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ABSTRACT: Magnetic van der Waals (vdW) materials have emerged Unpatterned Patterned

as promising candidates for spintronics applications, especially after 110K 300 K 110 K 300 K
the recent discovery of intrinsic ferromagnetism in monolayer vdW
materials. There has been a critical need for tunable ferromagnetic
vdW materials beyond room temperature. Here, we report a real-space
imaging study of itinerant ferromagnet Fe;GeTe, and the enhance-
ment of its Curie temperature well above ambient temperature. We
find that the magnetic long-range order in Fe;GeTe, is characterized
by an unconventional out-of-plane stripe-domain phase. In Fe;GeTe, ‘ 3 pum
microstructures patterned by a focused ion beam, the out-of-plane Stripe domain Paramagnetic ~ Stripe domain  Vortex
stripe domain phase undergoes a surprising transition at 230 K to an

in-plane vortex phase that persists beyond room temperature. The discovery of tunable ferromagnetism in Fe;GeTe, materials
opens up vast opportunities for utilizing vdW magnets in room-temperature spintronics devices.

KEYWORDS: Magnetic van der Waals material, stripe-domain phase, vortex phase, spin-reorientation transition,
room-temperature ferromagnetism

he recent discovery of magnetic long-range order in two- ferromagnet that has a high Curie temperature (T ~ 230 K)
dimensional (2D) van der Waals (vdW) materials"’ and stability among bulk magnetic vdW materials.””’
opens up unprecedented opportunities for fundamental physics Consisting of two-dimensional (2D) atomic planes bonded
and device applications. The ability to control spin orientations weakly by vdW attraction, the magnetic structure of Fe;GeTe,

of 2D magnets at room temperature will be at the core of next-
generation spintronic logic and memory devices. Despite the
great progress made via various synthesis methods such as
exfoliation"”” and epitaxial growth," a great challenge remains
in achieving tunable ferromagnetism in vdW materials at
ambient temperatures, especially in terms of controlling the
spin orientation, magnetic domain phase, and the magnetic
long-range order. Here, we report an unambiguous observation

can be regarded as stacked 2D Heisenberg ferromagnetic
sheets that are stacked and magnetically coupled along the c-
axis of the crystal.” Bulk magnetometry and localized X-ray
spectroscopy both show that the spins within each sheet are
ferromagnetically aligned with a perpendicular magnetic
anisotropy that favors an out-of-plane (c-axis) magnetization.

of a tunable ferromagnetic domain phase in patterned Received: July 10, 2018
Fe;GeTe, microstructures with an enhanced Curie temper- Revised:  August 7, 2018
ature above room temperature. Fe;GeTe, is an itinerant Published: August 16, 2018
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Figure 1. Crystal structure and magnetic measurement of Fe;GeTe,. (a) Crystal structure (side view and top view) of Fe;GeTe,. (b) Temperature
dependence of the bulk Fe;GeTe, magnetization (black line) measured using SQUID in a 0.7 T magnetic field along the magnetization easy axis (c
axis) after zero-field cooling. The red circles represent the Fe XMCD signal. Magnetic hysteresis loops measured with SQUID in magnetic fields
applied (c) perpendicular to and (d) parallel to the ¢ axis of bulk Fe;GeTe, crystal at different temperatures. (e) Fe 2p level X-ray absorption
spectra (XAS) at T = 110 K for magnetization parallel (black line) and antiparallel (red line) to the incident X-rays. The difference of the XAS
(XMCD signal) measures the Fe;GeTe, magnetic long-range order. Both SQUID and XMCD data show T¢ ~ 230 K for bulk Fe;GeTe,.

The coupling between adjacent sheets seems to depend
sensitively on temperature, chemical composition, lattice
parameters, etc.,° leading to a complex magnetic behavior
that is readily tuned by its environment. For example, the
perpendicular magnetic anisotropy depends sensitively on the
chemical environment and tensile strain.'' Fe;GeTe, surfaces
exhibit a range of magnetic domain patterns (e.g., wavy-stripe-,
spike-like-, and bubble-like patterns) caused by different
mechanisms such as domain branching near the sample
surface,'> a possible transition from ferromagnetic to
antiferromagnetic interlayer coupling,"> magnetic tip-induced
domain structures,'* etc. Anomalous Hall effect'>'® and
Kondo effect'” measurements suggest a similar behavior of
Fe;GeTe, to ferromagnetic ultrathin films, making it a
promising candidate for spintronic applications. Given that
vdW materials consist of weakly bonded 2D layers and that
magnetic anisotropy could establish magnetic long-range order
in a 2D Heisenberg system,'®'? all experimental results on
Fe;GeTe, suggest the likelihood that anisotropy is the primary
driving force for stabilizing magnetic long-range order in 2D
Fe;GeTe, atomic planes. In other words, other than the
different values for T due to the dimensionality effect and the
sensitive dependence of the magnetic behavior on interlayer
coupling, the magnetic properties of bulk Fe;GeTe, resemble
largely those of a 2D Fe;GeTe, atomic plane. In this Letter, we
report a magnetic microscopy study of Fe;GeTe, and
demonstrate the tunability of the spin orientation and the T
of Fe;GeTe, in patterned microstructures.

Bulk Fe;GeTe, consists of weakly bonded Fe;Ge layers that
alternate with two Te layers (Figure 1a). The Fe atoms occupy
two inequivalent Wyckoff sites denoted as Fel and Fe2: Fel
atoms form a hexagonal net, and Fe2 atoms are bonded
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covalently with Ge atoms to form a hexagonal structure of P6;/
mmc space group.’ Because of the weak vdW bonding,
Fe;GeTe, flakes peeled from a bulk crystal have the flake
surface parallel to the Fe;Ge layers. Macroscopic hysteresis
loops of a Fe;GeTe, crystal were measured using super-
conducting quantum interference device (SQUID) magneto-
metry with magnetic fields applied along both out-of-plane
(field parallel to ¢ axis) and in-plane directions (Figure lc,d).
We observed a saturation field of ~0.26 T for out-of-plane
hysteresis loops and a saturation field of ~5.0 T for in-plane
hysteresis loops at 110 K, indicating an out-of-plane magnetic
easy axis. It is interesting to note the absence of magnetic
remanence in the easy-axis hysteresis loop that also appears in
many other magnetic vdW materials (discussed later).
Temperature dependence of the magnetization was obtained
with a 0.7 T magnetic field applied along the out-of-plane
magnetic easy axis (Figure 1b). The magnetization decreases
with increasing temperature and vanishes at ~230 K, showing a
ferromagnetic to paramagnetic-phase transition at T & 230 K
for a bulk Fe;GeTe, crystal.” X-ray absorption spectra (XAS)
were taken at the Fe 2p level using circularly polarized X-rays
at normal incidence to the c-facet of a Fe;GeTe, crystal, and X-
ray magnetic circular dichroism (XMCD) was obtained by
calculating the difference of XAS for magnetization parallel and
antiparallel to the X-ray incidence direction (Figure le). The
nonzero XMCD clearly shows the ferromagnetic order of the
Fe moment in Fe;GeTe, at T < 230 K. These XMCD
measurements were performed using a total electron yield
mode that probes about 10 nm depth from the top surface.”’
We find that the temperature dependence of the XMCD signal
follows exactly the temperature dependence of the magnet-
ization measured by SQUID, indicating the homogeneity of
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Figure 2. Temperature-dependent domain imaging of Fe;GeTe,. (a) PEEM topography image of a Fe;GeTe, flake (golden color) on a silicon
substrate (purple color). The lower-right inset shows line scan obtained with an atomic force microscope along the red line from which the
Fe;GeTe, flake thickness of 180 nm is determined. The dashed box (10 yumx10 ym) indicates the area from which magnetic domains were imaged.
(b—h) Magnetic-stripe domains of Fe;GeTe, at different temperatures. Disappearance of the stripe domains above 230 K confirms the Curie
temperature of 230 K. Scale bar and color bar are for magnetic-domain images.

the sample along the ¢ axis so that the XMCD measurement
can be used to represent the bulk magnetic properties of
Fe;GeTe,.

The lack of magnetic remanence along the easy magnet-
ization axis is a characteristic feature of Fe;GeTe, and many
other magnetic vdW materials, suggesting a domain phase of
the magnetic long-range order. That is, the strong dipolar
energy, along with a strong perpendicular magnetic anisotropy
preference for out-of-plane magnetization in Fe;GeTe,, forces
the formation of up- and down-magnetized domains. To
explore the Fe;GeTe, magnetic domain phase, magnetic
domains of the as-made sample were imaged using photo-
emission electron microscopy (PEEM) at the Fe L; edge
(706.3 V). Figure 2 shows the magnetic domain images from
a 180 nm thick Fe;GeTe, flake. The film exhibits stripe (or
labyrinth) domains below 230 K, with the bright and dark
stripes having equal width (~140 nm on average in each type).
Note that the domain contrast remains unchanged for a variety
of in-plane stripe orientations; therefore, we identify the stripes
as magnetic domains having up- and down-magnetization
perpendicular to the sample surface. Above 230 K, the stripe
domains disappear. XAS measurements above 230 K show zero
XMCD signal so that the absence of the stripe domains
indicates a paramagnetic state rather than a magnetic single-
domain state. The PEEM result is consistent with the
macroscopic magnetometry in that Fe;GeTe, has a perpen-
dicular magnetization with T¢ & 230 K. The equal width of up
and down stripes also explains the zero magnetic remanence of
the easy-axis hysteresis loop (Figure 1), which measures the
spatially averaged magnetization. Another study has suggested
a possible transition from ferromagnetic to antiferromagnetic
interlayer coupling at ~150 K.'> No abrupt changes to the
stripe domains (domain contrast, shape, width, or orientation)
were observed in our sample near ~150 K*.

The formation of the stripe domains in Fe;GeTe, indicates
the dominant role of dipolar interaction over exchange
interaction and magnetic anisotropy in Fe;GeTe,.”' In fact,
the stripe-domain phase in Figure 2 strongly resembles the
stripe-domain phase in perpendicularly magnetized magnetic
thin films*®™>* and coupled multilayers.””*® By assuming
ferromagnetic coupling along the ¢ axis between 2D magnetic
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sheets of Fe;GeTe,, the flakes can be treated as a single sheet
(after scaling the interaction parameters)"” or equivalently as a
perpendicularly magnetized thin film that is described by the
following Hamiltonian:*’

H= % f VAP - K f (%) d%R
_e f[ﬁ(ac’) — AEP = 3{P[AE) = AGE oo o
4

(1)

where 7(x) is the unit vector of the magnetization at position ¥
on a 2D plane, J is the Heisenberg exchange interaction, K is
the overall magnetic anisotropy (which includes both the
perpendicular magneto crystalline anisotropy and the short-
range part of dipolar interaction), Q = p*/a’ is the dipolar
interaction strength (i is the magnetic moment per spin, and a
is the lattice constant), and U=(%¥—x")/Ix—x| is the unit vector
from % to X’ on the 2D plane. It is well-known and reflected in
the Hamiltonian that magnetic long-range order does not exist
in the absence of K and Q' but could be stabilized by a
nonzero anisotropy, ~ which is believed to be responsible for
the ferromagnetic order in 2D atomic layer of Cr,Ge,Te,' and
CrL;% In the limit where the dipolar interaction dominates the
magnetic anisotropy, the dipolar interaction  should stabilize
a magnetic-stripe domain phase with a stripe width of ~ J/Q
(on the order of 10> nm for most ferromagnetic materials).””**
As the magnetic anisotropy increases to gradually dominate the
dipolar interaction, the stripe width (L) increases exponen-
tially,”* eventually exceeding the sample size, leading to the so-
called anisotropy-stabilized single-domain phase. This phe-
nomenon actually reflects a cross-over behavior of the 2D
Heisenberg system by changing the characteristic length scale
from the dipolar length (Lg ~ J/Q) to the anisotropy length
(Lg = JJ/K).”” Because the exchange interaction, magnetic
anisotropy, and dipolar interaction per unit area in a stack of
identical 2D magnetic sheets scale differently with the film
thickness,” one can expect in Fe;GeTe, a cross-over from a
stripe-domain phase in the thick limit in which the dipolar
interaction dominates to a single-domain phase in the ultrathin
limit, where the magnetic anisotropy dominates. To search for
this cross-over behavior, we imaged the stripe domains of
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Figure 3. Thickness-dependent stripe domains at T = 110 K. Magnetic domain images from Fe;GeTe, flakes with thickness of (a) d = 14, (b) 16,
(c) 28, (d) 44, (e) S5, () 65, (g) 78, and (h) 166 nm. The thickness was determined by AFM (Figure S1). (i) Stripe width as a function of

Fe;GeTe, flake thickness.
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Figure 4. Magnetic domain images of patterned Fe;GeTe, microstructures. Micron-sized diamond-shaped and rectangular patterned structures in
250 nm Fe;GeTe, exhibit stripe domains between (a) T = 110 K and (b) 220 K. The out-of-plane stripe contrast is weakened as the temperature
approaches (c) 230 K and disappears at higher temperature, i.e.,, (d) 240 K and (e) 300 K. Meanwhile, an in-plane magnetic contrast develops
above 230 K, showing the formation of a magnetic vortex state in the diamond-shaped microstructure and a multidomain state in the rectangular
structure. (f) Temperature dependence of the magnetic stripe contrast (out-of-plane magnetization component) and the spatially averaged contrast
(in-plane magnetization component) from the two selected areas (labeled as A and B in panel d) indicate a spin-reorientation transition from an
out-of-plane stripe-domain phase at T < 230 K to an in-plane vortex phase at T > 230 K, with an enhanced T higher than room temperature. The

arrows in panel e show the in-plane magnetization directions.

Fe;GeTe, flakes of different thicknesses at T = 110 K (Figure
3a—h). The stripe width indeed increases with decreasing
Fe;GeTe, flake thickness (Figure 3i). Although no single-
domain flakes were observed above 110 K, the rapid increase
of domain width below ~20 nm in Figure 3i suggests the
existence of a single-domain phase (stripe width greater than
the sample size) in the ultrathin limit. In fact, the full magnetic
remanence of Fe;GeTe, hysteresis loop below a critical
thickness suggests indirectly the existence of this single-
domain phase.”

Reducing the size and adjusting the shape of the Fe;GeTe,
flakes are two effective mechanisms for tailoring magnetic
dipolar interactions because the magnetic moments at the
edges (also referred to as magnetic surface charge) produce a
stray magnetic field (dipolar magnetic field) that increases the
magneto-static energy of the system. Under certain conditions,
minimizing the magnetic surface charge by aligning the
magnetization vector to lie within the plane of the flake and
parallel to the edges of the microstructure could be
energetically beneficial in competing with the increased
Heisenberg exchange interaction, leading to new magnetic-
domain phases inside the microstructure. For example, a
micron-sized disk above a critical thickness could form a
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magnetic vortex state in which the magnetization vector
circulates around the center of the disk.>" It was also
discovered recently that patterned microstructures on coupled
magnetic layers can lead to topological artificial skyrmions.”>**
Encouraged by the result in Figure 3, which implicates the role
of the dipolar interaction in the formation of the magnetic-
stripe-domain phase of Fe;GeTe,, we utilized a focused ion
beam (FIB) to pattern a Fe;GeTe, flake into a diamond-
shaped and a rectangular microstructure by sputtering away the
Fe;GeTe, outside the microstructures. The sharp corners of
the microstructures promote the reorientation of the in-plane
magnetization vector to form either a magnetic vortex state or
a multidomain state. The discussion below shows that the
magnetization of patterned Fe;GeTe, microstructures under-
goes a spin reorientation transition (SRT) from an out-of-
plane stripe-domain phase at T < 230 K to an in-plane vortex
(multidomain) phase at T > 230 K, with the T, of the
patterned Fe;GeTe, microstructures enhanced from the 230 K
bulk value to above room temperature.

Figure 4 shows the magnetic domain images of the
microstructures at different temperatures. At T = 110 K, we
observed the same stripe domains as in unpatterned Fe;GeTe,
(Figure 4a). As the temperature approaches 230 K (Figure
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4b,c), the stripe contrast becomes weaker than at T = 110 K
and even vanishes in some regions of the microstructures.
However, unlike the unpatterned Fe;GeTe,, which has a zero
spatially averaged XMCD, the spatially averaged XMCD signal
in the microstructures is nonzero with different values in
different regions of the microstructures (as seen by the
different color background in different regions). Because the
up and down stripes remain the same width at all temperatures,
the spatially averaged nonzero XMCD corresponds to an in-
plane component of the magnetization, i.e., the magnetization
vector of the magnetic stripes developed an in-plane
component at temperature just below 230 K. At T = 240 K,
which is above the bulk T of unpatterned Fe;GeTe,, the out-
of-plane component of the stripes vanishes completely (Figure
4d). Surprisingly, instead of a paramagnetic state as seen in
unpatterned Fe;GeTe, (Figure 2gh), the in-plane component
of the magnetization inside the microstructures remains and
develops into a magnetic vortex state in the diamond-shaped
microstructure and a magnetic multidomain state in the
rectangular structure and persists up to the room temperature
(Figure 4e). Our first measurement using a heated sample
holder shows that the in-plane magnetic domain contrast
vanishes roughly at ~370 K (Figure S2), indicating an
enhancement of T from 230 K in bulk Fe;GeTe, to ~370
K in the Fe;GeTe, microstructure. Systematic studies on the
size and shape dependence of T will be the focus of future
measurements. Interestingly, the stripe orientation has a
tendency to be perpendicular to the microstructure boundary.
This tendency can also be seen at the Fe;GeTe, flake boundary
(Figure S1). Noting that low magneto-static energy corre-
sponds to zero magnetic charge at the side surface (e.g,
magnetization parallel to the boundary side surface), we
speculate that the perpendicular alignment of the stripes to the
edge may imply a parallel alignment of the in-plane domain
wall magnetization to the boundary, i.e., the domain walls
should be Néel-type rather than Bloch-type. Néel walls
generally have a higher domain-wall energy than Bloch walls
for stripe domains. However, a Dzyaloshinskii—Moriya
interaction®® could lower the energy of Néel walls, resulting
in chiral Néel walls in magnetic thin films.*> The inversion
symmetry-breaking in Fe;GeTe, permits the existence of
Dzyaloshinskii—Moriya interactions and thus could, in
principle, lead to the formation of chiral Néel walls. However,
the nature of the domain walls remains an open question due
to the limitation of the spatial resolution of PEEM.

To ensure the integrity and veracity of these results, we have
performed multiple experimental checks. First, we verified that
the domain contrast in Figure 4d,e is from magnetic origin by
confirming the contrast reversal using left- and right-circularly
polarized X-rays. Second, we note that XMCD measures the
projection of magnetization vector to the X-ray incidence
direction so that out-of-plane magnetization should result in
only two magnetic contrasts in PEEM images, such as in the
stripe-domain phase. Then, the four different domain contrasts
in Figure 4d,e can only come from the in-plane magnetization
components. We confirm this by observing the domain
contrast changes after rotating the sample by 90° around its
surface normal direction (Figure S3). Third, we extracted the
stripe contrast and the spatially averaged XMCD signals of the
labeled areas (A and B in Figure 4d) as a function of
temperature. We find that the disappearance of stripe contrast
is accompanied by the rapid development of the averaged
magnetic contrast at ~230 K, showing a SRT from out-of-
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plane to in-plane directions (Figure 4f). We point out that the
in-plane XMCD signal (difference of blue and red solid
symbols above 230 K in Figure 4f) has a similar magnitude as
out-of-plane signal (open symbols below 230 K in Figure 4f),
showing that the in-plane magnetization is a result of SRT
rather than a residual in-plane magnetization. Last, we point
out again that PEEM measurement probes only ~10 nm depth
from the sample surface (the lattice constant is 1.63 nm along
the ¢ axis) so that we do not know if the whole Fe;GeTe,
magnetization or only the top 10 nm magnetization switches to
the in-plane direction in the microstructure. However, a vortex
state should appear only above a critical thickness in a micro
structure (~20—50 nm depending on the size and shape for
micron-size microstructures).36 Our micromagnetic simula-
tions show that the vortex state should be stabilized in
Fe;GeTe, microstructure only above SO nm (Figure S4). The
observation of the magnetic vortex state in the diamond-
shaped structure then indicates that the in-plane magnetization
in our Fe;GeTe, microstructures should be at least thicker
than the critical thickness (>50 nm) of the vortex formation.
However, we still cannot rule out the possibility that a
microstructure could consist of a near-surface region with an
in-plane magnetization and a higher T and a near-substrate
region with an out-of-plane magnetization and T = 230 K so
that the magnetic coupling between these two regions leads to
an out-of-plane magnetized stripe domain phase at T < 230 K
and an in-plane vortex phase for the top part at T > 230 K.
Resolution of this issue requires a magnetic microscopy
measurement with a depth profile ability beyond the capability
of our current experiments, such as scanning transmission X-
ray microscopy.

While we cannot provide a definite answer, we discuss here
some possibilities as to the origin of the SRT and the
enhancement of T in the patterned Fe;GeTe, micro-
structures. The first possibility is a finite size effect.
Diminishing the magnetic charges of stripe domain walls
everywhere on the side surface is difficult without bending the
magnetic stripes inside the microstructure. Either exposure of
the magnetic charge at the side surface or a bending of the
magnetic stripes could increase the magnetic energy of the
system. Then, under certain conditions, a SRT from the out-of-
plane stripe domain phase to an in-plane vortex state may
possibly lower the total magnetic energy of the microstructure.
However, micromagnetic calculations based on specific domain
configurations and specific microstructure shapes show that an
enhancement of the perpendicular magnetic anisotropy is
expected with shrinking the size of a system,”” which is the
opposite of our result that a finite-size microstructure leads to
preferential in-plane magnetization. In addition, a finite-size
effect usually reduces T¢,”®* which is also the opposite of our
result. However, those works® > were performed on
conventional magnetic materials. Obviously, more theoretical
studies are needed to explore the finite size effect for vdW
magnetic materials (e.g., taking into account the structural and
strain changes in finite-size vdW systems). A second possibility
is the exposure of the microstructure’s side surface to air before
placing the sample into the PEEM vacuum chamber. The FIB
process removes materials around the microstructure so that
the edges of the microstructure could adsorb gas molecules
after losing the Pd protection layer. However, we find that the
stripe domains near the side boundary of Fe;GeTe, flakes
(Figure S1), which are also exposed to air, are identical to the
stripes in the interior area of the flakes and do not show a SRT
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and an enhancement of T¢. Therefore, it is unlikely that the
exposure of the edges to air is responsible for the SRT and the
enhancement of T of the patterned microstructures. A third
possibility is any chemical and structural changes of Fe;GeTe,
due to FIB. FIB employs high-energy Ga® ions to sputter away
materials in the desired area (e.g,, the materials around the
microstructure in our case), thus inevitably introducing small
amount of Ga to the microstructures by Ga diffusion and ion
implantation.* Although the amount of Ga is known to be tiny
and is usually negligible for most of FIB studies, we do note
that intentional Ga implantation can modify the magnetic
anisotropy of metallic magnetic thin films.*' Although our FIB
process sputtered only area outside the microstructures and
did not knowingly implant Ga to the microstructures, Ga
distribution analysis confirm that most Ga atoms are at the
microstructure edges rather than inside the microstructure
(Figure SS). X-ray absorption microspectroscopy does not
show noticeable changes of the Fe absorption spectra in the
microstructure as compared with regions away from the Ga
patterning, so there does not appear to be a substantial change
of the Fe;GeTe, stoichiometry or electronic structure in the
patterned microstructure compared with the unpatterned
flakes. We do not know if the Ga at the edges of the
microstructure could diffuse or be implanted into the
microstructure by a miniscule amount that is undetectable in
the Fe XAS but somehow sufficient to change the magnetic
properties of the Fe;GeTe,. It should be mentioned that the
XMCD signal above 230 K for in-plane magnetization has a
similar magnitude as out-of-plane magnetization below 230 K.
Thus, we can rule out the influence of Ga defect-localized in-
plane ma§netization, such as that found in defected
graphene,*” given the upper limit of Ga fluence of 5 X 1072/
A? (Figure SS). Nevertheless we cannot definitively rule out
the influence of Ga, especially when taking into account the
sensitive dependence of Fe;GeTe, magnetic properties on
chemical environment.'" Obviously, more investigations are
needed on the effect of Ga and any foreign atoms on
Fe;GeTe,. Therefore, the effects of Ga on the SRT and the T
enhancement of the Fe;GeTe, patterned structures remain an
open question and need future investigation.

In summary, we demonstrate tunable ferromagnetic
characteristics of Fe;GeTe, vdW materials even beyond
room temperature. Bulk Fe;GeTe, has a magnetic long-range
ordered stripe-domain phase below the Curie temperature of
Tc 230 K. The stripe-domain phase is identified as
alternating up and down magnetic domains, with the stripe
width increasing rapidly with decreasing sample thickness. By
patterning Fe;GeTe, into micron-sized microstructures using
focused ion beam, we are able to change the magnetic domain
phase from out-of-plane stripe domain phase below 230 K to
in-plane vortex (multidomain) phase that exists above 230 K
and as high as 370 K, making it stable at room temperature.
These results open up exciting opportunities for the use of
room temperature vdW magnets in such applications as low-
power spintronics, high-density magnetic storage, and flexible
electronics.
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