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Abstract
Non-collinear spin textures, such as spin spirals and skyrmions, exhibit rich emer-

gent physics in their spin dynamics. Nevertheless, the potential to utilize their dis-

tinctive spin resonance characteristics for on-chip microwave magnonic applications

is rarely explored. Here, we demonstrate the microwave emission and mode cou-

pling from the resonating spin spiral lattice in a Cu2OSeO3/Pt/NiFe heterostructure.

We use time-resolved resonant elastic x-ray scattering to visualise the exact vecto-

rial spin precession modes from the two magnetic species in real-time. Our results

show that the ferromagnetic NiFe layer dynamically captures the excitation modes of

the conical order in helimagnet Cu2OSeO3. The off-resonance NiFe spin precession is

phase-locked to the helimagnet with a fixed offset, thereby presenting distinct chiral

dynamics. This demonstrates that the magnons produced in the process—referred

to as helimagnons—can wirelessly transmit spin information at gigahertz frequencies,

opening new avenues for on-chip microwave magnonics.

Collective spin excitations in magnetic materials, or magnons, have been extensively
utilized in magnonics, significantly advancing information technology and microwave sig-
nal processing [1–5]. Recent developments in noncollinear magnetic textures, such as spin
helices [6] and skyrmions, have revealed a wealth of intriguing spin dynamics phenomena [7–
10], including magnon band folding [11–14], nonreciprocal spin wave transport [15–18], and
unique effects like the Archimedean screw and Floquet properties [19]. Despite the promise
of these dynamical properties, the applications that harness their nontrivial ferromagnetic
resonance features for on-chip magnonic applications remain unexplored.

Helimagnets, such as MnSi [20], FeGe [21], and Cu2OSeO3 [22], exhibit a typical non-
collinear magnetic phase, where the ground state is characterized by a one-dimensional spin
helical cycloid. This state arises from the competition between Heisenberg exchange and
Dzyaloshinskii-Moriya interaction [23]. In the presence of a moderate external magnetic
field, the spin spiral undergoes incommensurate modulation along the direction of the ap-
plied field (Hdc), resulting in a conical phase with a fixed chirality [20]. The excitation
spectrum of this conical phase is described by helimagnon theory [10, 24–26], where spin
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resonance can be induced by an oscillating magnetic field (Hrf), leading to the emergence of
two distinct eigenmodes, known as the −Q and +Q modes [7, 9].

Unlike conventional ferromagnetic modes, conical resonance displays unique spin mod-
ulation patterns in both space and time. As shown in the blue panels of Fig. 1(a,b), each
spin precesses around its local equilibrium position along the one-dimensional, right-handed
conical spin chain. Notably, neighbouring spins exhibit a fixed phase delay in time, allowing
for the identification of two distinct spin dynamic modes: a positive phase delay along the
z-axis for the +Q mode and a negative phase delay for the −Q mode [7, 9, 10]. In this study,
we explore the distinctive microwave characteristics generated by these conical modes and
investigate how these signals couple to a spatially separated ferromagnet.

An ideal model system to study this phenomenon is illustrated in Fig. 1(a), where fer-
romagnetic resonance is excited in the conical order in the helimagnet Cu2OSeO3 under
orthogonal static (Hdc) and oscillating (Hrf) magnetic fields, with an eigenfrequency of ωrf.
The resulting temporally modulated spin texture emits a characteristic microwave pattern
at ωrf via the oscillating dipolar field, which subsequently couples to a separate soft ferro-
magnet (a NiFe thin film in this case) positioned at a distance from the helimagnet. Our
theoretical calculations indicate that the ac-susceptibility of the NiFe film sharply increases
as the conical phase matches resonance, and that the NiFe spin precession becomes phase-
locked to the helimagnons with a characteristic offset (see Supplementary Section S1.2 and
Fig. S2). In particular, in the −Q excitation state, the NiFe moments collectively precess
around a fixed direction, as shown in Fig. 1(a), with the spin oscillation modes of the two
species locked at a fixed phase difference, resembling interlocking gears (see Supplementary
Movie 1). Conversely, for the +Q mode, the phase lock presents a 180◦ phase shift compared
to the −Q case, as depicted in Fig. 1(b). Additionally, reversing the chirality of the conical
spin chain causes the precession axis of the NiFe spins to be pinned in the opposite direction,
as shown in Fig. 1(c,d). This demonstrates that the chiral symmetry of the helimagnet is
transferred to the ferromagnet in its spin dynamics.

This heterostructure system serves not only as an ideal platform for investigating the
mode coupling mechanisms from non-trivial helimagnons but also as a prototype for hybrid
magnonic devices that harness the unique spin resonance properties of helimagnetism. Es-
sentially, the conical spin order acts as a resonator that transmits signals, while the soft
ferromagnet wirelessly receives the microwave signals. However, conducting such experi-
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mental work presents significant challenges, as it requires an advanced time-resolved char-
acterization technique capable of simultaneously and individually measuring the vectorial
spin dynamics of both magnetic species.

Our approach utilizes resonant elastic x-ray scattering (REXS) [27, 28], leveraging its
exceptional capabilities for fast time resolution [29, 30], element-specific detection [31], and
vectorial spin sensitivity [32–36]. As illustrated in Fig. 2(b), the target sample consists
of a (001)-oriented Cu2OSeO3 substrate and a 46-nm-thick NiFe thin film with easy-plane
anisotropy [37], separated by a non-magnetic spacer. To optimize the growth conditions
[31, 38, 39], a Pt layer is used to spatially isolate the two magnetic species; a thickness of 6 nm
is sufficient to prevent other unwanted physical interactions, such as direct exchange coupling
[38], mode hybridization [40], or spin pumping [41, 42]. The latter point is discussed in more
detail in Supplementary Section S6 and Fig. S15. Figure 2(a) depicts the experimental setup,
where time-resolved REXS is performed using a stroboscopic technique.

For a static magnetic structure, REXS in reflection geometry with a scattering angle
of 2α exhibits pronounced magnetic sensitivity with element-specific selectivity [43]. By
tuning the photon energy to the Cu L3 (931.25 eV) and Fe L3 (707 eV) edges, the magnetic
structures mCu and mFe can be distinctly characterized by analysing their respective REXS
intensities, ICu and IFe [31]. When the system is driven into magnetic resonance, the time-
evolving mode can be constructed by capturing a series of static spin textures at each
frozen time frame. As shown in Fig. 2(a), our REXS measurements at the synchrotron are
performed at a 0.5 GHz repetition frequency (equivalent to 2 ns intervals between successive
shots), with each shot having a pulse width of 35 ps. This frequency is synchronized and
multiplied with a gigahertz-level microwave signal (i.e., ωrf = 0.5×nGHz; n = 1, 2, ...), which
subsequently drives the sample into ferromagnetic resonance through a two-port coplanar
waveguide (see Methods for setup details). An arbitrary time delay t between the probing
REXS modulation and the pumping microwave can be precisely controlled, allowing the
measured instantaneous spin structures from I as a function of t to effectively reconstruct a
dynamic movie of a particular resonance mode.

Throughout the experiments, the incident beam is set to be left-circularly polarized.
Two detection channels are monitored simultaneously: (i) the microwave transmission power
S21, detected at port 2 [see Fig. 2(a)], and (ii) a photodiode that measures the scattering
intensity. To improve the spin sensitivity, a phase modulation (PM) lock-in technique is
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employed, from which the measured signal IPM equals to the REXS intensity difference from
the two time steps that are separated by a phase of 180◦, i.e., IPM(t) = I(t) − I(t + τ),
where τ = 1/(2ωrf) is the half periodicity of the spin resonance. This approach effectively
suppresses contributions from non-magnetic scattering events (see Supplementary Section
S2.2, Eqs. S14–S16), leading to straightforward extraction of the vectorial spin dynamics.

We then establish a direct relation between I(t) and the spin resonance mode. The com-
plete theoretical treatment and numerical simulations are detailed in Methods and Supple-
mentary Sections S2.1 and S2.3. Based on our simulations, the full dynamics of a resonating
spin m(t), in our hybrid system can be parameterized by a four-angle model – (Θ,Ψ, ξ, ϕ).
We note that our four-angle model, which can be considered a simplified version of the well-
established Smit-Beljers precession model [44] (commonly used for ferromagnetic resonance
simulations), is sufficient for our system as discussed in Supplementary Section S8 and Fig.
S16. As illustrated in Fig. 2(c), in the absence of the pumping microwave, the magnetic
moment remains in its equilibrium position, denoted as n̂3, and is described by the polar
and the azimuthal angles (Θ,Ψ). When the microwave is switched on, the spin begins to
precess around n̂3 with a precession angle ξ and a dynamic phase ϕ. Thus, the exact mode
can be expressed mathematically as:

m(t) =


mx(t)

my(t)

mz(t)

 = RΨRΘ


sin ξ cos(2πωrft+ ϕ)

sin ξ sin(2πωrft+ ϕ)

cos ξ

 , (1)

where RΘ(RΨ) is the 3× 3 rotation matrix that performs rotations around the y-axis by an
angle Θ and around the z-axis by an angle Ψ, respectively (see Methods).

For NiFe, a uniform spin precession is expected [37], and a standard thin-film reflectivity
geometry is employed with varying α. At Fe L3 edge, the expected instantaneous I(t) profile
is written as:

IFe(t) = Y{cos2 α[mFe
x (t)]2 +

1

2
sin2 2α[mFe

y (t)]2 + sin2 α[mFe
z (t)]2} , (2)

where Y is a constant that is both t- and m-independent (see Supplementary Section S2.1
and S2.3).

For Cu2OSeO3, ΘCu is uniform, and ΨCu is modulated along the z-axis [9]. For simplicity,
we only show the conical spin at the top surface (i.e., z = zt), mCu(zt, t) in the figures, as
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the rest spin states throughout the sample, mCu(z, t), can be subsequently determined for a
given +Q or −Q mode [7, 9, 10] (see in Fig. 1). At Cu L3 edge, the scattering condition is
set to 2α ≈ 97◦, which coincides with the (001)-Bragg peak. This leads to a similar ICu(t)

profile with that of in Eq. (2), i.e., ICu(t) = f [mCu
x (t),mCu

y (t),mCu
z (t)] (see Supplementary

Section S2.1 and Eq. S10).

In summary, for either Cu or Fe spins, a specific four-angle model of (Θ,Ψ, ξ, ϕ) fully
defines a precessional mode m(t), which leads to an I(t) profile. Consequently, the expected
dynamical curve of IPM(t) = I(t)−I(t+τ) is obtained, which can be quantitatively compared
with the measured data. This way, an iterative fitting algorithm can be established, from
which a reliable m(t) movie is constructed.

We first determine the experimental conditions for the two modes using the S21 channel.
Figure 2(d) presents the magnetic phase diagram of the Cu2OSeO3 substrate, showing that
the conical phase can be stabilized over a wide range of temperatures (T ) and Hdc fields.
Nevertheless, to excite a specific resonance mode, a precise combination of (ωrf, Hdc, T ) is
required. Due to instrumental limitations, Hdc cannot be varied continuously. Therefore,
we use T as a variable, while keeping ωrf and Hdc fixed.

Figure 2(e) presents two in-situ temperature scans of the S21 parameter, following the
measurement paths indicated in Fig. 2(d). The observed microwave absorption behavior
aligns with previously reported conical ferromagnetic resonance characteristics, allowing for
the precise identification of the helimagnon modes [7, 9, 42]. As shown in the figure, we
use a combination of parameters (4 GHz, 15 mT, 42 K) to excite the +Q mode; and (2 GHz,
25 mT, 49 K) to drive the −Q mode. The full ±Q mode resonance behavior is confirmed by
the temperature-dependent FMR maps shown in Supplementary Section S3 and Fig. S4.

After achieving the FMR condition, we use the REXS channel to study the time-resolved
spin structures. Figure 2(f) shows a typical example of the measured IPM(t) data, while Fig.
2(g) represents a typical example of the extracted resonance mode model. In the figures,
blue is used to denote data from Cu2OSeO3 measured at 931.25 eV (Cu L3 edge), and green
indicates data from NiFe measured at 707 eV (Fe L3 edge). As shown in Fig. 2(f), for
the +Q mode, the ICu

PM(t) curve exhibits an oscillatory profile with a periodicity of 250 ps,
corresponding to the drive frequency of ωrf = 4 GHz. Notably, the NiFe layer also responds
to the resonance signals from the helimagnet, displaying a pronounced IFe

PM(t) amplitude with
the same modulation frequency. The time-resolved REXS measurements were performed at
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different scattering angles 2α. As illustrated in Fig. 2(f), all REXS profiles show an identical
modulation phase at all measured angles, confirming that mFe(t) is indeed uniform along
the z-axis [30].

TABLE I. Refined spin resonance parameters for the two conical modes.

+Q −Q

Θ Ψ ξ ϕ Θ Ψ ξ ϕ

mFe(t) 88◦ 179◦ 1.8◦ −51◦ 86◦ −32◦ 1.8◦ 2◦

mCu(zt, t) 85.5◦ 89◦ 4◦ 39◦ 76.5◦ −122◦ 4◦ −88◦

Next, we extract the precise spin dynamics by applying the iterative fitting algorithm.
The initial model parameters (Θ,Ψ, ξ, ϕ)Cu/Pt/(Θ,Ψ, ξ, ϕ)Fe are derived from micromagnetic
simulations. They are subsequently optimized by the refinement iterations. The left part
in Table I lists the full set of the refined parameters for the +Q mode, which allows for the
reconstruction of a spin resonance movie for the hybrid system, as shown in Fig. 2(g). It is
evident that the NiFe spin precession axis is nearly in-plane (ΘFe = 88◦) and is azimuthally
pinned to a fixed relative orientation with respect to ΨCu, specifically ∆Ψ = 90◦. This
behavior is consistent with the anisotropy and XMCD data presented in Supplementary
Section S7 and Fig. S15, which confirm the absence of out-of-plane resonance in the NiFe
layer. Furthermore, the resonating spins of the helimagnet and the ferromagnet are strongly
correlated in their rotational phase, maintaining a constant phase difference ∆ϕ = −90◦ at
all times. In other words, for +Q mode, the NiFe spins are interlocked by the conical spins
in a specific configuration.

To confirm that the enhancement of spin dynamics in NiFe originates from the helimagnon
excitation, we applied the same time-resolved technique while continuously tuning through
the +Q resonance. Figure 3(a,b) show the temperature-dependent IPM(t) curves for NiFe
and Cu2OSeO3 respectively, measured at 4 GHz and 15 mT, following the same scanning
protocol as in Fig. 2(e). In this way, the correlated spin-dynamics of the two species are
distinctly resolved across the helimagnon resonance. Following the established iterative
algorithm, the temperature-dependent mCu(zt, t) and mFe(t) functions can be separately
reconstructed. The time-averaged, equilibrium positions of both species are temperature-
independent, i.e., ΘCu

top = 85.5◦, ΨCu
top = 89◦, ΘFe = 88◦, ΨFe = 179◦, ∆Ψ = 90◦, which are
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consistent with the values in Table I. On the other hand, the dynamical angles ξ and ϕ are
strongly temperature-dependent, as shown in Fig. 3(c-g).

First, the +Q resonance condition is consistently identified at 42 K. As shown in Fig.
3(d,f), around this temperature (highlighted by the blue-shaded area), the precessing cone
angle ξCu exhibits a pronounced peak, and its dynamical phase ϕCu undergoes a continuous
shift. Meanwhile, as shown in Fig. 3(c), the spin precession amplitude ξFe in NiFe closely
follows the evolution of ξCu, reaching its maxima at the same resonance temperature of 42 K.
Moreover, as shown in Fig. 3(e), ϕFe exhibits a substantial phase shift when traversing the
+Q resonance, suggesting that the spin precessions in NiFe and Cu2OSeO3 are interlocked.
It is worth noting, however, that the total phase shift of ϕFe is smaller than that of ϕCu,
and a phase jump anomaly occurs at 47 K in ϕFe. This indicates that NiFe is driven not
only by the unique microwave field that is emitted by the helimagnon, but also by parasitic
microwave background from the coplanar waveguide (see Supplementary Section S5.3 and
Fig. S11). A detailed analysis of the parasitic CPW contribution to the spin precession
amplitude is provided in Supplementary Section S4 and Fig. S5. Nevertheless, at the +Q

resonance condition, the helimagnon’s signal dominates the spin dynamics of the permalloy,
effectively transferring its microwave information onto the ferromagnetic thin film.

Such picture is more clearly visualized in the vectorial spin precession model in Fig. 3(g).
Under all conditions — whether on- or off-resonance — the NiFe spins are consistently
phase-locked with the conical spins with an offset. This suggests that the ferromagnetic
layer is sensitive to the microwave signals emitted from the underlying helimagnet.

Turning to the −Q mode, we excite the system with a 2 GHz microwave, as shown in
Fig. 4(a). Both species exhibit pronounced REXS modulations with a periodicity of 500 ps,
indicating that both mCu and mFe are precessing in a correlated manner. The refined spin
dynamics, listed in Table I, reveals a similar mode-locking mechanism. First, the precession
axis of the NiFe spin is pinned to the conical precession axis in the same ways as for the
+Q mode; specifically, n̂Fe

3 is nearly in-plane, with ∆Ψ = 90◦, as shown in Fig. 4(b). More
importantly, the dynamical spin rotation between mFe(t) and mCu(t) has an opposite phase
difference of ∆ϕ = 90◦ compared to the +Q mode. This feature aligns with the theoretical
predictions shown in Fig. 1.

In summary, the real-time visualization of resonating spins in our hybrid magnonic system
reveals the distinct GHz-level microwave characteristics emitted by an excited helimagnon.

8



We have demonstrated that such an rf signal can be effectively detected by a remote ferro-
magnet, whose spins are dynamically coupled to the signal source in a manner resembling an
interlocking gear mechanism. This presents a potential wireless communication solution in
magnonics based on noncollinear spin dynamics. Moreover, this time-resolved experimental
technique can be broadly applied to explore a wide range of spin dynamics phenomena.
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METHODS

Sample preparation

Single-crystalline Cu2OSeO3 was grown by chemical vapour transport, and its high crys-
talline quality was confirmed by x-ray diffraction. The (001) surface was subsequently pol-
ished until the roughness reaches wafer-quality. The total thickness of the crystal measures
100µm, which enables full penetration of the in-plane microwave field component through
the sample. Next, Pt(6 nm)/NiFe(46 nm) was grown on top of the Cu2OSeO3 substrate
using standard DC magnetron sputtering technique. The film thickness, as well as the sharp
interfaces were confirmed by soft x-ray reflectivity during the beamtime.

Time-resolved REXS measurements

Element- and time-resolved spin dynamics were measured using stroboscopic resonant
elastic x-ray scattering (REXS) on beamline I10 at Diamond Light Source. The sample was
mounted in reflection geometry with the scattering angle set to 2α = 97◦ at the Cu L3 edge
(931.25 eV) and 2α = 8◦ at the Fe L3 edge (707 eV). The incident beam was left-circularly
polarized throughout all measurements.

A microwave excitation was applied via a two-port coplanar waveguide, which generated
an out-of-plane oscillating magnetic field Hrf(t) = H0 sin(ωrft) with H0 ≈ 0.1mT. The
microwave frequency was set by multiplying a 0.5 GHz clock signal by an integer n, yielding
ωrf = n × 0.5GHz. The sample was driven into ferromagnetic resonance by matching this
excitation to the eigenmodes of the underlying conical magnetic order.

The synchronization between x-ray probing and microwave driving was achieved via phase
modulation. The 0.5 GHz clock signal was passed through a phase modulator that toggled
the phase by 180◦ every 0.808 ms (1.237 kHz). The probe–pump delay was adjusted using
a high-precision delay line with picosecond resolution, enabling fine sampling of the spin
precession over the 2 ns stroboscopic window defined by the 0.5 GHz storage-ring repetition
rate. The REXS signal was recorded by a photodiode synchronized to the modulation
frequency, enabling lock-in detection of the phase-modulated signal.

16



This technique yields the differential intensity

IPM(t) = I(t)− I(t+ τ), (3)

where τ = 1/(2ωrf). This suppresses static or non-magnetic background, isolating the con-
tribution from coherent spin precession.

Micromagnetic simulations

Micromagnetic simulations were carried out using the Mumax3 package to model the
Cu2OSeO3/Pt/NiFe heterostructure. The system was discretized on a three-dimensional
finite-difference grid with a cell size of 2 × 2 × 2 nm3. Periodic boundary conditions were
imposed in the in-plane (x and y) directions, while an open boundary condition was used
along z. Non-local dipolar interactions were included in all simulations.

The simulated heterostructure consisted of a 46 nm-thick NiFe layer, a 6 nm Pt spacer
layer, and a 2248 nm-thick Cu2OSeO3 substrate, with lateral dimensions 40× 40 nm2 for all
layers. For NiFe, a saturation magnetization of 8.6×105 A/m, an exchange stiffness of 1.3×
10−11 J/m, and a Gilbert damping constant of 0.008 were used; the Dzyaloshinskii–Moriya
interaction (DMI) was set to zero. For the Cu2OSeO3 layer, the saturation magnetization
was 1.044×105 A/m, the exchange stiffness was 3.547×10−13 J/m, and the bulk DMI constant
was 7.43 × 10−5 J/m2, with a damping constant of 0.01. The Pt spacer was modelled as a
non-magnetic layer with vanishing magnetic parameters.

To obtain the equilibrium magnetic textures of the helimagnet, the system was relaxed
under a static field Hdc ∥ z, reproducing the helical, conical, and field-polarized phases of
Cu2OSeO3. The dynamical response was then computed by applying a sinusoidal excitation
field

Hrf(t) = H0 sin(ωrft),

with H0 = 0.1mT along the x-direction, and integrating the Landau–Lifshitz–Gilbert equa-
tion for 30 ns under both Hdc and Hrf . From the time-dependent magnetization m(z, t),
the ac-susceptibility spectra χCu(ωrf) and χFe(ωrf) were extracted by sweeping the drive
frequency to identify the ±Q resonance modes.

Beyond the spectral information, the simulations also provide the full spatiotemporal
precession patterns of the conical ±Q modes, including the characteristic phase sequence of
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Cu2OSeO3 along the z-axis and their phase-locked coupling to the NiFe precession. These
simulated precession trajectories serve as the initial models for the subsequent four-angle
mode refinement described in the next section.

A complete description of additional simulation procedures is provided in Supplementary
Sections S1.1–S1.2.

Theoretical modelling and mode reconstruction

The spin precession dynamics in both Cu2OSeO3 and NiFe are described using a four-
angle model parameterized by (Θ,Ψ, ξ, ϕ), where Θ and Ψ define the static orientation of
the local magnetic moment, and ξ and ϕ denote the precession cone angle and dynamic
phase, respectively. This formulation provides a practical simplification of the Smit-Beljers
formalism by assuming circular spin precession (ellipticity β = 1), which is justified for
conical spin textures and supported by micromagnetic simulations.

The time-dependent magnetic moment m(t) is given by

m(t) =


mx(t)

my(t)

mz(t)

 = RΨRΘ


sin ξ cos(2πωrft+ ϕ)

sin ξ sin(2πωrft+ ϕ)

cos ξ

 , (4)

where RΘ and RΨ are rotation matrices that align the local equilibrium moment n̂3 with
the laboratory frame, as

RΘ =


cosΘ 0 sinΘ

0 1 0

− sinΘ 0 cosΘ

 and RΨ =


cosΘ − sinΘ 0

sinΘ cosΘ 0

0 0 1

 . (5)

To relate the spin precession to the measured signal, we model the REXS intensity using
magnetic crystalline truncation rod theory. The structure factor F (qz, t) incorporates both
charge and magnetic scattering:

F (qz, t) =
∑
z

1

Λ
e−2z secα/Λe2πiqzz [f0ρ(z)ϵ̂

∗
s · ϵ̂i − if1(ϵ̂

∗
s × ϵ̂i) ·m(z, t)] , (6)

where Λ is the penetration depth, f0 and f1 are scattering factors, and ϵ̂i,s are polarization
vectors.
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The REXS intensity is computed as I(qz, t) = |F (qz, t)|2, which separates into charge,
magnetic, and interference terms. The lock-in detected signal is obtained via a phase mod-
ulation (PM) technique,

IPM(t) = I(t)− I(t+ τ), (7)

where τ = 1/(2ωrf) corresponds to a 180◦ phase shift. This method effectively suppresses
non-magnetic background and isolates magnetic contributions.

To extract the spin dynamics, we fit the experimental IPM(t) using an iterative refinement
algorithm. The fitting minimizes the chi-squared error between measured and calculated sig-
nals, adjusting the four-angle model parameters at each step. Initial guesses for (Θ,Ψ, ξ, ϕ)

are obtained from micromagnetic simulations. The process converges to an optimized pre-
cession profile m(t) for each species.

Further calculation details are provided in the Supplementary Sections S2.1–S2.2.
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Figures

FIG. 1. Schematic of mode coupling between helimagnet and ferromagnet. Schematic
representation of mode communication between Cu2OSeO3 (in blue below) and NiFe (in green
above), based on micromagnetic simulations. Panels a and b depict the excitation of Cu2OSeO3

in the −Q and +Q resonance modes for the right-handed conical spiral, while c and d show the
left-handed case. All spins are visualized from two complementary perspectives. The emitted
microwaves transmit these modes to the NiFe layer, interlocking its spins to precess in particular
ways. As indicated in the legend, the coloured rings represent the spin precession phase, while the
arrows denote the zero-phase reference point.
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FIG. 2. Experimental setup and time-resolved Measurement of the +Q mode. a,
Schematic of the experimental setup for the time-resolved REXS measurements. b, Structural
diagram of the Cu2OSeO3/Pt/NiFe sample. c, The four-angle model that parameterizes the spin
resonance mode. Without the pumping microwave, the local spin remains at its equilibrium po-
sition along n3 (left panel), which is described by the polar and azimuthal angles (Θ,Ψ). Upon
switching on the microwave (right panel), the spin precesses around n3 with a cone angle of ξ
and a phase of ϕ. d, Magnetic phase diagram of Cu2OSeO3. The marked paths indicate the two
scanning routes for the temperature variation. e, S21 parameter as a function of temperature,
with the brown and blue curves corresponding to the scanning paths in d. f, Time- and element-
resolved REXS data for the +Q mode; blue dots represent the measured data with error bars, and
the blue solid line is the fitted curve using the refined model in Table I. g, Visualization of the
reconstructed +Q mode based on parameters from Table I, with amplified values for ΘCu, ξCu,
and ξFe for clarity. The five representative time steps over one oscillation period are labeled and
displayed. For simplicity, only the top layer spin from the Cu2OSeO3 is shown.
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FIG. 3. Temperature-dependent spin dynamics across the +Q resonance. Time-resolved
REXS profiles measured at various temperatures across the +Q mode for a, NiFe and b, Cu2OSeO3,
respectively. Based on a,b, the reconstructed precession amplitude ξ as a function of temperature
for NiFe and Cu2OSeO3 are shown in c,d respectively, and their dynamical phase ϕ evolutions
are shown in e,f. Note that the equilibrium positions of (ΘFe = 88◦,ΨFe = 179◦) and (ΘCu =
85.5◦,ΨCu = 89◦) are temperature-independent. The dashed line at 42 K marks the resonance
temperature, and the dashed line at 58 K indicates the Tc. The blue-shaded region highlights the
on-resonance regime where both ξ and ϕ undergo significant change. g, Visualization of the phase-
locked spin dynamics at various temperatures. The models are equivalent vectorial representations
of c-f. Note that the precession angle is amplified for visual clarity. As shown by the legend, the
coloured rings indicate the dynamical phase information, where the arrow marks the zero phase.
For simplicity, only the top layer spin from the Cu2OSeO3 is shown.
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FIG. 4. Spin dynamics and phase locking for the −Q mode. a, Time-resolved REXS results
for the −Q mode. The dots represent the experimental data, while the solid lines are fitted curves
based on the refined mode parameters listed in Table I. b, Visualization of the corresponding spin
dynamics with the refined parameters from Table I. For enhanced clarity, the values of ΘCu, ξCu,
and ξFe have been exaggerated, and only the top layer spin from the Cu2OSeO3 is shown.
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