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Magnetic multilayers offer diverse opportunities for the development of ultrafast functional devices
through advanced interface and layer engineering. Nevertheless, a method for determining their dynamic
properties as a function of depth throughout such stacks has remained elusive. By probing the
ferromagnetic resonance modes with element-selective soft x-ray resonant reflectivity, we gain access
to the magnetization dynamics as a function of depth. Most notably, using reflectometry ferromagnetic
resonance, we find a phase lag between the coupled ferromagnetic layers in [CoFeB/MgO/Ta,
multilayers that is invisible to other techniques. The use of reflectometry ferromagnetic resonance enables
the time-resolved and depth-resolved probing of the complex magnetization dynamics of a wide range of
functional magnetic heterostructures with absorption edges in the soft x-ray wavelength regime.
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A detailed understanding of the contributions from the
constituent entities in composite materials systems is key to
achieving advanced functionalities. This is especially true
for magnetic materials in which intricate coupling
phenomena can be exploited on all length scales—from
microscopic superexchange to macroscopic interactions
[1]. Magnetic multilayers [2] are a prime example of
advanced materials in which functionalities can be pre-
cisely engineered through control of the layer properties,
the coupling across the interfaces and between layers.
These techniques have enabled the massive downscaling of
magnetic memory [3] and contributed to exciting develop-
ments in fields such as skyrmions in topological magnetic
materials [4,5], synthetic antiferromagnets [6], and spin-
tronic devices [7]. Nevertheless, most established magnetic
characterization techniques aim at the macroscopic proper-
ties, and are only sensitive to the total magnetization of a
material, and unable to discriminate between contributions
from different atoms or layers. With increasing demand for
materials for high frequency applications, techniques for
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probing both the depth-resolved and time-resolved
magnetization dynamics are required.

The use of x-ray reflectivity has become commonplace
for characterizing the depth-dependent structure of layered
materials [8]. This nondestructive technique probes x-ray
interference effects between layers, and, at resonance with
an element-specific absorption energy, additional insight
into the magnetic structure is obtained [9-11]. Here, the
element-specific magnetic sensitivity originates from
x-ray linear and circular magnetic dichroism (XMLD
and XMCD) [12,13]. These synchrotron-based spectro-
scopies have had a large impact on the microscopic
understanding of magnetic interactions and offer applica-
tions in magnetic materials studies across a wide range of
scientific disciplines [14].

Ferromagnetic resonance (FMR), commonly used to
probe magnetization dynamics in the frequency domain,
can be combined with XMCD in a technique called x-ray
detected ferromagnetic resonance (XFMR) [15,16]. While
FMR only probes the weighted average of the sample
response, XFMR can resolve the layer-specific magnetiza-
tion dynamics in few-layer systems if the layers differ in
chemical contrast. Taking advantage of the pulsed time
structure of synchrotron radiation, XFMR has been exploited
to extract the amplitude and relative phase of precession in
individual magnetic layers of spin valve structures [17-19]
and even on magnetic diffraction peaks [20,21]. However,
while XFMR can probe few-layer systems, the depth
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dependence to the magnetization dynamics from generalized
composite materials remains elusive.

In this Letter, we introduce reflectometry FMR (RFMR),
a technique in which FMR is combined with x-ray resonant
reflectivity to reveal the depth-dependent dynamics within
magnetic heterostructures. RFMR builds on interference
effects that arise due to reflections from the layered
structure using a length scale that matches well to the soft
x-ray wavelength. The reflectivity therefore provides a
unique view into the dynamic coupling within layered
systems. Advantageously, reflectivity is not tied to fulfilling
a diffraction condition, thereby allowing for a very large
variety of materials systems to be investigated. Our
[CoFeB/MgO/Ta|, multilayers host a variety of topo-
logical magnetic phases [22]. Here, we reveal the
depth dependence to the dynamics in the field-polarized
phase exhibiting a conical precession with a phase lag
between the magnetization precession in adjacent layers.
Understanding of the depth-dependent dynamics in this
system is important to the development of heterostructure-
based functional magnetic devices in general.

The soft x-ray reflectivity was measured in the in-
vacuum scattering chamber RASOR on beamline 110 at
the Diamond Light Source. Left-circularly polarized x-rays
with their energy tuned to either the Fe L5 absorption edge
at 707.7 eV or off-edge at 700 eV were incident upon the
sample under variable angles € with a ~100 ym spot size.
The intensity of the reflected beam is detected by a
photodiode in a 0-20 geometry, as illustrated in the insert
in Fig. 1(a).

First of all, the static reflectivity was measured as a
function of the wave vector Q, with Hg;, = 7 mT applied
out of plane. Figure 1(a) shows a steep falloff in the
reflected intensity, coupled with Kiessig fringes expected
from interference effects between the layers [23]. These
features contain information on the depth dependence of
the charge density across the multilayer stack. Furthermore,
modifications to this reflectivity at the Fe L3 edge result
from resonant absorption effects where magnetic ordering
contributes to the contrast and can be used to reveal the
depth-dependent magnetization orientation throughout the
multilayer.

The black lines in Fig. 1(a) show the simulated reflec-
tivity from a model fit to the data [24,25]. This model is
based on the depth dependence to the scattering length
density (SLD) displayed in Fig. 1(b). The four repeat units
in the multilayer stack are distinctly visible due to the layer
composition differences in the SLD. For MgO and Ta, there
is little variation in the SLD between on- and off-
resonance measurements. However, the CoFeB layers show
a dramatic difference due the presence of Fe. This modi-
fication to the SLD depends on the relative orientation of
the magnetization. It results in a magnetic reflectivity
contrast as a function of scattering vector that is directly
connected to the magnetization in the different layers.
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FIG. 1. (a) Specular x-ray reflectivity of [CoFeB/MgO/Ta],
multilayer as a function of wave vector Q,, measured with
circularly polarized x-rays at 707.7 and 700 eV (i.e., on and off
resonance at the Fe L3 edge, respectively) in an out-of-plane bias
field Hg;,, = 7 mT. Black lines represent fits to the data based on
the model illustrated in (b), where the SLD is plotted as a function
of depth z. The inset in (a) shows a schematic of the experimental
setup with the sample (green) mounted on a coplanar waveguide
(yellow) in the € — 26 scattering configuration with the scattering
vector Q.. The field Hy;, is out of plane, and the rf field H ¢ is in
plane near the sample surface and perpendicular to the scattering

plane (purple).

In the dynamic regime, the magnetization in each
CoFeB layer is driven into precession. This oscillatory
magnetization results in time-dependent changes in the
reflected intensity due to the rf field that occur in addition
to a static reflectivity contribution. We define the dynamic
reflectivity as the time-dependent change that is sinusoidal
in nature and that can be expressed in terms of its
amplitude and phase. The dynamic reflectivity is probed
using the stroboscopic XFMR method where an rf
magnetic field, H,;, generated by the coplanar waveguide
beneath the sample was used to drive the magnetization
dynamics in the sample [see inset to Fig. 1(a)]. The rf
field was phase-locked to the fourth harmonic of the
~500 MHz synchrotron master clock at 2 GHz, providing
synchronization between the magnetization dynamics and
the photon pulses arriving at the sample [26]. The time
dependence of the reflectivity during precession was
mapped out as a function of time delay between the rf
pump and x-ray probe. The signal-to-noise ratio of the
signal was enhanced through lock-in techniques, where a
180° phase modulation at 2.3 kHz was applied to the rf
drive signal.

Figure 2 shows an example of the dynamic contribution
to the specular reflectivity as a function of time delay.
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FIG. 2. Waterfall plot showing the dynamic contribution to the
reflectivity for [CoFeB/MgO/Ta|, multilayer as a function of
pump-probe time delay. The measurements were carried out with
left-circularly polarized x-rays at resonance (707.7 eV, Fe L3) and
in an out-of-plane field of 29 mT. Various delay curves are shown
for Q,, ranging between 0.2 and 0.4 nm~!. The color scale
represents the normalized intensity (shifted vertically for clarity)
for each delay scan, highlighting the sinusoidal dependence and
the shift in phase as Q, is varied when the intensity is small. The
lines represent sinusoidal fits to the data points.

These measurements were performed on the multilayer
sample in an out-of-plane saturating field of Hpgj, =
29 mT and are shown for a range of Q, values. The
intensity follows a sinusoidal dependence on the pump-
probe delay with a 500 ps period, originating from the
2 GHz rf excitation. The dynamic signal changes as a
function of Q, in both amplitude and phase. The amplitude
variations are most pronounced for the low Q. regime
around 0.2 nm~!, where a large static reflectivity is
measured. The phase of the dynamic signal shows a
complex behavior as a function of Q,, which is illustrated
by the displacements and is further highlighted by the color
scale applied to the data points in Fig. 2. This behavior
includes slow, smooth phase variations as a function of Q,,
in addition to abrupt changes where the phase shifts
by 180°.

Further insight into the dynamic reflectivity is extracted
from sinusoidal fits to the delay scans. These fits are
parameterized by an amplitude and phase that are shown in
Fig. 3 as a function of Q.. The behavior of the dynamic
reflectivity is similar to the static signal but at a reduced
intensity and with several additional sharp minima. The
blue-shaded regions indicate the Q, range at which the
phase shifts by 180° these phase shifts have been sub-
tracted to highlight the underlying phase variations. For
comparison, the untreated data (before subtracting the 180°
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FIG. 3. (a) Static and dynamic reflectivity, and (b) phase of the

dynamic reflectivity as a function of Q. for [CoFeB/MgO/Tal,
multilayer. Measurements were performed with left-circularly
polarized x-rays at resonance (707.7 €V, Fe L;) using rf excitation
at 2 GHz. The phase point size is scaled by 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 (see Fig. S1 in the Supplemental Material [27] for
more details).

phase shifts) is shown in Fig. S1 in the Supplemental
Material [27].

The 180° phase shifts are reminiscent of previous reports
on XFMR [28]. Here, the dynamic signal, which is
measured for fixed circular polarization, has a positive
(negative) sign when the magnetization precession is in
phase (antiphase) with the rf. When the XMCD spectrum
changes sign as a function of photon energy, e.g., by going
from the L; to the L, absorption edge, the XFMR signal
reverses sign as well. This leads to an apparent 180° phase
shift. The same occurs in RFMR when the circular
dichroism in reflectivity changes sign as a function of
Q.. This has been further elaborated in Fig. S2 in the
Supplemental Material [27]. It is interesting to note that
the 180° phase shifts coincide with the sharp minima in the
dynamic reflectivity (see Fig. 3). This is not accidental.
However, it is also not a hard and fast rule that pronounced
minima are necessarily related to 180° phase shifts.

Much of the dynamic reflectivity behavior can be
reproduced by extending the static model in Fig. 1 to
the dynamic regime by simulating the reflectivity from
multiple subsequent snapshots while a conical precession is
applied to the nominally out-of-plane moments in each
magnetic layer within the multilayer. Following the same
analysis as for the experimental results, both the static and
dynamic contributions to the reflectivity are extracted from
the model and are shown in Fig. 4(a),(b) as a function of
Q.. In this example, the magnetic moments in all four
layers precess in phase, mapping a cone with an opening
angle of o= 1° as shown in the inset of Fig. 4(b).
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(a),(c) Static and dynamic contributions to the reflected intensity, and (b),(d) the phase of the dynamic reflectivity simulated

from a multilayer model. The magnetization in all layers precesses with a @ = 1° cone angle about the surface normal direction. This
precession is either in phase, (a),(b), or includes a ¢p = 5° phase lag between adjacent layers, (c),(d), as illustrated in the insets to the
bottom panels. The phase point size is scaled by the dynamic signal amplitude and the 180° phase shifts have been subtracted in the blue-
shaded regions, revealing either (b) a negligible or (d) a significant residual phase dependence on Q..

The general shape of the dynamic signal follows that of the
static signal at a reduced intensity. Furthermore, the 180°
phase changes, which are subtracted in the blue-shaded
regions, coincide with sharp minima in the dynamic
reflectivity. This model, however, shows no remaining
variations in phase after the subtraction of the 180° phase
shifts.

For the modeling presented here, a precessional cone
angle of @ = 1° was used. The angle « scales the magnitude
of the dynamic reflectivity, but it has no influence on the
shape of the reflectivity signal or the dynamic phase.
Furthermore, the inclusion of the phase lag does not
change the static reflectivity, as can be seen by comparing
Fig. 4(a) and 4(c) as it results from the time-averaged
precessional dynamics. The dynamic intensity does, how-
ever, show some small variations, particularly in the Q,
region from 0.2 to 0.3 nm~! where changes in phase are
most significant.

Next, we discuss adding a phase lag of ¢p = 5° between
the precession in adjacent magnetic layers as shown in the
inset of Fig. 4(d). Figure 4(c), (d) show both the static and
dynamic contributions to the reflectivity resulting from this
phase lag, where significant variations in the RFMR phase
now occur, in addition to the 180° phase shifts that have
been subtracted in the blue-shaded regions. These residual
phase variations show significant similarities with those
observed in the experimental results for the multilayer
sample. For comparison, dynamic reflectivity measure-
ments on a single CoTb thin film slab show the abrupt
180° phase shifts but no additional variation in the phase
(see Fig. S3 in Supplemental Material [27]). This single
slab behavior is well described by the model, which does
not include a phase lag in Fig. 4(a), (b).

This leads us to conclude that the discontinuous structure
in the multilayer alters the exchange coupling between
layers, allowing for variations in the orientation of the
magnetization in the dynamic regime. The multilayer is
then able to adopt a depth-dependent dynamic structure
where the inclusion of a phase lag between the layers is
necessary to explain the experimental data. In fact, the
[CoFeB/MgO/Ta|, multilayer investigated here are known
to host noncollinear magnetic structures stabilized by the
Dzyaloshinskii-Moriya interaction, which arises at interfaces
between a magnetic layer and a heavy metal with large spin-
orbit coupling [22]. The combination of the Dzyaloshinskii-
Moriya interaction and dipole interaction leads to the
formation of complex three-dimensional noncollinear struc-
tures, where, e.g., the domain wall configuration continu-
ously evolves throughout the stack, going from Néel-type to
Bloch-type and back again to the inverse Néel-type [29].
Such complex three-dimensional magnetic structures lead to
novel dynamics, and RFMR is the ideal tool to investigate
the spin dynamics in a layer-by-layer fashion.

In conclusion, we have demonstrated that our RFMR
technique allows for the characterization of the magneti-
zation dynamics in a multilayer structure as a function of
depth. As can be seen by comparing the experimental
results with modeling of the dynamic behavior, excellent
agreement has been achieved, thereby revealing the depth-
dependent magnetization dynamics. Here, the magnetiza-
tion in all layers in our multilayered model precess about a
nominal static state when excited by an rf field. We showed
that the inclusion of a small but significant phase lag
between the various layers is necessary to explain the
observed change in phase of the dynamic signal. This is in
contrast to the depth dependence of a single slab of
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magnetic thin film material in which coherent precession of
the magnetization occurs as a function of depth. The
nonmagnetic layers within the multilayer provide gaps
over which exchange coupling is weak, allowing the
independent dynamic orientation of the magnetization
within each layer. With RFMR, the dynamics from different
layers containing the same element can be explored, and
there is the potential to study the dynamics of interfacial
layers and proximity effects in a novel way. RFMR has the
unique potential to explore complex thin film and multi-
layer materials for future magnetic memory and processing
device applications.
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