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Disordered iron germanium (FeGe) has recently garnered interest as a testbed for a variety of magnetic phenomena
as well as for use in magnetic memory and logic applications. This is partially owing to its ability to host skyrmions
and antiskyrmions — nanoscale whirlpools of magnetic moments that could serve as information carriers in spintronic
devices. In particular, a tunable skyrmion-antiskyrmion system may be created through precise control of the defect
landscape in B20-phase FeGe, motivating developing methods to systematically tune disorder in this material and un-
derstand the ensuing structural properties. To this end, we investigate a route for modifying magnetic properties in
FeGe. Specifically, we irradiate epitaxial B20-phase FeGe films with 2.8 MeV Au*" ions, which creates a dispersion
of amorphized regions that may preferentially host antiskyrmions at densities controlled by the irradiation fluence. To
further tune the disorder landscape, we conduct a systematic electron diffraction study with in-situ annealing, demon-
strating the ability to recrystallize controllable fractions of the material at temperatures ranging from approximately
150° C to 250°C. Finally, we describe the crystallization kinetics using the Johnson-Mehl-Avrami-Kolmogorov model,
finding that the growth of crystalline grains is consistent with diffusion-controlled one-to-two dimensional growth with
a decreasing nucleation rate.

I. INTRODUCTION tures that are being evaluated as potential information carri-
ers in low-energy spintronic devices. These textures origi-
nate from an antisymmetric exchange interaction called the
Dzyaloshinskii-Moriya interaction (DMI) that can arise in
magnetic materials with strong spin-orbit coupling and bro-
ken inversion symmetry. Unlike the exchange interaction that
leads to ferromagnetic order (a collinear spin arrangement),
the DMI can tilt magnetic moments such that the combined in-
teractions engender whirlpool-like spin structures that behave

as particles that can be controlled by applied currents.>*12

Iron germanium (Fe-Ge) is an excellent candidate for use
in thermoelectric generators, owing to its high thermoelec-
tric figure of merit,"> and spintronics, due to its magnetic
properties. Depending on its crystalline structure, FeGe can
exhibit collinear or canted antiferromagnetic order,? a coex-
isting charge-density wave and antiferromagnetic phase,* as
well as helical, conical, and skyrmion lattice phases.> Under
atmospheric pressure, stoichiometric FeGe crystallizes into
three different polymorphs: cubic structure (B20-phase) with
P2,3 symmetry, hexagonal kagome structure (B35-phase)
with P6/mmm symmetry, and a monoclinic lattice. The cu-
bic B20-phase stabilizes at growth temperatures below 580
°C, above which the hexagonal and monoclinic phases may
form. Off-stoichiometric variants may also appear in FeGe
crystals and films. On the Ge-rich side of the temperature-
composition phase diagram, shown in Fig. 1(a), Fe,Ges can

Skyrmions were first observed in B20-phase cubic ma-
terials, such as MnSi,!? Fo:],XCOXSi,14 and FeGe, due to
isotropic DMI originating from the non-centrosymmetric
crystal structure. On the other hand, if the DMI is anisotropic,
non-symmetric skyrmions or antiskyrmions — the antipar-
ticles of skyrmions — can form."> Skyrmion-antiskyrmion
systems are of interest for binary data encoding in race-
track memory and logic applications as well as testbeds

be stabilized at temperatures below 600 °C, whereas several
binary compounds may form on the Fe-rich side of the phase
diagram, including Fe3;Ge and Fe,Ge.08

B20-phase cubic FeGe has recently attracted consider-
able interest due to the discovery of skyrmions in this poly-
morph. Skyrmions are topologically protected chiral spin tex-

for studying the dynamics of skyrmion-antiskyrmion crys-
tals and liquids'®!” as well as skyrmion-antiskyrmion pair
annihilation,'® which is predicted to produce a spin wave.!”
Few materials have been identified in which these particles
coexist,20 namely in Mn,;RhSn,2! Co/Ni multilayers,22 a 70-
nm-thick FeGe single crystal,>? and chemically disordered



amorphous 80 nm-thick Fe,Ge;_, films.>* In fact, in a re-
cent study,” we provided evidence for the coexistence of
skyrmions and antiskyrmions in epitaxial B20-phase FeGe
films by ion beam modification, which induced amorphous
regions within the crystalline matrix. Low-temperature elec-
trical transport and magnetization studies revealed a strong
topological Hall effect with a double-peak feature that is
consistent with recognized signatures of skyrmions and an-
tiskyrmions, especially in light of their observation in dis-
ordered FeGe through Lorentz transmission electron mi-
croscopy (LTEM) and x-ray magnetic circular dichroism
spectroscopy (XMCD).?*

In this study, we introduce another potential avenue for tun-
ability of spin structures in FeGe. We first ion-beam modify
FeGe at different fluences. Second, through in-situ anneal-
ing and selective area electron diffraction, we demonstrate the
ability to systematically recrystallize the amorphized regions
to the target B20-phase and study the associated recrystalliza-
tion kinetics. By analyzing the recrystallization kinetics using
the Johnson—-Mehl-Avrami—Kolmogorov (JMAK) model, we
describe the dynamic processes that govern the formation of
crystalline regions from the amorphous matrix. This knowl-
edge not only enhances our ability to fine-tune the defect land-
scape for skyrmion and antiskyrmion stabilization but also
provides insights into the thermal stability and transformation
pathways of these and other topological structures that form
in disordered FeGe.

Il. RESULTS AND DISCUSSION
A. Growth and lon-Beam Modification of FeGe Films

Using molecular beam epitaxy, we grew approximately 55-
nm thick epitaxial films of FeGe in the B20-phase, which has
space group P2;3 with eight atoms per unit cell and cubic
structure, as shown in Fig. 1(b). To characterize the material
structure, we performed x-ray diffraction (XRD), scanning
transmission electron microscopy (S/TEM), and selected area
electron diffraction (SAED) on the films or lamellae prepared
by focused ion beam microscopy. Details regarding the ma-
terials growth procedure, STEM characterization, and lamella
preparation are included in the Methods section. XRD spec-
tra (shown in Ref. [25]) reveal a peak at 2q = 33:1° that is
consistent with the FeGe (111) B20-phase. Figure 1(c) dis-
plays an annular dark field cross-sectional STEM image of
the as-grown FeGe film and the inset shows the correspond-
ing SAED pattern. In general, SAED images show a two-
dimensional (2D) slice of the reciprocal lattice, resulting in
sharp spots from reflections off lattice planes. Single crys-
tals with little disorder produce only sharp spots, whereas
defined and diffuse rings result from nanocrystalline pow-
ders and amorphous samples, respectively. Here, we see only
bright diffraction spots, revealing a highly ordered crystalline
structure, with no observable diffuse ring.

We subsequently irradiated cleaved 6 mm x 6 mm cuts of
the films with 2.8 MeV Au** ions using a 6 MV High Voltage
Engineering (HVE) EN Tandem Van de Graaff Accelerator at
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FIG. 1. (a) Growth temperature - composition phase diagram of the
Fe-Ge system, adapted from Refs. [26 and 27]. (b) Diagram of B20-
phase crystal structure for FeGe. (c) High-angle annular dark field
STEM image of the as-grown FeGe film layer with a zone axis of
[211]. Inset shows the SAED pattern of the as-grown FeGe; bright
spots associated with Si and the B20-phase of FeGe are identified.

the Sandia National Laboratories Ion Beam Lab. To test the
effects of various defect levels, each film was irradiated with
a fluence of 10'3 and 10'* ions=cm?, inducing 10~ and 1 dis-
placement per atom (dpa), respectively, as determined by the
Stopping and Range of Ions in Matter (SRIM) simulations,
shown in Fig. 2(a). The SRIM results predict that the irradi-
ation process should introduce a homogeneous distribution of
defects throughout the film depth, without implanting Au-ions
into the FeGe. Further details of the ion beam modification
process and corresponding SRIM simulations are included in
the Methods section.

To identify phases as well as determine the effects of ir-
radiation on the crystalline structure, chemical composition
throughout the film depth, and crystalline orientation, we per-
formed STEM imaging, electron energy loss spectroscopy
(EELS), and SAED. The low magnification cross-sectional
STEM image in Fig. 2(b) shows a top-layer carbon coating
(applied for microscopy), FeGe layer, and Si (111) substrate.
In addition to these three layers, the EELS results in Fig. 2(c)
show a surface oxide, the thin FeSi seed layer that was formed
on the substrate to mediate growth of epitaxial B20-phase
FeGe, no detectable Au concentration within the measure-
ment resolution (consistent with simulations that indicate Au
was not implanted in the FeGe). In the high-resolution annu-
lar bright-field STEM image in Fig. 2(d) of a film irradiated
at 10'3 jons=cm? we also see irradiation-induced amorphous
regions within the crystalline matrix, highlighted using red
and purple false color overlays, respectively. The presence
of amorphous regions is also revealed in the SAED pattern, in
which a distinct diffuse ring is notable that did not exist in the



