of photon spin-waves
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FIGURE 8 | Demonstration of the generality of photon spin-wave generation and modulation using q-BIC modes in a square-lattice photonic crystal.
(a) Band structure of the unperturbed square-lattice photonic crystal along the X « I' — X’ path. The highlighted colored bands correspond to the x-
polarized (blue) and y-polarized (red) q-BIC modes, respectively. (b) The irreducible Brillouin zone (left) and a schematic (right) of the square-lattice

cavity (lattice periods a, = a, = 300 nm, air-hole radius r = 85 nm, refractive

index n = 3.4, and slab thickness is 300 nm). (c) Eigenmode electric field

distributions of the q-BIC modes at the I" point. (d) Evolution of the two bands under different lattice perturbations (Aa = —20, -5, 0, +5, and +20 nm).
The inset schematically illustrates the lattice variation. (e) Modulated photon spin oscillation (beat) period T}, as a function of the perturbation Aa. (f)

Time-resolved spatiotemporal distributions of the electric field magnitude |E| and the Stokes parameter S; for three representative perturbed structures

(Aa =0, +5, and +20 nm). Each time slice along the vertical axis represents the field distribution along the transverse x-direction (ranging from —a, /2

to a,/2 under periodic boundary conditions) with y fixed at 0.
is universal and broadly applicable to various photonic crystal
cavities.

Furthermore, our system can serve as a promising platform
for future ultrafast spin-lasers [52]. In this architecture, the

photonic crystal acts as a resonant cavity providing birefringence-
induced mode splitting to excite the spin carrier flip dynamics
within the gain medium, thereby generating rapidly switching
photon spins and achieving high-frequency spin modulation that
bypasses conventional laser bandwidth limits. As a future experi-
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mental proposal, we point out that this photonic crystal system is
compatible with CMOS fabrication processes, making it feasible
to heterogeneously integrate different gain materials, such as 2D
semiconductors. For instance, by utilizing 2D materials with a
sub-picosecond valley exciton relaxation time [75, 76], we may
expect an ultrafast spin-laser with a spin modulation frequency
reaching the THz regime in this system. This frequency can be
further engineered dynamically via an external electro-optical
modulation scheme (detailed analysis in Section S5).

In conclusion, we have presented a general theoretical mecha-
nism for generating ultrafast photon spin-waves by exploiting the
mode splitting of orthogonally polarized resonances in photonic
crystal cavities. This ultrafast spin dynamics of light is inherently
generated in the cavity due to the subtle anisotropy of a high-
quality cavity interacting with a pulsed laser, and therefore, it
does not require complex arrangements of external polarization
elements. By developing a polarization-dependent QNM theory
incorporating first-order perturbation, we revealed that the beat-
ing of non-degenerate modes drives spatiotemporal oscillations
of the photonic spin angular momentum s. By engineering the
cavity geometry, the oscillation frequency can be tuned from 1
to 20 THz, enabling broadband access to spin-dependent light
control. Full-wave simulations further validated this theory,
demonstrating that these confined polarization dynamics not
only persist within the cavity but are also coupled to free space
to form photon spin-waves with well-defined periodicities at the
pulse tail. Our work provides a compact, all-dielectric photonic
crystal platform for ultrafast polarization shaping and photon
spin-wave generation, opening new opportunities in chiral light-
matter interaction, ultrafast magnetism via the inverse Faraday
effect (IFE), photonic spin angular momentum information
processing, and ultrafast spin-lasers.
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