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Understanding magnonic properties of non-periodic magnetic nanostructures requires real-space
imaging of ferromagnetic resonance modes with spatial resolution well below the optical diffraction
limit and sampling rates in the 5-100 GHz range. Here, we demonstrate element-specific Scan-
ning Transmission X-ray Microscopy detected Ferromagnetic Resonance (STXM-FMR) applied to
a chain of dipolarly coupled Fe3O4 nano-particles (40-50 nm particle size) inside a single cell of a
magnetotactic bacterium, Magnetospirillum magnetotacticum. The ferromagnetic resonance mode
of the nanoparticle chain driven at 6.748 GHz and probed with 50 nm X-ray focus size was found
to have a uniform phase response but non-uniform amplitude response along the chain segments
due to the superposition of dipolar coupled modes of chain segments and individual particles, in

agreement with micromagnetic simulations.

I. INTRODUCTION

Magnonics deals with the controlled excitation and de-
tection of spin waves in magnetic media [1-7]. Due to
the low energy nature of spin wave quanta (magnons),
magnonic devices have been suggested to overcome key
challenges of current charge-based computer information
processing, such as power consumption and heat dissipa-
tion [8]. Recently, magnetic nanoparticle chains were pro-
posed as magnonic logic gates on the sub-micron scale,
which would enable unprecedented transistor counts in
a single central processing unit [9]. For visual control of
the functionality of submicron-sized magnon-based logic
devices, it is essential to have a technique that can probe
the magnetization dynamics on the 1-100 GHz scale with
few nm resolution to determine the local phase and am-
plitude of excited magnons. Real-time observations using
scanning electron microscopy with polarization analysis
[10] have reached a temporal resolution (1 ns) sufficient to
track relatively slow (102 MHz) dynamic magnetization
processes involving vortex cores in soft magnetic mate-
rials. Faster dynamical processes can be studied with
pump-probe schemes repeated for a sequence of delay
times with each repetition starting from the same initial
state and accumulating many pump-probe pulse cycles
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in a stroboscopic procedure. Pump-probe schemes are
used in time-resolved photoemission electron microscopy
(PEEM) [11, 12] and ultrafast transmission electron mi-
croscopes [13, 14], capable of probing transient demag-
netization dynamics of nanodiscs with sub-100 nm res-
olution and sub-picoseconds delay time resolution [15].
Here we use Scanning Transmission X-ray Microscopy de-
tected Ferromagnetic Resonance (STXM-FMR), where
the magnetic specimen is driven by a continuous wave
excitation, while temporal sampling is performed strobo-
scopically at a higher harmonic [16, 17]. The technique
offers element specificity, < 50 nm spatial resolution,
and sampling rates of tens of GHz, allowing for spatial
detection of resonant responses at up to 10 GHz [16].
By exploiting these features of STXM-FMR, we were
able to detect a spatially non-uniform ferromagnetic res-
onance mode across a single chain of magnetite (FezOy)
nanoparticles in a magnetotactic bacterium. Thus, we
demonstrate the feasibility to detect ferromagnetic reso-
nance in a nanomagnetic system with < 50 nm spatial
resolution.

II. EXPERIMENTAL DETAILS

With the STXM-FMR setup at the Stanford Syn-
chrotron Radiation Lightsource (SSRL), FMR excita-
tions in the linear regime are measured element specifi-
cally by employing the X-ray Magnetic Circular Dichro-
ism (XMCD) effect [19, 20] in the transverse XMCD ge-
ometry [18]. The XMCD effect, defined as difference in
X-ray absorption of left and right hand circularly polar-
ized X-rays, is a measure of the magnetization M of the
probed material projected onto the k-vector of the inci-



FIG. 1. a) Electron micrograph of the Fe3O4 nano-particle
chain selected for STXM-FMR. The structure was deposited
on a TEM grid and cut out with FIB. b) Cutout area includ-
ing the nano-particle chain positioned in the center of the
micro-resonator (light grey ”omega” shape Au conduit). The
direction of the magnetic field Bgxs is indicated.

dent X-rays. The resonant magnetic excitation is realized
by applying linearly polarized continuous microwaves
bmw to the sample, polarized parallel to the propagation
direction of the X-rays, while the static magnetic field
Bgxt is orientated perpendicular to the k-vector of the
X-rays. For the homogeneous excitation with high con-
ventional detection sensitivity a micro-resonator setup is
used [21].

The sample contains a chain of 19 Fe3O,4 [23-26] nano-
particles with particle sizes of 40 - 50 nm [26] arranged
in a segment of 15 particles and a smaller segment of
4 particles offset from this segment by a distance of
about 25 nm (Figure 1 a). The nanoparticle chain grew
naturally by biomineralization inside a bacterial cell of
Magnetospirillum magnetotacticum [26-28]. The bacte-
ria were obtained from Leibniz Institute DSMZ-German
Collection of Microorganisms and Cell Cultures [22] as
actively growing culture and positioned on a Transmis-
sion Electron Microscopy (TEM) grid (Figure 1 a). The
grid with the nanoparticles was cutout by Focused Ion
Beam (FIB) milling and placed at the center of the micro-
resonator loop (Figure 1 b). The external magnetic field
Brxt = 0.167 + 0.002 T (Figure 1) corresponding to the
resonance field predicted by our micromagnetic simula-
tions, was applied in the sample plane along the direction
of the chain axis as indicated in Figure 1. The sample
was probed under dry conditions at room temperature at
the Fe Ls-edge (708 eV [29]) with a focus of < 50 nm,
a step size of 25 nm and and a dwell time of five sec-
onds per pixel with constant polarization of the X-rays.
The microwave excitation at 6.748 GHz with a power of
25 dBm was chosen as the (14+1/6)" harmonics of the
synchrotron frequency.

In the STXM-FMR measurements two sets of 6 con-
secutive images each are recorded pixel-by-pixel, which
correspond to 6 images recorded with microwaves on and
6 images with microwave off, respectively. Between two
consecutive images there is a time difference of 24.7 ps
and a phase difference of (Ap = 60°), yielding to the
monitoring of 6 time steps of the microwave cycle [16].
To extract the microwave induced X-ray transmission the

natural logarithm of the microwave off data divided by
the microwave on data was taken. The data was normal-
ized to the average intensity with consecutive minimum-
maximum normalization. The phase and amplitude re-
sponse at each pixel was obtained by fitting a sine func-
tion to the time dependent data [37]. The result is coded
in the Hue-Saturation-Brightness (HSB) format to rep-
resent the phase relative to the time ¢ = 0 ps as hue
[30], the amplitude as brightness and the fit accuracy as
saturation [37].

From the scanning electron micrographs (Figure 1
a), we designed a three-dimensional computer model
of the nano-particle chain (single particle size 50 nm)
using the micromagnetic simulation package MuMax3
[31, 32]. Taking into account the not perfectly stoichio-
metric Fe3O4 with the known decrease of the Verwey
transition temperature [33], the saturation magnetisation
Mg, and the magnetocrystalline anisotropy constant K
[34], the dynamic simulation was calculated according
to [34] with Mg, = 465 kA/m, and a first order cubic
anisotropy constant K; = -1.0 x 10* J/m®. The exchange
stiffness was set to A = 1.32 x 107! J/m [35] and the sim-
ulation grid was defined as 200 x 80 x 12 cells with a cell
size of (5 nm)3.

III. RESULTS AND DISCUSSION

In the FMR absorption spectrum simulated at
6.748 GHz (Figure 2 a), we observe three resonances at
0.169 T, 0.176 T and 0.187 T, which is surprising given
that a linear chain usually behaves as a uniaxial magnet
with one resonance mode per field orientation [36]. Ev-
idently variations in the orientation and strength of the
dipolar coupling between the particles in a chain pro-
duces complex magnon dispersion relations with multi-
ple resonance lines and even magnonic band gaps, where
resonances involving the same group of particles have in-
commensurate spatial mode profiles [9]. The variations
in dipolar coupling are most pronounced in chain ge-
ometries with irregular particle spacings [9]. Indeed, for
the chain at hand, the micromagnetic simulation con-
firms pronounced variations in dipolar coupling strength
(Figure 2 b) along the chain axis, ranging from 0.450 T
between adjacent particles (orange/red color) down to
0.050 T in the gap between the two chain segments. This
essentially dynamically decouples the small four-particle
segment on the left from the main chain segment. The
decoupling becomes apparent in the snapshots of the dy-
namic micromagnetic simulation (Figure 2 ¢), where the
oscillation amplitude is large in the main segment and
small in the four-particle segment. Likewise, at the far
right end of this chain, the oscillation amplitudes are
comparatively small (Figure 2 c), which is due to the
disturbance of the simple linear chain structure by two
pairs of particles in side-by-side position perpendicular to
the chain axis. In both side-by-side pairs, it is the lower
particle that is more strongly coupled to the curved chain
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FIG. 2. a) Simulated FMR absorption spectrum in terms of
the normalized m, component of the magnetization over the
field range Bexs = 0.12 T - 0.2 T. b) Spatial distribution of the
simulated inner demagnetization and outer stray-field at an
applied static magnetic bias field of 0.166 T. c¢) Six timesteps
(At ~ 24.7 ps) of the dynamic micromagnetic simulation, dis-
playing a spatially inhomogeneous oscillation response. The
normalized m,-out-of-plane-component of the magnetization
is color-coded (-z: blue, +z: red).

axis (compare with Figure 2 b), so that it can be excited
more easily in the main resonance mode of the chain.
Thus, on the basis of our micromagnetic simulations, we
expect a non-homogeneous microwave response along the
particle chain.

Indeed, the experimentally determined resonance am-
plitudes (Figure 3 a, c¢) are strongest (high brightness
purple, white) in the main segment of the chain, but al-
most vanish in the left four-particle segment extending

from x = 14 to x = 22 px at y = 10 px). Although in-
dividual particles cannot be resolved due to the limited
focus (50 nm) at the Fe Ls, the upcurving bright white
intensity pattern (x =25tox =48 pxandy =6toy = 12
px) tracks the curvature of the main segment of the chain.
We note that in Figure 3a) and ¢) we find a non-zero
phase and amplitude not only at the location of the chain
but almost everywhere in the field of view. The reason for
this observation is that there is a small crosstalk between
the applied microwave and the (shielded) avalanche pho-
todiode. Since the setup described in [16] represents a
high quality factor lock-in amplifier tuned to the excit-
ing microwave frequency, even the smallest fraction of
microwave power at the diode will be detected. In con-
sequence also without a sample a non-zero signal is ob-
served. To remove the visibility of this background we
discriminate the detected channel with a value of 250000
counts (see supporting information), revealing a clearly
distinguishable resonant response of the particle chain
with the highest amplitude along the upcurving chain
segment. The phase map (Figure 3 a, b) reveals a largely
uniform resonant response of the particle chain (270° to
300°) and is consistent with the time snapshots of the
micromagnetic simulation (Figure 2 ¢). For comparison
between experiment and theory, we evaluated the snap-
shot sequences from the micromagnetic simulations in the
way as the experimental image sequences to obtain phase
and amplitude maps (Figure 3 e and 3 f). All simulation
results are pictured at Bgy 166 mT, at which the best
match to the experimental data is observed. Deviations
between calculated and observed maps can be ascribed to
the fact that not all small features of the 3D particles are
reflected in the computer model, resulting in equally sized
particles in the micromagnetic model, while the particle
sizes and spacing in the real chain have some variability,
particularly at the right end of the chain. This leads to
variations in dipolar coupling strength (comp. Figure 2
b) and in consequence in the observed resonance modes.

The calculated phase response tallies with the observed
one, except for the particle at the far upper right, which
oscillates antiphasic to the rest of the chain (Figure 3 e),
albeit with very low amplitude (Figure 3 f). As can be
seen in the amplitude map, the response of the left four-
particle segment indeed is weak, which explains the lack
of signal in this region in the measured amplitude map.
As inferred from the stray field map above (Figure 2 b),
the particles that are vertically offset from the central
chain axis and more weakly coupled to the chain, are
weakly excited and thus have low oscillation amplitudes
(Figure 3 f).

In summary, we observe a uniform phase but non-
uniform amplitude response of the nano-particle chain.
With the STXM-FMR technique, we thus demonstrate
for the first time a measurement of a ferromagnetic res-
onance mode of a nano-particle chain in a spatially re-
solved manner (< 50 nm). This technique allows to
element-specifically examine the functionality of both pe-
riodic and non-periodic magnetic nanostructures of fu-
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FIG. 3. a) Result of the pixel-by-pixel sinusoidal fit analysis for the STXM-FMR data at Bgxt 167 mT at { = 6.748 GHz. The
phase relative to t = 0 ps, the amplitude and the fit accuracy are coded as hue, brightness and saturation. The estimated particle
positions are indicated by rounded squares. b) Subfigure a) after subtraction of an offset of 250000 counts. c¢), d) Normalised

amplitude distribution extracted from a), b) respectively.
simulation at Brxt 166 mT at f = 6.748 GHz.

ture magnonic and spintronic devices, like for magnon
spin transistors [39] and biomagnonics [9, 40], comple-
menting spatially-resolved, non-element-specific, exper-
imental techniques and micromagnetic simulations. A
new STXM-FMR setup taking advantage of the increased
spatial resolution of 10 nm [41] at the Advanced Light
Source (ALS) will open the pathway to image X-band
GHz magnetization dynamics of nanostructures on the
< 20 nm scale.

e), f) Phase and amplitude distribution of the micromagnetic
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I. Time resolved setup

X-ray microscopy was performed using the Scanning Transmission X-ray Microscopy (STXM) setup at beamline
13.1 at the Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National Accelerator Laboratory.
Monochromatic soft X-rays with tunable polarization produced by an elliptical undulator are focused on the sample
with a Fresnel zone plate to a spot size of ~ 50 nm. The thin sample can be scanned in two dimensions, while the
transmitted X-rays are detected using a photodiode, thus producing a 2D image of the transmission of the sample
for the chosen combination of photon energy and polarization. To achieve time resolution a dedicated setup was
used as described in detail in [1]. The principle of the setup shown in figure S1 is described for convenience in the
following here as well. A synchrotron is a pulsed source of x-rays and at the SSRL the pulse frequency is ~476
MHz corresponding to a pulse interval of 2.1 ns. A maximum of 372 individual x-ray pulses can so be realized
with every turn. However, not all pulses are equally intense. There are intensity variations of the order of 10%
between pulses and one particular pulse — the camshaft — is 5 times as bright and serves as a marker bunch to
indicate a full turn of the synchrotron. At SSRL the frequency with which the camshaft — or every other bunch for
that matter - reappears is 1.28 MHz or every 781 ns. X-ray pulses transmitted through the sample will be registered
with an avalanche photodiode, operated in reverse bias mode. The thickness of the sample as well as incoming
intensity is such that only for a few (~10 %) X-ray bunches a single X-ray photon will be transmitted through the
sample. We have confirmed with an oscilloscope that multiphoton events are rare (~1 %), so that counting X-ray
pulses is equivalent to measuring transmitted X-ray intensity. The pulses are recorded by a setup based on a Field
Programmable Gate Array (FPGA) and can be routed to one of 16 individual counters in a software defined matter
[2] based on its number (1 to 372) in the ring or if it came from an odd or even turn of the synchrotron. One counter
can be assigned to a user defined number of pulses in that way.
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Figure S1: Schematic representation of the time resolved measurement technique.

For time resolved measurements an external excitation also has to be synchronized with the X-ray probe. For the
microwave experiments this is achieved by using a phase locked loop that compares the output of a microwave

generator with the nth harmonic of the synchrotron driving frequency f and adjusts the output frequency of the
generator accordingly Using this approach a relative stability in the phase of 1 ps over 24 hours was achieved [1].
In fact the generator is not synchronized with just n*f but with (n+1/6)*f, so that the relative phase of the RF
advances by 60 degree between subsequent synchrotron pulses. By routing the signal of subsequent pulses to
different counters in the appropriate order we can now measure the response of the X-ray transmission of the
sample to the external microwave at the start phase as well as 60, 120, 180, 240 and 300 degree later. The expected
change in X-ray transmission as response to the RF excitation is small, less than 0.1% in many cases, which
requires a way to normalize the detected signal. For this purpose, we can turn off the excitation for every second
turn of the synchrotron and measure the ground state of the sample. This corresponds effectively to a double lock-
in approach using the two intrinsic frequencies of the synchrotron (the bunch frequency of 476 MHz and the
camshaft frequency of 1.28 MHz) as reference. A sensitivity to magnetic signals of 0.001% has been demonstrated
in this way [3].

I1. Discussion of the origin of the oscillating background

The phase and amplitude analysis presented in Figure 3b) reveals a visible oscillating background around the
location of the Fe3O4 nanoparticle chain, showing an inhomogeneously distributed relative phase with a phase
differing between about 270° to 300°. There are multiple possible physical origins of the oscillating background
all attributed to various crosstalk effects affecting the counts on the avalanche photo diode, which do not originate
from a ferromagnetic resonance signal. In [4] the influence of standing waves generated by the microwave within
the antenna like cabeling of the avalanche photodiode resulting in additional counts is stated. Furthermore, an
interaction between charge carriers generated by the incident X-rays at the underlying C-TEM grid and the
microwave takes place, which is also the case for the biomass surrounding the sample Fe3Os nano particle chain.
A negligible impact is expected from heating effects due to the power of the incident microwave radiation of about
800 mW. All microwave induced effects are also expected to take place in a reduced magnitude during the
microwave off state, as the microwave power is only attenuated by 30 dB and therefore not turned off completely,
still resulting in a remaining microwave power level of about 1 mW. The “time machine” component of the time
resolved setup (Figure S1) acts as a discriminator on the signal input side. To avoid the loss of sample contributions
to the signal the discriminator threshold is set to accept a wider signal range, resulting in additional noise. The
general signal origin is X-ray absorption, which is described in terms of the Lambert-Beer law [5] incorporating
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an exponential dependence of the X-ray absorption cross-section. To largely eliminate the background signal, we
hence take the natural logarithm of the division of microwave on and off data and extract hereby the ferromagnetic
resonance induced X-ray transmission. To further reduce the background contributions to the signal and thereby
enhance the visibility of the resonant response of the chain measured by STXM- FMR, an offset of 250000 counts
to the data is subtracted before further data analysis.
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