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ABSTRACT
We present a statistically motivated method to extract magnonic contrast from time-resolved scanning transmission x-ray microscopy (TR-
STXM) measurements. TR-STXM is an element-specific method for resolving spin-dynamics in space and time. It offers nanometer spatial
resolution and picosecond temporal resolution. The presented method makes it possible to obtain phase and amplitude profiles of spin-
waves from STXM measurements. Furthermore, it allows for a rigorous transformation to reciprocal magnon ⃗k-space, revealing ⃗k-dependent
magnon properties such as the magnon dispersion in three dimensions and for all directions of the magnetic anisotropy. We demonstrate our
method using X-band ferromagnetic resonance on a micrometer-sized permalloy assembly.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0145753

INTRODUCTION

Collective oscillatory spin states, called magnons, can be excited
in magnetic materials at microwave frequencies. Their spectral char-
acteristics are determined by and serve as a characterization method
for all magnetic parameters in a magnetic system.1 Magnons can be
used as carriers of information in data processing, such as quantum
computing and spin-wave logic,2–6 with the potential to supersede
conventional electronics in many ways.6 For example, energy effi-
ciency, requirements for heat dissipation, and logic gate density
(in analogy to transistor density).5 Various established techniques
are employed for measuring magnonic excitations. The most promi-
nent ones include Ferromagnetic Resonance (FMR),7 Brillouin
light scattering (BLS),8 neutron scattering,9,10 Scanning Electron

Microscopy (SEM) with polarization analyzer (SEMPA),11 and spin-
polarized scanning tunneling microscopy (SP-STM),12 to name a
few. FMR spectroscopy is used to investigate spectral properties,
while BLS is a surface-sensitive technique to measure the spatial
distribution of spin-waves down to the resolution limit of visible
light.8

The spatially resolved extraction of amplitude and phase of
magnons discussed in this work applies to a combination of Scan-
ning Transmission X-Ray Microscopy (STXM) with FMR.13–18

Here, the effect of X-ray Magnetic Circular Dichroism (XMCD) is
used, where the scattering of circular polarized x-rays with electrons
in a material depends on the spin of the electrons involved, i.e.,
the occupation of minority and majority spin channels in the elec-
tron density of states.19 In the following, we discuss an evaluation

AIP Advances 13, 045020 (2023); doi: 10.1063/5.0145753 13, 045020-1

© Author(s) 2023

D
ow

nloaded from
 http://pubs.aip.org/aip/adv/article-pdf/doi/10.1063/5.0145753/16965643/045020_1_5.0145753.pdf

https://scitation.org/journal/adv
https://doi.org/10.1063/5.0145753
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0145753
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0145753&domain=pdf&date_stamp=2023-April-24
https://doi.org/10.1063/5.0145753
https://orcid.org/0000-0002-9899-2700
https://orcid.org/0000-0003-1817-2276
https://orcid.org/0000-0002-8461-5832
https://orcid.org/0000-0002-2084-3991
https://orcid.org/0000-0001-7854-847X
https://orcid.org/0000-0002-1864-3261
https://orcid.org/0000-0001-8395-3541
https://orcid.org/0000-0002-2388-6006
https://orcid.org/0000-0002-2301-4670
mailto:tfeggeler@lbl.gov
https://doi.org/10.1063/5.0145753


AIP Advances ARTICLE scitation.org/journal/adv

technique to extract magnonic information from such measure-
ments beyond the application of time-FFT20 algorithms and time
domain fits.17,18 This includes the spectral and spatial resolution of
magnonic eigenstates in real and reciprocal space, as well as the
extraction of the spin-wave dispersion with quantitative statistical
significance.

MAIN BODY
Experimental setup and measurement technique

The experimental setup combining a Ferromagnetic
Resonance spectrometer and a Scanning Transmission X-Ray
Microscope allows for element-specific and time-resolved charac-
terization of magnetization dynamics with high spatial resolution13

down to 10 nm.21 Using x-ray magnetic circular dichroism
(XMCD), a contrast proportional to the difference in the number
of minority and majority spins at the 3D orbitals is detected. For
this purpose, circular polarized x-rays are focused on the sample
using a zone plate. The transmitted x-rays are detected by an
x-ray avalanche photodiode located behind the sample.13 A static
magnetic field is applied perpendicular to the wavevector of the
x rays with a slight rotation of 3○ off of the horizontal axis of the
sample (Fig. 1). The field was varied from 82 to 110 mT in steps of
2 mT. The sample itself is positioned in a microresonator22 such
that a microwave magnetic field is applied perpendicular to the
static field and parallel to the x-ray propagation direction. The
microwave frequency is synchronized to the klystron frequency
of the synchrotron [Stanford Synchrotron Radiation Lightsource
(SSRL): 476.315 MHz]. The synchronization scheme employs a
phase-locked loop comparing the output of the microwave source
with the nth harmonic of the klystron frequency and adjusting
the generator’s output frequency correspondingly. In this case, a
microwave frequency of 9.446 GHz is selected, which corresponds
to the 20th harmonic of the klystron frequency subtracted by 1/6 of
the klystron frequency (see Ref. 13 for details). Using this setup, we
are detecting only 6 points in time of a microwave cycle with a time
distance of 18 ps; each of the points is measured with the microwave
on/off, respectively, with the same electron bunch. As the frequency
of the electron bunches (bunch length of 50 ps) in the storage ring
of the synchrotron is 1.28 MHz, a rectangular modulation of the
microwaves is implemented at this frequency using a PIN diode,

attenuating the microwaves by −35 dB. The data received from the
x-ray diode are stored in a device providing 12 slots, the first 6 of
which record the signal with microwaves turned on, whereas the
x-ray signal with microwaves turned off is stored in the remaining 6
slots.13

The data used in this work to demonstrate our evaluation
protocol have been obtained for a sample that consists of two Py
stripes in a T-shape arrangement, spaced 2 μm apart (Fig. 1). Each
stripe has lateral dimensions of 5 μm by 1 μm and a thickness of
30 nm. The same data have been used in Ref. 14, where a real space
visual comparison was used to interpret the data.

Evaluation method

To extract time-dependent oscillations in the MW-On state,
the count rate in the MW-Off state has to be compared to that in
the MW-On state at each position as a means of normalization.
It becomes apparent that the results will be similar regardless of
whether the ratio or the difference of ON/OFF states is used to
compare those when considering

ax,y(t)
bx,y(t)

=
ax,y(t) − bx,y(t)

bx,y(t)
+ 1, (1)

where ax,y(t) is the count rate at pixel x, y, and time t in the MW-
On state, and similarly, bx,y(t) is the count rate in the MW-Off state.
It can be motivated by the count rate without MW bx,y(t) = bx,y is
roughly constant in time, as no spin waves are excited. From there,
with Eq. (1), the proportionality

ax,y(t)
bx,y(t)

∝ ax,y(t) − bx,y(t), (2)

follows. The influence of noise (or a signal other than the desired
magnonic contrast), however, is vastly different when comparing
ratio and difference as a means of relating the signals. This can be
estimated through the gradient of the left and right sides of Eq. (2)
in quantities a and b, where

∇a,b(
a
b
) =

⎛

⎜
⎜

⎝

1
b
−

a
b2

⎞

⎟
⎟

⎠

, (3)

FIG. 1. Schematic representation of the sample (left) and optical microscopy image of the sample as placed in the μ-resonator (right). Two permalloy stripes with dimensions
of 5 μm by 1 μm in perpendicular orientation. The stripes have a thickness of 30 nm and are separated by a gap of 2 μm. Details of the sample preparation, along with an
in-depth discussion of the STXM characterization, can be found in Ref. 14. During the measurement, a static magnetic field BExt is applied with a slight rotation of 3○ off of
the horizontal axis. Additionally, an FMR like excitation is driven by a microwave field Bhf perpendicular to the sample plane. A microwave frequency of 9.446 GHz is used.
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∇a,b(a − b) =
⎛

⎜

⎝

−b

a

⎞

⎟

⎠

. (4)

Hence, fluctuations in b have a non-linear effect on fluctuations in
the ratio, whereas fluctuations in a and b have a linear effect on fluc-
tuations in the difference. Therefore, the signal-to-noise ratio should
be considered when deciding how to compare MW-On and MW-Off
signals. Except for the perceived noise level, these operations yield
equivalent results in the evaluation of magnonic contrast, and both
can be used in quantitative analysis as one can be transformed into
the other using Eq. (1).

A sine-like magnonic response to the sine-like microwave exci-
tation is expected, such that the magnonic contrast can now be
extracted by fitting a sine-function to the time-dependent data at
each point on the sample that was normalized using one of the meth-
ods above. In addition, it is expected that the dynamic response of
the sample oscillates at the same frequency as the microwave driv-
ing it. Figure 2(b) depicts a sine wave fitted into the time-dependent
signal at one point on the sample. The model is given as

A sin(2π
ω
ω0

t + ϕ) + d, (5)

where A accounts for the amplitude of the oscillation, ω0 is the exci-
tation frequency, t is the time in periods, ϕ accounts for a phase shift
relative to t = 0, and d describes an offset, which is usually close to 0
for the case of a − b and close to 1 when analyzing a

b . Note that only
A, ϕ and d are free parameters in the fit, and the physical assumption
is that ω = ω0.

Having performed this fit at each pixel, we can now extract
the spatial distribution of the fit parameters, i.e., the spatial distri-
bution of amplitude and phase. The resulting spatial map of, e.g.,
the amplitude and phase profile now serves as a noise free repre-
sentation of the magnon distribution in the sample. Additionally,
a simple measure for the validity of this fit can be given by the
statistical p-value. It measures the likelihood that the dataset to
which the fit was applied originates from a random distribution
rather than a distribution following the assumed model. The p-value,
therefore, gives a measure for how adequate our fit is at each pixel,
where small p-values indicate a good fit. These three values can then
be encoded in an image, as seen in Fig. 2(a)(v). Here, the hue, satu-
ration, brightness (HSB) color scale was used, where the phase was
encoded into the hue channel, the amplitude was encoded into the
brightness channel, and one minus the p-value (1 − p) was encoded
into the saturation. Therefore, bright pixels correspond to high
amplitudes, while highly saturated pixels correspond to a very sine-
like oscillation. One can quickly spot that encoding this information

FIG. 2. Magnonic contrast image. (a)(i)
Depiction of the x-ray transmission count
rate across the sample. (ii)–(iv) color
channels used to encode magnonic
information, where (ii) depicts the phase
distribution encoded as the cyclic hue
channel, (iii) represents the p-value of
the statistical analysis at each pixel,
encoded as the saturation, and (iv)
represents the spin-wave amplitude
encoded as the brightness value in
(v). (v) Assembled HSB image of the
magnonic excitation. b) time-dependent
recording acquired in the red region in
the center of (a)(i). (c) Three-dimensional
representation of the HSB color scale as
used in (a)(v).
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FIG. 3. Spatial Fourier transformation of the phase and amplitude values depicted in Figs. 2(a)(ii) and 2(a)(iv). (a) FFT in two spatial dimensions (i) and along the cardinal
directions (ii) and (iii). The kx dependence shows a broad distribution around kx = 0, which is most likely dominated by the spatial confinement of the sample itself. The ky

distribution, on the other hand, shows a narrow distribution around ky = 0 with two distinct modes visible at ky = ±0.2 μm−1, which demonstrates that the observed oscillation
is composed of two counter-propagating waves with a wavelength of about 5 μm. (b) Reconstruction of the spin-wave dispersion in the horizontal stripe [see inset (b)(i)]. The
reconstruction is obtained from field-dependent STXM measurements at a fixed frequency of 9.446 GHz. The field was swept from 82 to 110 mT in steps of 2 mT. The colored
dispersion in (i) shows the spin-wave amplitude [similar to (a)(iii)] for all k-vectors and all applied field values at ky = 0. (ii)–(v) exemplarily depict some of the mode profiles
used in FFT evaluation (compare Fig. 2 for color legends). The black stripe at kx = 0 indicates a strong k = 0 contribution at all field values due to the excitation setup.
(c) Shows the same evaluation as (b), plotted for the vertical stripe (see inset).
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into an image like this immediately reveals the spatial structure of the
excited magnonic eigenstate, including phase information. The next
task is to investigate the ⃗k-vectors this state comprises. This can be
achieved by introducing a complex value zx,y at each pixel x, y, where
∥zx,y∥ = A and arg (zx,y) = ϕ. Applying a Fourier transformation to
the spatial coordinates x and y transforms the spatial wave to recip-
rocal space, revealing the ⃗k-vectors involved in this state [Fig. 3(a)].
A similar attempt was made in Ref. 16; it was, however, not conclu-
sive. Our method of isolating the relevant wave parameters first, in
contrast, yields conclusive results even if the data density is mini-
mal in the time domain (compare Figs. 2 and 3). When performing
measurements at a fixed frequency and different fields, or different
frequencies and a fixed field, this can be used to reveal the spin-wave
dispersion [Figs. 3(b) and 3(c)]. Figure 3 illustrates the ⃗k resolution
for the spatial eigenstate observed in Fig. 2. The broad distribution
around ⃗kx = 0 [Fig. 3(b)] can be attributed to the spatial confine-
ment of the sample, while the narrow distribution around ⃗ky = 0
[Fig. 3(c)] shows distinct maxima for the involved ⃗k-vectors. These
⃗k-vectors assemble the eigenmode along the long axis of the stripe at

a given field and frequency configuration. Exemplary depictions of
these measured eigenmodes are illustrated in subfigures (ii)–(v) in
Figs. 3(b) and 3(c), respectively.

In the previous section, it was physically motivated to assume
a sine-function as a representative for the investigated oscillations.
One could argue that this motivation is weak as there may, for exam-
ple, be multiple sine functions (i.e., Fourier components) involved in
one oscillation or that the data does not represent a sine function at
all but rather a simpler function. A simple test can now be performed
by assuming different values for ω. Figure 4 shows the distribution
of fit residuals under variation of ω, starting from ω = 0 to ω = 2ω0
in steps of 0.1ω0. It appears that the residuals converge to a narrow
Gaussian distribution at ω = ω0, confirming the assumed frequency.
Furthermore, the model itself can be motivated by trying simpler
functions as models for the fit. For this purpose, we considered a
Taylor expansion of the sine function. This yields a set of polyno-
mials, starting from the 0th order and progressively approaching
the sine function, where Tn denotes a Tailor series expansion to
the nth order. The residuals as a function of the frequency for var-
ious polynomials in this series are depicted in Fig. 4. It is quickly

FIG. 4. Analysis of fit residuals. In this graphic, the concatenated residuals of the fits performed at each pixel in Fig. 2 are analyzed. To the left, the distribution of residuals
ϵ is shown in the form of a box chart for various fit models as a function of frequency. The orange boxes indicate the margin within which half of the residuals are scattered,
with a bright line near the center marking the median. The gray lines mark the positions of the minimal and maximal values of the residuals. To the right, the distribution of
normalized residuals for the sin model [Eq. (5)] is depicted as a histogram. The normalization factor

√
σϵ was calculated as the variance across the residuals. The orange

bars mark the relative count rate for each value in the set of residuals. The blue curve is a Gaussian distribution of the form 1√
2π

exp (− x2

2
). A clear convergence to a

narrow distribution is observed for the sine model at ω = ω0. Simultaneously, the shape of the distribution of residuals near that value closely approximates a Gaussian
distribution. This would be expected if the residuals were the result of random deviations or noise. Therefore, we can conclude that no additional signals are present in the
observed data and that there is no polynomial function with three or fewer variables that has more explanatory power than the sine model [Eq. (5)].
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noted that the convergence is best in only one case, namely, when
using the sine-function with an assumed frequency of ω = ω0. In this
case, the residuals closely approximate a Gaussian distribution indi-
cating that they are randomly distributed and not the result of a
systematic deviation.

SUMMARY

We have demonstrated how magnonic contrast can be
extracted from element-specific TR-STXM measurements with sta-
tistical rigor, even in the case of a few time steps. Not only can
frequency and spatial phase-and-amplitude profiles be extracted,
but a transposition to reciprocal space can be performed to iden-
tify the prevailing ⃗k-vectors in a collective magnonic eigenstate.
Our analysis can disentangle superimposed magnons depending
on the excitation frequency, applied magnetic field, ⃗k-vector, and
phase. Furthermore, we have shown that our method is—beyond
its physical motivation—statistically motivated. It carries statistical
significance and allows quantitative deductions about the magnonic
properties.
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