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Abstract. We study the effect of strain on the magnetic properties and
magnetization configurations in nanogranular Fe;Gei_, films (z = 0.53 £
0.05) with and without B20 FeGe nanocrystals surrounded by an amorphous
structure. Relaxed films on amorphous silicon nitride membranes reveal a
disordered skyrmion phase while films near and on top of a rigid substrate
favor ferromagnetism and an anisotropic hybridization of Fe d levels and spin-
polarized Ge sp band states. The weakly coupled topological states emerge at
room temperature and become more abundant at cryogenic temperatures without
showing indications of pinning at defects or confinement to individual grains.
These results demonstrate the possibility to control magnetic exchange and
topological magnetism by strain and inform magnetoelasticity-mediated voltage
control of topological phases in amorphous quantum materials.
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1. Introduction

Coordination and strain govern the hybridization of electron orbitals in solid-
state materials and can fundamentally affect electronic and magnetic properties
of functional materials. Systems with inversion symmetry breaking and dominant
Dzyaloshinskii-Moriya interaction [1, 2], such as cubic B20 FeGe [3, 4, 5, 6, 7, 8, 9],
stabilize a variety of topological phases, including spin knots commonly referred to as
hopfions [10, 11, 8, 9], that may find application in racetrack memory [12, 13, 14], spin
resonators [15, 16], magnetic tunnel junctions [17, 18], topological magnonics [19, 20],
or physical reservoir computing [21, 22]. For either application, a magnetoelasticity-
mediated voltage control of magnetic exchange, magnetic anisotropy, saturation
magnetization, and topological phases is desirable. The latter aspiration has mainly
driven research in two-dimensional van-der-Waals materials [23, 24, 25, 26, 27, 28].
However, recent advances in creating amorphous topological insulators [29, 30, 31],
amorphous topological superconductors [32], amorphous topological metals [33],
amorphous spin liquids [34, 35], and amorphous topological magnetic systems [36, 37]
demonstrated that these considerations go beyond lattice symmetry. The structural
and chemical disorder, that can be tuned by deposition temperature and rate
[38, 39, 40] and post-growth annealing [41, 42, 43], cause an inequivalency of sites
and a distribution of magnetic exchange, moment, and single-ion anisotropy [44]. The
resulting exchange interactions can be much stronger than in crystals [45] and change
its sign [46, 47], promoting spin frustration and the formation of spin glasses and
topological phases [45].

Strain-induced modifications to the orbital hybridization enabled the tuning
of ferromagnetic resonances [48, 49] and magnetic exchange in multilayers with
perpendicular magnetic anisotropy [50] as well as the manipulation of topological
states using, e.g., surface acoustic waves [51, 52, 53, 54, 55]. Strain is also envisioned to
alter the topology of magnetic states [56, 57, 58, 59, 60]. Isotropic pressure in itinerant
metals allowed for increasing the delocalization of electrons, weakening magnetism
[61, 62], and decreasing transition temperatures [63, 64]. By extension, films grown
on rigid substrates and free-standing membranes are likely to yield distinct physical
properties due to varying deposition conditions (thermal conductance) and strain
relaxation, and to provide a prototypical system to demonstrate the strain control
of magnetic exchange to promote topological magnetism in films.

Here, we demonstrate the influence of coordination and strain on the magnetic
properties of nanogranular Fe,Ge;_, films (x = 0.53 £ 0.05) with and without
B20 FeGe nanocrystals embedded in an amorphous structure. The composition is
chosen to promote the formation of helical spins and topological magnetic states
[36]. The films are grown on amorphous silicon nitride wafers and membranes
to showcase the differences in magnetic anisotropy, exchange, and saturation
magnetization associated with strain relaxation. X-ray magnetic circular dichroism
spectroscopy confirms the hybridization of Fe d levels and Ge sp band states by
detecting an induced germanium moment and quantifying the orbital-to-spin moment
ratio. Comparison with the orientation-dependent gyromagnetic ratio derived from
ferromagnetic resonance spectroscopy corroborates the effect of lateral isotropic
strain and an orientation-dependent spin mixing typically absent in iron compounds.
Magnetic imaging reveals the formation of a disordered skyrmion phase with a
feature size < 100 nm in relaxed films on membranes while films near and on top
of the rigid support are ferromagnetic. The activation and freezing temperature of
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weakly coupled topological states, extracted from their thermal spin fluctuations with
x-ray photon correlation spectroscopy, coincide with the temperature dependence
of the magnetization configuration and the blocking temperature obtained with
magnetometry.

2. Materials and methods

2.1. Synthesis

The iron germanium films were co-evaporated from standard (Ge) and high-
temperature (Fe) effusion cells on amorphous silicon nitride and capped with a 10 nm-
thick aluminum layer using an Octoplus 300 evaporation system (MBE Komponenten
GmbH) with a vacuum base pressure ~ 107!° mbar. Growth rates for iron
[United Minerals and Chemicals (UMC), 99.99%], germanium (UMC, 99.9999%), and
aluminum (UMC, 99.9999%) were 0.09 A/s, 0.15 A /s, and 0.15 A /s, respectively, with
an effective deposition temperature of 300 to 320 K due to radiation heating from the
effusion cells. The 4 x (7 = 1) nm films (S6) were grown in four steps of a 10 nm
deposition (nominal thickness tst) with a 5 min-long pause [Table 1]. Structural
characterization, magnetometry, and ferromagnetic resonance (FMR) spectroscopy
were carried out with 200 nm-thick amorphous low-stress silicon nitride films deposited
by low-pressure chemical vapor deposition on 525 pm-thick silicon wafers (Rogue
Valley Microdevices). Kerr and Lorentz microscopy as well as x-ray magnetic circular
dichroism (XMCD) spectroscopy and coherent x-ray scattering were performed with
30 nm-thick silicon nitride membranes on 200 pm-thick silicon frames (Norcada). All

samples have a lateral size of roughly (2.6 x 2.6) mm?.

2.2. Chemical and structural characterization

The adhesion of individual elements during co-deposition strongly depends on the
substrate, co-evaporants, and deposition temperature and rate and leads to deviations
of the actual film thickness and composition from their respective nominal values. The
different adhesion for iron and germanium and a composition of x = 0.53 £ 0.05
(Fe,Gej_,) [Table 1], deviating from the nominal value zsy = 0.38 set by the
individual evaporation rates, were confirmed by energy-dispersive x-ray spectroscopy
using Fe K and Ge K absorption edges with an FEI Helios NanoLab 660 at
the Nano-Engineering Research Core Facility at the University of Nebraska-Lincoln
(Lincoln, NE). Assuming an iron adhesion of 100% and identical atomic radii for
Ge (122 pm) and Fe (126 pm), the actual iron germanium film thickness was
calculated as t = *=t{,; and exemplarily confirmed by x-ray reflectometry (see
Supporting Information). X-ray reflectometry was performed with a Rigaku SmartLab
diffractometer equipped with a Cu-K, radiation source at the Nebraska Center for
Materials and Nanoscience (Lincoln, NE). The smaller actual film thickness and
increased iron concentrtion originate from a markedly lower Ge adhesion of Age =
Eii = 50%. A PANalytical Empyrean diffractometer equipped with a Cu- K|, radiation
source allowed for determining the crystallographic orientation at the Nebraska Center
for Materials and Nanoscience (Lincoln, NE). The resulting spectra were noise-filtered
using a Savitzky-Golay filter with a 0.118° window and second-order polynomial.
The topography of the iron germanium films was characterized by means of atomic
force microscopy using a Jupiter XR Asylum Research AFM with Budget Sensors
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Table 1. Investigated nanogranular iron germanium (Fep,Gei_.) films with
nominal composition zset = 0.38 and thickness t = w;”tset. The root mean
square of roughness (RMS) is measured over an area of 9 um?. Coordination and
phase segregation affect the sample-averaged saturation magnetization Ms(0 K).
The blocking temperature Tz is governed by the grain size without a noticeable

dependence on the crystallinity. B20 denotes the cubic B20 crystal phase of FeGe.

Composition x t [nm)] RMS [nm]  Grain size [nm)] Crystal phase
S1| 053+005 29+3 4.7 55+ 5 B20(111), B20(200), Fe(110)
s2 | 0.57+0.05 27+3 1.7 None B20(200), Fe(110)
S3 0.49 £ 0.05 62+ 6 5.9 72+ 10 None
S4 0.54 +£0.05 56 £5 4.9 52+5
S5 0.53 £0.05 TE£1 2.8 40+ 10 None

S6 | 0514£005  4x(7+1)

(Tap 150 Al-G) tips in tapping mode at the Molecular Foundry (LBNL, Berkeley,
CA). Transmission electron microscopy and selected-area electron diffraction with a
10 pm pinhole were carried out using a 300 keV aberration-corrected transmission
electron microscope (TEAM I) with a Gatan K3-IS direct electron detector operated
in electron-counting mode (resolution at 3300x: 0.55 nm) at the Molecular Foundry
(LBNL, Berkeley, CA).

2.3. Magnetic characterization

Vibrating sample magnetometry and AC susceptibility measurements with a drive
amplitude 0.8 kA/m at 4 kHz were performed with a DynaCool Physical Properties
Measurement System (Quantum Design) to derive the volume-integrated magnetic
hysteresis loops and temperature dependence of the saturation magnetization M (T).
The blocking temperatures of the nanogranular films were extracted from the noise-
filtered M(T) curves using a Savitzky-Golay filter with a 12.5 K window and
second-order polynomial. The angular dependence of the magnetization reversal
was determined by means of magneto-optical magnetometry with a spatial resolution
< 0.5 mm and long-term stability guaranteed by dual-phase lock-in amplification of
probe (1.4 kHz) and reference (1.68 kHz) beam [65]. Longitudinal and transverse
magnetization components were simultaneously visualized on the micrometer scale
using a full-field magneto-optical Kerr effect microscope (Evico Magnetics GmbH)
with a magnification of 50x (resolution: 235 nm) and modulated LED illumination.
The transverse resistivity, reflecting the anomalous Hall effect, was obtained in van-
der-Pauw geometry using the Electrical Transport Option (177 Hz) of the DynaCool
system.

Broadband spectroscopy of ferromagnetic resonances leveraged a CryoFMR
(NanOsc Instruments) inside the DynaCool system. The samples were placed face-
down on a coplanar waveguide that probes an area of roughly 0.65 mm? along its
250 pm-wide conductor. To enhance sensitivity, the field derivative of the absorption
intensity was detected using a constant-frequency excitation field via two Helmholtz
coils and sweeping the DC magnetic bias field across the resonances. A Savitzky-
Golay filter with window length 19 and a second-order polynomial was applied to the
resulting spectra to reduce noise while maintaining the width of the resonances.

The spin and orbital moments as well as the element-specific hysteresis loops
were obtained from XMCD spectroscopy at beamline 4.0.2 at the Advanced Light

M [kA/m]

225 + 22
601 £ 61
250 + 25
344 £ 34
174 £ 17
521 £ 53



Magnetic Order in Nanogranular Iron Germanium (Fey 53 Gep.ar) Films 6

Source (LBNL, Berkeley, CA) providing a degree of polarization of 0.9 and a circular
polarization across the entire energy range. The x-ray absorption spectra (XAS) near
the Fe L3 o [(690 ~ 750) €V] and the Ge L3 2 [(1200 ~ 1290) eV] edges were recorded
using total electron yield (surface, probing depth of about 6 nm) and luminescence
electron yield (bulk) while applying an external magnetic field (£318 kA/m). The
luminescence yield signal was obtained by illuminating a luminescent Al;O3 substrate
downstream with the transmitted x-rays.

Imaging of the magnetization configuration on the submicrometer scale and at
cryogenic temperatures was achieved by operating TEAM I in Lorentz mode. The films
were allowed to thermally equilibrate for 30 min at each set temperature before the
image sequences (1002 frames within 8 s) were recorded. The objective lens served as
a solenoid to create a magnetic field along the sample surface normal while monitoring
the in-plane magnetization configuration. Images were recorded at a constant defocus
value of —0.2 mm set by the Lorentz lens current to limit electrostatic contributions.

Thermal spin fluctuations in the absence of any external magnetic field were
investigated using coherent soft x-ray scattering and x-ray photon correlation
spectroscopy (XPCS) at beamline 23-ID-1 at the National Synchrotron Light Source
IT (BNL, Upton, NY). After the set cryogenic temperature was reached and stable,
the system was allowed to thermally equilibrate for 30 min before starting to record
the time series. Element specificity to the out-of-plane magnetization component was
provided by illuminating the sample at normal incidence and tuning the energy of
circularly polarized photons to the Fe L3 edge. The high coherent flux enabled us to
probe the spin dynamics with a 10 Hz temporal resolution.

3. Results and discussion

3.1. Nanogranularity

The iron germanium films possess a nanogranular texture [Fig. 1(a), Supp. Fig. 2]
with a root mean square of roughness of 5 nm that mainly depends on the grain
size distribution [Table 1]. Calculating the Fourier transforms of the topography
[Fig. 1(b), Supp. Fig. 2] divulges an isotropic distribution of short-range-ordered
grains with an average grain size of 55 nm that varies with film thickness and
effective growth temperature [Table 1]. The grains deviate from an isotropic shape
and are physically connected [Fig. 1(b,c)] and, as evident from magnetic imaging
[Fig. 5], exchange coupled. A spatially varying grain contrast in transmission
electron microscopy [Fig. 1(c)] suggests different crystallographic orientations in each
grain. This nanocrystallinity is also apparent in the electron diffraction that unveils
individual reflexes and two sharp faint rings as well as a prominent broad ring
characteristic of an amorphous structure [Fig. 1(c)].

The formation of nanocrystals within an amorphous iron germanium structure
is corroborated by x-ray diffraction. Figure 1(d) plots the two-theta scans for the
bare substrate and iron germanium films S1 and S2 [Table 1], revealing prominent
silicon and FeGe reflexes at large and small angles, respectively. The bottom graph
displays the two-theta scans for the substrate and nanogranular iron germanium films
S3 and S5 [Table 1] without apparent crystallinity, i.e., exhibiting an amorphous
nanogranular structure. Amorphous silicon nitride appears as a broad peak around
33°. In addition, we observe two pronounced reflexes at 33.1° and 38.28° that are
identified as (111) and (200) of cubic B20 FeGe according to the Bragg condition



Magnetic Order in Nanogranular Iron Germanium (Fey 53 Gep.ar) Films 7

T

0 0.5 1
Distance [um]

™ T T

(a)

0 L ==
0 20 40 60 80
Distance [1/pm]

|
[ — a-Si-N/Si(100) — S3 — S5

B20 B20
FeGe FeGe
(111) (200)

30 40 50 60 70
2-theta [degrees]

Figure 1. Structural properties of nanogranular iron germanium films on
silicon nitride substrates and membranes characterized using (a,b) atomic force
microscopy, (c) transmission electron microscopy, and (d) x-ray diffraction. Scale
bar is (a) 500 nm and (c) 100 nm. (b) Line profile and angle-averaged Fourier
transform to determine the grain size. (c) Selected-area electron diffraction
using a 10-pm pinhole revealing an isotropic distribution of nanocrystalline
grains. Microscopy data are shown for S1. (d) Two-theta x-ray diffraction scans
confirming growth of (top) B20 FeGe nanocrystals within an amorphous structure
and (bottom) pure amorphous structure.

20 = 2arcsin [A/(2dpk)] with A = 0.154 nm (Cu-K,) and dgp = a/Vh? + k2 + 2.
The extracted out-of-plane lattice constant a for FeGe(111) is similar to a = 0.4679 nm
for epitaxial B20 FeGe(111) on Si(111) [66, 67, 68] while FeGe(200) requires a larger
value of a = 0.469 nm. Except for a less significant peak at 44.5° that may originate
from cubic Fe(110) at 44.76° or hexagonal B35 FeGe(002) at 44°, no indications of
antiferromagnetic iron germanium, such as B35 FeGe [69, 70] and monoclinic FeGe
[71], or Ge nanocrystals [70] were found. The overall small intensity of B20 FeGe
reflexes agrees with earlier works on amorphous iron germanium films with similar
composition that were assigned to exhibit a short-range order resembling that of B20
FeGe [72, 36]. Moreover, observing nanogranular amorphous structures with and
without embedded nanocrystals, governing the coordination and magnetic properties,
is consistent with full-field transmission electron microscopy. The latter unveiled
nanocrystals smaller than their respective grains [Fig. 1(c)] owing to the existence
of a disordered shell likely associated with segregation.

3.2. Magnetization switching

The substrate growth temperature, coordination [73], surface roughness, and
granularity have a profound impact on the temperature dependence of the saturation
magnetization My [Fig. 2(a)]. Despite having virtually the same net composition
[Table 1], each sample behaves differently showcasing the high sensitivity of magnetic
properties to the local atomic environment and the need for a holistic study. This work
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Figure 2. Magnetization switching in nanogranular iron germanium films
on silicon nitride substrates. (a) Temperature dependence of saturation
magnetization for various nanogranular films retrieved from vibrating sample
magnetometry. (b) Saturation magnetization for S1 and AC susceptibility.
Arrows in (a) and (b) indicate blocking temperatures. (c,d) In-plane magnetic
hysteresis loops for S1 recorded with (c) vibrating sample magnetometry and
(d) magneto-optical Kerr effect magnetometry corroborating nearly isotropic
magnetic properties. (e) Transverse resistivity for S1 obtained in van-der-Pauw
geometry. (f) Room-temperature hysteresis loops for longitudinal and transverse
magnetization components in annealed films (S1) on flexible membranes measured
simultaneously with Kerr microscopy (field applied in longitudinal direction).

focuses on 30 nm-thick nanogranular films with B20 FeGe nanocrystallites (S1) that
e
T,

o
defy both Bloch law [74] and empirical expression M(T) = M;(0 K) [1 - (

[65], which is typically used to differentiate 3D Ising models (§ = 0.375) [75, 76] and
2D Ising models (6 = 0.125) [77] as well as homogeneous films (7 = 1.5) [74, 36] and
nanogranular films (n = 2) [78, 79]. Among the displayed M (T') curves, S1 is unique
in the sense that the saturation magnetization linearly increases with decreasing
temperature, likely due to the coexistence of ferromagnetic and paramagnetic phases
above the blocking temperature Tz, which is found to depend on grain size rather than
crystallinity [Table 1]. DC and AC magnetic susceptibility peak around Tp = 24 K
and 35 K, respectively [Fig. 2(b)] indicating a phase transition that appears more
prominent and at higher temperature in the 60 nm-thick films with larger grains and
surface roughness [Fig. 2(a)]. The blocking temperature agrees well with earlier works
on epitaxial polycrystalline B20 FeGe on Ge(100) [80] but does not infer a complete
transition between ferromagnetism and superparamagnetism as demonstrated by
magnetometry [Figs. 2(c—e)] and magnetic imaging [Fig. 5]. In comparison with
epitaxial B20 FeGe(111), the saturation magnetization of S1 on a rigid substrate is
roughly 70%, i.e., 225 kA/m (0.65 pup per iron atom) vs. 330 kA/m (0.924 pp per
iron atom) [81, 67].

All nanogranular films are soft-magnetic with a preferred in-plane magnetization
and are nearly isotropic in the plane [Figs. 2(c—e)]. The transverse resistivity is
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plotted in arbitrary units to retrieve the saturation field by extrapolation and to
quantify the magnetic anisotropy for S1 according to K, = % woHs M as K, (300 K) =
(1143) kJ/m3 and K,(100 K) = (52 +6) kJ/m?. Subtracting contributions from the
demagnetization field yields the intrinsic magnetic anisotropy K,; = K, — % woM2N
with the demagnetization factor N. The small saturation magnetization reduces
the impact of the demagnetization factor that takes unity for an infinite plane
geometry but can become N 2> 0.5 for nanogranular films [82]. A rough estimate
of N = 0.9 infers a change in K,; that is within the experimental uncertainty. The
demagnetization factor can further decrease if the intergranular exchange weakens
as observed in films on membranes [Fig. 5]. The corresponding in-plane magnetic
anisotropy increases with decreasing temperature K,;(300 K) = (8.3 + 3) kJ/m?3 and
K,:(100 K) = (32.2 £ 7) kJ/m? suggesting a significant strengthening of magnetic
exchange with decreasing temperature in agreement with the temperature dependence
of the saturation magnetization derived from FMR spectroscopy [Fig. 3(f)].

Films on silicon nitride substrates with a remanent in-plane magnetization of
(0.25 ~ 0.5) My exhibit a room-temperature coercive field ranging from 0.4 to
0.5 kA /m that decreases, due to strain relaxation, on the membrane within a few tens
of micrometers from the frame (rigid support) to 0.15 to 0.3 kA/m. Regions further
away from the substrate do not reveal any magnetic signal detectable by magneto-
optical means. This observation is consistent with low-temperature iron germanium
films that possess a large uniaxial strain and larger saturation magnetization compared
with room-temperature films [Supp. Fig. 3]. Markedly, a magnetic hysteresis loop
with a coercive field of 1 kA/m and remanent magnetization of 0.8 M, emerges after
thermal annealing [Fig. 2(f)] due to sustained resonant x-ray illumination that alters
the coordination without affecting the composition. This tendency is in agreement
with an increased saturation magnetization following annealing of iron germanium
[73] and laser-induced ordering generating ferromagnetism [43].

3.3. Ferromagnetic resonances

The locally varying orientation of the magnetic anisotropy and saturation
magnetization in the nanogranular films is apparent in multiple nearby ferromagnetic
resonances and a sizable inhomogeneous line broadening. The spectra taken for S1 in
out-of-plane geometry, i.e., DC magnetic bias field applied along the surface normal
and in-plane AC driving field, reveal numerous prominent resonances [Fig. 3(a)] due to
slightly different grain orientation concurrent with transmission electron microscopy
[Fig. 1(c)]. Two-magnon scattering [83, 84, 85] on defects and nanogranular boundaries
[86] in in-plane geometry causes spin dephasing, less pronounced individual resonances
[Fig. 3(b)], an overall broader resonance, and a rapid decline of the absorption
intensity with increasing excitation frequency [Fig. 3(c)]. The in-plane and out-of-
plane spectra are fitted using one (single-peak) and two (double-peak) derivatives of
the sum of symmetric and asymmetric Lorentzians [87], respectively. While increasing
the number of fitted resonances (double-peak, triple-peak etc.) generally yields
better fits, an exceedingly large number of fitting parameters makes the analysis
arbitrary and does not significantly change the extracted physical quantities except
for the inhomogeneous line broadening. The calculated quality factor for out-of-plane
geometry ranges from 50 to 100 for double-peak fitting and from 25 to 30 for single-
peak fitting. This is in stark contrast to the in-plane quality factor of 2 to 5 (single-
peak-fitting). Note that this collective value underestimates the quality factor for
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Figure 3. Ferromagnetic resonances in S1 films on silicon nitride substrates.
(a) Out-of-plane and (b) in-plane ferromagnetic resonance spectra taken at
150 K consisting of multiple nearby resonances. The in-plane and out-of-plane
resonance is fitted using one and two derivatives of the sum of symmetric and
asymmetric Lorentzians, respectively. (c) Integrated power absorption derivative.
(d) Dependence of the ferromagnetic resonance on magnetic bias field. (e) In-plane
and out-of-plane magnetic anisotropy corroborating lateral isotropic strain and a
preferential in-plane easy-plane spin orientation. (f) Saturation magnetization
substantially larger than the magnetometry value and temperature-independent
anisotropic gyromagnetic ratio y. Horizontal line indicates free-electron value
(mo = 0).

individual grains.
Fitting the analytical expressions for the relationship between resonance
frequency and resonance field [88, 89, 87]:

27Tfr”es = ’YMO\/(HrIes +H”) (HI“leb +HH - HL +Mé) 5

27 rJéS = THo (Hrjés - HJ— - MS) ’
to the experimental in-plane and out-of-plane data, respectively, [Fig. 3(d)] allows
for quantifying the in-plane (H)) and perpendicular (H 1) magnetic anisotropy fields
related to the respective anisotropies via K = uoM,H [Fig. 3(e)] as well as the
saturation magnetization M and the gyromagnetic ratio v [Fig. 3(f)]. The negligible
in-plane anisotropy despite strong spin damping is consistent with magnon scattering
at grain boundaries and the isotropic behavior of the angle-dependent magnetometry
data [Fig. 2(d)]. Both sign and magnitude of the easy-plane magnetic anisotropy K |
are concurrent with magnetic hysteresis loops [Figs. 2(c—e)] suggesting a strengthening
of magnetic exchange with decreasing temperature. In addition, FMR spectroscopy
reveals a substantially larger saturation magnetization compared with vibrating
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sample magnetometry [Figs. 3(f), 2(a)], indicating the aforementioned segregation
at, e.g., grain boundaries and/or contributions from Fe(110) nanocrystals.

3.4. Anisotropic orbital hybridization

The gyromagnetic ratios derived from FMR spectroscopy are persistently different
for in-plane and out-of-plane geometry and nearly independent of both temperature
and number of resonances used for fitting [Fig. 3(f)]. This discrepancy is inherent
to the nanogranular iron germanium films and not a measurement artifact as prior
studies using, e.g., single-crystal yttrium iron garnet revealed nearly perfect agreement
between vibrating sample magnetometry and FMR spectroscopy values and an
orientation-independent Landé factor [87]. The gyromagnetic ratio v = g4 = g5
is directly proportional to the ratio of orbital (m,) to spin (m,) moment [90]: )

Mo g—2 Me
_ =~
Mg 2

and provides insight into the anisotropic orbital hybridization in terms of the averaged
local atomic environment. Here, we use the Landé factor g, the Bohr magneton up,
the free electron mass m., and the elementary charge e. For out-of-plane geometry,
we obtain vy = 0.222 MHz/(u0A/m) corresponding to g = 2.009 and == = 0.004
that are close to values for free electrons. The in-plane values are 51gn1ﬁcantly larger,
namely, v = 0.24 MHz/(poA/m), g = 2.17, and 72 = 0.086. Note that neither
calculation considered contributions from germanium or spin mixing that is reportedly
negligible in iron compounds compared with, e.g., nickel and cobalt [91]. Comparing
these quantities with literature values for pure iron (g = 2.085, = = 0.042) [92, 91]
suggests a deformation of the Fe 3d orbitals by germanium or the lateral isotropic
strain and/or an orientation-dependent spin mixing.

The corresponding hybridization between Fe d levels and Ge sp band states is
evident from XAS/XMCD spectroscopy in terms of an induced germanium moment
[Fig. 4(a)] that increases with the iron concentration and is parallel to the iron moment.
Correlating the element-specific out-of-plane magnetic hysteresis loops for iron with
the transverse resistivity [Fig. 2(e)] reveals a saturation field that is 50% smaller
for films on membranes than on substrates owing to strain relaxation [Fig. 4(b)].
Switching of the germanium moment could not be resolved. Further comparison is
given in terms of the iron orbital-to-spin moment ratio, quantified using the sum

rules Z" = 361) v [93, 94] with the spectrum integrals ¢ = fL3+L2 s — p— ) dw
and p = [ Ls (44 — p—) dw. The experimental uncertainty is dominated by statistical

errors of consecutive spectra and the omission of the dipole operator term [95]. Within
experimental uncertainty, the orbital-to-spin moment ratio is 0.1 and independent of
temperature and region, i.e., surface or bulk, [Fig. 4(c)] and consistent with earlier
work on amorphous iron germanium films with similar composition [36]. This infers
that both surface and bulk regions have similar properties in contrast to Co-Si
nanocrystals that developed a non-magnetic core and ferromagnetic shell [96]. An
orbital-to-spin moment ratio of 0.1 corresponds to g = 2.222 and differs markedly from
the FMR data [Fig. 3(f)]. It is important to note that the FMR spectroscopy values are
obtained with nanogranular films on substrates while XMCD spectroscopy uses relaxed
nanogranular films on membranes. In addition, FMR values can be substantially
smaller than XMCD data owing to contributions from the dipole operator, effectively
decreasing the spin moment at the surface by < 10% in XMCD [95], and the neglect
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Figure 4. X-ray absorption spectroscopy and iron moment derived from x-
ray magnetic circular dichroism in S1 films on silicon nitride membranes. (a)
Absorption and dichroism spectra near Fe and Ge L3 edges for bulk and surface
regions. Gray Ge dichroism spectrum is recorded with iron-rich sample. (b)
Element-specific out-of-plane magnetic hysteresis loops revealing saturation fields

for membranes Ht™ =~ %H :;tb smaller than for substrates. (c¢) Spin and orbital

moments for iron using iron electron hole density.

of a possible spin mixing that could notably increase the orbital-to-spin moment
ratio in FMR, spectroscopy [91]. Moreover, the spin and orbital moments, calculated
using the charge carrier concentration of pure iron, are mere estimates since the
carrier concentration strongly depends on composition and short-range order. The
moments are one order of magnitude smaller than for iron [97] and considerably smaller
than M,(0) =~ 1 up per Fe atom observed in B20 FeGe single-crystals [81, 67] and
amorphous films [36].

3.5. Magnetization configuration in strained and relazed films

Confirmation of the anisotropy and inhomogeneity of magnetic properties, deduced
from spectroscopy and magnetometry, is given by visualizing the in-plane
magnetization components with Kerr and Lorentz microscopy. The former confirms a
soft-magnetic film on the rigid substrate with a sizable in-plane magnetization at room
temperature. A branching-like domain pattern [98] develops in the transition region
between frame and membrane due to locally varying strain that weakens the magnetic
anisotropy, exchange, and saturation magnetization [Fig. 5(a)]. The domain walls
branch out perpendicular to the edge along the strain gradient and are particularly
prominent after AC demagnetization. The reduction in magnetic anisotropy and
exchange causes the room-temperature saturation magnetization to virtually vanish
within 50 pm from the frame. A phase transition from the nearly non-magnetic to a
ferromagnetic system with macroscopic domains [Figs. 5(b), also 2(f)] can be triggered
by local thermal annealing, inducing an optically visible change in topography. To
this end, sustained illumination with resonant x-rays provides a means to alter the
coordination of the nanogranular film, similar to laser-induced ordering [43], while
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Membrane

Orientation of
in-plane magnetization

(b) 4.8 kA/m

Figure 5. Magnetization configuration in S1 films on silicon nitride membranes
visualized with Kerr and Lorentz microscopy. (a) Branching-like domain pattern
forming as AC demagnetized room-temperature configuration near transition
between flexible membrane and rigid substrate. (b) Magnetic contrast on
membrane appearing after local thermal annealing at room temperature. (c,d)
Room-temperature in-plane magnetic induction of the same area near the frame at
(c) remanence and (d) in the presence of an out-of-plane magnetic field (4.8 kA /m)
confirming intergranular exchange and formation of non-collinear spin textures
in ferromagnetic phase. In-plane magnetic induction (e,f) near the frame and
(g,h) near the central region of the membrane. The 255 K phases unveil an
increased density and intensity of magnetic contrast originating from non-collinear
spin textures. The striped contrast perpendicular to the main magnetization
component in (e,f) strengthens with decreasing temperature. In-plane components
of magnetization are represented by color shown as inset in (a). Scale bar is (a,b)
30 pm and (c-h) 300 nm.

preserving its macroscopic composition.

The weak magnetic contrast in S1 films on membranes is spatially resolved with
Lorentz microscopy using the transport-of-intensity equation (TIE) [99]. Assuming a
spatial confinement of the magnetic induction to the nanogranular film and a magnetic
induction solely due to the magnetization, i.e., neglecting any magnetic stray field
contributions, allows for deriving the in-plane components of the magnetization as the
two-dimensional gradient of the reconstructed electron phase [100]. The complete set
of electron intensities, reconstructed electron phases, and magnetization configurations
is shown in Supporting Figures 4-6. To verify the magnetic origin of the contrast
and negligible pinning at defects/grains, the sample was exposed to a magnetic field
(4.8 kA/m) applied along the surface normal inducing a noticeable change in the
in-plane magnetization. This is demonstrated for a region near the frame with
ferromagnetic domains [Figs. 5(c,d), Supp. Fig. 4]. A closer look reveals tolerable
electrostatic contributions despite nanogranularity and nanocrystallinity that do not
disturb the magnetic contributions.

The magnetization near the frame does not fundamentally change by cooling the
sample down to 255 K [Figs. 5(e,f)], yet unveils crucial details. Ferromagnetic domain
walls are mobile and domains can break up. The presumed structural contributions at
room temperature [left side of Fig. 5(e)] vanish indicating a pure magnetic origin. A
similar rationale applies to the decoration of domain walls with chiral spin textures at
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cryogenic temperatures that suggests the possibility to find them also in films on silicon
nitride substrates in spite of a stronger ferromagnetic coupling. The striped contrast
perpendicular to the main magnetization component strengthens and straightens with
decreasing temperature. Its regular periodicity, orientation, and long-range order
hint at the formation of meander domains as a precursor phase to helical or conical
spin lattices [36]. In contrast, the weakening of magnetic anisotropy, exchange, and
saturation magnetization near the central region of the membrane causes a disordered
skyrmion phase with a feature size < 100 nm [Figs. 5(g,h)] similar to those observed
in amorphous iron germanium films [36]. Note that the field of view might slightly
differ due to the lack of resemblance (fiducial markers for alignment). The 255 K
phases exhibit an increased density and intensity of magnetic contrast originating
from the chiral spin textures while electrostatic contributions remain unchanged.
The formation of a topological state on the surface of nanogranular structures, due
to curvature-induced Dzyaloshinskii-Moriya-like interaction [101, 102], is unlikely
because of existing intergranular exchange and similar spin and orbital moments for
surface and bulk regions [Fig. 4(c)]. The latter were to differ to guarantee a magnetic
shell instead of a solid magnetic geometry [96].

By analogy with the magnetic field manipulation [Figs. 5(c,d)], neither spin
configuration reveals a noticeable pinning at defects or confinement to individual
granular regions. Given the structural properties of the 30 nm-thick nanogranular
films with B20 FeGe nanocrystal inclusions, S1 could function as a disordered two-
dimensional magnetic shift register or be used for reservoir computing [103, 21] owing
to thickness modulation and variations in crystallinity and crystal orientation.

3.6. Interaction between topological magnetic states

A quantitative estimate of the coupling between the topological states is given in
terms of speckle analysis [104] with XPCS associated with the ordering of the out-of-
plane magnetization component of the magnetic cores at remanence. The Fraunhofer
diffraction of the coherent resonant x-ray beam deflecting from the sample lacks a
well-defined symmetry (ring instead of Bragg peaks) [Fig. 6(a)] due to the absence of
long-range-ordered helical or skyrmion phases, observed in other amorphous materials
[105, 106, 37], which is consistent with the microscopy data [Figs. 5(g,h)]. A
representative waterfall plot (temporal evolution of a line profile) through the speckle
pattern, showcasing its dynamics, is displayed in Figure 6(b). The complete set of
diffraction patterns and a selection of waterfall plots are shown in Supporting Figures 7
and 8. The normalized autocorrelation functions go — 1 for the ten and hundred
most intense speckles, highlighted in Figure 6(a), are individually computed [Supp.
Figs. 9, 10] and averaged [Fig. 6(c)] to obtain the intermediate scattering function,
i.e., dynamical structure factor F(q,t) assuming a beam coherence A = 1 according
to [107, 108]:

g2(q,t) =1 = <I(q’<TI)(I(§qT’)T>; Wy = AR,

The resulting correlation functions are fitted with the analytical expression:

Fla.t)] = e [ <t>ﬁ] ,
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Figure 6. Thermal spin fluctuations in S1 films on silicon nitride membranes
probed with resonant coherent x-ray scattering at remanence and the Fe L3
absorption edge using circularly polarized photons. (a) Speckle pattern with the
100 most intense reflexes highlighted, which were used for x-ray photon correlation
spectroscopy. The large isotropic ring pattern exceeds the detector area leading to
a partially covered reciprocal space as illustrated by the inset. (b) Representative
waterfall plot of speckle pattern revealing spin dynamics at 100 K. (¢) Normalized
autocorrelation functions g2 — 1 for the ten and 100 most prominent speckles
with fit to extract relaxation time 7 and critical exponent 8 shown in (d). Fits
for the critical exponent assume a linear dependence on the temperature and a
temperature-independent value, respectively.

to extract relaxation time 7 and critical exponent 5 [Fig. 6(d)] that provide information
about the characteristics of the interaction, i.e., liquid-like (spin glass) vs. solid-like
(collective). The experimental uncertainty originates from the standard deviation of
individual go — 1 functions that is 100 times larger than the error from fitting the
averaged go — 1 function [Fig. 6(c)]. Both relaxation time and critical exponent are
fairly independent of the chosen speckle, i.e., reciprocal lattice vector (periodicity
and orientation) [Supp. Figs. 9, 10], and are, except for near 100 K, well described
by exponential and linear fits, respectively [Fig. 6(d)]. The physical origin of this
anomaly is unclear. The temperature dependence of the relaxation time is described
with two different theories that are indifferent within experimental uncertainty and
probed temperature range, i.e., yielding similar activation energy barriers AFE:

B AE
T = Tp €Xp 7/{;B(T — TO) .

Non-interacting particles whose magnetization reversal involves a single relaxation
pathway and activation barrier can be described by the Arrhenius-type Néel-Brown
theory [109, 110] with Ty = 0 K that yields AE = 23 meV and an activation
temperature AE/kp = 270 K above which skyrmions disappear. The Vogel-Fulcher-
Tammann theory [111, 112, 113], accounting for magnetic coupling between particles,
typically used to model spin glasses with disordered exchange coupling (liquid-like),
gives AEF = 17 meV and a freezing temperature Ty =~ 10 K below which spin
fluctuations of the skyrmions are suppressed. The latter coincides with the blocking
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temperature Tp = (24 ~ 35) K for S1 films retrieved from AC and DC susceptibility
measurements [Fig. 2(b)]. However, spin glass dynamics are shown to exhibit 8 < 1
that is only reached at absolute temperature assuming a linear dependence [Fig. 6(d)].
The derived activation temperature agrees reasonably well with the microscopy data
[Fig. 5] that reveal the fading of magnetic contrast and topological states at room
temperature.

4. Conclusion

The synthesis of Fe,Ge;_, films (z = 0.53 £ 0.05) revealed a germanium adhesion
> 50% and a nanogranularity that dominated the temperature dependence of
the saturation magnetization, including its absolute value and the coexistence of
ferromagnetic and paramagnetic phases above the blocking temperature Ts ~ 30 K.
Nanogranular films (30 nm-thick) with B20 FeGe nanocrystals embedded in an
amorphous structure exhibited a saturation magnetization that linearly increases with
decreasing temperature from 70 kA/m (300 K) to 225 kA/m (0 K). The magnetic
anisotropy values derived from magnetometry and FMR spectroscopy coincided with
each other in stark contrast to the saturation magnetization hinting at a phase
segregation at, e.g., the amorphous grain boundaries. The out-of-plane orbital moment
nearly vanished while the in-plane Landé factor was significantly larger (g = 2.17) than
the literature value for pure iron (g = 2.085) [92, 91] suggesting a deformation of the
Fe 3d orbitals by Ge as evident from an induced germanium moment and due to the
lateral isotropic strain. The transition from a soft-magnetic ferromagnetic phase on
a rigid substrate to a disordered skyrmion phase with a feature size < 100 nm and
without a helical precursor phase in relaxed films on membranes was mediated by
the formation of branching-like domain patterns. Neither spin configuration revealed
a noticeable pinning at defects or confinement to individual granular regions. The
activation temperature of the weakly coupled topological states (270 K) derived from
XPCS agreed well with the microscopy data that revealed the fading of magnetic
contrast and topological states at room temperature.

Our results demonstrate that rigid wafers and free-standing membranes
yield distinct physical properties due to varying deposition conditions (thermal
conductance) and strain relaxation, generally preventing the inference from one
batch to another. The observed strain manipulation of magnetic exchange and
topological magnetism is expected to be more prominent in amorphous structures
lacking nanogranularity and nanocrystallinity and may benefit, in combination with
piezoelectric substrates, physical reservoir computing with topological spin textures.
A quantification of the strain control will require a thorough investigation of its
composition and coordination dependence and the determination of magnetostriction
constants.
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