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ABSTRACT

Pristine topological insulators (TIs) with no carrier doping principally suffer from a lack of magnetic ordering. We create a nanomesh
structure, a honeycomblike array of hexagonal nanopores with extremely high density, on a nondoped two-dimensional (2D) thin TI
(Bi2Te3). We observe antiferromagnetism (AFM) in completely hydrogen-terminated nanomeshes, while it is eliminated by ferromagnetism
(FM) in completely O-terminated nanomeshes. Interplay between the AFM and FM is observed in partially O-terminated nanomeshes. As a
possible origin for the observed magnetisms, Kramers doublets, which may exist around nanopore edges, for AFM and those eliminated by
FM spin alignment due to O-Te coupling along pore edges are discussed based on the structure and annealing dependence of the magnet-
isms. The nondoped 2D nanomesh formed on a TI will lead to new avenues of research on topological magnetisms and spintronics.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5100024

Topological insulators (TIs), which represent a nontrivial quan-
tum phase, have attracted significant attention. Various three-
dimensional (3D) TIs have been found (e.g., Bi2Te3 and Bi2Se3), and
their electronic behavior has been studied.1–3 In contrast, because a TI
has basically no magnetic ordering, its magnetic properties have
mainly been studied via doping with transition metal ions (e.g., Cr,4–8

Mn,9–11 and Fe). Some works argued that the long-range ferromag-
netic order is independent of the increase in the densities of such ions
remaining in the TI states,5 while others reported the suppression of
ferromagnetism (FM) with increasing ion density.9 The mechanisms
behind such FM in 3D TIs have also been debated (e.g., p-hole carrier
mediation in the host-material lattice with the interaction between the
host-p and dopant-d states4 and a Dirac-fermion-mediated origin for
surface ferromagnetism9). However, parasitic problems caused by
carrier doping (e.g., defects and contamination) have obstructed the
advancement of this research. Thus, it is crucial to produce magnetism
in TIs without carrier doping.

Unlike studies of magnetism in 3D TIs, such studies are rare for
2D TIs. In 2D TIs, helical edge spin states, in which edge spins with
opposite moments form a Kramers doublet and counterpropagate
with time-reversal symmetry (i.e., quantum spin Hall phase), appear.
Although this effect has predominantly been researched in 2D semi-
conductor quantum wells,12–14 atomically thin layers have recently
been demonstrated to be 2D TIs (e.g., WTe2).

15–17 We have also

realized 2D TI states both in graphene decorated with Bi2Te3 nanopar-
ticles to coverage levels as low as 3% and in few-layer MoS2 with a
1T0-phase created using laser beam irradiation.18–20 Nevertheless, the
magnetic behavior caused by helical edge states has never been studied.
There is great interest in whether the opposite-moment spins of
Kramers doublets can cause antiferromagnetism (AFM) when present
in large amounts.

However, the edge volume of conventional 2D materials is very
small because this volume exists at only the edge of a sample.
Moreover, many defects and considerable contamination exist around
edges. These factors have made it difficult to detect the magnetism
that arises from the edge spins. Thus, we previously created a 2D thin
nanomesh structure with few defects and a low level of contamination
using our nonlithographic method, which etches 2D thin bulk layers
via a nanoporous alumina template (NPAT) mask on non-TI layers.
The large-volume dangling bonds at the zigzag atomic structure’s
nanopore edges (e.g., pore diameter �50nm and pore density
�1011/cm2) with few defects and a low level of contamination in the
non-TI nanomesh allowed for the facile observation of various edge-
derived magnetisms depending on the material [e.g., graphene,21,22

black phosphorus,23 hexagonal boron nitride (hBN),24 and MoS2
25]

and the foreign atoms terminating the zigzag pore edges (e.g., O and
H). Nevertheless, AFM has never been observed. In the present work,
a nanomesh structure is created on a nondoped thin 2D TI (Bi2Te3),

Appl. Phys. Lett. 115, 093101 (2019); doi: 10.1063/1.5100024 115, 093101-1

Published under license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

https://doi.org/10.1063/1.5100024
https://doi.org/10.1063/1.5100024
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5100024
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5100024&domain=pdf&date_stamp=2019-08-27
mailto:J-haru@ee.aoyama.ac.jp
https://doi.org/10.1063/1.5100024
https://scitation.org/journal/apl


and AFM is observed by forming spin instability similar to that of the
Kagome lattice26,27 and causing interplay with edge spin-derived
FM.28–30

Flakes of thin Bi2Te3 are formed by mechanical exfoliation of
bulk samples via a Scotch tape method [Fig. 1(a)]. Various flakes exist
on one SiO2/Si substrate {e.g., an area measuring a few �100 lm2 and
a thickness ranging from a monolayer �10 layers [Fig. 1(b)]}. 2D TI
states are confirmed by the observation of the RQ/2 value (where RQ
¼ h/e2 ¼ 25.8 kX is the quantum resistance) as a function of the back
gate voltage (Vbg) for the quantum spin Hall effect [Fig. 1(c)] and by
the observation of bulk gaps (�90meV) and the disappearance at the
edges by scanning tunneling spectroscopy (STS) [Fig. 1(d)], as well as
by our previous experiments on 2D TIs.17,20 Some theoretical works
reported the absence of 2D TI states in thin layers of Bi2Te3,33 while
the presence of 2D TI states was observed experimentally.34,35 Out
results are consistent with the experimental studies. The thick flakes
(�10nm) are mechanically removed. The NPAT mask is placed on
the substrate, and the nanopore array is transferred to the Bi2Te3 flakes
by low-power Ar gas etching. An example atomic force microscopy
image of the formed Bi2Te3 nanomesh is shown in Fig. 1(e) (a typical
diameter is �50nm with an interpore distance of �20nm).31

According to our previous method, the nanomeshes are annealed
under high vacuum (10�6 Torr) at high temperature (500 �C).
Because this temperature is close to the growth temperature of the
bulk Bi2Te3, edge reconstruction occurs, resulting in the most stable
edge atomic structure in terms of the chemical and thermal character-
istics. In our previous work, the formation of nanomeshes composed
of various materials suggests that the most stable structure has zigzag
pore edges. Indeed, annealing at the other temperatures (400 �C and
600 �C) resulted in much less magnetization in O-terminated samples

[as shown in Fig. 4(b)], which is analogous to our previous results.
Annealing (500 �C) also completely eliminates defects and contamina-
tion. Next, the nanomeshes are exposed to air for 2 h or 24 h to
establish partially or completely O-terminated pore edges, respectively.
To achieve H-termination, the samples are exposed to H radicals.
Finally, the NPATmask is mechanically detached.

Figures 1(d) and 1(e) display X-ray photoelectron spectroscopy
(XPS) results for the completely O-terminated nanomesh sample. We
confirm the identities of the peaks as Bi (�162 eV) and Bi2O3

(�164 eV) in the Bi4f5/2 orbital and Te (�572 eV) and TeO2 (�576 eV)
in the Te3d5/2 orbital. The exposure of the nanomesh to air was carried
out with the NPAT mask on the surface. Moreover, the interpore dis-
tance of the nanomesh is only �20nm. Thus, the observed XPS peaks
mainly originate from O-termination of the pore edges. These findings
indicate the high quality of the pore edges of Bi2Te3 nanomeshes, specif-
ically, that the sample possesses few defects and a low level of contami-
nation. In addition, sufficient chemical coupling occurs between the Bi
and Te atoms of the pore-edge dangling bonds and the terminating O
atoms. The presence of 2D TI states in the nanomeshes cannot yet be
confirmed by resistance measurements or STS observations, unlike the
case of the bulk material, owing to the extremely small interpore space
and the small pore-edge size.

The Bi2Te3 nanomeshes on the Si surface (e.g., total area
�1� 5mm2) are collected and placed in the tube of a superconduct-
ing quantum interference device (Quantum Design; MPMS) for the
measurement of the magnetic behavior of the material by the applica-
tion of an in-plane magnetic field.

The magnetic properties of the Bi2Te3 nanomeshes are demon-
strated in Fig. 2. Exfoliated pristine thin Bi2Te3 flakes (i.e., without
nanomeshes) show no magnetization (showing only diamagnetismlike
small hysteresis) [Fig. 2(a)]. The temperature (T) dependence of the
magnetic susceptibility (v) of the partially O-terminated nanomesh is
shown in Fig. 2(b). This behavior is similar to that of AFM (i.e., v rap-
idly increases as T decreases and has a broad peak at approximately
Tc1� 100–130K, whereas at T< 100K, v gradually decreases toward v
¼ 0 with decreasing T). Notably, this AFM-like behavior was never
observed in our previous nanomeshes formed on various 2D non-TI
layers, as mentioned in the introduction. In contrast, v rapidly
increases again at T<Tc2� 20K with decreasing T. This behavior dif-
fers significantly from that of AFM. The typical magnetic curves in
individual T regions are shown in Figs. 2(c)–2(f). At T¼ 250K, a curve
indicating paramagnetism (PM) is generated [Fig. 2(c)]. This PM
becomes stronger at approximately Tc1¼ 130K [Fig. 2(d)]. In contrast,
the v value of the curve decreases as a small hysteresis loop develops at
T¼ 50K [Fig. 2(e)]. This hysteresis curve becomes more significant as
ferromagnetism (FM) becomes apparent at T¼ 2K [Fig. 2(f)].

Figure 3 demonstrates the T dependence of the v value of nano-
meshes with complete O-termination [Fig. 3(a)] and with complete
H-termination [Fig. 3(b)] (i.e., formed by exposing the nanomesh to
air or H radicals for 24 h, respectively). AFM (i.e., decreased v) is
absent in Fig. 3(a), and only FM (i.e., monotonically increasing v) is
confirmed. In contrast, FM is absent in Fig. 3(b), and only AFM and
PM are confirmed with an evident transition temperature (similar to
the Niele temperature) of�130K.

Figure 4 shows the correlation of magnetism with (a) the inter-
pore distance (d) and (b) the annealing temperature (Ta) of the
completely H- and O-terminated samples. As d decreases, the AFM

FIG. 1. Sample fabrication and characterization. (a) Optical and (b) cross-sectional
atomic force microscopy images of mechanically exfoliated thin Bi2Te3 layers. (c)
Nonlocal resistance as a function of Vbg for four probe measurements of (a). (d)
STS measurement of (a). (e) Atomic force microscopy image of thin Bi2Te3 nano-
meshes. [(f) and (g)] XPS spectra of the oxidized nanomesh sample.
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grows unstable in the H-terminated samples (i.e., the magnetization
values depart from the minimum values with longer error bars, and
the coercivity monotonically decreases), while the magnitude of FM in
the O-terminated samples monotonically increases in (a). In (b), the
magnitude of FM in the O-terminated samples is maximum at a Ta
value of 500 �C, and the AFM in the H-terminated samples becomes
most stable (i.e., the magnetization reaches the minimum value with
the shortest error bars, and the coercivity reaches the maximum value)
after annealing at this Ta. Because of these results, Ta (¼500 �C)-
annealing was employed for all other samples.

The results shown in Fig. 3 suggest that the results shown in
Fig. 2 can be qualitatively attributed to a hybridized state characterized
by AFM in the high-T region [red dashed line in Fig. 2(b)

corresponding to Fig. 3(b)] and FM at low T [blue dashed line in
Fig. 2(b) corresponding to Fig. 3(a)].

We now discuss the causes for the observed magnetisms and the
correlations with 2D TI states. The presence of 2D TI states in the pre-
sent nanomeshes has not been confirmed due to the extremely small
interpore space and the small pore-edge size (e.g., even for resistance
and STS measurements), as mentioned above. However, the AFM was
never observed in our previous non-TI nanomeshes; thus, this obser-
vation is unique to the present thin Bi2Te3 nanomeshes. Because the
H-termination does not lead to spin splitting at the pore edges, as
mentioned for our previous non-TI nanomeshes, helical edge states
may remain in this case if they exist. Therefore, one possible cause of
the observed AFM may be the AFM spin alignment of Kramers dou-
blets, which may exist along the pore edges as well as along edges of
the thin flakes.

In Fig. 4(a), it is found that the decrease in d leads to unstable
AFM in the H-terminated nanomeshes. This is very different from the
monotonic increase in FM in the O-terminated sample, which origi-
nates from the increased interaction between the two edges of an inter-
pore region (as a nanoribbon), as mentioned below, and is consistent
with our previous results, as mentioned in the introduction.21–25 These
differences support the idea that the observed AFM originates from
different mechanisms and may be associated with the Kramers dou-
blets existing at the pore edges, as mentioned above, because the
decrease in d can induce interplay among the multiple Kramers dou-
blets residing at different pore edges, which align as in a honeycomb
array. The induced interplay causes AFM spin instability with a reduc-
tion in coercivity, similar to that observed in a Kagome lattice.26,27 In
Fig. 4(b), it is found that the AFM in the H-terminated samples
becomes most robust after the annealing at the optimized Ta, which
emphasizes that the helical edge states existing around the pore edges
become most stable at the zigzag edges, consistent with Refs. 28 and
29. In previously reported 2D-TIs, AFM spin alignment was not
detected due to the small volume of edges. The present 2D nanomesh
structure, with its extremely large volume of pore edges (pore density
> �1011 cm�2), allows this observation.

In contrast, the observed FM and associated behaviors in the
O-terminated nanomeshes (Fig. 4) are analogous to our previous
reports on FM, which originated from the orbital coupling between
the dangling-bond atoms at the zigzag pore edges and the foreign
atoms terminating the edges in the nanomeshes formed on various 2D

FIG. 2. Magnetization measurements. (a) Magnetization curve of the 2D thin bulk
sample without nanopores. (b) Partially O-terminated nanomesh: temperature
dependence of the magnetic susceptibility behaviour observed at 100 Oe and
(c)–(f) magnetization curves corresponding to the four representative temperature
regions in (b). Dashed lines in (b) are used as the guide to the eye and qualitatively
correspond to Fig. 3. Magnetic fields are applied in the plane of the nanomesh for
all measurements reported in the present manuscript. Insets in (b)–(f): schematic
views of the possible pore-edge spin configurations in individual temperature
regions [shown by arrows around hexagonal pores; from high temperature, PM,
AFM due to Kramers doublets, coexisting FM due to edge O-Te coupling and AFM
on different pores, and FM in (b)].

FIG. 3. Temperature dependence of magnetic susceptibilities observed at 100 Oe.
(a) Completely O-terminated and (b) completely H-terminated nanomeshes. Insets:
Schematic views of the possible pore-edge spin configurations.

FIG. 4. Structure and annealing dependence of the magnetism of the completely H-
or O-terminated nanomeshes. (a) Interpore distance (d) dependence under a con-
stant pore diameter (/) and (b) annealing temperature dependence. Red circles:
magnetization values at 100 Oe in H-terminated samples (left Y-axis). Black circles:
those in O-terminated samples (left Y-axis). Blue circles: coercivity in H-terminated
samples (right Y-axis). The error bars correspond to the analysis of five samples
with different structures and conditions.
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non-TI thin layers, as mentioned in the introduction.20–25 This origin
may suggest that the cause is associated with spin splitting in the
Te3d5/2 orbital of the Te-O coupling confirmed at the pore edges
[Fig. 1(f)].32 However, the helical edge spin states of the 2D TI are
topologically protected by time-reverse symmetry, as mentioned
above. How the states are correlated with the termination of the edges
by adatoms has not been well investigated, particularly for magnetic
ordering. Only a few studies have reported that oxygen decoration of
TIs modulated the Fermi levels by carrier doping and that the resistiv-
ity was reduced.35 The present result reveals the possibility that the
AFM spin alignment of the helical edge states may be suppressed by
the FM spin alignment due to this edge O-termination if the observed
AFM is attributed to the helical edges around the pore edges.

For the sample depicted in Fig. 3(a), oxidation was carried out
for as long as 24 h. This amount of exposure is sufficient for terminat-
ing all the pore-edge dangling bonds with O atoms, resulting in the
observed FM. In contrast, the oxidation time was short for the sample
in Fig. 2, resulting in partial edge O-termination. Thus, the result in
Fig. 2 can be interpreted as a hybridization of the phenomena pre-
sented in Figs. 3(a) and 3(b), as mentioned above.

However, it remains unclear how the AFM caused by Kramers
doublets can interplay with the FM arising from spin splitting in the
O-Te coupled orbitals near the partially O-terminated pore edges
[Fig. 2(b)]. Two explanations for this are considered: the AFM and
FM (1) separately exist in different pore edges [insets of Figs. 2(b) and
2(e)] or (2) coexist in the same pore edges. For case (1), spin localiza-
tion, which originates from the strong edge O-Te coupling in the
Te3d5/2 orbitals and FM spin alignment in the orbitals, destroys the
Kramers doublet at one pore edge. Even at the partially oxidized edge
of one pore, this destruction occurs, causing the Kramers doublet to
completely disappear. On only the pore edges without any oxidation
can the Kramers doublets survive. In contrast, for case (2), the FM
spin alignment of the edge O-Te coupling does not destroy the
Kramers doublet. The Kramers doublets propagate along the outside
of the edge O-Te coupling orbital.

The FM observed in Fig. 3(a) and the absence of AFM suggest
that the former model is appropriate because the sufficient degree of O-
termination realizes the formation of the edge O-Te coupling over the
entire pore system of the sample. If the latter model is applicable, AFM
should be observed to some extent even under such a condition. In
Fig. 2(b), the oxidation time being as short as 2 h and apparently insuffi-
cient leads to the states presented in the insets of Figs. 2(b) and 2(e).

In conclusion, we have demonstrated the possibility that a large
volume of Kramer doublets, which possibly exist around non-O-
terminated nanopore edges of 2D Bi2Te3 nanomeshes, may produce
AFM, but the FM spin alignment due to the O-Te coupling at the
O-terminated pore edges eliminates this AFM. Interplay between the
AFM and FM can appear in partially O-terminated samples. It is
essential to confirm the presence of 2D TI states in the present nano-
meshes. Previously, a 2D van der Waals magnet, bilayer CrI3, enabled
electric-field switching of its magnetisms due to the interlayer
exchange bias.30 Optimizing the present 2D nanomesh structures with
O- or H-termination is expected to realize such control over topologi-
cal magnetisms and spintronics if 2D TI states are confirmed.
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