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ABSTRACT: As an updated version of the ultrafast pump—probe Faraday Rotatio T
laser technique, the time-resolved magneto-optical Kerr effect (TR- " M
MOKE) methodology enables the detection of magnetization as —|4 16 koe
dynamics with superb temporal (sub-picosecond) and spatial Ke - 3 ——
(diffraction-limited beam spot) resolutions. It is a powerful tool to T Effect E " S [ Mammaid kOe
characterize material properties and to reveal the rich physics of "Zg w© S| Sper 10k0e
magnetization dynamics in magnetic thin films, which serve as the 8E g a(M‘
essential building blocks for spintronic and magnetic recording 23 fm 2 -:-’«%-."."36_
devices. In this spotlight article, we will highlight the recent advances Pump 2 S, § é%
in the development of TR-MOKE metrology and its applications for Prob , ’\ a U

capturing the magnetization dynamics in technologically important € Time D°e,ay5 (o5 Ti,‘,‘;i%"’efg‘; ‘}Zosjsoo

spintronic materials. We cover several representative examples based
on research activities carried out at the University of Minnesota

(UMN), including studies of Gilbert damping, spin-strain coupling, and interlayer exchange coupling of perpendicular magnetic
materials. A brief discussion will be also presented, which highlights several other emerging research topics that are potentially
enabled by this metrology to form a more comprehensive picture of its applications for emerging materials and technologies.

KEYWORDS: ultrafast pump—probe method, time-resolved magneto-optical Kerr effect, perpendicular magnetic anisotropy,

damping constant, spintronics

1. INTRODUCTION

Since the discovery of giant magnetoresistance (GMR) in
1988, the explosion in spintronics research has led to huge
advances in data storage capacity and toward fast, low-power-
consumption computers with nonvolatile memory and
processing integrated into a single chip. The field of spintronics
focuses on utilizing magnetic materials to transport electron
angular momentum (spin) instead of the motion of charges
(electrons and holes). In principle, manipulating spin would be
faster and require less energy (therefore producing less heat
load) than moving charges around. Thus, spintronics has been
considered a promising candidate to improve, and possibly
replace, existing field-effect transistors for processing, trans-
ferring, and storing data to achieve the so-called “beyond
complementary metal oxide semiconductor (CMOS)” tech-
nology.”

While spintronic technology has already been proven,
materials synthesis and engineering remain as some of the
most critical, yet technologically challenging, topics in
spintronic research. As an example, spin transfer torque
magnetic random-access memory (STT-MRAM) is a typical
technology used in spintronic devices. In STT-MRAM, a
charge current, which will be polarized after interacting with a
magnetic layer (fixed layer), is used to switch the magnet-
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ization direction in the free layer and thus to “write” data into
the memory. The current required by switching could be
described by the critical electronic current density (J,), which
is proportional to the magnetic damping (@, the rate of
magnetic energy dissipation).* To reduce J, and thus the
device power consumption, materials with a low a are
required. Additionally, a large magnetic anisotropy (K) is
preferred for longer data retention times.” Furthermore, the
existing CMOS manufacturing involves high process temper-
atures (typically 400 °C).” Spintronic materials that can sustain
a low a and a high K with post-annealing are favored for the
CMOS compatibility. Therefore, developing and engineering
magnetic materials with desirable functionalities (e.g, low
damping, high anisotropy, and good thermal stability) is
essential for device applications.

A Dbetter understanding of the material properties and
magnetization dynamics can guide the design and synthesis of
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Figure 1. (a) Optical layout of the TR-MOKE system at the UMN. (b) Mechanism of spin dynamics with optical excitation. Both the Kerr effect
(reflection) and the Faraday rotation (transmission for (semi)transparent samples) are illustrated, depending on the measurement configuration.
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Figure 2. Optimization of TR-MOKE signals. (a) Dependence of the normalized signal amplitude on the normalized external field (H,/Hy ) and
the polar angle of the external field (0y). The signal amplitude is normalized such that the maximum possible signal has a value of 1. The dashed
red line denotes the maximized signal for a specific field ratio. (b—e) Dependence of normalized signal amplitude on 6, for different H,y, (4, 6, 8,
and 10 kOe). Red open circles represent experimental data and black curves are the results from simulations. Figures are reproduced with

permission from ref 21. Copyright 2018 AIP Publishing.

materials with desirable functionalities. Conventional ap-
proaches for studying the magnetization dynamics and
characterizing materials properties are based on ferromagnetic
resonance (FMR) techniques. While FMR has adapted some
advanced versions (e.g., stripline FMR, among others®), it has
difficulties characterizing “hard” materials with large perpen-
dicular magnetic anisotropy (PMA) or reaching high dynamic
frequencies. Ultrafast optical methods, on the other hand, offer
a novel way to inject, detect, and manipulate spin in magnetic
materials.” Such methods are typically operated in a pump—
probe configuration: a pump pulse deposits energy onto the
material over a short period of time (<1 ps), and a probe pulse
detects the material’s response upon the pump excitation. By
taking advantage of femtosecond (fs) laser pulses, these
ultrafast pump—probe measurements can capture magnet-
ization dynamics at sub-picosecond (sub-ps) resolution,
corresponding to a sampling frequency of ~1 THz. In
addition, since the ultrafast pump—probe approach is all-
optical, it can probe a localized area of the sample (with
diffraction-limited beam spot sizes ranging from micrometers
to hundreds of nanometers) instead of measuring the sample-
averaged behavior as is done in FMR.

2. INSTRUMENTATION

An upgraded version of the basic pump—probe measurements,
the time-resolved magneto-optical Kerr effect (TR-MOKE)
methodology enables the detection of magnetization dynamics
with superb temporal (sub-ps) and spatial (diffraction-limited
beam spot) resolutions.” "' At an early stage, TR-MOKE was
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used to investigate the ultrafast demagnetization in magnetic
materials.'>'” Later, Ju et al.'* and Kampen et al."” reported
the study of magnetization precession based on TR-MOKE
measurements. After that, enormous efforts have been devoted
to advancing the TR-MOKE methodology, such as interpreting
the physical origins of the TR-MOKE signal'®'"'*™*" and
optimizing the signal amplitude to improve the measurement
signal-to-noise ratio (SNR).”' To date, TR-MOKE has proven
to be a powerful technique which provides sensitive and high-
throughput measurements to characterize material properties
and to reveal the rich physics of magnetization dynamics of
various magnetic materials, which serve as the essential
building blocks for spintronic>® and magnetic recording
devices.”

Figure la depicts the schematics of an example TR-MOKE
setup in use at the University of Minnesota (UMN).® In TR-
MOKE, a mode-locked Ti:sapphire laser produces a train of
pulses with a duration of ~100 fs and a center wavelength of
~800 nm. A polarizing beam splitter separates the laser into
pump and probe beams with orthogonal polarizations. A delay
stage varies the optical path of the pump beam, producing a
time separation between the pump excitation and probe
sensing (up to 4 ns). Both the pump and probe beams are
focused onto the sample surface, which produces a beam spot
size (1/¢* radius) ranging from hundreds of nanometers to
several tens of microns. The reflected probe beam is split into
two paths of orthogonal polarizations with a Wollaston prism.
The changes in the relative intensities of these two probe paths
are detected with a balanced detector, which is related to the
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Figure 3. (a) Schematics of the sample stack and measurement configuration. (b) TR-MOKE signals (open circles) and fitting curves (black solid
lines) for the 400 °C-annealed CoFeB sample under varying H,y, from 2.0 to 20 kOe at 0); = 76°. (c) The fitting of f vs H,y for the 400 °C-annealed
CoFeB sample at two field directions. Measurement data are shown as symbols (open circles for 6;; = 89° and open squares for 8y = 76°), and
model fittings are presented as solid curves. (d) The damping constant of CoFeB samples as a function of T, (e) The dependence of Hy . (top)
and & (bottom) on the test temperature, Ty, for as-deposited and 400 °C-annealed FePd films. Figures are reproduced with permissions from refs

26 and 27. Copyright 2018 Springer and 2020 AIP Publishing.

variations in the polarization state of the probe beam reflected
from the magnetic sample. On the basis of the probe
polarization variation, the change in the sample magnetization
can be correlated to the Kerr rotation angle via the MOKE
effect.”” At short time delays (At < 10 ps, the time between
pump heating and probe sensing), the TR-MOKE signal is
dominated by the thermalization processes between different
energy carriers, namely, electrons, magnons (quantized states
of spin waves), and phonons (quantized states of lattice
waves). Within this nonequilibrium regime, TR-MOKE signals
can be analyzed by a phenomenological three-temperature
model that considers energy exchange between electrons (T.),
phonons (TP), and magnons (T,)."> At longer time delays
(hundreds of ps), TR-MOKE signals contain damped
oscillating fringes resulting from spin precession, which allows
for the analysis of the damping constant of magnetic materials
(see Figure 1b).° In addition to TR-MOKE, pump—probe
measurements can also be conducted in other modes. For
(semi)transparent samples, the pump—probe measurements
can also be operated in the transmission mode to collect the
Faraday rotation signals.

For TR-MOKE measurements, the signal amplitude is
crucial since it can affect the measurement SNRs and thus the
accuracy and reliability of the measurement results, especially
for measuring samples with large effective damping. To better
understand how measurement conditions could affect the
signal amplitudes, Lattery et al*' systematically studied the
impact of the direction and amplitude of the external field on
the TR-MOKE signal amplitude. They simulated the time-
resolved signals and compared these calculated values with
measurement results of a PMA CoFeB thin film obtained from
polar TR-MOKE (the signal is proportional to the change of
the magnetization along the sample normal direction).” Their
major discoveries are shown in Figure 2a as a contour plot,
which illustrates the dependence of the TR-MOKE signal on
the direction (as indicated by 6y, the angle between the
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external field and the sample surface normal) and magnitude
(H,,,) of the external field. The horizontal axis is normalized to
the effective anisotropy field (H, .¢) of the sample to generalize
the application of the results. For small external fields (H,/
H, . < 1), the signal amplitude increases with 6. While for
large external fields (H,y/Hy ¢ >1), there exists a 6} at which
the signal amplitude is maximized for each individual field, as
indicated by the red dashed line in Figure 2a. This contour can
be used to guide the choice of measurement conditions for
signal optimization. For example, if the sample will be
measured with varying external fields of up to H,./H ¢ = 2
and a fixed @y, then the field direction that generates the
maximal signals should be larger than 70°. For measurements
where H,,, is fixed and 0y, is varied, the optimal field generating
the maximal signal amplitude is not necessarily at the largest
Hext‘

Figure 2b—e summarizes the experimental validation of the
simulation results. The PMA CoFeB thin film (Hy .z = 6.1
kOe) was measured at varying 0;; for four sets of fixed H, (4,
6, 8, and 10 kOe). Because of the design of measurement
configuration, the range of @y was confined from 80° to 90°.
Within this range of 6y, the amplitudes from TR-MOKE
signals (red symbols) match well with simulation results (solid
curves). For the 4-kOe case (H,y < H, .¢), the signal amplitude
increases monotonically with 8y, while for the 8-kOe and 10-
kOe cases (H,y > Hy .q), the signal amplitude shows a peak at
the predicted optimal 6y;. For the 6-kOe case where Hy, is
close to Hy g there is a slight deviation in the decaying trend
of the signal amplitude for decreasing 6}; (a slower decrease
trend from simulations). A possible explanation is the sample
has inhomogeneity in H, .4 which can result in a noticeable
deviation from simulations when H,, is close to Hi g
However, the measurement can still capture the amplitude
peak occurring at nearly the same 6 (close to 90°) from
model prediction as shown in Figure 2c.

https://dx.doi.org/10.1021/acsaelm.0c00961
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3. REPRESENTATIVE EXAMPLES

We will now show in detail the applications of the TR-MOKE
metrology by presenting representative examples, primarily
based on the studies conducted by the authors’ group at the
UMN. These examples include measuring the Gilbert damping
constant of PMA magnetic thin films, revealing the spin-strain
coupling in multilayer stacks, and exploring interlayer exchange
coupling in synthetic antiferromagnetic materials.

3.1. Gilbert Damping. The Gilbert damping constant (a)
is related to how fast the magnetization relaxes to
equilibrium™ and therefore is a critical parameter for the
performance of spintronic devices. As mentioned in the
introduction, a low «a is preferred in the free layer for STT-
MRAM applications because it can reduce the switching
current.” The dependence of @ on various factors, such as
material compositions, stack structures, and fabrication
processes, has been stimulating progressively more interest in
the spintronics community. These studies rely on the accurate
characterization of a. After more than 10 years of advancement
in measuring and modeling, TR-MOKE has been proven to be
a reliable way to extract « for a wide range of materials.”® Also,
since TR-MOKE can capture high resonance frequencies that
conventional FMR may fail to detect, it has become a popular
approach when dealing with PMA materials that may have a
relatively high anisotropy.”” For damping measurements
enabled by TR-MOKE, we will use two representative PMA
materials as illustrations: CoFeB with interfacial anisotropy”®
and L1,-FePd with crystalline anisotropy,”” both of which have
technological relevance.

CoFeB is currently one of the most widely applied PMA
materials in magnetic tunnel junctions (MTJs), a basic
component of spintronic devices. For MT]Js-based device
applications, an ideal spintronic material is preferred to have
both low damping and high effective anisotropy. In addition,
for integration with current CMOS technologies, the materials
are required to survive through a processing temperature of up
to 400 °C.° For this purpose, Lattery et al. studied the
dependence of a on the post-annealing temperature (T,,,)
present during the fabrication of CoFeB thin films with
interfacial PMA.”® They fabricated a set of sample stacks
consisting of $i/Si0,(300)/W(7)/CoFeB(1.2)/MgO(2)/
Ta(3) from bottom to top (thicknesses in nanometers) and
annealed those samples at T,,, ranging from 250 to 400 °C.
Tungsten (W) was used as the seed layer in this study, owing
to the relatively smaller diffusion of W atoms compared with
Ta, another popular seed material for PMA CoFeB. By utilizing
the polar TR-MOKE metrology described in section 2, Lattery
et al. measured these W-seeded CoFeB samples under different
external magnetic fields. The signal directly taken from polar
TR-MOKE is the change in the z-component of the
magnetization (AM, in Figure 3a), which is proportional to
the change of the Kerr rotation angle (A8). Figure 3b depicts
the raw data (open circles) as a function of the time delay
between pump excitation and probe sensing for H,, ranging
from 2 to 20 kOe. All signals show a damped oscillating feature
and can be fitted using the equation
Ab¢ = A + Be™/C + D sin(2aft + @)e™/". The first two
terms in the equation are related to the thermal background.
The last term, an exponentially decaying sinusoidal function,
incorporates the frequency (f) and relaxation time (z, used for
the determination of damping) of the spin precession.
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The data reduction of spin precessional signals for a
magnetic material mainly includes the analyses of precessional
frequency and the relaxation time. The precessional frequency
can be well described by the Kittel formula for different sample
shapes and certain orientations of the external field.”® For a
more generalized analysis, the Smit-Suhl approach can predict
the precessional frequency based on the magnetic free
energy.29 With the known measurement parameters (6, and
the magnitude of H,,), the fitting of f vs H,, gives the
anisotropic field (Hy .x) and the gyromagnetic ratio (y) of the
sample. Once Hy . is known, the “intrinsic” Gilbert damping
(a) can be determined from the fitting of the relaxation time, 7,
measured by TR-MOKE. The value of 7 from TR-MOKE can
be related to the “effective” damping via a.¢ = 1/27afr. g is
dependent on the measurement conditions (e.g., 6y and the
magnitude of H,,) and contains contributions from both the
intrinsic Gilbert damping and inhomogeneous broadening.
Ideally, one would conduct measurements at sufficiently high
fields (Hey > Hy ) to suppress inhomogeneous broadening,
such that ag is approximately the same as a. More practically,
the inhomogeneity contribution can be removed from a.
based on model analysis, as has been demonstrated by several
research groups.'”'?***° It should be noted here that most of
the model predictions of @ typically start with the Landau—
Lifshitz—Gilbert (LLG) equation. For measurements taken at
elevated temperatures close to T (Curie temperature),
however, the Landau—Lifshitz—Bloch (LLB) theory is more
appropriate to be used for data reduction.’®”** The use of the
LLB theory is necessary when studying media materials used
for heat-assisted magnetic recording.

Figure 3c shows the frequency fitting of the CoFeB sample
annealed at 400 °C for two field directions (6 = 76° and 89°).
For the data taken at 89° (close to the in-plane direction), the
frequency shows a dip at H,, ~ Hy.q resulting from the
difficulty in initiating the precession at this H,, where the
Zeeman energy balances out the rest of the energy terms. This
dip feature diminishes when 6y decreases to 76°. For both
cases, the model agrees well with measurement results. Figure
3d summarizes the a values of CoFeB samples annealed at
different temperatures. a decreases with T, at first, until it
reaches its minimum (0.015) at T,,, = 350 °C, and then it
increases with T,,,. Two competing effects are used to explain
this trend: the crystallization of CoFeB and the dead-layer
growth at the interfaces of the CoFeB film, both of which are
more pronounced at elevated T,,,. The crystallization tends to
reduce @, while the dead-layer formation increases a, leading to
the minimal o when the CoFeB sample is annealed at 350 °C.
Overall, @ remains low (0.015—0.025) for T,,, up to 400 °C,
which suggests W-seeded CoFeB thin films have high thermal
stability and thus good compatibility with the CMOS
fabrication process.

The second representative material, L1y-FePd, is also
favored in MT] applications owing to its high crystalline
anisotropy and low a. Since the operating temperature of
spintronic devices can also vary (e.g, —35 to 150 °C),” the
dependence of a on the operating temperature, in addition to
T, during fabrication processes, is also critical for device
performance. For this purpose, Zhang et al. synthesized Ru-
seeded L1,-FePd thin films that were both as-deposited and
annealed at 400 °C.”” They then studied the damping constant
of those L1y-FePd thin films using TR-MOKE, at the test
temperature (T,.) ranging from room temperature (RT) to
150 °C (as the upper limit of device operating temperature).

https://dx.doi.org/10.1021/acsaelm.0c00961
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Figure 3e summarizes the T\-dependence of Hy . and «a
obtained from TR-MOKE. When T changes from RT to
150 °C, Hy ¢ decreases from ~5.7 kOe to ~3.6 kOe for both
samples, while « slightly increases with Ty (from 0.006 to
0.009 for as-deposited FePd and from 0.006 to 0.012 for
400 °C-annealed FePd). Overall, both samples sustain a small
a (£0.012) for Ty up to 150 °C, suggesting the Ru-seeded
L1,-phase FePd films possess high thermal stability for both
fabrication and operation processes.

3.2. Spin-Strain Coupling. The coupling between spin
and strain enables strain-assisted manipulation of magnet-
ization with less energy consumption.”* Because of this, the
area of “straintronics of magnetic materials” has been drawing
more and more attention for developing energy-saving
technologies in spintronics. Most of the previous efforts have
been devoted to the electrical generation of surface acoustic
waves (SAWs) using piezoelectric materials, which induces
strain into the magnetic layer.35 However, the strain frequency
generated with electrical approaches is relatively low compared
with that from optical excitation. In addition, most of the
materials studied in the literature (e.g, Ni,***7 Bi-YIG,*®
Terfenol-D,” and Gafenol™) are not suitable for practical
spintronic applications, resulting from their low resonant
frequency, low anisotropy, or low Tc.

To address these issues, Zhang et al. conducted TR-MOKE
measurements on PMA [Co/Pd], multilayers to explore the
coupling mechanisms between spin (magnon) and strain
(phonon).*" The sample stack information and measurement
configuration are illustrated in Figure 4a. Upon optical
excitation, both strain (via thermal expansion) and spin (via
thermal demagnetization) can be launched, simultaneously,
within the magnetic layer. The strain frequency is related to the
longitudinal acoustic wave propagation and is tunable by
varying the sample film thickness. For films with thicknesses on
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Figure 4. (a) Schematics of the sample system under H,, and the
excitation of laser pulses. Upon the excitation of the pump pulse, both
magnetization precession and strain will be launched in the sample
stack. (b) TR-MOKE signals (symbols) and model fitting (curves) for
the [Co/Pd], multilayer under varying H,, at Oy = 80° The
amplitude of precession increases with the time delay for 18 kOe <
H,, < 24 kOe. (c) The fast Fourier transfer (FFT) of measured time-
domain signals for the case of H,, = 14 kOe (top) and 21 kOe
(bottom). The frequency spectra consist of two peaks, which are
separate at 14 kOe and overlapping at 21 kOe. Figures are reproduced
with permission from ref 41. Copyright 2020 AAAS.
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the order of nanometers, the strain frequency can reach tens or
hundreds of GHz, beyond what is practical with electrical
approaches. Another advantage of TR-MOKE is the high
temporal resolution resulting from fs laser pulses, which
enables the detection of dynamics at extremely high
frequencies. The [Co/Pd], multilayers were chosen as the
material system in this study, because [Co/Pd], multilayers
have high a RT PMA and a relatively large magnetostriction
coefficient (1 ~ —1 X 107*),"" favored for practical
applications.

Figure 4b depicts the TR-MOKE signals for the [Co/Pd],
multilayer as a function of time delay under varying H from
10—29 kOe. The thickness of this multilayer was optimized
such that the spin-strain coupling could be observed within the
available field range (up to 30 kOe). In contrast with the
monotonic decaying trend of the oscillation amplitude for
CoFeB (Figure 3b), the oscillation amplitude of [Co/Pd],
increases in the first 60 ps after the pump excitation and then
shows the usual damped feature. This leads to a magneto-
acoustic resonance region when H,,, changes from 18 to 24
kOe. Within this resonance region, the spin-strain coupling is
more effective, enabling the energy flow from strain to the spin
system to overcome the energy dissipation (due to the
damping) in the magnetic material system. Directly from
measurements, TR-MOKE signals contain two modes with
different frequencies, as can be seen from the fast Fourier
transfer (FFT) of TR-MOKE signals shown in Figure 4c.
Outside of the resonance region, one mode is driven by
magnons (FMR mode), and the other mode is driven by
phonons (strain mode). The two modes are separated from
each other (H,, = 14 kOe). Within the resonance region, the
FMR and strain modes are hybridized, and the two peaks are
overlapping for the 21 kOe case.

The magneto-acoustic resonance can be better visualized in
the field-dependent plots of the frequency and amplitude of
the precessional signals, as shown in Figure Sa,b. There are two
modes observable over the entire field range, which are defined
as the low-frequency (LF) mode (black circles) and the high-
frequency (HF) mode (red diamonds). Within the resonance
region (highlighted in light blue), the frequencies of these two
modes approach each other and show an anticrossing feature.
For fields lower than the resonance region, the LF mode is
mainly attributed to the contributions from magnons (FMR
mode), whereas the HF mode is dominated by the
contributions from phonons (strain mode). At fields higher
than the resonance region, the mode contributions are
reversed. The frequencies of the strain mode are field
independent, while the frequencies of the FMR mode follow
the typical linear dependence on H,, (guided by the blue
dashed line). The magneto-acoustic resonance frequency is
~60 GHz at 21 kOe, which is predetermined by the
frequencies of the strain mode. This is, by far, the highest
magneto-acoustic resonance frequency observed in experi-
ments. The spin-strain coupling is also reflected by a local
maximum in the amplitude plot within the resonance region.
Furthermore, a theoretical model was proposed to explain the
coupling mechanisms, which gives a coupling coeflicient of 272
GHz.*> This study of spin-strain coupling, enabled by TR-
MOKE, is the first experimental demonstration of extremely
high-frequency magneto-acoustic resonance. It opens the
possibility of utilizing spin-strain coupling to achieve ultra-
high-speed magnetization switching.
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Figure 5. Field-dependent plots of oscillation frequency (a) and
amplitude (b). Within the magneto-acoustic resonance region
(highlighted in blue), the frequencies of the HF and LF modes
show an anticrossing feature, and the amplitudes increase for both
modes. The linear dependence of f vs H,, for the magnon-driven
FMR mode results in a value of 2.17 for the g factor of the measured
[Co/Pd], multilayer. For both panels, open symbols represent
experimental data, and solid curves denote the model calculation.
Figures are reproduced with permission from ref 41. Copyright 2020
AAAS.

3.3. Synthetic Antiferromagnetic (SAF) Structures.
Synthetic antiferromagnetic (SAF) materials involve more
complex sample structures. As shown in Figure 6, a typical SAF

Acoustic Mode Optical Mode

Figure 6. Schematic of a nominal SAF structure, where two
ferromagnetic layers (FM1 and FM2) are separated by a nonmagnetic
layer (NM). Two precession modes, namely, acoustic mode and
optical mode, are also illustrated at sufficiently high external fields
(Zeeman energy dominants). For the acoustic (optical) mode, M, and
M, precess in-phase (out-of-phase) around their individual equili-
brium directions, as denoted by the black dashed arrows.

structure consists of two ferromagnetic (FM) layers separated
by a nonmagnetic (NM) layer. These two FM layers are
exchange-coupled with individual magnetizations aligned
antiparallelly through the Ruderman—Kittel—Kasuya—Yosida
(RKKY) interaction.”* SAF structures have low stray fields,
high stability when exposed to external fields, and extra
flexibilities to tune their magnetic properties.46’47 Therefore,
SAF materials have been proposed as promising building
elements in MT_]S,46_48 spin oscillators,” and magnonic
devices.”® For SAF, both the damping and the interlayer
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coupling strength are important properties that affect the
dynamics of the system. Such properties have been successfully
characterized by FMR in the literature; however, most of the
SAF structures studied by FMR possess an in-plane magnetic
anisotropy (IMA-SAF).>>'~>* Very recently, TR-MOKE has
extended the dynamic studies of SAF structures to cover both
IMA-SAF and PMA-SAF materials,>*™°¢ owing to its
capabilities of reaching high precessional frequencies and
large external fields.”"*

Similar to the spin-strain coupling introduced in section 3.2,
the coupling between two FM layers can also lead to two
modes, the HF mode and the LF mode, with different
frequency dependence on H,. The data taken at low fields are
more challenging to interpret due to the complex magnet-
ization behavior and a larger contribution from inhomoge-
neous broadening; therefore, the high-field data are used to
elucidate the magnetization dynamics. In the high-field region,
the Zeeman energy dominates, and thus the equilibrium
directions of the magnetizations (M, and M,) for the two FM
layers are almost parallel with the external field. In this region,
the HF mode corresponds to the “acoustic mode” where M,
and M, precess in-phase, and the LF mode corresponds to the
“optical mode” with out-of-phase precession of M, and M,, as
illustrated in Figure 6. Since the directions of M; and M, are
aligned parallelly with the external field and change little with
the field strength, there is a nearly linear field dependence of
the frequencies for both the HF and LF modes at sufficiently
high fields. The dependence of f vs H,, can be well described
by a theoretical model which considers the coupling strength
between two layers.””®” The exchange field (H,,) can be
extracted from the model fitting of frequency data in the high-
field region.’’ To date, the damping studies using TR-MOKE
for PMA-SAF structures are still limited in scope, and only the
effective damping constant has been reported in the
literature.”*® A comprehensive model for separating the
intrinsic @ from the inhomogeneous broadening contribution
is still missing and needs further development.

4. ADDITIONAL EMERGING RESEARCH TOPICS
ENABLED BY TR-MOKE

Besides the research topics discussed above, TR-MOKE has
also been utilized to explore several other emerging topics in
the spintronic community. One example involves the use of
TR-MOKE to study the spin—orbital torque (SOT) effect,
which provides a promising switching mechanism for MRAM
applications.”’ Because of spin—orbital coupling, a charge
current can generate both field-like torque and damping-like
torque in magnetic materials, and thus, it can modulate the
magnetization dynamics. TR-MOKE can detect the impact of
charge current on the damping constant, allowing the study of
the SOT effect.”’ Another example is the characterization of
spin current transfer efficiency across interfaces using TR-
MOKE. This was demonstrated in a recent work by Panda et
al., who investigated the interfacial spin transparency of a f-
Ta/CoFeB structure by measuring the thickness-dependent
Gilbert damping.**

In addition to spintronics, TR-MOKE has also enabled the
study of spin-wave generation and detection in magnetic
materials with superb temporal and spatial resolutions. This is
of technological importance in the field of magnonics for
developing low-energy-dissipation devices.”> One example is
an all-optical study of coherent spin-wave generation in a
permalloy thin film conducted by Iihama et al, where they
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performed 2D scanning TR-MOKE measurements to detect
the prc;pagation of spin-wave packets excited by ultrafast laser
pulses.®

In a broader picture, the TR-MOKE metrology can also be
applied for studying other transport properties of materials,
such as the thermal conductivity and interfacial thermal
conductance of the materials. For thermal transport studies,
the basic pump—probe mode of time-domain thermore-
flectance (TDTR) is typically used. TDTR interrogates the
temperature-dependent reflectivity of the probe beam reflected
from the sample surface upon pump heating and subsequent
cooling. Compared with TDTR, TR-MOKE offers improved
sensitivities for thermal property measurements, especially for
materials with in-plane thermal anisotropy. This is mainly
attributed to the use of an optically thin magnetic transducer
with a relatively low thermal conductivity in TR-MOKE, which
minimizes the in-plane thermal transport in the magnetic
transducer and thus enhances the measurement sensitivity to
the in-plane thermal properties of the underlying materi-
als.**>~% Purthermore, as mentioned in section 2, the short
time-delay TR-MOKE signal is dominated by the thermal-
ization processes between different energy carriers (electrons,
magnons, and phonons). By analyzing TR-MOKE data taken
within this nonequilibrium regime, the coupling between
different energy carriers can be understood. Such an under-
standing can provide insight into the ultrafast demagnetization
process, which is important for maximizing the TR-MOKE
signal, exploring thermally induced spin current generation and
enhancing the efficiency of all-optical magnetic switching.*””°

5. SUMMARY

In this spotlight article, the TR-MOKE metrology is high-
lighted as an enabling technique to study a wide range of
magnetic materials for spintronic applications. Since TR-
MOKE combines the advantages of fs-optical excitation/
detection, and diffraction limited areas for probing, it can offer
superb temporal (sub-ps) and spatial (micrometers to
hundreds of nanometers) resolutions. A number of example
applications of TR-MOKE are discussed, including exper-
imental studies of the damping constant of PMA thin films, the
spin-strain coupling in PMA multilayers, and the magnetization
dynamics of PMA-SAF structures, exceeding the capabilities of
conventional approaches. As a powerful tool, TR-MOKE has
enabled new research of physical phenomena, including the
SOT effect, spin wave detection, thermally induced spin
current generation, and ultrafast energy carrier coupling. Its
applications can even be extended to the study of thermal
transport in materials. The rich physics and mechanisms
revealed by TR-MOKE will in turn guide the design and
engineering of materials with desirable functionalities for high-
performance devices.
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