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Spatially resolved GHz magnetization dynamics of a magnetite nano-particle chain
inside a magnetotactic bacterium
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Understanding magnonic properties of nonperiodic 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 scanning transmission X-ray microscopy-
detected ferromagnetic resonance (STXM-FMR) applied to a chain of dipolarly coupled Fe;O4 nano-particles
(40-50 nm particle size) inside a single cell of a magnetotactic bacterium Magnetospirillum magnetotacticum.
The ferromagnetic resonance mode of the nano-particle 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.
DOI: 10.1103/PhysRevResearch.3.033036

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 dissipation [8]. Recently,
magnetic nano-particle chains were proposed as magnonic
logic gates on the submicron scale, which would enable un-
precedented 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-nanometer resolution to de-
termine the local phase and amplitude of excited magnons.
Real-time observations using scanning electron microscopy
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with polarization analysis [10] have reached a temporal res-
olution (1 ns) sufficient to track relatively slow (10> MHz)
dynamic magnetization processes involving vortex cores in
soft magnetic materials. 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
in a stroboscopic procedure. Pump-probe schemes are used
in time-resolved photoemission electron microscopy [11,12]
and ultrafast transmission electron microscopes [13,14] ca-
pable of probing transient demagnetization dynamics of
nanodiscs with sub-100 nm resolution and subpicosecond
delay time resolution [15]. Here, we use scanning trans-
mission x-ray microscopy-detected ferromagnetic resonance
(STXM-FMR), where the magnetic specimen is driven by a
continuous wave excitation, while temporal sampling is per-
formed stroboscopically at a higher harmonic [16,17]. The
technique offers element specificity, <50 nm spatial resolu-
tion, 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 nonuniform ferromagnetic resonance mode
across a single chain of magnetite (Fe3;0,) nano-particles in a
magnetotactic bacterium. Thus, we demonstrate the feasibility
to detect ferromagnetic resonance in a nanomagnetic system
with <50 nm spatial resolution.

II. EXPERIMENTAL DETAILS

With the STXM-FMR setup at the Stanford Synchrotron
Radiation Lightsource (SSRL), FMR excitations in the linear
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FIG. 1. (a) Electron micrograph of the Fe;O4 nano-particle chain
selected for scanning transmission x-ray microscopy-detected ferro-
magnetic resonance (STXM-FMR). The structure was deposited on
a transmission electron microscopy (TEM) grid and cut out with a
focused ion beam (FIB). (b) Cutout area including the nano-particle
chain positioned in the center of the microresonator (light gray
“omega”-shaped Au conduit). The direction of the magnetic field
B, is indicated.

regime are measured element-specific by employing the x-ray
magnetic circular dichroism (XMCD) effect [18,19] in the
transverse XMCD geometry [20]. The XMCD effect, defined
as difference in x-ray absorption of left- and right-hand cir-
cularly polarized x rays, is a measure of the magnetization
M of the probed material projected onto the k vector of the
incident x rays. The resonant magnetic excitation is realized
by applying linearly polarized continuous microwaves b, to
the sample, polarized parallel to the propagation direction of
the x rays, while the static magnetic field Bgx is orientated
perpendicular to the k vector of the x rays. For the homoge-
neous excitation with high conventional detection sensitivity,
a microresonator setup is used [21].

The sample contains a chain of 19 Fe;O4 [22-25] nano-
particles with particle sizes of 40-50 nm [25] arranged in a
segment of 15 particles and a smaller segment of four particles
offset from this segment by a distance of ~25 nm [Fig. 1(a)].
The nano-particle chain grew naturally by biomineralization
inside a bacterial cell of Magnetospirillum magnetotacticum
[25-27]. The bacteria were obtained from Leibniz Institute
DSMZ—German Collection of Microorganisms and Cell Cul-
tures [28] as actively growing culture and positioned on a
transmission electron microscopy (TEM) grid [Fig. 1(a)]. The
grid with the nano-particles was cut out by focused ion beam
(FIB) milling and placed at the center of the microresonator
loop [Fig. 1(b)]. The external magnetic field Bgy = 0.167 +
0.002T (Fig. 1), corresponding to the resonance field pre-
dicted by our micromagnetic simulations, was applied in the
sample plane along the direction of the chain axis, as indicated
in Fig. 1. The sample was probed under dry conditions at room
temperature at the Fe L3-edge (708 eV [29]) with a focus of
<50 nm, a step size of 25 nm, and a dwell time of 5 s 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 + é)th harmonics of the synchrotron frequency.

In the STXM-FMR measurements, two sets of six con-
secutive images each are recorded pixel by pixel, which
correspond to six images recorded with microwaves on and
six images with microwaves 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
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FIG. 2. (a) Simulated ferromagnetic resonance (FMR) absorp-
tion spectrum in terms of the normalized m, component of the
magnetization over the field range Bgy, = 0.12-0.2 T. (b) Spatial dis-
tribution of the simulated inner demagnetization and outer stray field
at an applied static magnetic bias field of 0.166 T. (c) Six time steps
(At = 24.7 ps) of the dynamic micromagnetic simulation, displaying
a spatially inhomogeneous oscillation response. The normalized m,
out-of-plane component of the magnetization is color coded (—z:
blue, +z: red).

of six 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 were normalized to the average inten-
sity with consecutive minimum-maximum normalization. The
phase and amplitude response at each pixel was obtained by
fitting a sine function to the time-dependent data [30]. The
result is coded in the hue-saturation-brightness (HSB) format
to represent the phase relative to the time # = 0 ps as hue [31],
the amplitude as brightness, and the fit accuracy as saturation
[30].
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FIG. 3. (a) Result of the pixel-by-pixel sinusoidal fit analysis for the scanning transmission x-ray microscopy-detected ferromagnetic
resonance (STXM-FMR) data at Bg,, = 167 mT at f = 6.748 GHz. The phase relative to # = 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 250 000 counts. (c) and (d) Normalized amplitude distribution extracted from (a) and (b) respectively. (e) and (f) Phase and amplitude
distribution of the micromagnetic simulation at Bgy,, = 166 mT at f = 6.748 GHz.

From the scanning electron micrographs [Fig. 1(a)], we
designed a three-dimensional (3D) computer model of the
nano-particle chain (single particle size 50 nm) using the
micromagnetic simulation package MUMAX3 [32,33]. Con-
sidering the not perfectly stoichiometric Fe;O4 with the
known decrease of the Verwey transition temperature [34],
the saturation magnetization Mg,, and the magnetocrystalline
anisotropy constant K; [35], the dynamic simulation was cal-
culated according to Ref. [35] with Mg, = 465kA/m, and a
first-order cubic anisotropy constant K; = —1.0 x 10*J/mj.
The exchange stiffness was setto A = 1.32 x 107! J/m [36],
and the simulation 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
[Fig. 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 an uniaxial magnet with one resonance
mode per field orientation [37]. Evidently, variations in the
orientation and strength of the dipolar coupling between the
particles in a chain produce complex magnon dispersion rela-

tions with multiple resonance lines and even magnonic band
gaps, where resonances involving the same group of particles
have incommensurate spatial mode profiles [9]. The variations
in dipolar coupling are most pronounced in chain geometries
with irregular particle spacings [9]. Indeed, for the chain
at hand, the micromagnetic simulation confirms pronounced
variations in dipolar coupling strength [Fig. 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 dynamic micromagnetic simulation [Fig. 2(c)], 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 [Fig. 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 axis [compare with Fig. 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,
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we expect a nonhomogeneous microwave response along the
particle chain.

Indeed, the experimentally determined resonance ampli-
tudes [Figs. 3(a) and 3(c)] are strongest (high brightness
purple, white) in the main segment of the chain, but almost
vanish in the left four-particle segment extending from x = 14
to 22 px at y = 10 px. Although individual particles cannot
be resolved due to the limited focus (50 nm) at the Fe L3, the
upcurving bright white intensity pattern (x = 2548 px and y
= 6-12 px) tracks the curvature of the main segment of the
chain. We note that, in Figs. 3(a) and 3(c), we find a nonzero
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 small crosstalk between the applied
microwave and the (shielded) avalanche photodiode. Since the
setup described in Ref. [16] represents a high-quality factor
lock-in amplifier tuned to the exciting microwave frequency,
even the smallest fraction of microwave power at the diode
will be detected. In consequence, also without a sample, a
nonzero signal is observed. To remove the visibility of this
background, we discriminate the detected channel with a
value of 250 000 counts (see the Supplemental Material [38]),
revealing a clearly distinguishable resonant response of the
particle chain with the highest amplitude along the upcurving
chain segment. The phase map [Figs. 3(a) and 3(b)] reveals a
largely uniform resonant response of the particle chain (270°
to 300°) and is consistent with the time snapshots of the mi-
cromagnetic simulation [Fig. 2(c)]. For comparison between
experiment and theory, we evaluated the snapshot sequences
from the micromagnetic simulations in the same way as the
experimental image sequences to obtain phase and amplitude
maps [Figs. 3(e) and 3(f)]. All simulation results are pictured
at Bpxe = 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, re-
sulting 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 [compare
Fig. 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 oscil-
lates antiphasic to the rest of the chain [Fig. 3(e)], albeit with
very low amplitude [Fig. 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 [Fig. 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
[Fig. 3(H)].

In summary, we observe a uniform phase but nonuni-
form amplitude response of the nano-particle chain. With the
STXM-FMR technique, we thus demonstrate a measurement
of a ferromagnetic resonance mode of a nano-particle chain
in a spatially resolved manner (<50 nm). This technique
allows us to element-specifically examine the functionality
of both periodic and nonperiodic magnetic nanostructures of
future magnonic and spintronic devices, like for magnon spin
transistors [39] and biomagnonics [9,40], complementing spa-
tially resolved, nonelement-specific, experimental techniques
and micromagnetic simulations. A 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.
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