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Abstract
The growth of two-dimensional van der Waals magnetic materials presents attractive
opportunities for exploring new physical phenomena and valuable applications. Among these
materials, Fe3GeTe2 (FGT) exhibits a variety of remarkable properties and has garnered
significant attention. Herein, we have for the first time created a nanomesh structure—a
honeycomb-like array of hexagonal nanopores—with the zigzag pore-edge atomic structure on
thin FGT flakes with and without oxidation of the pore edges. It is revealed that the magnitude
of ferromagnetism (FM) significantly increases in both samples compared with bulk flakes
without nanomeshes. Critical temperature annealing results in the formation of zigzag pore
edges and interpore zigzag-edge nanoribbons. We unveil that the non-oxide (O) termination of
the Fe dangling bonds on these zigzag edges enhances FM behavior, while O-termination
suppresses this FM by introducing antiferromagnetic behavior through edge O–Fe coupling.
FGT nanomeshes hold promise for the creation of strong FM and their effective application in
magnetic and spintronic systems.
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1. Introduction

The emergence of two-dimensional (2D) van derWaals (vdW)
materials has led to the discovery of novel physical phe-
nomena and applications in various devices and systems. In
particular, realizing room-temperature long-range spin order-
ing in 2D thin materials is a key to create flexible mag-
netic and spintronic-devices. High electronic density of states
(i.e. edge states) originating from flat energy band of zigzag-
type atomic structure of graphene nanoribbon (GNR) edges
and subsequently the appearance of flat-band ferromagnet-
ism (FM) were theoretically predicted and confirmed exper-
imentally in H-terminated zigzag-edged GNRs and also our
graphene nanomeshes (GNMs), consisting of a honeycomb-
like array of hexagonal nano-pores fabricated using a non-
lithographic method [1, 2]. Because a GNM corresponds to
a large ensemble of GNRs (i.e. interpore narrow regions), it
is very effective to detect small magnetic signals arising from
the pore edge spins.We have also yieldedmagnetism and spin-
based phenomena arising from pore edge spins in other various
nanomeshes created on various 2D thin layers [3–6]; e.g. black
phosphorus [3], hexagonal boron nitride [4], molybdenum di-
sulfide (MoS2) [5], bismuth telluride (Bi2Te3) [6]. Each indi-
vidual nanomesh exhibits intriguing magnetic phenomena ori-
ginating from the electronic and spin states at the pore edges.

In conventional 2D materials, the edge volume is typically
very small, as it exists solely along the edges of a sample.
Furthermore, edges are often plagued by numerous defects
and contamination. These factors have made it challenging to
detect the magnetism arising from edge spins. Our 2D thin
nanomesh structure resolves this problem by virtue of fewer
defects and less contamination at the pore edges, because it
is fabricated by using a nonlithographic fabrication method,
which involves etching 2D thin layers using a nanoporous alu-
mina template (NPAT) mask and low-power Ar gas. The large-
volume dangling bonds present at the nanopore edges of the
zigzag atomic structure (e.g. with a pore diameter ∼ 50 nm
and a pore density ∼ 1011 cm−2) with less-defects and—
contamination in the 2D nanomeshes enabled the straightfor-
ward observation of edge-derived magnetism, depending on
thematerials and the foreign atoms terminating the zigzag pore
edges (e.g. O and hydrogen).

On the other hand, a magnetic layer, Fe3GeTe2 (FGT),
has recently taken center stage in magnetic material research
due to its remarkable magnetic and spintronics properties.
FGT exhibits various attractive features, e.g. gate-tunable high
Currie temperature (e.g. Tc ≃ 230 K) depending on thick-
ness (even extend up to 300 K) [7–12], interlayer-coupling
based magnetisms [13], and Néel-type magnetic skyrmions
in the FGT/[Co/Pd] multilayers or oxidized(O)-FGT at zero
magnetic field [14–16]. Furthermore, FGT layers have been
revealed worth as electrodes or barriers in vdW magnetic tun-
nel junctions and giant magnetoresistance devices [17–20].

However, the electronic and magnetic properties of FGT
remain enigmatic. The atomic and lattice structures of FGT
are intricate (see figures 1(a) and (b)), and various theoretical
reports have proposed different electronic and magnetic (spin-
tronic) states. These variations depend on the positions of the

Ge, Te and two Fe atoms, as well as intralayer and interlayer
interactions [21–24]. O-termination and strain also play signi-
ficant roles in influencing these states. Especially, influence of
edge spins has been merely observed.

The primary magnetic behavior of FGT is FM. In contrast,
the emergence of both FM and anti-ferromagnetism (AFM) is
highly sensitive to the direct exchange interaction among Fe1–3
atoms and the superexchange interaction among Fe1–3, Te,
and Ge atoms [21]. The distances (ds) and angles (θ) among
atom sites (figure 5(c)) can be modulated by strain or other
factors, resulting in significant changes in the observed mag-
netism. Following this, experiments involving strain applied
to FGT showed that increasing θ and ds can yield a higher
FM magnitude [21]. Conversely, when two FGT layers are
directly vdW integrated, the strong intraplane exchange inter-
action among Fe1–3 atoms resulted in AFM spin alignments
[24]. In the surface O-FGT layer, the p-orbital AFM spin of O
atoms could couple with the bulk FM layers through Fe3–Ge
superexchange interactions and mediated, depending on the
O-terminated sites [25].

In the present study, we have created the nanomesh struc-
ture on thin 2D FGT flakes in order to clarify influence of
edge spins to magnetic and spintronic of FGTs. The unique
atomic structure of FGT results in two distinct types of zigzag
pore edges, with Fe1–3 atoms forming dangling bonds and, as
a consequence, interpore nanoribbon regions with the zigzag
edges. It is revealed that the absence of O-termination on these
Fe1–3 dangling bonds drastically enhances the FM magnitude
of the FGT nanomesh, whereas the O-termination suppresses
this FM behavior by potentially introducing AFM.

2. Results and discussion

2.1. Sample fabrication and characterization

Thin FGT flakes are obtained through the mechanical exfoli-
ation of bulk samples using the Scotch tape method. Multiple
flakes were found on a SiO2/Si substrate (e.g. an area meas-
uring a few ∼ 100 µm2 and a thickness ranging from ∼10–
∼60 nm). The thicker flakes (≫30 nm) are mechanically
removed. An example of planer (c) and cross-sectional (d)
atomic force microscope images for a typical FGT flake used
in nanomesh formation is shown in figures 1(c) and (d).
Examples of Electron energy loss spectroscopy (EELS) ele-
mental mapping and x-ray photo spectroscopy (XPS) meas-
urement are presented in figures 1(f) and (g), respectively.
Each element (Fe, Ge, Te) is certainly confirmed in these
figures. The large peaks with the binding energies ∼720 and
∼707 eV for Fe2p1/2 and Fe2p3/2,∼30 eV for Ge3d, and∼584
and ∼573 eV for Te3d3/2 and Te3d5/2 are evidently observed
for XPS spectrum, respectively. Moreover, a very small peak
is also confirmed at ∼577 eV for Te3d5/2.

The NPAT masks are formed through self-organization
by anodic alumina oxidation of pure aluminum substrates
(99.9999%) using C2H2O4 solution, following our established
method [15–20]. An example of scanning electron micro-
scopy image of the NPAT mask is shown in figure 2(a), which
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Figure 1. Schematic views of the atomic structure of FGT for (a) the x–y plane and (b) the z direction. Examples of (c) optical and (d)
cross-sectional atomic force microscope images for an FGT flake. (e) An example of magnetization curve on temperature change. (f), (g)
Examples of EELS mapping for each element (f) and XPS measurement (g).

presents mean pore diameters∼60 nm andmean interpore dis-
tances ∼20 nm with high regularity.

Procedure for the FGT nanomesh fabrication is presen-
ted in figure 2. The NPAT masks are placed on substrates,
including the abovementioned FGT flakes, and the nano-
pore array is then transferred to the FGT flakes using care-
ful low-power Ar gas etching avoiding introduction of dam-
ages and contamination on the pore edges. An example
atomic force microscopy (AFMS) image of the resulting FGT

nanomesh formed by this method is shown in figure 3(b),
displaying mean pore diameters ∼60 nm and mean inter-
pore distances (d) of ∼20 nm, which are almost the same
as those in the NPAT mask. The nanomeshes are sub-
sequently annealed in a high vacuum environment (10−6

Torr) at an optimized high-temperature (700 ◦C), because this
annealing results in the most stable structure with respect
to chemical and thermal conditions, which can be a zig-
zag atomic structure following our past obtaining for the
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Figure 2. Sample preparation flow chart.

various nanomeshes as explained in latter part (figures 5(b)
and (d)) [15–20].

Indeed, the higher-resolution images of one pore
(figures 3(c) and (d)) reveals possible formation of the zig-
zag pore edges. The corner of pore edge and other irregular
edge parts can exactly correspond to the angle ∼120◦ (as
fit by dotted hexagons in figure 3(d)). Such edge angles res-
ult in the zigzag atomic structure from topological reason
(see figure 6(a)). Then, one sample is used for magnetiza-
tion measurement without pore oxidation, while the other is
exposed to the ambient air atmosphere for 5 h to establish O-
terminated pore edges (i.e. theO-nanomesh). Non-degradation
of the O-nanomesh sample after this oxidation process is con-
firmed by observation of EELS spectrum. Moreover, the large
magnetization values observed for the O-nanomesh men-
tioned in later (table 2) reconfirmes non-degradation of the
samples.

Si substrates with the FGT nanomeshes on the surface are
collected (e.g. total area < ∼ 1 × 5 mm2) and then posi-
tioned inside a tube within a superconducting quantum inter-
ference device (Quantum Design; MPMS), allowing the mag-
netic behavior of the material to be measured by applying an
in-plane magnetic field. An example of magnetization curve
on temperature change is shown in figure 1(e). It suggests
(onset) Tc ≃ 250 K, which is almost consistent with previous
reports for thickness ∼25 nm.

2.2. Magnetic properties

Examples of the magnetization curves of the non-O-
terminated nanomesh, O-terminated nanomesh, and exfoli-
ated pristine thin bulk flake are demonstrated in figure 4. The
summary of the magnetization values and coercivity for each
sample are also provided in table 1. Magnetization values are
normalized by mass based on the sample area without consid-
ering the presence of nanopores in the naomeshes as following.
The size of unit cell of FGT is ∼0.3 nm × 0.3 nm × 2 nm
and the flake size is ∼100 µm × 100 µm × 0.1 µm. Thus,
number of ∼6 × 1013 unit cells are included in the flakes.
Mass/mol (6 × 1023 atoms) for Fe, Ge and Te are 56, 73,
and 128 g mol−1, respectively. Hence, the total mass of
∼400 × 10−10 g of atoms are included in a unit cell (with
three Fe atoms, one Ge, and one Te atom), based on number
of ∼6 × 1013 unit cells/flake. Consequently, a magnetization
unit of 1 × 10−6 emu/area corresponds to 2.5 emu g−1.

All samples present ferromagnetic curves. Exfoliated
pristine thin FGT flakes (i.e. without nanomesh) show only
small-magnitude of the FM with the very small saturation and
residual magnetization values (Ms and Mr, respectively) and
coercivity (figure 4(c) and table 1).

In contrast, both the non-O-terminated nanomesh and O-
terminated nanomesh exhibit considerably larger-magnitude
of the FM; significantly larger values for Ms, Mr, and
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Figure 3. Examples of (a) SEM image of an NPAT mask and (b) a planer atomic force microscope image of an FGT nanomesh fabricated
using (a). (c) Higher-resolution image of one pore in (b) and (d) its high-contrast image. Dotted hexagons in (d) are just to guide to eyes to
confirm the angle ∼ 120◦ of the pore edges.

coercivity, approximately 10–17 times, 10–13 times, and
∼1.7 times larger, respectively (figures 4(a) and (b)), com-
pared with the thin bulk flake (figure 4(c)) (table 1). The val-
ues in the O-terminated nanomeshes are considerably larger
than those in the non-nanomesh samples in previous reports
(table 2) [8–12], emphasizing robust influence of the pore-
edge spins. It is more striking that theMs andMr of the non-O-
terminated nanomesh (figure 4(a)) are ∼1.7-times larger than
those of the O-terminated nanomesh (figure 4(b)) (table 1).

The dependence of magnetic curves (Ms andMr values) on
the mean d for the non-O-terminated nanomeshes with anneal-
ing temperature (Ta) of 700 ◦C is shown in figures 5(a) and
(c). Magnitude of the FM becomes considerably larger as d
decreases (figure 5(a)).Ms andMr values also greatly increase
with decreasing d (figure 5(c)). Ta dependence of magnetic
curves for the non-O nanomesh with d = 20 nm is exhibited
in figures 5(b) and (d). The strongest FM curve with the largest
Ms andMr values are observed at Ta ∼ 700 ◦C, which is close

to the growth temperature of the bulk FGT crystal. Based on
this result, this Ta(=700 ◦C)-annealing has been employed for
all other samples in the present experiments.

2.3. Discussion

As a result, we have observed the emergence of significantly
large magnetism in FGT nanomeshes. We provide a qualit-
ative discussion of the factors contributing to these magnet-
isms. The dependence on d and Ta for magnetism is similar
to what we observed in our previous various 2D nanomeshes
with zigzag atomic-structure pore edges [1–6], correspond-
ing to the zigzag-edge nanoribbons in the interpore regions,
as mentioned below.

Concerning Ta, it is well known that zigzag-edge atomic
structure of nanoribbons (i.e. interpore regions) is highly sens-
itive to chemical and thermal conditions. When nanomesh
samples are annealed at a critical temperature which close

5
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Figure 4. Examples of the magnetization curves for (a) non-O-terminated FGT-nanomesh(NM), (b) O-terminated FGT-NM, and (c)
exfoliated pristine thin bulk flake. For (a) and (b), interpore distance (d) is ∼20 nm and annealing temperature (Ta) is 700 ◦C. Magnetic
field was applied along the c-axis (figure 1(b)) (i.e. longitudinal direction of the nanopores).

Table 1. Magnetization values and coercivity for each sample obtained from figure 4.

Ms (emu g−1) Mr (emu g−1) Coercivity (Oe)

Thin bulk ∼7 ∼2 ∼600
O-NM ∼70 ∼20 ∼1000
Non-O-NM ∼120 ∼25 ∼1000

Table 2. Ms values compared with previous reports [8–12]. Ms//c and Ms⊥c are the saturation magnetization for magnetic fields applied
along and perpendicular to the c axis (figures 1(b) and (a)), respectively.

O-NM May et al [8]. Zhang et al [9]. Kim et al [10]. Wang et al [11]. Wang et al [12].

Ms//c (emu g−1) ∼70 ∼20 ∼4 ∼10 ∼16 ∼1.5
Ms⊥c (emu g−1) — ∼1 ∼0.1 ∼1 ∼1.6 ∼0.5

to the growth temperature of bulk crystals, reconstruction of
the edge atomic structure occurs, resulting in formation of
the zigzag atomic structure with the highest magnetization
value because the zigzag edge structure is the most stable from
chemical and thermal viewpoints.

In contrast, even very small shift from the critical condition
leads to destruction (or disorder) of the zigzag structure, res-
ulting in a decrease in magnetization. The Ta∼ ∼ 700 ◦C can
correspond to this critical condition, because that is close to

the growth temperature of the current bulk FGT and the mag-
netization values decrease by annealing at 600 ◦C and 800 ◦C.

Moreover, our previous research on various-2D material
nanomeshes [1–6] also supports this argument, because each
nanomesh provided such critical Ta at which the highest Ms

value appears, resulting in the zigzag pore edges. This anneal-
ing process at 700 ◦C also effectively eliminates defects and
contamination at the pore edges, avoiding an increase in mag-
nitude of the FM originating from such defects.

6
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Figure 5. Magnetization curves for three different (a) mean interpore distance (d) and (b) annealing temperature (Ta) for non-O-terminated
FGT nanomeshes. For (a), black- and red-dotted, and green-solid curves correspond to d ∼10, 20 and 40 nm, respectively. For (b), blue- and
green-dotted, and red-solid curves correspond to Ta ∼800, 500, and 700 ◦C, respectively. Dependence of Ms and Mr values on (c) d
obtained from (a) and (d) Ta obtained from (b) for non-O-terminated FGT nanomeshes.

This discussion implies that the present FGT nanomeshes
possess a similar zigzag pore-edge (i.e. zigzag edges of the
interpore nanoribbon region) structure as shown in figures 3(d)
and 6(a), (b). When hexagonal nanopores are introduced
onto the FGT lattice structure, two distinct types of zigzag
pore edges emerge with Fe1,3 or Fe2 atom dangling bonds
(figure 6(a)). This leads to the formation of nanoribbons situ-
ated between these two different zigzag pore edges within the
interpore region (figures 6(a) and (b)).

The primary magnetic structure of FGTs is FM, while the
presence of AFM has been both theoretically and experiment-
ally reported as mentioned in the introduction. One of the
most plausible theoretical explanations for this is presented in
[21] as follows. The stability of FM coupling can be under-
stood through the Goodenough–Kanamori–Anderson rules.
The magnetic ground state of the FGT monolayer is determ-
ined by the competition between the direct exchange interac-
tion and the superexchange interaction. In the case of the direct
exchange interaction, the d orbitals on the nearest-neighbor
Fe atoms overlap directly, without a mediation atom. This
yields AFM coupling, which is determined by the distance
between the neighboring Fe atoms. On the other hand, in
the superexchange interaction, the d orbitals on the nearest-
neighbor Fe atoms overlap with the p orbitals of Ge or Te
atoms. Consequently, the superexchange mediated by Ge or

Te atoms causes FM coupling. The strength of FM coupling
is principally sensitive to the Fe − Te (Ge)−Fe angle (θ) and
those distance (ds) (figure 6(c)). If the superexchange interac-
tion overcomes the direct exchange interaction, FGT exhibits
FM coupling, otherwise AFM coupling emerges. This inter-
pretation was evidenced by experiments applying strain to
FGTs, which allowed the control of θ and ds [21]. Whenθ1,2
and ds1,2 increased due to applied strain, the magnitude of FM
actually increased.

In this context, one can qualitatively understand the sig-
nificant enhancement of FM in the current non-Oxygen
nanomesh from this model. When zigzag edges of the inter-
pore nanoribbons are formed (figures 6(a) and (b)), dangling
bonds consisting of Fe1, Fe3, and Fe2 atoms at the edges, along
with neighboring atoms, experience more significant relaxa-
tion compared to the bulk regions. This is because they have
more freedom at the pore edges. This increased relaxation
qualitatively leads to an increase in parameters θ and ds, (e.g.
θ1,2 and ds1,2 at points B and A, respectively) (figure 6(c))
and induce the FM magnitude. The Ms and Mr values of the
non-O nanomeshes monotonically increased with decreasing
d. This result reinforces the argument, because the FM spin
alignment between both edges of the interpore nanoribbon
region is enhanced with decreasing d as observed in previous
reports [1–6], while AFM spin alignment remains independent

7
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Figure 6. Schematic views for (a) planer and (b) z-direction atomic structures of an FGT nanomesh. The sections delineated by the red
dotted lines and depicted as pores (part of a hexagonal-shaped pore) have no atoms in actual nanomeshes. They have been shown just for
better understanding of the lattice structure. The interpore regions correspond to nanoribbon with two distinct types of zigzag edge atomic
structures (i.e. Fe1 and F3 atoms at the dangling bonds (B) and Fe2 atoms at the dangling bonds (A). Schematic views of (c) the distance ds
and the angles θ among between atom sites for the non-O FGT nanomesh with FM spin alignment (red arrows) at Fe1–3 dangling bonds (for
interpretation of figures 4(a)) and (d) the O-FGT nanomesh with AFM spin alignment at Fe1–3 dangling bonds coupled with O atoms (red
and black arrows) (for interpretation of figure 4(b)).

of d. Moreover, when presence of the nano pores is considered
for the normalization of magnetization values with mass, the
Ms and Mr values of the non-O nanomeshes are estimated to
become ∼100 time greater than those in thin bulk samples
without the nano pores (based on the radius ratio for pore
(∼30 nm) and cell (∼40 nm)). Because such huge M val-
ues cannot be understood by uniform distribution of the FM
spins to the narrow interpore regions, those localization on the
relaxed dangling bonds consisting of Fe1, Fe3, and Fe2 atoms
at the zigzag pore edges is indispensable.

In contrast, the O-termination of nanomeshes reduces the
values ofMs andMr to approximately half values. This differ-
ence can be attributed to the presence of AFM, which arises
from the coupling between edge Fe and O atoms (figure 6(d)).
This is because, conventionally, the O-termination of Fe atoms
at the dangling bonds suppresses FM spin alignment, indu-
cing AFM spin coupling, as previously mentioned [24, 25].
Nevertheless, substantial FM still persists in the O-nanomesh,
resulting in the small difference as mentioned above. This

resilience may be due to spin splitting in the Te3d5/2 orbital,
resulting from strong Te–O coupling at the edge dangling
bonds, and the consequent induction of FM spin alignment
(figure 6(d)), as we previously reported in the context of FM
for the Bi2Te3 nanomesh [6].Moreover, it was reported that the
boundary (interface) between O-AFM and non-O FM regions
may lead to an increase in Neel skyrmion creation [25]. This
observation may correspond to the interplay of edge O-AFM
and non-O FMwithin the nanoribbon regions, potentially con-
tributing to the persistence of substantial FM.

3. Conclusion

In conclusion, we fabricated a nanomesh structure (a
honeycomb-like array of hexagonal nanopores) with the zig-
zag pore-edge atomic structure, which was possibly recon-
firmed by the high-resolution AFMS images, on thin FGT
flakes with and without oxidation of the pore edges. Notably,

8
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our findings revealed a significant increase in the magnitude of
FM in both samples when compared to bulk FGT flakes lack-
ing the nanomesh structure. The critical temperature annealing
resulted in formation of the zigzag pore edges, corresponding
to creation of the interpore zigzag-edge nanoribbons regions
which considerably contributed to this drastic FM enhance-
ment. It was revealed that the non-O termination of the Fe1–3
dangling bonds of these zigzag edges drastically enhanced
FM behaviors due to possible increase in θ and ds by an
increase in the lattice freedom at the pore edges, while the O-
termination suppressed this FM by introducing AFM through
edge O—Fe1–3 coupling. Moreover, investigation of the con-
tribution of magnetic Skirmion unique to FGTs is expected
for the observed drastic enhancement of the FM. The FGT
nanomeshes hold promise for generating significant magnet-
ism and have potential applications in the field of magnetic
and spintronic devices.
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