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We demonstrate the detection of phase-resolved magnetization dynamics with combinatorial magneto-optic Kerr and Faraday
effects. The method uses a continuous-wave laser that is amplitude-modulated at the spin dynamic frequencies and thus allows for
coherent tracking of the spin dynamics, akin a “lock-in”’-type measurement. In particular, our method, using a single 1550 nm
wavelength, probes simultaneously the ferromagnetic (FM) resonance of Y3Fe501; (YIG) and Permalloy (Py = NiggFeyg) in a
YIG-Py heterostructure. The fiber-based magneto-optic components also have the advantage of being made into a compact, tabletop
or even portable system with yet robust measurement performances. We believe that our method will be found useful in studying
hybrid quantum magnonic systems and/or investigating phase-resolved spin dynamics in nanomagnet structures involving both FM

insulators and metals.

Index Terms— Epitaxial films, ferromagnetic resonance (FMR), IEEE, IEEE TRANSACTIONS ON MAGNETICS, IEEEtran, optical

detection.

I. INTRODUCTION

HE needs for sensitively and reliably probing the mag-
netization dynamics have been increasing in various
contexts [1] and especially in novel spintronic and magnonic
research [2]-[6], where the spin and magnon dynamics
are driven by the state-of-the-art approaches using spin
torques [7], acoustic phonons [8], spin-thermo effects [9], [10],
and microwave photons [11], [12]. Recent breakthroughs in
quantum magnonics [13] also highlight the needs for detecting
spatial- and phase-resolved magnetization dynamics adaptable
to micro- and nano-scale magnonic devices with synergistic
photonic and spin-electronic components on-chip [14], [15].
To date, optical detection of magnetization dynamics
is performed predominantly by pump-probe and related
techniques, in which a series of probing laser pulses is
delayed at different temporal positions to track the ultrafast
dynamics, following an initial pump pulse [16]-[19]. The
experimental setup usually involves expensive lasers and
complex optical layouts, including, for example, a well-aligned
opto-mechanical delay line. Another technique is Brillouin
light scattering (BLS) [20], which makes use of the inelastic

Manuscript received April 29, 2020; revised July 13, 2020; accepted
July 27, 2020. Date of publication July 30, 2020; date of current version
January 20, 2021. Corresponding authors: V. Novosad and W. Zhang (e-mail:
novosad @anl.gov; weizhang @oakland.edu).

Color versions of one or more of the figures in this article are available
online at https://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMAG.2020.3013063

scattering of laser light photons with magnons and/or phonons.
This method offers good spatially and wave-vector-resolved
mapping of spin-wave intensity but is time-consuming and
noise-sensitive to filter out the wavelength offset, especially
for lower frequencies. Furthermore, the different optical and
dielectric properties of samples (e.g., metals, semiconductors,
or insulators) also often times require to use different probe
wavelengths in the visible (VIS) range, which can further
complicate the measurement [21].

In this work, we demonstrate the detection of phase-
resolved magnetization dynamics, which combines different
magneto-optic effects. This method uses a 1550 nm laser
in the near-infrared (NIR) wavelength band, which allows
facile modulation at the gigahertz frequencies with both
amplitude control and phase control and also phase-locking
to a microwave source for the excitations of magnetization
dynamics. Such a continuous-wave (CW) modulation
capability makes this particular wavelength-band advantageous
for studying magnetization dynamics in complex magnetic
systems, such as quantum magnonic hybrids, patterned nano-
magnets, and spin ice. Compared to VIS-light wavelengths for
magneto-optics [22], [23], our method allows for the coherent
tracking of gigahertz spin dynamics in a CW fashion, very
much resembling a “lock-in” type of measurement that is
commonly performed in many low-noise electric and spin
transport measurements. In addition, the fiber-based optics
allow for a facile integration with simultaneous electrical,
thermal, and magnetic measurements. From a technological
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(a) Schematics of the measurement setup. After the rf splitter, the optical path (upper part) contains amplifier, 1550 nm infrared laser module, EOM,

fiber polarizer, fiber polarization controller, beam splitter (BS), and focusing lens; the electrical path (lower part) contains amplifier, mixer, coupler, spectrum
analyzer, diodes, circulator, bias-tee, and nanovoltmeter. PBS = polarizing BS, Cam = camera, bal.det = balanced detector, and arb. func = arbitrary waveform
generator. (b) and (c) Schematic of the detecting mechanism for the dynamic Kerr and Faraday effects, respectively. For Kerr effect detection, the modulated
and linearly polarized 1550 nm light first hits the sample surface at a certain polarization angle, then, the dynamic Kerr effect due to the FMR excitation
causes a rotation of the polarization, which is subsequently analyzed. For Faraday effect detection, the incoming light first enters the sample at a polarization
angle, then, the dynamic Faraday effect due to the FMR excitation causes the polarization to rotate, next, the light hits the mirror and the reflected light,
upon the returning path, picks up again the Faraday effect, and causes the polarization to further rotate along the same direction, before the subsequent light
analysis. The applied dc magnetic field is parallel to the ground-signal-ground (G-S-G) lines of the CPW.

point of view, fiber-based magneto-optic systems are also less
susceptible to typical mechanical vibrations compared with
real-space optical systems [23]-[28]. Therefore, they have
the advantage of being made into compact, tabletop or even
portable systems with yet robust measurement performances.

Earlier, it has been demonstrated that the CW
1550 nm magneto-optics can be used to sensitively probe
phase-resolved magnetization dynamics via the magneto-optic
Kerr effect [29] of ferromagnetic (FM) metals, in both
inductive [30], [31] and spin-torque FM resonance (FMR) [32]
configurations. However, it remains a question whether such
a technique can be extended to probing similar gigahertz spin
dynamics for FM insulators, which are typically non-reflective
at the NIR wavelengths. Here, we show that the 1550 nm
system can be indeed used for probing phase-resolved FMR
for FM insulators, via the magneto-optic Faraday effect,
and we demonstrate such capability by using Y3FesOi;
(YIG) thin films, a widely used FM insulator in the current
spintronics research [33].

II. EXPERIMENTAL SETUP

Fig. 1(a) shows a schematic of the experimental setup.
The magnetization dynamics are detected optically, via either
the magneto-optic Kerr (for FM metals) or Faraday (for FM
insulators) effects. The laser is normal incident on the thin-film
samples, and thus, both effects are sensitive to the out-of-plane
component of the precessing magnetization, m,. A heterodyne
method is adopted to enable precessional phase tracking
[30]-[32]. A single microwave source is used to simultane-
ously modulate the laser (optical path) and drive the FMR
of the sample (electrical path) with a coplanar waveguide
(CPW). The laser light is modulated at the microwave source
frequency using an electro-optic intensity modulator (EOM).

The modulated laser light can be polarized by either a fiber
polarizer (e.g., a 3 paddle A/4,41/2,1/4 controller) or a
free-space thin-film polarizer, before being collimated and
focused onto the sample surface. We also use an optical tap
(~10%), a graded-index (GRIN) lens, and another free-space
polarizer to monitor the polarization state and the light inten-
sity throughout the whole measurements, which is especially
useful when working with the all-fiber-based polarizing sys-
tems. The focused light spot is around ~40 um in the
present work. The out-of-plane magnetization is dynamically
probed via the Kerr or Faraday responses of the samples. The
changing polarization states are subsequently analyzed with a
polarization beam splitter and a balancing detector and then a
lock-in amplifier. Before performing the optical measurement,
sample imaging and fine alignment can be made via the flip
mirror, which detours the light path to an IR-VIS converter and
a CMOS camera. It is also noted that by adopting fiber-based
laser components and optical cage systems, the whole setup
can be made into a compact form taking a total space less
than 14 in x 14 in.

For a heterodyne detection, the microwave signal along the
electrical path is in-phase (I) and quadrature (Q)-mixed with
a low-frequency (100 kHz) signal provided by an arbitrary
function generator. The voltage amplitude, offset, and phase
for the respective “I” and “Q” channels are optimized to
ensure that the power of the upper sideband of the microwave
signal (which is subsequently used for FMR excitation) far
exceeds those of the central and lower sideband (>20 dB).
We use a directional coupler (—20 dB) and a real-time
spectrum analyzer to monitor the central and sidebands
throughout the whole measurement. The main microwave
line then goes through a microwave circulator (and/or a
bias tee) before reaching the sample. Microwave diode can
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be used to simultaneously measure either the reflection or
the transmission (similar to vector-network-analyzers (VNAs)
S11 or Sz1) of the inductive FMR, through the CPW and the
(nano-)voltmeters.

The automated control of all devices in our experimental
setup and the data acquisition are achieved with the software
platform thaTEC:OS [34] from a central user interface. The
module concept behind thaTEC:OS allows for a fast integra-
tion of new devices during the development phase as well
as an easy adjustment of the measurement protocol in the
daily lab work. Furthermore, it opens the perspective to future
extensions of instruments with minimal programming efforts.
An obvious extension that highlights the potential of the
presented approach is the incorporation of a (nano-)positioning
system and a better viewing system, including an objective lens
to allow for the space-resolved investigation of spin dynamics
at the mesoscale.

III. SAMPLES AND DETECTING MECHANISM

The detection of the magneto-optic Kerr effect for FM
metals has been demonstrated in our earlier work based on
the spin-torque FMR configuration using a similar setup [32].
Here, we focus on the inductive FMR configuration and
demonstrate one measurement for an MgO/Fe(10 nm)/Pt(3 nm
cap) thin-film bilayer, although the mechanism is actually the
same. It is noted that the MgO substrate has to be double-
side-polished to allow the laser light to access from the
backside, as shown in Fig. 1(b).

On the other hand, to demonstrate the Faraday detection
capability of the system, we use commercial YIG films (from
MTTI Corporation) with thickness tyig = 3 pm, single-sided
grown on double-side-polished Gd3GasO1> (GGG) substrates
via liquid phase epitaxy (LPE). Next, we grew a nonmagnetic
metal layer of Pt, Cu, and Ag, with thicknesses, fpi(cu,ag) =
30 nm, on top of the YIG to make a reflective mirror for the
optical path.

We also prepared a YIG/SiO2(3 nm)/Permalloy (Py, 30 nm)
sample, for studying the combinatorial Kerr and Faraday
detection. We use the 3 nm SiO; interlayer for the Py-sample
to purposely avoid the possible magnon—-magnon coupling
due to interface exchange interaction [36]-[40] between
YIG and Py.

All the metal films are deposited using the magnetron
sputtering at low deposition rates, to minimize the surface
roughness and thus ensure a good light reflection. In addition,
we also use in situ Ar gas rf-bias cleaning for 3 min, to clean
the YIG surface right before depositing the metal layers.

Fig. 1(c) shows the detecting mechanism for the YIG
Faraday effect. The modulated and linearly polarized 1550 nm
light passes through the transparent GGG substrates. Next,
as the light travels through the YIG bulk, the dynamic Faraday
rotation due to the YIG FMR is picked up. Then, the metal
layer serves as a mirror and reflects the laser light. Upon
reflection, the dynamic Faraday effect from the YIG is picked
up again, making the effective YIG thickness 6 um, i.e., twice
the film thickness. It should be noted that the Faraday rotations
for the incoming and returning light add up as opposed
to cancel, due to the reflection at the metal layers, whose
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Fig. 2. Selective optically detected FMR traces (5.75-6.3 GHz) of the

Fe/Pt bilayer (a) with the in-phase, X, (b) quadrature, ¥ components, and
(c) extracted field region for FMR analysis. The intensity map of the full
scan (5.0-7.0 GHz) of (d) X, (¢) Y, and (f) total amplitude, (X2 + ¥2)!/2,
as a function of the magnetic field and frequency. Summary of (g) linewidth,
(h) resonance field, Hres, and the corresponding Kittel fits, and (i) phase
evolution with the frequency is also presented.

mechanism is akin to a commercial “Faraday rotator” often
encountered in fiber optics.

The YIG samples are chip-flipped on a CPW for microwave
excitation and optical detection. An in-plane magnetic field,
H, along the y-direction saturates the YIG magnetization.
We scan the frequency and the magnetic field and then measure
the optical responses using the in-phase X and quadrature
Y channels of a lock-in amplifier as well as the microwave
transmissions using the microwave diodes.

IV. RESULTS AND DISCUSSION
A. Respective Kerr and Faraday Detection

First, we demonstrate separately the detection of the Kerr
and Faraday effect in a metal (Fe) and insulator (YIG), respec-
tively. Fig. 2 shows the representative traces, intensity map,
and analysis of the optical signals detected for the Fe/Pt bilayer
via the magneto-optic Kerr effect, as a function of magnetic
field H and frequency f. On the other hand, Fig. 3 shows
the corresponding traces and the intensity map of the optical
signals detected for YIG/Ag, YIG/Cu, and YIG/Pt bilayers via
the magneto-optic Faraday effect. These results demonstrate
the representative features of our detection capability. The
optical signals with the phase information are obtained by the
lock-in amplifier’s in-phase X and quadrature Y, following:

X o< myPycos (pr, — ¢m)
Y o« —m;Pysin (¢ — dm) (1)

where m, is the z-component of the dynamic magnetization,
Py is the laser light intensity, ¢ is the phase accumulated due
to the optical path length, and ¢, is the magnetization phase,
which includes contributions due to ¢mw (the microwave
path), ¢y, (possible phase delay between waveguide current and
effective driving field, /f), and ¢, (the phase of the magnetic
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Fig. 3. Top: optically detected FMR traces with the in-phase, X, quadrature,
Y components, and the total amplitude, (X2 +Y 2)1/ 2 as a function of the
magnetic field and frequency, for different nonmagnetic mirror materials, Ag,
Cu, and Pt. Bottom: intensity maps (shown from 6.1 to 6.6 GHz for all
samples) indicate clear and similar phase evolution in the X and ¥ components
for all samples.

response to the field) [30]. The phases ¢ and ¢pw are depen-
dent on the optical and electrical paths, respectively, and the
path difference can be tuned by the fiber and microwave-cable
lengths or using a microwave phase shifter [32]. The
on-resonance phase variation is clearly seen for Fe (Fig. 2)
and YIG (Fig. 3), respectively. In addition, an observable
bright-dark oscillation of the off-resonance background signal
appears for the metallic Fe/Pt, in Fig. 2(d)—(e), which has been
reported in the electrical rectification measurements of similar
structures [35]. This also reflects the light path associated
with phase variation at different frequencies. We noted that
the fiber-optic system makes it particularly convenient to
engineer the path difference by simply adding optical fibers at
desirable lengths. The intensity maps show consistent phase
evolution for all samples. The total amplitude is calculated by
(X% +Y*)/2, which resembles the conventional microwave
diode or the VNA measurements. In our measurements,
we fixed the experimental setup for all the samples, and thus,
the optical signals should have a negligible effect from ¢,
¢émw, and ¢,. Detailed FMR analysis will be discussed later.

IEEE TRANSACTIONS ON MAGNETICS, VOL. 57, NO. 2, FEBRUARY 2021

B. Combinatorial Kerr and Faraday Detection

Next, we move to the main result of the work, which is
the simultaneous detection of the YIG and Py FMRs via
the combination of dynamic Faraday and Kerr effects. The
detecting mechanism is a combination of Fig. 1(b) and (c).
The modulated and linearly polarized 1550 nm light first
passes through the transparent GGG substrates and then travels
through the YIG bulk, in which the dynamic Faraday rotation
due to the YIG FMR is picked up. Similarly, the dynamic
Kerr rotation caused by the Py FMR is then picked up when
the light reaches the Py layer. The Py layer also serves as a
mirror and reflects the laser light. Upon reflection, the dynamic
Faraday effect from the YIG is picked up again before entering
the subsequent light analysis.

The experimental results are summarized in Fig. 4. The YIG
FMR at higher magnetic fields is the signal from the Faraday
effect due to the uniform YIG magnetization precession,
detected as

Xyic & mzyic) Pocos[Pr — pmw — Pn — ¢y (v1G)]
Yyic & —myyiG)Posin [¢pr — ¢mw — dn — ¢y (vigy]- (2)

The Py FMR at lower magnetic fields, on the other hand, is due
to the Kerr effect, detected as

Xpy o mypy)Pocos[pr — dmw — dn — ¢y (py)]
Ypy o< —mpy)Posin[pr — dmw — dn — dypp]l. (3)

Fig. 4(a) shows the intensity map of the optically detected
signals X, Y, and the total amplitude (X2 + YY) for
the YIG-Py sample as a function of magnetic field H and
frequency f from 5.0 to 6.0 GHz at a step size of 0.05 GHz.
The FMR modes corresponding to the spatially uniform mag-
netization precession are described by the Kittel formula:
w?/ y 2 = ,u% Hyes(Hyes + M), where o is the mode frequency,
y /21w = (gefr/2) x 28 GHZ/T is the gyromagnetic ratio, Hieg
is the resonance field, and M; is the magnetization.

From Fig. 2, we extract the FMR properties of Fe, yielding
yOMSF €, ~1.65 T, and a damping value of ~0.003 (note that
this value may include the spin pumping effect due to the
additional Pt cap). The linewdiths, A Hpe, resonance fields
(HE®), and the phase evolution, extracted from the X and ¥
channels, are subsequently plotted in Fig. 2(g)—(i).

From the YIG/Py data, we extract the FMR of YIG,
in Fig. 4(b), and Py, in Fig. 4(c), respectively, and plot and
fit the individual trace segments using the Kittel formula.
In our measured frequency window, the two resonances are
well separated [see Fig. 4(d)]. The fittings yields the My values
for YIG and Py, i.e., ,quSYIG = 0.199 T and ,qusPy =
0.907 T, respectively. The linewdiths, A Hpy(yig), resonance
fields (HrEZ(YIG)), and the phase evolution are subsequently
plotted in Fig. 4(e)—(g).

A clear phase evolution can be observed in the optical
signals [see Fig. 4(a)], and in Fig. 4(g), we plot the phase
evolution with the frequency for both YIG and Py. The periods
of the phase accumulation are the same for both YIG and Py
lines, due to the fixed path difference of the measurement
geometry. Linear fits with the phase evolution, following
Adopt/ele = 2 f /c) A Lopy/ele, yield an optical/electrical path
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(a) Intensity map showing the optically detected in-phase, X, quadrature, Y, and the total amplitude ((X2 +Y 2/ 2) as a function of the magnetic
y map g P y p q p. g

field and frequency, for the YIG/SiO,/Py sample. The optical-X signal traces are shown, with the YIG and Py FMR regimes highlighted, in (b) and (c),
respectively. (d) Extracted FMR traces for YIG and Py, which are subsequently fitted with the Kittel formula. (¢) Summary of the linewidth, (f) resonance
field, Hres, and the corresponding Kittel fits, and (g) phase evolution with the frequency is presented.

difference, ALopt/ele ~ 75.2 cm. In addition, a large phase
offset of ~2.4240.13 rad exists between the two layers. Note
that the two FMR measurements share the same light path,
this phase offset, therefore, solely implies the phase difference
between the Faraday and Kerr detection. One possible explana-
tion is that there exists a nonzero phase shift of the microwave
field from the Py layer to the YIG layer (along the z-direction)
due to our planar excitation geometry similar to the previous
report [31]. Another possibility is that the reflection of the laser
light by a metal (Py in our case) may induce a nonmagnetic
shift of the light polarization, which can also impact the phase
offset herein.

Finally, we note that the conventional FMR detection via
the microwave transmission can be simultaneously performed
with this setup from the electrical path, serving as a reference
for the optical detection component. In addition, the technical
aspects, including the optical/electrical phase modulation using
either an optical delay, a phase shifter, or microwave cables,
though not shown here, remain valid as demonstrated in our
previous works [31], [32]. The diode-detected FMR for the
YIG/SiO,/Py sample is shown in Fig. 5, which, overall, should
resemble the total amplitude, (X2 + Y?)'/2, of the optical
signal. However, we found that in the diode signal, the Py

FMR is greatly attenuated compared to the YIG FMR. This
is very likely due to the much thicker YIG films (3 xm) than
the Py (30 nm). However, such a difference in their signal
magnitudes is not as significant as in the optical detection,
as shown in Fig. 4. The YIG Faraday signal is only about one
order of magnitude larger than the Py Kerr signal. This fact
suggests a potential advantage in resolving the magnetization
dynamics of heterostructures involving thick-YIG films and
thin-metal layers, such as Py, Co, and Fe, which are often
encountered in the study of hybrid magnon—magnon coupled
systems [36]-[40].

In summary, we demonstrate the detection of phase-resolved
magnetization dynamics with combinatorial magneto-optic
Kerr and Faraday effects, which, in particular, can probe
simultaneously the FMR of YIG and Py in a YIG/Py bilayer.
The method uses a CW laser that is amplitude-modulated at the
spin dynamic frequencies and thus allows for coherent tracking
of the spin dynamics. Therefore, the method shares the same
advantages with conventional lock-in based, field-sweep FMR
measurements with high magnetic field resolution and broad
dynamic range. In addition, the use of a CW laser and
fiber optics greatly simplifies the optical setup, allowing the
system to be much less susceptible to external mechanical
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Fig. 5. Microwave transmission signal of the YIG/SiO,/Py sample acquired
simultaneously with the optical detection using a microwave diode.

vibrations and noises, therefore eliminating the possible optical
artifacts associated with time-delay-based techniques, with
also the potential advantages of being made into a compact,
tabletop or even portable system with yet robust measurement
performances. Other technical benchmarks, such as charac-
terization speed, spatial/temporal resolutions, and the possible
integration with low-temperature environments shall be similar
to other optical measurement techniques. We believe that this
method will be found useful in studying hybrid quantum
magnonic systems and/or investigating phase-resolved spin
dynamics in nanomagnet structures [41], [42] and multilayer
systems [43], [44] involving both FM insulators and metals.
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