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A B S T R A C T

Element-specific spectroscopies using synchrotron-radiation can provide unique insights into materials proper-
ties. The recently developed technique of X-ray detected ferromagnetic resonance (XFMR) allows studying the
magnetization dynamics of magnetic spin structures. Magnetic sensitivity in XFMR is obtained from the X-ray
magnetic circular dichroism (XMCD) effect, where the phase of the magnetization precession of each magnetic
layer with respect to the exciting radio frequency is obtained using stroboscopic probing of the spin precession.
Measurement of both amplitude and phase response in the magnetic layers as a function of bias field can give
a clear signature of spin-transfer torque (STT) coupling between ferromagnetic layers due to spin pumping.
In the last few years, there have been new developments utilizing X-ray scattering techniques to reveal the
precessional magnetization dynamics of ordered spin structures in the GHz frequency range. The techniques of
diffraction and reflectometry ferromagnetic resonance (DFMR and RFMR) provide novel ways for the probing
of the dynamics of chiral and multilayered magnetic materials, thereby accessing key information relevant to
the engineering and development of high-density and low-energy consumption data processing solutions.
1. Introduction

Magnetization dynamics is at the heart of high frequency magnetic
nanoscale devices based on spin waves, spin pumping, and spin-torque
oscillators in the GHz frequency range. Traditionally, ferromagnetic
resonance (FMR) has been a workhorse technique to determine the
fundamental parameters for magnetic resonance and relaxation in thin
films. The recent growing complexity of many modern magnetic mate-
rials and devices requires the development of advanced measurement
techniques that more directly reveal the microscopic origin of the
dynamical magnetic interactions that are at play.

The novel techniques of X-ray detected FMR (XFMR) enable study-
ing the magnetization dynamics of individual layers, where element-
specific magnetic contrast is obtained using the X-ray magnetic circular
dichroism (XMCD) effect [1]. Not only can the FMR signal be monitored
in X-ray absorption, it can also be done in X-ray diffraction and reflec-
tivity, using techniques termed as DFMR and RFMR, respectively [2].
In these X-ray measurements, time-resolved FMR gives both the am-
plitude and phase of the spin precession for the different chemical
elements, and hence different layers, in the sample. The challenge of
such measurements lays in the fact that the precession cone angle is
small (<1◦) and that the precession frequency is on the order of GHz.
The solution is to use lock-in techniques and to detect the phase of
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the precession stroboscopically by using the time structure of the X-ray
pulses from the synchrotron (∼500 MHz, i.e., corresponding to a period
between the pulses of 2 ns). The radio frequency (RF) field applied to
drive the spin precession is synchronized with the X-ray pulses using
the master oscillator clock of the synchrotron. Therefore, each X-ray
pulse measures the magnetization cone at precisely the same point in
the precession cycle. Hence, XFMR combines the techniques of FMR
and XMCD. Thus, the spin precession along the bias field is pumped
by the RF field to generate the magnetic resonance (i.e., FMR), whose
amplitude and phase is probed by the synchronized X-ray pulses using
the XMCD effect. The time dependence is recorded using a delay line
to vary the phase of the RF signal with respect to the X-ray pulses.

During the last few years, many XFMR studies either in time-
averaged or time-resolved mode have been reported [3–52]. The first
element-specific and time-dependent measurement of the magneti-
zation dynamics using pump–probe XMCD was reported by Bailey
et al. [3] on a permalloy (Py = Ni80Fe20) thin film, where the moments
on the Ni and Fe sites were found to precess together at all frequencies,
and by Arena et al. [4] on a Py/Cu/CoZr trilayer, where at resonance,
a weak ferromagnetic coupling was found in the phase and amplitude
response of individual layers across resonance.
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Fig. 1. (a) Precession, damping, and spin transfer torque (STT) in FMR. The precession
𝐦 × 𝐇eff around the effective field 𝐇eff is damped by the Gilbert term 𝐦 × 𝐦 × 𝐇eff .
The spin-transfer torque is parallel (antiparallel) to the Gilbert damping term, and
can enhance (oppose) the latter depending on the direction of the spin current. (b)
Schematics of the sample geometry for XFMR. The sample (red disk) is mounted on
the signal line (the central strip) of a coplanar waveguide (CPW). The magnetization
𝐦(𝑡) precesses about 𝐇eff , driven by the in-plane continuous RF field 𝐡(𝑡) in the CPW.
The cone angle of precession is exaggerated for clarity; its typical magnitude is ∼1◦.
Circularly polarized X-ray pulses from the synchrotron impinge at grazing incidence
angle on the sample in transverse geometry in order to enable stroboscopic detection
of the oscillatory component of 𝐦(𝑡) at variable phase delays.

The amplitude and phase response of the magnetic probe layer
measured by XFMR provides a signature for either static exchange in-
teraction in strongly exchange-coupled bilayers or spin-transfer torque
(STT) coupling due to spin pumping. Marcham et al. [25] first evi-
denced STT in a CoFe/Cu/Py spin valve using XFMR where the field
dependence of the fixed layer phase showed a clear signature of STT
due to spin pumping. Using XFMR, Baker et al. [28] reported a strong
anisotropy of the spin pumping, providing new opportunities for device
applications.

It is worth mentioning that sub-micron dynamic magnetic contrast
also has been measured in scanning transmission X-ray microscopy
(STXM)-FMR [53,54] and more recently on the MAXYMUS beamline
at the BESSY synchrotron (Berlin) [55,56].

Previously, time-resolved XFMR has been reviewed in great detail
in Ref. [1]. Here, we present a timely update, especially emphasizing
the newly developed time-resolved FMR techniques in X-ray reflectivity
and diffraction. Before delving into the experimental details and show-
casing several recent examples, we will briefly introduce some relevant
background material. The outline of the remainder of this paper is
therefore as follows. Section 2 gives a brief theoretical background of
magnetization dynamics and STT. Section 3 describes the experimental
setup, conditions, and considerations for the various XFMR techniques.
Section 4 highlights several recent examples of XFMR, DFMR, and
RFMR experiments and mentions their scientific significance. Finally,
conclusions are drawn in Section 5.

2. Background on FMR and STT

2.1. Ferromagnetic resonance (FMR)

FMR arises when the energy levels of a quantized system of elec-
tronic moments are Zeeman split by a uniform magnetic field and
the system absorbs energy from an oscillating magnetic field [57]. A
resonance occurs when the transverse AC field is applied at the Larmor
frequency corresponding to the energy difference between the magnetic
levels, i.e., ℏ𝜔 = 𝛥𝐸. The spin precession in a single-domain magnetic
material can be described with the equation of motion, the so-called
Landau–Lifshitz–Gilbert (LLG) equation, [57,58]

𝐦̇ = −𝛾𝐦 ×𝐇eff + 𝛼(𝐦 × 𝐦̇), (1)

where the effective field 𝐇eff = −𝜕𝐹 (𝐌)∕𝜕𝐌 is obtained by minimiza-
tion of the free energy 𝐹 with respect to the magnetization 𝐌. The free
86

energy contains terms such as the exchange, Dzyaloshinskii–Moriya,
demagnetization, magnetocrystalline anisotropy, magnetostatic, exter-
nal Zeeman field, and elastic energy. Further, 𝐦̇ = 𝛿𝐦∕𝛿𝑡; the reduced
magnetization is 𝐦 = 𝐌∕𝑀𝑠, where 𝑀𝑠 = |𝐦| is the saturation
magnetization; and 𝛾 = 𝑔𝜇B∕ℏ is the gyromagnetic ratio, where 𝜇B is
he Bohr magneton and 𝑔 is the Landé (spectroscopic splitting) g-factor.

The dimensionless damping parameter 𝛼 ≪ 1 (typically 10−3–10−2 for
𝑑 metals) determines the width of the resonance absorption peak.

The first right-hand term in Eq. (1) corresponds to the torque due
o the effective field 𝐇eff . In a classical picture, 𝜏 = 𝑑𝐒∕𝑑𝑡 equates
o the time change in angular momentum 𝐒, which leads to the spin
recession. The second right-hand term corresponds to the damping,
hich can also be written in the form of the Gilbert damping term
𝛼𝛾(𝐦 × 𝐦 × 𝐇eff ). Both torque and damping are vectorially sketched

in Fig. 1(a). Without external RF excitation, the magnetization would
relax to the steady state given by Brown’s equation, 𝐦 × 𝐇eff =
. Linearization of the LLG equation gives the relation between the
requency 𝜈0 (or circular frequency 𝜔0) and field, which in the form
f the Kittel equation is written as [1]

𝜋𝜈0 ≡ 𝜔0 = 𝛾
√

𝐻eff𝐵eff = 𝛾
√

𝐻eff (𝑀𝑠 +𝐻eff ). (2)

.2. Spin-transfer torque (STT)

The layer selectivity of XFMR makes this technique a unique probe
o investigate STT and related spin currents in multi-layered spin
alves [1]. STT is the effect by which the spin direction in a magnetic
ayer can be modified using a spin-polarized current [59,60].

Spin pumping occurs when the precessing magnetization vector
enerated by FMR in a ferromagnetic (FM) layer emits a pure spin
urrent into an adjacent normal metal (NM) layer [61]. Tradition-
lly, spin currents have been probed using indirect measurements. For
nstance, in the metals through which they flow they can create an
lectrical voltage drop perpendicular to the spin current direction (spin
all effect), or a torque that bends the magnetization direction (spin

ransfer torque) [1,62]. However, such indirect measurements are often
mbiguous because they are also influenced by other factors, such as
agnetic proximity effects at the interface.

STT gives an extra term in the LLG equation, which is (anti)-parallel
o the (anti)-damping (see Fig. 1(a)). According to Slonczewski [59],
he adiabatic torque is 𝜏s = 𝛼s 𝐦 × 𝐦̇, where 𝛼s is the STT damping.
he spin current pumped across a FM/NM interface due to precession

s [61]

s =
ℏ
4𝜋
𝑔↑↓eff 𝐦 × 𝐦̇ , (3)

here 𝑔↑↓eff is the effective spin-mixing conductance. The spin pumping
epends critically on the FM/NM interface (the material-dependent
↑↓
eff ) and the spin diffusion length in the NM.

For two FM layers 𝑖 and 𝑗 with different resonance frequencies and
oupled by both spin pumping (dynamic exchange coupling) and static
xchange coupling, the coupled LLG equations are

̇ 𝑖 = − 𝛾𝐦𝑖 ×𝐇eff ,𝑖 + 𝛼0𝑖𝐦𝑖 × 𝐦̇𝑖

+ 𝛼s𝑖𝐦𝑖 × (𝐦̇𝑖 − 𝐦̇𝑗 ) + 𝐴ex𝐦𝑗 ⋅𝐦𝑖 , (4)

and equivalently when exchanging 𝑖↔ 𝑗, where 𝐦𝑖 is the magnetization
direction, 𝐇eff ,𝑖 the effective field, 𝛼0𝑖 the Gilbert damping, and 𝛼s𝑖
the STT damping in layer 𝑖. The spin pumping induced coupling is
determined by 𝛼s𝑖 and the static exchange coupling by 𝐴ex.

3. Experimental

XFMR provides an element-specific and time-resolved measurement
of the precessional dynamics of each FM layer on a ps time scale, where
the spin precession induced by a driving RF signal is detected using
the XMCD effect [63]. Before performing the XFMR experiments at the
synchrotron, the static magnetization of the samples has to be prechar-
acterized with standard techniques, such as superconducting quantum
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interference device (SQUID) magnetometry to measure the hysteresis
loops along the easy and hard directions, followed by standard FMR
measurements.

3.1. VNA-FMR

Vector network analyzers (VNA)-FMR measurements are used to
characterize the magnetic resonances in order to judge whether these
are suitable and intense enough for the XFMR measurements at the syn-
chrotron. VNA-FMR is a broadband FMR technique, where the sample
is mounted onto a coplanar waveguide (CPW) and driven by an external
RF field, while under a static magnetic bias field. Measurement of the
𝑆-parameters (also known as scattering parameters), which describe
the response of sample, results in a frequency-field map, where the
resonances appear in the form of Kittel curves (Eq. (2)). The angular
dependence of the resonances gives information about the magnetic
anisotropy [57]. It allows us to chose the best azimuthal angle of the
applied field with respect to the crystallographic axes to separate the
magnetic resonances at the optimal distance for detecting STT [28].
Hence, at a given RF frequency, this gives us the corresponding field
values of the resonances in the XFMR experiments. Conventional FMR
will normally probe the whole thickness of a thin film since the skin
depth of, e.g., metallic iron at 10 GHz, is on the order a micron.

3.2. XMCD

At the synchrotron, first the static XMCD is measured by sweeping
the photon energy across the absorption edges of the magnetic ele-
ments. This allows us to select the fixed photon energies suitable for
XFMR. The static XMCD is obtained from the difference between two X-
ray absorption spectra recorded with the helicity vector of the circularly
polarized X-rays parallel and antiparallel, respectively, to the applied
magnetic field [64]. The XMCD signal is proportional to the projection
of the sample magnetization 𝐌 onto the helicity vector, which is along
the incident beam direction 𝐤̂, hence 𝐼XMCD ∝ 𝐤̂ ⋅𝐌.

The XMCD at the soft X-ray absorption edges, such as the Fe, Co,
nd Ni 𝐿2,3, is very strong [65], which helps to compensate for the
mall changes in magnetization direction due to the limited cone angle
<1◦) of the precession in XFMR. The X-ray penetration length, which
imits the sampling depth, is in the nm range, e.g., for pure Fe it is
20 nm at the Fe 𝐿3 maximum at ∼707 eV [63]. By tuning the photon
nergy away from the absorption maximum the penetration length can
e increased (∼600 nm below the edge at 700 eV). Note that the length
cale of the probing depth is well matched to the nm-scale thickness of
he magnetic layers in spin valves. The typical lateral spot size of the
-ray beam on the sample is 200 × 20 μm2, again well suited for small

microscale devices.

3.3. Time-resolved measurements

Measurement of the projected magnetic moment in XFMR does not
require to take the difference between opposite circular polarizations as
done in XMCD. Instead, a change in the projection of the magnetization
precession is measured using a fixed circular polarization.

XFMR can be measured in two distinctly different geometries,
namely (i) time-averaged in longitudinal geometry [12,20] or (ii) time-
resolved in transverse geometry [8,25,28]. In longitudinal geometry,
a shortening of the magnetization vector along the 𝑧-axis (parallel to
the X-ray beam direction) leads to a difference 𝛥𝑀𝑧 = 𝑀𝑠(1 − cos 𝜗) ≈
1
2𝑀𝑠𝜗2, where 𝜗 is the small cone angle of the magnetization preces-
sion. The time-averaged XFMR requires no synchronization with the
synchrotron clock, therefore it can be done at an arbitrary frequency,
but it needs a larger RF power which can lead to nonlinear effects.

Only measurements in transverse geometry give access to the pre-
cessional phase. This geometry is depicted in Fig. 1(b). The transverse
87
component of the magnetization precession will give a sinusoidal vari-
ation on top of the static X-ray absorption signal. With the incident
X-ray beam perpendicular to the bias field, the oscillating component
of the magnetization precession is measured with a magnitude |𝑀𝑦| =
𝑀𝑠 sin 𝜗 ≈𝑀𝑠𝜗. Thus, for a typical cone angle of 𝜗 ≈ 1◦, the transverse
geometry gives a signal that is larger by a factor of ∼200 compared to
the longitudinal geometry.

Using a vector magnet system, such as the portable octupole magnet
system (POMS) at Diamond [63], where the field can be applied in any
direction, permits a simple change of the field from (i) parallel to the
photon direction, as needed for static XMCD scans, to (ii) orthogonal to
both X-ray beam and RF field direction, as required for time-resolved
XFMR.

The detection of the X-ray absorption can be done by either X-
ray transmission [27,31], fluorescence yield [23], or X-ray scattering
or reflectivity [2,35,36,66,67]. However, RF plays havoc with total-
electron yield. In the case of transmission, the incident X-rays impinge
on the sample through a hole in the signal line of the CPW. After
passing through the sample, the transmitted X-rays are detected with
X-ray excited optical luminescence (XEOL) emerging from the MgO
or sapphire (Al2O3) substrate using a photodiode placed behind the
sample. Note that not all substrates, such as non-transparent ones like
Si, are suitable for XEOL detection [68].

Due to the shape anisotropy of the film, the precession is strongly
elliptical, often with a larger in-plane amplitude. This favors a geometry
with the X-rays at grazing incidence, measuring a larger transverse
component of the precession. However, for decreasing grazing angle
the X-ray transmission signal decreases exponentially with the longer
path length through the sample. This leads to a much lower signal in
the luminescence detection behind the sample. A good compromise is
then an X-ray incidence angle of ∼35◦ with respect to the plane of the
sample, which ensures that the signal is sensitive to the larger in-plane
component of the magnetization precession.

Time resolution is established by using the periodic X-ray pulses
from the synchrotron (normally operating in multibunch or hybrid
mode). To enable stroboscopic probing, the RF driving field is set
to a harmonic of the X-ray pulse frequency, hence the resonance is
driven at multiples of the bunch clock frequency of the storage ring.
These harmonics are generated using an RF comb generator (Atlantic
Microwave) driven by the master oscillator clock, which has a fre-
quency of 499.65 MHz (at the DLS, ALS, and BESSY synchrotrons).
This corresponds to ∼2 ns intervals between consecutive X-ray pulses,
which have a pulse width of ∼35 ps (at DLS and BESSY) or ∼70 ps (at
ALS). The desired frequency is selected using filters and amplifiers to
drive a narrow band, high power (25-−30 dBm) RF field to the CPW. A
programmable delay line (Colby Instruments) enables phase shifting of
the RF oscillation with respect to the X-ray pulses with a step resolution
of ∼0.5 ps.

The timing resolution, which ultimately determines the ability to
distinguish phase differences between dissimilar magnetic moments,
depends primarily on factors such as the timing jitter between the
pulser and the bunch clock as well as the width of the X-ray bunches
[10]. This becomes a limiting factor at higher harmonics, e.g., a pulse
width of 35 ps starts to play a role above 10 GHz (∼100 ps). Fur-
thermore, the resonant amplitude of the spin precession reduces as
the frequency is increased, indicating that the opening angle of the
precession cone decreases with increasing frequency at a constant
power. Subminiature version A (SMA) cables, which are typically used
for FMR, can operate with frequencies up to 18 GHz. However, the
RF power delivered to the sample already starts to decrease at lower
frequencies due to cable and connector losses.

Depending on the specific technique either the transmitted,
diffracted, or reflected X-rays are measured using a photodiode. Fig. 2
show a schematic representation of the setup for DFMR; for XFMR and
RFMR the electronics is very similar. The signal is obtained using a

lock-in amplifier (LIA) by modulating the RF signal at a fixed audio
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Fig. 2. Schematic of the setup for DFMR measurements in the RASOR diffractometer
at the Diamond Light Source. The sample is placed on the CPW, which is mounted
on the cold finger inside the diffractometer. Incident circularly or linearly polarized
X-rays are scattered off the sample and detected via a photodiode in a 𝜃−2𝜃 geometry.
A variable magnetic field is applied in the scattering plane via a pair of permanent
magnets whose distance can be controlled externally. An RF signal is fed to the CPW
to drive the ferromagnetic resonance in the magnetic sample. As the synchrotron gives
X-ray pulses at a frequency of ∼500 MHz, a comb generator is used to produce higher
harmonics, which are selected and fed to the CPW. To probe the time dependence
of the scattered X-ray intensity, a tunable delay line is used, which shifts the phase
between the pump (the RF signal) and the probe (the pulsed X-rays).
Source: Adapted from Ref. [69].

frequency. There are two usual modulation modes. In amplitude mod-
ulation the LIA measures the difference between signals obtained with
the RF signal on and off. In 180◦-phase modulation, the LIA measures
the difference between signals obtained with the RF signal of opposite
phase.

3.4. XFMR

In order to record the time-resolved XAS signal with circular po-
larization at fixed photon energy, the RF frequency is locked to a
multiple of the synchrotron clock. Then at fixed angles and for given
temperature, this leaves two free scanning parameters, namely the
magnetic bias field strength and the delay time between X-ray pulses
and RF field.

Magnetic field scans record the signal by sweeping the bias field at a
constant delay time. The signal contains both real and imaginary parts
of the magnetic susceptibility, whose relative contributions show strong
changes across the FMR resonance. By measuring two field scans, which
differ by 90◦ in phase (selected using the corresponding time delays),
and fitting these scans simultaneously by using the Kramers–Kronig
relation, gives a good understanding of the field dependence of the FMR
resonances [40].

Delay scans record the signal for each of the magnetic layers at
constant bias field by sweeping the delay time. As an example, Fig. 4(a)
shows a series delay scans over two periods of the phase taken at
different bias fields (40–200 mT) across the Co resonance in a magnetic
tunnel junction (MTJ), as discussed in more detail in Section 4.1. The
solid lines represent sinusoidal fits to the experimental data (dots), from
88
which the amplitude and relative phase of the magnetization precession
can be extracted. A sinusoidal function of the form

𝑆(𝑡) = 𝑋 sin(2𝜋𝜈𝑡) + 𝑌 cos(2𝜋𝜈𝑡), (5)

is fitted to the delay scan, where 𝑡 is the time delay and 𝜈 the frequency
of the RF. This procedure is repeated for various field strengths and
directions. By extracting the coefficients 𝑋 and 𝑌 in Eq. (5) from the
delay scans, the amplitude 𝐴 and phase 𝜓 of the oscillations can be
determined using the relationships

𝐴 =
√

𝑋2 + 𝑌 2, 𝜓 = 2 arctan
( 𝑌
𝐴 +𝑋

)

. (6)

XFMR precessional plots are assembled by combining the amplitudes
and phases extracted from the delay scans measured over a range of
bias fields. This gives the field dependence of the amplitude and phase
for each element (e.g., for Co and Ni in Fig. 4(b)), from which the type
of coupling between layers can be assessed. By normalizing the XFMR
signal to the static XMCD, the amplitude of the signal can be obtained
per atom for each chemical element in the sample. This enables a
quantitative decomposition of the resonance features [31].

The static coupling (i.e., exchange interaction) and dynamic cou-
pling (i.e., spin pumping) give a very different XFMR response, as can
be understood from Eq. (4). Consider a pump layer FM1 that is free
to rotate, and a probe layer FM2 that is pinned (also know as source
and sink layer, respectively). Using XFMR at a fixed frequency, we
scan the field across the entire resonance. At resonance, FM1 will show
a symmetric peak for the amplitude, while the phase is 90◦ delayed
with respect to the RF driving field. Across the entire resonance, the
phase will change by 180◦. To investigate the type of coupling between
both layers we measure the XFMR response of FM2 at the resonance
condition of FM1.

For static exchange coupling, 𝐸 = −𝐴ex𝐦1 ⋅𝐦2, so that 𝐇eff ,2 ∝ 𝐦1.
This means that the effective field in the second layer is aligned along
the magnetization of the first layer. Then the field dependent precession
of FM2 will show a dispersive (bipolar) peak in the amplitude and a
symmetric (unipolar) peak in the phase.

On the other hand, for dynamic exchange coupling 𝐇eff ,2 ∝ 𝐦̇2 =
−i𝜔𝐦1. The magnetic field is imaginary, resulting in a 90◦ phase
change. In this case, the field dependent precession of FM2 will show
a unipolar peak in the amplitude and bipolar peak in the phase.

As illustrated in Fig. 3, going through resonance as a function of the
applied field, the phase of the static coupling of the induced precession
in the sink layer shows a unipolar (absorptive) feature, whereas for
dynamic coupling the sink layer shows a bipolar (dispersive) feature.
The combination of the two shows an asymmetric steplike feature, as
was reported in the case of a Co50Fe50/Cr/Ni81Fe19 spin valve [28].
When the resonances of the two layers are partly overlapping, and thus
interfere, the situation becomes more complicated than in the ideal
case. This is the situation depicted in Fig. 4, where the response can
be simulated using Eq. (4) [45]. When both couplings interfere with
each other, e.g., the increased linewidth from the dynamic interaction
leads to a larger phase shift from the static interaction.

This demonstrates that XFMR can distinguish between static and
dynamic coupling between layers by their different amplitude and
phase signature as a function of the applied field, and thus determine
the relative contribution of these couplings. This allows spin pumping
to be separated from intrinsic damping. This has been successfully
used for, e.g., exchange coupled layers [4,31], spin values [25], MgO
magnetic tunnel junctions [29,45], topological insulators [27,30,41],
spin valve with 𝛿-layer [26], Heusler alloys [40], NiO antiferromagnetic
interlayer [42], exchange springs [44], and 𝛼-Sn thin films [47].

3.5. DFMR and RFMR

DFMR and RFMR measurements have been performed in the RA-
SOR soft X-ray diffractometer on beamline I10 at the Diamond Light
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Fig. 3. Differing effects of static and dynamic exchange coupling on the induced
recession. Static coupling shows a unipolar (absorptive) feature in the phase, while
ynamic coupling shows a bipolar (dispersive) feature. A combination of the two leads
o an asymmetric steplike feature, which precise shape depends on the relative coupling
trengths.
ource: Adapted from Ref. [28].

ource [63] (see setup in Fig. 2). Incident X-rays with wavevector 𝐤𝑖
lluminate the sample, while the scattered beam (𝐤𝑠) is detected using a
hotodiode. The scattering geometry is configured to probe the sample
t certain diffraction or specular reflectivity conditions. The sample
n the diffractometer is mounted on a CPW that is connected to a
iquid He cryostat arm which can reach temperatures down to 12 K.

bias magnetic field is applied by two permanent magnets, which
an be positioned to vary both the field strength up to 200 mT and
he orientation within the scattering plane. Perpendicular to the bias
ield, a transverse RF field around the central conductor of the CPW
s generated, which excites the magnetization dynamics in the system.
n contrast to conventional XFMR measurements, where the sample is
ounted flip-chip onto the CPW, in the scattering geometry the sample

s mounted face up to allow for the X-ray beam to probe its surface. To
nsure good coupling between the CPW and the probed top surface, the
ample must either be thinned, or in the case of multilayers, grown on
thin substrate of the order of 100 μm.

In DFMR, where the detector is aligned to a Bragg peak or magnetic
cattering peak, the stroboscopic signal is used to measure delay scans
or different linear or circular polarization of the incident X-rays, to
ive information about the periodic spin structure.

In RFMR where the photodiode detector accepts the reflected beam
he stroboscopic signal is used to measure delay scans for different
alues of the scattering vector 𝑄𝑧 to obtain depth information. An
dvantage of RFMR over DFMR is that it can be done on thin films
nd multilayers, and no single crystals are needed.

. X-ray based FMR examples

.1. XFMR of spin-current mediated exchange coupling in MgO-based MTJs

Magnetic tunnel junctions composed of ferromagnetic layers which
re mutually interacting through a nonmagnetic spacer layer are at the
ore of magnetic sensor and memory devices. Gładczuk et al. [45] used
ayer-resolved XFMR to investigate the coupling between the magnetic
ayers of a Co/MgO/Py MTJ. Two magnetic resonance peaks were
bserved for both magnetic layers, and were probed at the Co and Ni
3 X-ray absorption edges.

Fig. 4 shows XFMR delay scans for the Co layer in the Co/MgO/Py
TJ at 80 K continuously driven at 4 GHz. The sinusoidal curves in
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ig. 4(a) show a strong increase in amplitude as well as a large phase e
shift across the resonance at ∼90 mT. The amplitude and phase of the
precession, which are extracted using Eq. (6), are shown in Fig. 4(b)
and (c), respectively, for both Co (orange) and Ni (blue) as a function
of the bias field. The amplitude curves show that the Ni resonance
originating from the Py layer around 120 mT is strongly coupled with
the Co layer. On the other hand, the Co resonance around 90 mT is
only weakly present in the Py layer. Instead of plotting amplitude 𝐴
and phase 𝜓 , one can also plot the FMR signal in the (𝑋, 𝑌 )-plane as

function of field [45]. Since the sine and cosine functions in Eq. (5)
re orthogonal, the estimators of 𝑋 and 𝑌 are given by projections to
rthogonal subspaces.

A theoretical model based on the Landau-Lifshitz-Gilbert-Sloncz-
wski equation (Eq. (4)) was developed, including exchange coupling
nd spin pumping between the magnetic layers. Fits to the experimental
ata were carried out, both with and without a spin pumping term,
nd the goodness of the fit was compared using a likelihood ratio test.
his rigorous statistical approach provided an unambiguous proof of
he existence of interlayer coupling mediated by spin pumping through
gO [45]. It was also found that spin pumping is more effective at

ower temperatures, which agrees with the theoretical understanding.

.2. XFMR of coherent spin currents in antiferromagnetic NiO

Antiferromagnets have recently gained large interest in the field of
pintronics, as they allow for faster and more robust memory operation
han present technologies and as they can carry spin current over long
istances. However, many fundamental physics questions about these
aterials regarding their spin transport properties still remain unan-

wered [70]. A spin current generated by spin pumping should have a
ingle wave mode, carrying the coherent magnetization excitation. In
ontrast, spin currents generated by thermal gradients produce incoher-
nt currents with a continuum of spin excitation modes. The magnetic
xcitations in antiferromagnets typically have THz frequencies, while
he resonant excitation of the ferromagnetic injector is in the GHz
ange. Conventional lab-based spin pumping experiments measure only
he time-averaged DC component of the spin current, i.e., they cannot
istinguish between GHz and THz frequencies, which is needed to
etermine how the spin current propagates [71]. Alternative techniques
uch as XFMR are needed to measure the time-varying AC spin current.

Dabrowski et al. [42] used XFMR to study the coherent spin current
ropagation in a device with three layers, where the top (source) and
ottom (sink) layers were ferromagnetic NiFe and FeCo, respectively,
nd the middle layer was epitaxial NiO (001). The phase and amplitude
f the magnetization precession within adjoining source and sink FM
ayers were detected, from which the injection and transmission of
ure AC spin current through NiO can be inferred. It was found that
agnetization modes in the FM layers oscillate in phase. Furthermore,

he efficiency of the spin transfer varied with the thickness of the
ntiferromagnet, with a maximal efficiency for a 2-nm-thick layer.
hese results indicate that a spin current propagates coherently through
he antiferromagnetic NiO layer. The AC spin current is enhanced for
iO thicknesses of less than 6 nm, both with and without a nonmag-
etic spacer layer inserted into the stack, in a manner consistent with
reviously reported experimental measurements of DC spin current and
heoretical studies [72]. The XFMR results show that the propagation
f spin current through NiO layers is mediated by evanescent anti-
erromagnetic spin wave modes at GHz frequencies, rather than THz
requency magnons.

The spin current flowing through the NiO is not conserved due to
he interaction between the excited AFM modes and the AFM lattice
nd, depending on the excitation conditions, can be either attenuated or
nhanced. When the phase difference between the excited evanescent
odes is close to 𝜋∕2, there is an optimum AFM thickness for which

he output spin current reaches a maximum, which can significantly

xceed the magnitude of the input spin current [72].
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Fig. 4. Time resolved precession. (a) Series of XFMR delay scans for the Co layer in
a Co/MgO/Py MTJ at 80 K continuously driven at 4 GHz. As expected, the period of
the precession is 250 ps, and the delay scan covers two periods. For clarity, the data
points (circles) obtained at different magnetic field values (between 40 and 200 mT)
are shifted by a constant offset and have been differently colored. The drawn lines
represent the fitted sinusoidal functions. Their amplitude and phase as a function of
magnetic field strength is plotted in panels (b) and (c), respectively, for both the Co
(orange) and Py (blue) layers.
Source: Adapted from Gładczuk et al. [45].

4.3. DFMR for mode-resolved detection of magnetization dynamics

Recent scientific interest has shifted towards more complex mag-
netically ordered materials, which are promising for high-density and
low-energy consumption devices. These systems contain chiral mag-
netic phases such as helical, conical, or skyrmion spin structures,
originating from the Dzyaloshinskii-Moriya interaction (DMI) found
in noncentrosymmetric bulk materials, as well as in systems where
symmetry breaking occurs at a ferromagnetic/heavy metal interface.
Such spin structures are much more complex than simple ferromagnetic
structures, especially their dynamic behavior is so far ill-understood.

The periodic structure of magnetically ordered systems can be
probed by resonant elastic X-ray scattering (REXS), making use of
interference effects from the regularly repeating magnetization density
variations. This leads to pure magnetic X-ray scattering peaks which
give information about the static magnetic structure. Analysis of these
magnetic peaks in REXS measurements using synchrotron radiation has
led to significant progress in the understanding of spintronic and chiral
magnetic systems [73–76].
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Fig. 5. DFMR delay scans of the structural and magnetic peaks as a function of linear
polarization angle. Measurements of (a,b) the anisotropic mode B at 6 GHz and (c,d)
the isotropic mode A at 2 GHz. The results for the magnetic peak and the structural
(0,0,3) peak are shown in the left and the right column, respectively. The magnetic
resonance modes are probed with linearly polarized light for the range of incident
polarization angles 𝜂 between 0–180◦.
Source: Adapted from Ref. [66].

In an innovative DFMR experiment, Burn et al. [66] investigated
the complex dynamic behavior of the chiral spin structure in Y-type
hexaferrite Ba2Mg2Fe12O22. VNA-FMR measurements of this material
showed a field-frequency map containing two ferromagnetic resonance
modes, termed A and B. While mode A is isotropic, i.e., its field value is
independent of the direction of the applied field, mode B is anisotropic,
showing greater absorption at increasingly higher fields as the field
direction rotates out-of-plane.

REXS at the Fe 𝐿2,3 absorption edge was used to characterize the
static magnetic structure of the hexaferrite and to determine its field
dependence. Static REXS measurements along (0,0, 𝓁) in zero field
show a (0,0,3) structural peak decorated with two incommensurate
magnetic satellites.

The DFMR signal was measured by pointing the photodiode at the
scattered beam, selecting either the structural or the magnetic satellite
peak (see setup in Fig. 2). Delay scans were measured as a function
of applied field using linearly polarized X-rays. Sinusoidal fits to the
measured data enables the extraction of amplitude and phase. Fig. 5
shows the delay scans of the structural and magnetic peaks of the Y-
type hexaferrite for variable incident linear polarization angles 𝜂. The
panels (a,b) in the top row refer to the anisotropic mode B at 6 GHz,
and the panels (c,d) in the bottom to the isotropic mode A at 2 GHz.
The left and right column refer to the results for the magnetic peak and
the structural (0,0,3) peak, respectively. The results were compared to
computer simulations of the Y-type hexaferrite to obtain insight in the
periodic spin structure of this material.

A second example of the use of DFMR for mode resolved de-
tection concerns the dynamic behavior of topological spin textures
and chiral magnets, which is an area of significant interest and key
to the development of fast and efficient spintronics devices. DFMR
measurements by Burn et al. [69] revealed how the time-dependence
of the magnetization dynamics relate to the complex spin texture in
the well-known chiral magnetic system Cu2OSeO3. Using polarized soft
X-rays, the dynamic excitations in all three dimensions were probed,
which revealed phase shifts that were previously undetectable and
indistinguishable using conventional FMR.
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Fig. 6. (a) Pseudo-3D plot of the RFMR signal and its projection showing the dynamic
contribution to the reflectivity for a [CoFeB/MgO/Ta]4 multilayer as a function
of pump–probe time delay. The measurements were carried out with left-circularly
polarized X-rays at the Fe 𝐿3 resonance (707.7 eV) and in an out-of-plane field of 29
mT using RF excitation at 2 GHz. The various delay curves are shown for different 𝑄𝑧,
ranging between 0 and 0.6 nm−1. The color scale represents the normalized intensity
for each delay scan, highlighting the sinusoidal dependence and the shift in phase as
𝑄𝑧 is varied when the intensity is small. (b) Static and dynamic reflectivity, and (c)
phase of the dynamic reflectivity as a function of 𝑄𝑧. The phase point size is scaled
by the strength of the dynamic signal amplitude, and the blue-shaded regions indicate
where the 180◦ phase shifts have been subtracted to reveal the otherwise smooth phase
variation.
Source: Adapted from Ref. [67].

4.4. RFMR on a [CoFeB/MgO/Ta]4 multilayer

X-ray reflectivity with the photon energy tuned to the absorption
edge has become a valuable tool for characterizing the depth-dependent
structure of layered materials. The X-ray reflectivity is measured as a
function of the scattering vector 𝑄𝑧 = 𝐤𝑠 − 𝐤𝑖 = (4𝜋∕𝜆) sin 𝜃, where 𝐤𝑖
(𝐤𝑠) is the ingoing (outgoing) wavevector of the X-rays with incident
angle 𝜃 and wavelength 𝜆. The scattering length density, which gives
the scattering strength of the chemical and magnetic species within
the depth profile of the film, is obtained through fitting the reflectivity
data.

Burn et al. [67] revealed the depth dependence of the magnetization
dynamics in a [CoFeB/MgO/Ta]4 multilayer system. The structural
depth profile was characterized through static X-ray reflectometry. The
dynamic reflectivity was probed with stroboscopic DFMR using an out-
of-plane saturating field of 𝐻Bias = 29 mT and an RF field generated
by the CPW beneath the sample. The RF field was phase-locked to
the fourth harmonic of the ∼500 MHz synchrotron master clock at
2 GHz. The time dependence of the reflectivity during precession was
mapped out as a function of the time delay between the RF pump and
X-ray probe. Fig. 6(a) shows a color map of the sinusoidal variation
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in the reflected signal with a 500 ps period, corresponding to the
2 GHz excitation. The amplitude and phase of the dynamic signal are
extracted by fitting the sinusoidal delay scans. The amplitude is plotted
in Fig. 6(b) alongside the static reflectivity for the different values of
𝑄𝑧, ranging between 0 and 0.6 nm−1, and the phase in Fig. 6(c).

Both the static intensity and the amplitude of the dynamic signal
in Fig. 6(b) show reflectivity fringes resulting from interference effects
arising from the layered chemical and magnetic structure. Additional
minima are observed in the dynamic case. The phase of the dynamic
signal in Fig. 6(c) shows variations with two contributions. Firstly,
abrupt 180◦ phase jumps occur, coinciding with minima in the ampli-
tude of the dynamic signal. These 180◦ jumps correspond to inversion
of the sign of the XMCD signal measured at different scattering con-
ditions. In addition, there are smoother variations in the phase, which
can be attributed to variations in the magnetization dynamics occurring
between the magnetic layers in the multilayered structure.

To reveal the depth dependent magnetization dynamics, the experi-
mental results were compared with modeling of the dynamic behavior
In all layers, the magnetization precesses about a nominal static state
when excited by an RF field. It was shown that inclusion of a small,
but significant phase lag of 5◦ between the four layers is necessary to
explain the observed change in phase of the dynamic signal. In contrast,
a single slab of magnetic thin film material shows a coherent precession
of the magnetization as a function of depth.

With RFMR, the dynamics from different layers containing the same
element can be explored, and this technique has the potential to study
the dynamics of interfacial layers and proximity effects in complex
thin film and multilayer materials for future magnetic memory and
processing device applications.

5. Conclusions

Although conventional FMR is a powerful technique to study mag-
netic resonances in thin films and multilayers, the measured response
corresponds to an average over the entire magnetic structure of the
sample. In contrast, X-ray based FMR techniques allow for time-resolved
measurements of the magnetization dynamics, and, in addition, offer
the benefits of XMCD, such as element-, site-, and shell-specificity [63].
The time resolution is achieved by stroboscopic probing using higher
harmonics (1–10 GHz) of the synchrotron master clock.

XFMR can be used to study spin-transfer torque, dipolar field
strength, magneto-crystalline anisotropy, interlayer exchange coupling,
gyromagnetic ratio and damping constants. It can be applied to study
the behavior of spintronics systems, e.g., spin pumping in magnetic
multilayers, heterostructures, spin valves, MTJ, etc. The amplitude and
phase of the magnetic resonances extracted from the field-dependence
of the precessional plots enable us to distinguish between static and
dynamic exchange coupling and to quantify their relative contribu-
tions. Apart from measuring the signal in absorption, XFMR can also
be detected in diffraction and reflectivity; each of these techniques
bringing unique advantages. DFMR reveals the dynamical spin modes
at the probed magnetic wavevectors, and RFMR gives the depth-
resolved dynamics in magnetic multilayers. Future XFMR studies can
be envisaged to investigate vortex dynamics, spatial resolution imaging,
and X-ray holography.
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