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The need for sensitively and reliably probing magnetization dynamics has been increasing in vari-
ous contexts such as studying novel hybrid magnonic systems, in which the spin dynamics strongly and
coherently couple to other excitations, including microwave photons, light photons, or phonons. Recent
advances in quantum magnonics also highlight the need for employing the magnon phase as quantum state
variable, which is to be detected and mapped out with high precision in on-chip micro- and nanoscale
magnonic devices. Here, we demonstrate a facile optical technique that can directly perform concurrent
spectroscopic and imaging functionalities with spatial and phase resolutions, using infrared strobe light
operating at 1550-nm wavelength. To showcase the methodology, we spectroscopically studied the phase-
resolved spin dynamics in a bilayer of Permalloy and yttrium iron gamet Y3FesO;s (YIG), and spatially
imaged the backward-volume spin-wave modes of YIG in the dipolar spin-wave regime. Using the strobe
light probe, the detected precessional phase contrast can be directly used to construct the map of the spin
wave’s wave front, in the continuous-wave regime of spin-wave propagation and in the stationary state,
without needing any optical reference path. By selecting the applied field, frequency, and detection phase,
the spin-wave images can be made sensitive to the precession amplitude and phase. Our results demon-
strate that infrared optical strobe light can serve as a versatile platform for magneto-optical probing of

magnetization dynamics, with potential implications in investigating hybrid magnonic systems.

DOI: 10.1103/PhysRevApplied.22.064081

L. INTRODUCTION

Hybrid magnonic systems are rising contenders for
quantum information transduction owing to their capabil-
ity of coherently connecting distinct physical platforms in
quantum systems [1]. Recent studies have revealed strong
and coherent hybridization of magnons with phonons,
microwave photons, and optical light, with the observa-
tion of characteristic phenomena that further give rise to
emerging quantum engineering functionalities [2—7].

Because of the increasing demand for chip-integrable
circuit elements hosting such hybrid functionalities, the
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past decade has witnessed rapid developments in film-
based hybrid magnonic systems with complementary
micro- and nanostructuring capabilities such as using
photo- and e-beam lithography [8—11]. In accordance with
this advancement, an important task is the sensitive and
reliable detection of spin dynamics of the core magnonic
device components, which usually involve coupled mag-
netic multilayers consisting of ferromagnetic (FM) metals,
semiconductors, and dielectrics, such as yttrium iron gar-
net Y3FesOj2 (YIG) [12] based heterostructures [13—20].
Such a task renders optical techniques very appealing
due to their highly localized probe and potential spatial-
resolving capability, compared to conventional electrical
or transmission measurements [21—25]. In addition, as both
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the amplitude and phase emerge as relevant state vari-
ables in quantum systems, the ability to track the magnon
phase relative to other excitations, such as another driv-
ing microwave photon, phonon, or magnon, in a hybrid
magnetoelectric circuit becomes paramount.

In such a context, an “optical stroboscope” probing the
magneto-optical effect of film samples emerges naturally
as a neat technique with combined spatial- and phase-
resolving capabilities [26,27]. The stroboscopic effect is a
phenomenon caused by aliasing when a continuous, cyclic
motion is represented by a series of short or instanta-
neous samples (as opposed to a continuous view) at a
sampling rate close to the period of the motion. Thus,
to probe spin dynamics that are usually in the gigahertz
(GHz) regime, the strobe light has to be modulated as
fast as the ferromagnetic resonance (FMR). However, such
a requirement is incompatible with most popular spec-
troscopic wavelengths (usually in or near the ultraviolet-
visible range) [28]. As a result, the pump-probe technique
employing pulsed lasers [18,29,30], Brillouin (inelastic)
light scattering (BLS) leveraging photon Stokes shifts
[31-36], and the nitrogen-vacancy magnetometer using
proximal spin-dipole field interactions [37—39] have been
adopted for investigating spin dynamics. Nevertheless,
augmenting the phase-resolving capability requires addi-
tional nontrivial hardware implementation [40—44]. For
example, an auxiliary reference light path (with a constant
phase) needs to be introduced to interfere with the scattered
light in a phase-resolved BLS setup [45,46].

Thanks to mature telecom technology, the output of a
telecom fiber laser at 1550-nm wavelength in the infrared
(IR) band can be fully modulated using an electro-optical
intensity modulator [47,48] in the gigahertz range, and thus
can be used as a strobe light probe for spin dynamics.
Compared to conventional pump-probe and BLS tech-
niques, the IR strobe light probe presents several unique
properties:

(1) the strobe feature allows one to accurately trace the
spin dynamics with explicitly defined phase contributions
(tracking);

(2) the detected spin precessional phase and amplitude
can be used to directly and concurrently construct the spin
wave’s wave front and intensity, in the continuous-wave
(cw) regime of spin-wave propagation and in the station-
ary state, just from the different channels of the lock-in
amplifier (mapping);

(3) the resonant frequency of each magnon mode is
directly obtained by the spectroscopy, without the need for
any temporal-spectral transformation as often encountered
in pump-probe techniques (dispersion);

(4) because of the phase accumulation arising from the
spin-wave propagation, the spin-wave group velocity for
each mode can be directly extracted (propagation); and

(5) unlike the ultraviolet-visible, the IR light is nearly
perfectly transparent to YIG and many rare-earth-doped
YIG derivative materials—the same reason YIG and its
doped counterparts are excellent telecom magneto-optical
devices (transmissivity) [49-52].

In particular, with respect to hybrid magnonics, the excep-
tional transmission characteristics make the IR wavelength
nicely suited for magneto-optical probing of spin dynam-
ics of respective layers and their relative precessional
phase in FM-metal/YIG heterostructures, employing con-
current Kerr and Faraday effects. Such a concept has been
previously demonstrated in spectroscopic measurements
of YIG/Permalloy (Py), revealing the coherent magnon-
magnon hybridization between the uniform mode of Py
and the perpendicular standing spin-wave modes of YIG
[53-56]. However, the ability of such a technique to
perform phase-resolved spatial spin-wave imaging has
remained elusive.

In this work, we further consider the spatial- and phase-
resolved spin-wave imaging using 1550-nm strobe light.
Previously, the spectroscopic study has focused on the per-
pendicular standing spin waves (PSSWs) of YIG and the
coherent interaction with the uniform mode of Py [53-55].
To demonstrate the spatial mapping capability of the tech-
nique, we herein focus on the backward-volume spin-wave
(BWVSW) modes with a magnetic underlayer of Py that
serves as a retroreflective mirror. Compared to the sur-
face spin waves (e.g., in the Damon-Eshbach [57,58])
geometries, the use of bulk traveling waves allows one to
exemplify the concurrent detection using magneto-optical
Kerr and Faraday effects.

II. EXPERIMENTAL SETUP

Despite being an optical technique, one neat feature of
using 1550-nm strobe light lies in the direct, facile setup
integration to almost any standard microwave transmission
measurements. The solid-line path in Fig. 1(a) exempli-
fies common microwave transmission measurements, such
as vector-network-analyzer measurement, direct-power-
diode absorption spectroscopy, and field-modulation FMR,
with the basic principle of detecting the absorption of the
input microwave energy caused by resonant excitation of
the magnetic material, i.e., the device under test (DUT).
Depending on the different FMR excitation schemes, the
microwave signal is sent either through a stripline or
waveguide that couples to the magnetic film sample in a
“flip-chip” measurement configuration, or directly into the
sample (often metallic) that excites the FMR by means of
the local rf field and/or spin-torque mechanisms [7,11].

By simply branching out a portion of the microwave
signal for electro-optical modulation, a strobe light probe
by means of magneto-optical Kerr or Faraday effects can
be introduced, as indicated by the dotted line in Fig. 1(a).
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FIG. 1. (a) Schematic illustration of the strobe light and
microwave transmission measurement setup. Two signal gener-
ators (sig. gen 1 and 2) can be synchronized. One modulates the
strobe light and probes the spin dynamics optically at f,, while
the other drives the DUT at £, + IF (IF = intermediate frequency)
and detects the spin dynamics by common transmission measure-
ment using a power diode (heterodyne case). The microwave
signal can be sent either through a stripline or waveguide that
couples to the magnetic film sample in a “flip-chip” measure-
ment configuration, or directly into the sample (often metallic)
that excites the FMR by means of the local rf field and/or spin-
torque mechanisms. (b) The reflective geometry. Strobe light of
45° polarization state passes through an objective lens (obj.),
focused atop the sample (DUT), and the modulated polariza-
tion states (due to magneto-optical effects) of the retroreflected
light are analyzed by a polarizing beam splitter (PBS) and a
balanced photodetector (bal. det). Illumination can be made by
adding a dichroic mirror (dich. M) and a near-infrared (NIR) light
source. (c) The transmission geometry. The focused light passes
through the sample, recollimated by an aspheric lens (L), and
recollected by a antireflection (AR)-coated, thermally expanded-
core (TEC) fiber ferrule. The subsequent light analysis can be
done in all-fiber format using a fiber(f)-PBS and fiber-port bal-
anced photodetector (f-bal. det). (d) Representative signal traces
measured for a Py/Y1G bilayer using concurrent magneto-optical
Kerr (Py) and Faraday (YIG) effects: with the IF, heterodyne
case (f, =f.) using two locked microwave sources (symbols)
and a single source (line) with an rf splitter; homodyne case
(f, = f. + IF) so that the same frequency at DUT; and unlocked
case (f, = fc +1F/2).

Such a microwave diffluence can be realized by using an
rf splitter from a single rf source, where the microwave
excitation and optical detection coincide at the same

frequency, representing a “cw stroboscope.” Alternatively,
such a function can be achieved with two rf generators that
are synchronized using the 10-MHz common reference
(phase-locked). In such a case, the microwave excitation
(at fz) and optical detection (at f,) can be made to occur
at different frequencies for detecting harmonic resonances,
representing a “pump-probe stroboscope.”

Depending on the DUT’s magneto-optical characteristic
and measurement goal, the optical path can take the form
of either (i) reflective (terminal) or (ii) transmission (in-
line) geometries:

(i) For the reflective version, the sample is treated
similarly to a “Faraday mirror.” As shown in Fig. 1(b),
the intensity-modulated strobe light was initially set to
a linear polarization state of 45° using a fiber polarizer
(polarization-balanced state), then passed through a colli-
mator, converting the fiber light to a real-space beam. The
laser spot is focused down to ~ 10 pm atop the sample
surface using an IR objective lens. The magnetic sam-
ple was in-plane magnetized in the static situation, but
the dynamic out-of-plane (OOP) polarization component
caused by the spin dynamics can be sensitively detected,
in the form of a small polarization perturbation away from
the 45° balanced state. The retroreflected light beam was
analyzed using a polarizing beam splitter (PBS) and a bal-
anced photodetector, and then sent to a lock-in amplifier
for signal demodulation. Lastly, a dichroic mirror and a
near-infrared (NIR) light source can be inserted to facil-
itate sample imaging and visualization combined with an
IR-sensitive camera.

(ii) For the transmission version, the sample is used
similarly to an in-line “Faraday rotator.”” As shown in
Fig. 1(c), one can leverage extensive fiber-optical compo-
nents and further minimize the use of real-space optics. As
shown in Fig. 1(c), after passing through the sample, the
transmitted light can be coupled, using an aspheric lens,
into an FC-terminated, thermally-expanded-core (TEC)
fiber ferrule with special antireflection (AR) coating. The
coupled light was then sent to a fiber-PBS and analyzed
using a fiber-port balanced detector. In this case, the use
of real-space optics consists of only two focusing lenses in
the vicinity of the sample surfaces. Such a geometry makes
sense when the spin dynamics of the DUT is used for in-
line optical modulation (insertable DUT). For plano-plano
sample geometries, e.g., magnetic films and multilayers,
such a configuration can be easily installed on a prealigned
fiber U-bench or other similar setup.

Along the electric path, a heterodyne technique can
be activated by adding an I-Q (in-phase and quadrature)
mixer that mixes the microwave driving frequency, fe,
with another intermediate frequency, IF (100 kHz in this
work), to create and control the sidebands. By sending
two sinusoidal signals of IF with a constant phase to the
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respective | and Q ports, a single sideband of f; + IF can
be picked out and used for (electrically) driving the spin
dynamics of the sample. All other harmonics, such as the
lower sideband, f; — IF, can be suppressed by optimizing
the 1-Q channels’ input phase. In such an arrangement,
the strobe light (modulated at f,) arrives slightly later
in the precession cycle and, over time, the demodulated
magneto-optical response traces out complete spin preces-
sion cycles. Figure 1(d) shows an example signal trace of
a YIG disk(350 pwm)/Py(50 nm) bilayer at 4 GHz, using
the heterodyne detection mechanism with two synchro-
nized microwave sources (symbols). The trace is nearly
identical with that using a single source and an rf split-
ter (line), or using harmonic frequencies, i.e., fo = n x f,
with n an integer. When the strobe light frequency is
the same as the DUT driving frequency (f; =f. +IF)
representing the homodyne case, a small modulation of
the signal can be observed but is much less pronounced
than in the heterodyne case. At other frequencies, such as
(fo = fe + 1F/2), null signal is detected corresponding to
an example unlocked case.

I11. RESULTS AND DISCUSSION

A. Spectroscopy

The spectroscopy part of the technique has been out-
lined in earlier reports [53-56,59]. The essence of the
detected signal after demodulation by the lock-in amplifier
captures the total phase accumulation in the experiment,
where the lock-in amplifier’s in-phase (X') and quadra-
ture (Y) channels read: X o< dm. Py cos(¢e, — @) and ¥
ém, Py sin(¢., — ¢,,). The signal is proportional to the
amplitude of the film-normal component of the oscillating
magnetization (8m;) and the laser power (Py), but the key
asset lies in the enclosed phase information:

(1) First, ¢, represents the instrumental, “magnetic-
field-independent” phase induced by the difference in the
optical and electrical paths. It is a character determined
by the setup (optical delay, microwave, and fiber cable
lengths, etc.) but can be controlled to accommodate tai-
lored samples and serve as a self-calibrated reference to
the magnetic phase of interest [55].

(2) Second, ¢,, is the magnetic phase, which is the sig-
nal of interest due to magneto-optical effects, and can orig-
inate from spin-wave propagation [60], magnon-magnon
interaction [53,54], and spin-orbit torques [59,61].

A quintessential feature of strobe light spin-wave prob-
ing lies in the strong and robust phase correlation of
the detected magnons to the external microwave drive.
To demonstrate such an attribute, we measured a YIG
disk(350 pm)/Py(50 nm) bilayer in which the Py layer
is either a continuous film or a patterned structure using
photolithography.

(d)

(c) Resist liftolf

-

FIG. 2. (a)Ac) Illustration of the sample fabrication process.
(a) The Py layer is deposited by magnetron sputtering on a
double-side-polished commercial YIG substrate. A layer of pho-
toresist is spin-coated and the resist mask pattern is defined by
direct laser writing. (b) The pattern was transferred to the Py
layer by argon-ion milling in a high-vacuum chamber through the
resist mask down to the YIG surface. (c) The final liftoff process
to expose the patterned Py microstructures. (d) Image showing
the fabricated square dot array in the vicinity of a large triangular
bowtie (area of interest). The scale bar is 250 pm.

The sample fabrication process is illustrated in Fig. 2.
The YIG substrate is a 350-pm double-side-polished com-
mercial disk and the Py layer is deposited by magnetron
sputtering. For fabricating Py microstructures, the resist
mask pattern was defined by photoresist coating and direct
laser writing [Fig. 2(a)]. The pattern was then transferred
to the Py layer by argon-ion milling in a high-vacuum
chamber through the resist mask down to the YIG surface
[Fig. 2(b)], and finally a resist liftoff step to expose the Py
microstructure [Fig. 2(c)]. Figure 2(d) is a photographic
image showing the fabricated 2 x 2 square dot array in
the vicinity of a large triangular bowtie, whose spin-wave
imaging will be discussed later.

Figure 3(a) illustrates our experimental setup for the
spectroscopy and imaging. The sample is measured under
the reflective geometry with an in-plane bias magnetic
field along x. The phase of the electric path relative to
the strobe light path, in addition to the instrumental ¢.,,
is further tuned by an rf phase shifter (adding an additional
¢.¢). Figure 3(b) shows the detected signal at 4 GHz under
selective ¢,f values, from 0° to 192°.

Both the Py and YIG resonance profiles can be mod-
eled by a complex Lorentzian line shape consisting of the
symmetric S(H) and antisymmetric A(H) functions:

S AH?
N [H - Hres]z + AHZ
H—H AH
and AH) =

[H — Hes]? + AH?’

where Hpes is the resonance frequency and AH is the reso-
nance linewidth. As shown in Fig. 3(b), at this frequency,
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FIG. 3. (a) Experimental setup of the spin-wave spectroscopy
and imaging (O-probe) with complementary field-modulation
FMR using an rf power diode (E-probe). The sample is a
Py/YIG continuous-film bilayer: the YIG is a 350-pum double-
side-polished commercial disk and the Py is 50 nm deposited
atop. (b) Strobe light detected signal at 4 GHz with varying
microwave phase tuned by an rf phase shifter: ¢,¢ from 0° to 192°
at an increment of 24°.

the precessional phase of Py changes in an opposite fash-
ion to that of the YIG, upon varying the detection phase
O

Comprehensive f-H dispersion spectra were measured
using simultaneous strobe light probe (local) [Fig. 4(a)]
and complementary field-modulation FMR (global) [Fig.
4(b)]. Given the measurement geometry and the spin-wave
dispersion, we confirm the measured BWVSW modes
in the 350-um YIG sample. The BWVSWs are excited
through coupling of the OOP component of the alternating
rf field with the OOP component of the dynamic mag-
netization. Typically, the excitation of the uniform Kittel
mode overwhelms that for the spin-wave modes; therefore,
the FMR signal is often at least one order of magnitude
larger in a conventional microwave transmission measure-
ment. Here, by using the strobe light probe [Fig. 4(a)], the
sensitivity is notably enhanced for the spin-wave modes
referenced to that of the FMR, in contrast to the field-
modulation method [Fig. 4(b)], where the strong FMR
renders the spin-wave traces hardly discernible.

Notably, in Figs. 4(a) and 4(c), a periodically alternat-
ing phase evolution of the optical strobe signal can be
clearly observed. This spectroscopic character, as shown
by our subsequent analysis, bestows information of the
propagating wave front and allows the direct extraction
of the spin-wave group velocity v,. Using a constant-field
slice of the spectra (H = 140.0 mT), the frequencies of
each individual spin wave at that field can be taken and
the (f,H) points can be converted to the wave vector
using the dispersion relation. This allows for the calcu-
lation of the group velocity v,. The evolution is nearly
independent of magnetic field on the low-field side (left
of the strong Kittel mode) as shown in Fig. 4(a). How-
ever, on the high-field side (right of the Kittel mode), as the
field increases, the mode number increases and the phase
evolution gradually bends towards lower frequencies. The
magneto-optical signals exhibit a clear cutoff following the

same f-H slope as the Kittel mode. The observation of
such cutoff behavior is another elemental character of the
BWVSW, in which a finite wave vector (k) can lower the
magnon frequency from the Kittel (zero k) mode, in other
words, increase the resonance field at a fixed frequency. On
the other hand, such a feature is absent in the complemen-
tary field-modulation FMR measurement [Figs. 4(b) and
4(d)], which is insensitive to the spin precession phase.

To analyze the above phase evolution, we formulate the
measured phase as

¢ =wL/c+ wd,[v,. (1)

The first term corresponds to ¢,,, with the microwave
propagating close to the speed of light (¢ = 3 x 10® m/s)
along an effective path difference, L [59]. The second term
corresponds to the phase delay due to spin-wave propa-
gation from the “point of excitation,” i.e., the coplanar
waveguide (CPW), to the “measurement location,” i.e., the
laser spot, with an effective traveling distance of d, and a
group velocity of ve. For the first part, L can be determined
from the frequency-dependent phase evolution when the
magnetic field is much smaller than the Kittel mode’s
resonance field (e.g., H ~ 40.0 mT), yielding L ~ 2.0 m.

The second part is magnetic-field-dependent, as the
value of v, varies with the magnetic field. We can cal-
culate v, from the BWVSW dispersion relationship, with
v, = dwgy/dk [62], and

1 — exp(—kd)) @)

WRy = VJ H (H + M; kd
where y = 2w x 28 GHz/T is the gyromagnetic ratio of
YIG taking the g factor as 2, M; = 0.175 T is the mag-
netization of YIG, and d = 350 pum is the YIG thickness.
Figure 5(a) shows the calculated wgy as a function of & at
H = 140.0 mT, along with the individual points extracted
from the f-H stroboscopic spectra. It can be seen that wgy
extends by around 1.7 GHz, which matches well with the
observation in Fig. 4(a). Figure 5(b) shows the calculated
v, using v, = dwpy/dk along with the v, calculated from
the points in Fig. 5(a). The points from the spectra show
very good agreement with the theoretical model.

Figure 5(c) shows the theoretical plot of ¢ from Eqgs.
(1) and (2) using d, = 0.2 mm. From the low-field side,
the Kittel mode (k = 0) couples most efficiently to the rf
antenna. As the field increases, the magnon wavelengths
become smaller and the coupling becomes less effective,
thus reducing the excitation amplitude, along with the ¢
modulation caused by the spin-wave propagation. The dis-
persion cutoff on the right-hand side (where the phase
evolution also diverges) corresponds to £ = 00 as the low-
frequency bound of the BWVSW mode. The calculated ¢
evolution shows a good agreement with the experimental
f-H contour plot in Fig. 4(a).
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FIG. 4.

(a),(b) Comparison of f-H spectra detected by (a) strobe light (local) and (b) the complementary field-modulation FMR

measurement (global). The Kittel mode is highlighted by the solid line. Fitting to the Kittel mode yields an M, value of ~0.177 T using
a y value of 27 GHz/T. (c),(d) The enlarged regime of the respective (c) optical and (d) field-modulation spectra with finer scan steps.
Example extraction of dispersion by means of imaging analysis will be demonstrated later at H = 152.8 mT.

B. Imaging

Using the strobe light probe, the detected precessional
phase contrast can be directly used to construct the spin-
wave’s wave front in the stationary state, without needing
any additional optical reference paths. By using a long-
working-distance IR-band objective lens combined with
a precise three-dimensional micropositioner (x,y,z), we
demonstrate the capability of spin-wave spatial mapping
in our YIG/Py samples.

1. Field-dependent wave front

First, we focus on the continuous Py/YIG film. The
Py/Y1G sample is chip-flipped atop a broadband CPW. We
performed two-dimensional (2D) scans (along x-y) in the
vicinity of the CPW. Figure 6 shows the representative 2D
wave-front maps at selective magnetic fields. The top panel
shows the one-dimensional (1D) field-scan amplitude at
4 GHz near the YIG resonance regime. We studied the
field-dependent wave-front maps by dividing the field-scan
trace into four distinct sections (U, C, L, and S), as shown
in the lower panels.

The uniform (U) regime covers from the Y1G’s Kittel
mode (~75.0 mT) up to H = 95.0 mT. Three maps were
scanned at fields: Ul (prior to YIG FMR), H = 71.9 mT;
U2 (on YIG FMR), H = 83.5 mT; and U3, H = 89.2 mT.

Quasiuniform spin precession was indicated throughout
this regime due to the collective in-phase motion of the
magnetization.

As the field increases, dipolar spin-wave modes start to
emerge with increasing wave vector(k). According to ear-
lier reports, the spin dynamics commonly enter a caustic
(C) regime [63—68], in which a well-defined propagation
direction (group velocity) is favored due to anisotropies in
the YIG dispersion relation. Such an effect is character-
ized by the “slowness curve,” i.e., a curve winding around
the origin in wave-vector space that indicates the slow-
ness (reciprocal of velocity) at different wave-front angles
[39,64,68—71]. The inflection point on such a curve cor-
responds to the favored group velocity direction, which
typically occurs around the unity of kd, where d is the
thickness of the film [69]. Moreover, in larger-scale films
such as the present case, multiple scattering sources aris-
ing from the edges, film defects, or magnetic underlayers
can result in spin-wave interference, creating characteris-
tic Talbot-like diffraction patterns [71]. We observed such
a phenomenon in our scanned 2D wave-front map at selec-
tive magnetic fields: C1, H = 95.0 mT, the spin precession
is largely uniform and antiphase to the microwave drive
with the observation of caustic nodes; C2, H = 106.6 mT,
long-wavelength wave fronts start to emerge (color con-
trast) with superimposed caustic nodes; and C3, H =
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118.1 mT, the transition from the caustic regime to the
long-wavelength regime. By performing a 2D fast Fourier
transformation (FFT), we estimated the range of the caustic
angle to be between 112.4° and 122.1°, in good agreement
with previously reported values [39,64,68—71]. However,
due to other convoluting mechanisms, a detailed investi-
gation of such diffraction patterns may merit a separate
study.

-0.3 -0.3

-04-02 00 02 04 T —04-02 0.0 0.2 D4 -04-02 0.0 02 04

03 03 0.3'7
0.0 0.0 00

C1 c2 C3
_OI’, _OI’ k _QI’

-04-02 00 02 04 -04-02 00 02 04 -04-02 00 02 04
0.3 o.a' '—|’ 0.3 ¥
0.0 0.0 0.0{ t ‘

11 L L2

03k 03 -03 .
-04-02 0.0 02 04 -04-02 0.0 02 04 -04-02 0.0 02 04

03 03 03
E Amp (mV)
§, ——
b9 ~026 0.28

0.0 ool 0.0
S1 S2 S3

3 : 4

03— =03 -
-04-02 0.0 0.2 04 —-04-02 0.0 0.2 04

3

-0.3 ;
-04-02 0.0 02 04
X (mm)

FIG. 6. Top panel: A 1D field-scan amplitude trace mea-
sured at 4 GHz for the Py/YIG bilayer. Lower panels: As the
field increases, the resonance is dominated progressively by the
uniform (U), caustic (C), long (L), and short (S) wavelength
regimes. In each regime, the 2D wave-front maps at three rep-
resentative magnetic field values were scanned: Ul, 71.9; U2,
83.5; U3, 89.2. C1, 95.0; C2, 106.6; C3, 118.1. L1, 126.8; L2,
132.6; L3, 138.4. S1, 144.2; 82, 150.0; S3, 158.6. (Unit in mT.)

Next, the dynamics enters the well-defined long-
wavelength regime, characterized by clearly identified
BWVSW wave fronts propagating along the x direc-
tion. We show wave-front maps at selective fields in two
regimes in which the wavelength is greater (L) or smaller
(S) than the thickness of the film (d = 350 um). We show
example 2D wave-front maps at: L1, H = 126.8 mT; L2,
H =132.6 mT; and L3, H = 138.4 mT. In the L regime,
the intensity of the spin waves maintains roughly a sta-
ble amplitude. Further, at the transition regime from C to
L (~120.0 mT), the dispersion exhibits a gap, which is
likely due to the spin-wave stopband caused by the Py
underlayer according to earlier reports [19,72]. In the S
regime, we show maps at: S1, H = 144.2 mT; and S2,
H = 150.0 mT. The intensity of the spin-wave ampli-
tude gradually decreases as the field further increases,
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and finally diminishes, e.g., at 83, H = 158.6 mT, due
to the cutoff behavior (high-k saturation) in the BWVSW
dispersion relation [12].

2. Wave vector

The scanned 2D maps further allow the extraction of
the wavelengths and wave vectors via FFT. In BLS mea-
surement, the spin-wave’s wave vector can be obtained by
varying the angle of incidence of the laser beam [31], and
the result only carries information relevant to the single
focused laser spot. Using the 2D scanned wave-front maps
with larger dimensions along both x and y (up to millime-
ter in this work), the obtained information entails all the
contributing wave vectors and their distribution.

For instance, Fig. 7 exemplifies the 2D wave-front maps
measured at a fixed magnetic field H = 152.8 mT and
selective frequencies in the range of 45 GHz. Increasing
the frequency from 4.075 GHz [Fig. 7(a)] to 4.975 GHz
[Fig. 7(f)] increases the spatial oscillation period, indicat-
ing an increasing wavelength and decreasing wave num-
ber, in agreement with the dispersion of BWVSWs based
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FIG. 7. Scanned 2D wave-front maps at fixed magnetic field
H = 152.8 mT (left panels) and the corresponding 2D FFT maps
(right panels), at selective frequencies: (a) 4.075, (b) 4.175,
(c) 4.275, (d) 4.375, (e) 4.675, and (f) 4.975 GHz. The extracted
wave vectors are in the range between 5 and 42 rad/mm.

on the excitation configuration. The corresponding wave
vectors can be derived by performing 2D FFT on the spa-
tial maps, shown in the right-hand panels of Fig. 7. The
calculated central wave vectors are labeled next to each
panel in Fig. 7.

In addition, we also noted that the spin-wave ampli-
tude exhibits variations across the scanned area. Since the
excited BWVSWs propagate in the X axis, along the same
direction as the CPW signal line, the CPW is radiating rf
fields to the entire scanned area, instead of like a “point
source.” The spatial nonuniformity of the rf field may
cause variations in its coupling to different modes, with
maximum amplitudes occurring at different spatial loca-
tions. Such an effect is more pronounced for wavelengths
that are much smaller than the CPW dimension, e.g., in

Figs. 7(a)-7(c).

3. Phase resolving—F MR regime

Next, we patterned the Py layer in the shape of a
large bowtie structure centered on the YIG disk as well
as adjacent microdot arrays using photolithography. We
then deposited an additional Pt layer (50 nm) covering the
Py structure that serves as a mirror layer and enhances
the overall light reflection. The patterned Py/Y1G sample
is again chip-flipped atop the CPW, with the signal line
aligned approximately to the center of the bowtie, indi-
cated in Fig. 8(a). We performed 2D scans (along x-y) in
the vicinity of the CPW.

By selecting the applied field, frequency, and detection
phase (phase shifter), the images can be made sensitive
to precession amplitude and phase. We show the scanned
2D maps of the lock-in’s X, amplitude, ~+/X2 + Y2, and
phase, arctan(Y/X) = ¢, + ¢ — ¢, at selective mag-
netic field and detection phase in Fig. 8. In our subsequent
measurement, the frequency is set at 4 GHz, the detection
phase ¢, is set to a constant value during each scan, and the
instrumental phase ¢,, varies only less than 0.2 rad across
our 2D scanned area. Therefore, the major contribution of
the phase map comes from the magnetic phase ¢,,,.

At off-resonance (H = 0 mT), the lock-in X and the
amplitude exhibit trivial signal [Figs. 8(a) and &(b)]. The
phase map [Fig. 8(c)] exhibits random phase contrast.
This indicates the decoupled magnetization and the driv-
ing microwave at the off-resonance condition. Thus the
magneto-optical contrast is mainly from the random spin
polarization states caused by unsaturated Py and YIG
microstructures.

We then tune the magnetic field to H = 43.0 mT (right
before the onset of the Py resonance) and the detection
phase ¢ = 0°. Strong signals at the Py bowtie structure
relative to the background offset were observed, indicat-
ing the excited spin dynamics. Notably, compared to the
amplitude map in Fig. 8(e), the lock-in X signal map in
Fig. 8(d) exhibits a strong color contrast between the top
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FIG. 8. Scanned 2D maps of the phase-resolving spin dynam-
ics of a patterned Py/Y1G bilayer by using the strobe light probe.
A bowtie Py structure is centered around the CPW’s signal line.
Maps of the lock-in X (a),(d),(g), amplitude (b),(e),(h), and phase
(c),(f),(i) signals are shown for each magnetic field, H, and
detection phase, ¢y. (a){c) At H =0 mT, and ¢y = 0°, off-
resonance. (d}{f) At H =43.0 mT, and ¢ = 0°, before the
onset of the Py resonance. (g){i) At H =43.0 mT, but with
swapped phase, ¢ = 180°.

(negative peak) and bottom (positive peak) sections, which
is attributed to the out-of-phase spin dynamics for the top
and bottom Py sections caused by the opposite rf driv-
ing field above and below the central signal line. Such a
phase transition near the signal line is also manifested by
the phase map in Fig. 8(f). Further, the quasiuniform phase
variation along the horizontal direction, compared to the
off-resonance case in Fig. 8(c), indicates that the magneti-
zation is saturated and coupled to the microwave driving
field. Under the same magnetic field, when the detection
phase ¢ is changed to 180°, the lock-in X signal polar-
ity is also reversed—a positive (negative) peak is found
at the top (bottom) Py section, respectively, relative to
the background offset [Fig. 8(g)], despite that the maps of
amplitude [Fig. 8(h)] and phase [Fig. 8(i)] remain nearly
unchanged.

Next, we examine the magnetic-field-driven phase evo-
lution in the vicinity of the Py and YIG FMR. To do
this, we focus on the 2 x 2 microdot array that is away
from the CPW’s signal line so that the rf field is rela-
tively uniform across the scan area. To confirm the rf field
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FIG. 9. Simulation and modeling of the microwave fields in
the vicinity of the CPW structure. The CPW has a signal-line
width of 0.28 mm and a gap of 0.25 mm. The dielectric layer is
0.356 mm, and the permittivity is 11.

distribution near the dot regime, we performed simula-
tion and modeling of our CPW structure using the High
Frequency Structure Simulator (HFSS) from ANSYS (see
Fig. 9). The CPW has a signal-line width of 0.28 mm and
a gap of 0.25 mm. The dielectric layer is 0.356 mm, and
the permittivity is 11. Since the dot array is well below
the signal line (into the bottom ground pad), the rf field
is uniform across the whole regime. The spin-wave imag-
ing is then conducted at this regime, and the results are
summarized in Fig. 10. The four dots are identified as
1-4 in Fig. 10(b). We set the frequency at 4 GHz and a
detection phase ¢ = 180° for the measurement. The field-
scan FMR signal was probed concurrently using the strobe
optics (lock-in X, measured in millivolts) and an rf diode
(rectified voltage, in volts). Figure 10(a) plots the field-
scan traces near the Py FMR at 4 GHz. The rf diode signal
measures a broad absorption profile, while the lock-in X
traces the precessional phase evolution. We picked three
magnetic fields of interest, at 45.9, 66.1, and 71.9 mT, and
scanned the 2D maps of lock-in X and amplitude in the
vicinity of the 2 x 2 microdot array.

First, the intensity maps directly reflect the spin preces-
sion amplitude [Figs. 10(b)-10(d)]. We observe that each
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FIG. 10. (a) Field-scan signal traces near the Py FMR at 4 GHz simultaneously probed by an rf power diode (left axis) and the

lock-in X (right axis). Three field points, at 45.9, 66.1, and 71.9 mT (indicated by the arrows), were picked out for the spatial mapping
of the spin dynamics in the vicinity of the 2 x 2 microdot array, labeled 1-4. (b)(d) Maps of the amplitude and (e){(g) maps of the
lock-in X at the three respective fields. (h) Field-scan signal traces near the YIG FMR at 4 GHz simultaneously probed by an rf power
diode (left axis) and the lock-in X (right axis). Three field points, at 77.7, 83.5, and 89.2 mT (indicated by the arrows), were picked
out for the same spatial mapping. (i}(k) Maps of the amplitude and (1)(n) maps of the lock-in X at the three respective fields.

dot peaks its resonance at different magnetic field values:
at H =459 mT, dots 3 and 4 are first driven into strong
resonance while dots 1 and 2 are less pronounced. As the
field increases, the precession amplitudes of dots 1 and 2
gradually emerge, while dot 4 becomes dim [Fig. 10(d)].
Nevertheless, all four dots are excited with decent preces-
sion amplitudes in this field range, due to the relatively
large linewidth of Py—also evidenced by the broad profile
shown in Fig. 10(a).

In contrast, the lock-in X signal strongly differentiates
the precession phase relative to the microwave drive. At
H =459 mT [Fig. 10(e)], all four dots are tuned to pre-
cess antiphase with respect to the microwave drive (dark

amplitude); at H = 71.9 mT [Fig. 10(g)], they are tuned
to precess in phase with the microwave (bright amplitude);
at the intermediate state (H = 66.1 mT) [Fig. 10(f)], dots 3
and 4 are tuned in phase while dots 1 and 2 are tuned out of
phase, therefore become “invisible” in the lock-in X' map,
despite their strong emergence in the amplitude map.
Next, we focus on the YIG FMR regime; Fig. 10(h) plots
the field-scan traces near the YIG FMR at 4 GHz. The sig-
nal is notably stronger than the Py counterpart in Fig. 10(a),
primarily due to the detection of the magneto-optical Fara-
day effect and the substantially thick YIG disk. We picked
three magnetic fields in the vicinity, at 77.7, 83.5, and
89.2 mT, and scanned the 2D maps of the amplitude [Figs.
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The scanned 2D intensity (a){(f) and wave-front maps (g)(1) at selective magnetic fields, H = 128.6, 134.3, 140.1, 142.7,

145.6, and 148.5 mT. The yellow dashed line traces out the patterned Py bowtie structure. (m) The field-dependent wave vectors versus
the frequency, extracted by FFT analysis of the 2D wave-front maps. (n) A fine-scan window near the bottom bowtie at H = 148.5 mT
at a detection phase of 0°. (0) The 1D scanned x trace along y = 0 mm and at different detection phases. The wave front can be

continuously tuned by the relative phase of the driving microwave.

10(ix-10(k)] and the lock-in X [Figs. 10(1)-10(n)]. Like-
wise, by selecting different bias fields, the images can be
made sensitive to the precession amplitude and phase. At
H =77.7 mT, all four dots start to emerge into resonance
[see the amplitude map in Fig. 10(i)], and the phase map
indicates their precessions are in phase with the external
microwave (bright contrast) [Fig. 10(1)]. In addition, the
amplitude of dots 3 and 4 is stronger than in 1 and 2. When
the field is tuned to 83.5 mT, their precessions are driven
into an antiphase state (dark contrast) [see Fig. 10(m)],
and the amplitude of dots 1 and 3 is made significantly
larger than for dots 2 and 4 (that is nearly out of phase
with the microwaves) [Fig. 10(j)]. The in-phase resonance
can be recovered by further increasing the magnetic field
to H = 89.2 mT [Fig. 10(n)]. Contrary to Fig. 10(i), the
amplitude map shows that dots 1 and 2 become stronger
than dots 3 and 4. Therefore, despite the nearly identical
global microwave drive, the spin precessional state can
vary largely in phase between isolated magnetic entities,
and the strobe light detection can effectively and concur-
rently distinguish such phase variations in addition to their
amplitude and intensity.

4. Phase resolving—YIG spin-wave regime

Moving forward to discussions in the well-defined long-
wavelength regime (H > 120.0 mT), we show the scanned
2D intensity maps in Figs. 11(a)-11(f) and corresponding
wave-front maps in Figs. 11(g)—11(1) at selective magnetic
fields at 4 GHz. For the intensity maps, the signal strength
is overall enhanced in areas atop the Py underlayer (bowtie
structure) due to a stronger retroreflection from a thicker
metal underlayer.

At H = 128.6-134.3 mT, the spin wave is still in transi-
tion between the caustic and the long-wavelength regimes.
A nontrivial y component of the wave vector can be seen
from the intensity map [Figs. 11(a) and 11(b)]. The wave
front bends towards the edge of the bowtie. The hot spots
near the top edge can be attributed to the inhomogeneous
internal field profile where a local reduction in the effective
field causes a shift towards lower fields. The caustic behav-
ior appears more significant in the wave-front map [Figs.
11(g)-11(h)], where the contrast of the bowtie underlayer
blends into the caustic wave pattern.

As the magnetic field increases, the caustic effect van-
ishes due to passing over the inflection point in the slow-
ness curve, and the wave fronts become less prone to
the underlayer-induced, effective demagnetization field.
Therefore, the wave-front propagation becomes more and
more dominant along the x direction with reduced wave-
lengths compared to the size of the bowtie underlayer [see
Figs. 11(c)}-11(f)]. The bowtie underlayer becomes also
more apparent in the wave-front maps [Figs. 1 1(i)}—11(1)].

By performing the 2D FFT analysis on the wave-front
maps, we extract the field-dependent wave vector at the
fixed frequency of 4 GHz, and the result is plotted in Fig.
11(m). In addition, similar to the earlier FMR case, the
phase of the driving microwave can have a direct impact on
the scanned wave-front map. Figure 11(n) shows a small
fine-scan window, in the vicinity of the bottom bowtie
[dashed enclosure in Fig. 11(1)] with a detection phase of
0°. We then scanned 1D x traces at fixed y = 0 mm with
varying detection phase from 0° to 192°, shown in Fig.
11(0). The wave front can be continuously tuned from in-
phase to antiphase in a similar fashion as demonstrated for
the FMR scenario.
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3. Collective dynamics near the underlayer edge

The dipolar spin waves that are of interest in the present
study are sensitive to additional magnetic entities produc-
ing local field variations in the vicinity, such as magnetic
foreign objects, e.g., the magnetic force microscopy tip or
probe, a magnetic nanoparticle, patterned magnetic struc-
tures, e.g., synthetic metasurfaces, and magnetic underlay-
ers [73—77]. For example, near the edge of the magnetic
underlayer, such as in Fig. 11, spin-wave “hotspots” can
result due to edge excitations bestowing a large spin pre-
cession amplitude. Note that the Py saturation magnetiza-
tion is about five times larger than that for YIG, so the Py
underlayer can perturb the effective magnetic field in the
YIG layer, despite the YIG itself being a continuous film.

Such a response of the Y1G local precession to the Py
underlayer effectively enters the ¢, contribution in the
strobe light detection. These high-amplitude edge hotspots
can also constructively or destructively interfere, governed
by their precessional phase, and influence the spatial inten-
sity distribution of the resultant magnon intensity, i.e.,
potentially controlling the energy and information flows
associated with spin waves [78—80].

To examine this effect, we covered half of the YIG disk
with 50-nm Py (in the shape of a semicircle), and ion-
milled to form a thin gap in the shape of a strip. The gap is
small enough as compared to the wavelength of the excited
magnons. The scanned 2D map in Fig. 12(a) shows the
full-view amplitude map at 4 GHz and under a magnetic
field H = 149.4 mT (applied along the horizontal direc-
tion X'). At this frequency and magnetic field, spin-wave
hotspots emerge at both edges of the Py underlayer in the
vicinity of the thin gap. We focused on a small area near
the gap and scanned the 2D maps of the wave front [Figs.
12(b)-12(f)] and intensity [Figs. 12(g)-12(k)] at a fixed
magnetic field, H = 150.0 mT, and selective frequencies.

(a) (b) (c)

3.9 GHz A (M)
- 008

At f = 3.9 GHz, the dispersion is beyond the cutoff
regime, thus no waves are excited. As [ increases to
3.98 GHz, the edge hotspots form on respective Py edges
in the vicinity of the gap. However, the intensity remained
weak inside the gap regime [Fig. 12(h)]. This is likely due
to the antiphase precession observed in the corresponding
wave-front map [Fig. 12(c)]. Atf = 4.0 GHz, besides the
two edge hotspots, “A” and “B,” significantly enhanced
excitation was also found inside the gap regime, channel-
ing the two edge spots [Fig. 12(i)]. We attribute this to the
in-phase precession near the two hotspots, “A” and “B,”
as indicated by the wave-front map [Fig. 12(d)]. Such an
in-phase, collective resonance persists at f = 4.01 GHz
[Fig. 12(e)], giving rise to gap excitation [Fig. 12(j)]. It
once again vanishes [Fig. 12(k)] when the edge hotspots
become antiphase at 4.03 GHz [Fig. 12(f)]. Therefore, dis-
tinct mode excitation (in the gap) via coupled resonance
(edge spots) can be annihilated or enhanced by destruc-
tive or constructive interference, governed by the phase
relationship at the respective boundaries.

IV. SUMMARY

In summary, we demonstrate phase-resolving spin-wave
microscopy using IR strobe light operating at 1550 nm.
The method uses a cw fiber laser that is amplitude-
modulated at the spin dynamic frequencies, and thus
allows for coherent tracking of the spin precession phase.
Using such a strobe light probe, the detected preces-
sional phase contrast can be further employed to construct
the spin-wave’s wave front in the cw regime of spin-
wave propagation without needing any optical reference
paths. We showcase spectroscopic studies and spatial map-
ping of the BWVSW modes in the dipolar wave regime,
and in both continuous films and patterned samples. Key
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(a) The Py/YIG sample with a thin gap (200-pm wide), and the 2D scanned map (full view) showing the spin-wave

excitation at 4 GHz and H = 149.4 mT. The fine-scanned 2D wave front (b}~(f) and intensity (g){(k) maps at selective frequencies,
f =39,3.98,4.0,4.01, and 4.03 GHz, at H = 150.0 mT, in the vicinity of the gap, showing pronounced spin-wave hotspots near the

edges of the Py underlayer.
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dispersion features, including the wave-vector cutoff and
spin-wave caustics, are observed, and the results are com-
pared with those of using other probing techniques.

The strobe feature of the optical probe allows one to
explicitly distinguish and quantify the various phase con-
tributions, such as from the geometry [55], spin-orbit
torque [59], and magnon-magnon interactions [53,54]. In
particular, due to the phase accumulation arising from the
spin-wave propagation, the spin-wave group velocity can
be directly extracted from the phase map of the dispersion.
This capability opens up new opportunities in studying
novel magnonic devices such as coupled magnon waveg-
uides [81,82], magnonic cavities [13,20,56], and logic and
network devices [48,83,84].

The strobe light method shares similar advantages with
conventional lock-in-based, field-sweep FMR measure-
ments with high magnetic field resolution and broad
dynamic range. Furthermore, the use of a cw laser and
fiber optics greatly simplifies the optical setup, allow-
ing the system to be much less susceptible to external
mechanical vibrations and noise, eliminating the possible
optical artifacts associated with time-delay-based tech-
niques. The relatively simple implementation also offers
the potential of being made into a compact, tabletop sys-
tem, integrating with common cryogenic and high-vacuum
environments, and combining with other complementary
fiber-based spectroscopy techniques [85,86].

The IR wavelength is suited for detecting both the
magneto-optical Kerr and Faraday effects, thus enabling
simultaneous probing of the spin dynamics of metallic (Py)
and dielectric (YIG) bilayer systems. Such a capability
can find usefulness in studying hybrid magnonic systems,
where phase tracking of coupled magnons (e.g., in mag-
netic multilayers) relative to other external excitations are
of interest. Beyond the investigation of magnon-photon
and magnon-magnon coupling, such a wavelength was
recently also found relevant in detecting phonon exci-
tations [87—89] in piezoelectric materials, thus opening
up new prospects in studying coherent coupling between
magnons and phonons, such as the bulk- and surface-
acoustic-wave-driven magnonic phenomena [6,90-93].
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