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Monolayer MnTe; stabilized as 1T structure has been theoretically predicted to be a two-dimensional (2D) ferromag-
netic metal and can be tuned via strain engineering. There is no naturally van der Waals (vdW) layered MnTe, bulk, leaving
mechanical exfoliation impossible to prepare monolayer MnTe,. Herein, by means of molecular beam epitaxy (MBE), we
successfully prepared monolayer hexagonal MnTe, on Si(111) under Te rich condition. Sharp reflection high-energy elec-
tron diffraction (RHEED) and low-energy electron diffraction (LEED) patterns suggest the monolayer is atomically flat
without surface reconstruction. The valence state of Mn** and the atom ratio of ([Te]:[Mn]) further confirm the MnTe,
compound. Scanning tunneling spectroscopy (STS) shows the hexagonal MnTe, monolayer is a semiconductor with a
large bandgap of ~ 2.78 eV. The valence-band maximum (VBM) locates at the I point, as illustrated by angle-resolved
photoemission spectroscopy (ARPES), below which three hole-type bands with parabolic dispersion can be identified. The
successful synthesis of monolayer MnTe; film provides a new platform to investigate the 2D magnetism.

Keywords: molecular beam epitaxy, hexagonal MnTe,, band structure

PACS: 68.37.Ef, 73.20.At, 81.15.—z

1. Introduction

Two-dimensional (2D) materials have attracted extensive
attention since the discovery of graphene.!!! When thinned to
the monolayer limit, 2D materials will exhibit unique elec-
tronic and optical properties such as superconductivity >
and charge density waves (CDW).~7! In particular, ferro-
magnetic and antiferromagnetic materials would be a signif-
icant addition to the family of 2D materials due to their poten-
tial application in the next-generation spintronic devices with
stable storage, faster response, and low-power dissipation. (%]
The recent experimental breakthrough was the observation
of quantum anomalous Hall effect (QAHE) in intrinsic mag-
netic topological insulator MnBi;Tey,[®! in which the mag-
netism originates from the magnetic Mn-Te layers!!? with the

high-ordered magnetism distribution in the crystal.l'!l In the

DOI: 10.1088/1674-1056/ac2e63

MnBi;Tes system, each Mn atom is bonded with six neigh-
boring Te atoms, which form octahedral (1T) structure MnTe;.
The monolayer MnTe, was predicted as a candidate for 2D fer-
romagnetic material.'?! To the best of our knowledge, no ex-
perimental investigation about the epitaxial growth of mono-
layer hexagonal MnTe; has been reported.

Manganese telluride (MnTe) has been demonstrated as
a promising thermoelectric material.'31 NiAs-type MnTe
(hexagonal MnTe, H-MnTe) bulk is a diluted magnetic ma-
terial, exhibiting antiferromagnetic property with a Néel tem-
perature (7y) of 310 K.I'* And it is a p-type semiconductor
with a small bandgap of 1.37-1.52 eV.!!3] The lattice con-
stant is a = b = 4.158 A, ¢ = 6.726 A%l and the magnetic
order of H-MnTe has been determined to be in-plane ferro-
magnetic layers stacking antiferromagnetically along the c-
axis.!!”-181 Room temperature ferromagnetism was observed in
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thick MnTe film prepared by molecular beam epitaxy (MBE)
technique.['”! There is no experimental report about the two-
dimensional limit of MnTe, where a Mn atom layer sand-
wiched between two Te layers. Recently, the DFT calcula-
tions suggest that when thinned the H-MnTe to the monolayer
limit, MnTe, can stabilize as 1T-structure and is an intrin-
sic ferromagnetic metal.!'?) There is a pyrite cubic structured
three-dimensional MnTe,, which was reported to be a p-type
semiconductor, ?°! quite different from hexagonal MnTe, fo-
cusing on its potential thermoelectric applications.?!! There-
fore, the experimental realization of the monolayer MnTe, is
important and promising for 2D magnetism.

Here we report an epitaxial growth of high-quality hexag-
onal monolayer MnTe, on Si(111)-(7 x 7) substrate by means
of MBE. The structure and component were characterized
by combining in-sifu scanning tunneling microscopy (STM),
reflection high-energy electron diffraction (RHEED), low-
energy electron diffraction (LEED), angle-resolved photoe-
mission spectroscopy (ARPES), and x-ray photoelectron spec-
troscopy (XPS). STM and RHEED measurements show an
MnTe, monolayer with a lattice of ~ 4.1 A and the height of
~ 5 A on Si(111) substrates. A large bandgap of ~ 2.78 eV is
observed with semiconducting properties in the MnTe; mono-
layer. Three hole-type bands with parabolic-type dispersion
are observed by the ARPES measurements and the valence-
band maximum (VBM) locates at I" point. Our work clearly
shows the successful growth of a two-dimensional semicon-
ducting MnTe; monolayer.

2. Experimental methods

Epitaxial growth of monolayer MnTe; on the Si(111) was
carried out in a combined ultrahigh vacuum (UHV) system
with a base pressure better than 3 x 107!9 mbar. Prior to the
film growth, the clean Si(111)-(7 x 7) substrates were obtained
by multi-cycle flashing to ~ 1320 K. High purity Mn (99.98%)
and Te (99.9999%) were co-evaporated from standard Knud-
sen cells (K-cell). The growth rate of the MnTe, film was es-
timated to be 0.05 ML/min, mainly determined by the flux of
the Mn source. RHEED was used to monitor the crystallinity
and surface morphology during the growth. The surface mor-
phology and electronic structure were further characterized by
in-situ STM at room temperature using a tungsten tip. The
differential dI/dV spectra were acquired by standard lock-in
techniques (f = 973 Hz, T = 300 K). All the STM images
were treated by using the WSxM software. [>?]

By transferring via the UHV tubes (base pressure better
than 2 x 10710 mbar) in Nano-X, the band structure and sur-
face component of the monolayer MnTe; can be measured in-
situ by ARPES and XPS, respectively. Monochromatized He-
I light source (21.21 eV) was used in the ARPES measure-

ment with a VG DA30L analyzer. The energy resolution and
angular resolution were better than 30 meV and 0.1°, respec-
tively. XPS measurements were carried out by using a PHI
5000 Versaprobe II system equipped with a monochromatic
Al K (1486.6 eV) x-ray source. The core level and valance
band structure spectra were calibrated against C—C 1s (binding
energy is around 284.8 eV).

3. Results and discussion

Mn-Te compounds in bulk and thick films normally crys-
tallize into NiAs-type MnTe with Mn:Te ~ 1 : 1.
bilize monolayer MnTe; with Te termination, we introduced

To sta-

the molecular beam epitaxy method with the help of sub-
strate and Te-rich atmosphere. Prior to the film growth, the
Si(111) substrates were first degassed at 820 K for more than
10 h, followed by multi-cycle flashing at ~ 1320 K for 10 s
each time. The sample temperature was monitored by an
infrared pyrometer. After such procedure, atomically clean
Si(111)-(7 x 7) surfaces can be obtained, confirmed by the
sharp RHEED spots in Fig. 1(a). During the film growth,
the Si(111) substrate was kept at 573 K. The flux ratio of
Te/Mn was about 10:1. The RHEED pattern in Fig. 1(b)
shows sharp streaky lines from a thin film and bright spots
from the Si(111) substrate (asj(111) ~ 3.85 A), demonstrat-
ing epitaxial growth with an atomically flat surface. The lat-
tice constant of the monolayer MnTe, can be estimated to
be ~ 4.1 A, just slightly smaller than the lattice constant of
bulk H-MnTe (a = 4.158 A), quite different from the value
obtained in DFT calculations.!'?! The hexagonal LEED pat-
tern in Fig. 1(c) rules out the possibility of pyrite cubic struc-
tured MnTe,. No surface reconstruction was found. The fact
of only one set of hexagonal LEED pattern indicates mono-
layer MnTe, with a single orientation, despite the high mis-
match (~ 8%) between the monolayer MnTe; and the sub-
strate. Spots of the Si(111) substrate could not be observed af-
ter the surface was completely covered with monolayer MnTe;
(see Fig. S1 in the supplementary material for details).

The STM image in Fig. 1(d) shows the surface morphol-
ogy of sub-monolayer MnTe; grown on Si(111). Similar to
the monolayer WTe; (23] and WSe,, 24 distributed MnTe, is-
lands were observed when the sub-monolayer was grown. All
the islands exhibit the same height of ~ 500 pm, accord-
ing to the line profile in Fig. 1(e). In the bulk of hexagonal
MnTe, the thickness of the Mn—Te layer along ¢ direction is
~ 1.68 A. Given the height of the monolayer islands, the film
could be Te-Mn-Te or Mn-Te-Mn-Te. To further confirm
the structure and surface compounds, in-situ XPS measure-
ments were needed, as shown below. Figure 1(f) shows the
typical dI/dV spectrum of the monolayer MnTe,. We can
observe a big bandgap across the Fermi level. The VBM lo-
cates at —1.20 eV and the conduction-band minimum locates
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at 1.58 eV, indicating a bandgap size of ~ 2.78 eV. Such value
is larger than the one in bulk H-MnTe (1.37 eV-1.52 eV).[!1%]
But it is quite different from the predicted metallic property

(b)

—~
¢l
~

in DFT calculation.['?3%] Maybe it is due to the varied lattice
constants. A small lattice constant of 3.8 A was obtained in
the DFT calculation.[!?]
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Fig. 1. Growth of monolayer MnTe; film on the Si(111) substrate. (a) RHEED pattern of the flashed Si(111) substrate, showing typical (7 x 7)
reconstruction spots. (b) RHEED pattern of the sub-monolayer MnTe,. White lines mark the pattern of film, while the yellow dotted circles
indicate the Si(111) substrate. (c) LEED pattern image of the monolayer MnTe,, clearly showing a hexagonal structure. (d) Large-scale STM
image of 0.5 ML MnTe,, showing the surface morphology (200 nmx200 nm). Scanning condition: Vs = 2.0V, [; = 20 pA. (e) Line profile
of the black arrow AB in panel (d), showing all the monolayer MnTe; islands have with the same height of ~ 500 pm. (f) Typical dI/dV
spectrum on the monolayer MnTe;, showing the semiconducting gap size of ~ 2.78 eV. Blue curve is the logarithmic plot.

No oxidation signal from the monolayer MnTe; can be
observed in the survey XPS spectrum (see Fig. S2 in the sup-
plementary material) after the growth and transferring process.
Figures 2(a)-2(c) show the XPS spectra of Mn 3s, Mn 2p, and
Te 3d core-levels, respectively. In Fig. 2(a), the Mn 3s spectra
can be deconvoluted into two peaks due to the coupling of the
nonionized 3s electron with 3d valence-band electrons in Mn,
with the binding energies of 83.43 eV and 88.13 eV, respec-
tively. The energy difference (AE3s) is ~ 4.7 eV, indicating
that the valence state of Mn is mainly +4 in the monolayer
film.[*>! Due to the complexity of Mn 2p spectrum with the
splitting of 11.5 eV, we have performed a detailed deconvolu-
tion analysis in Fig. 2(b). Peak 1 of 640.6 eV corresponds to
the low charge state of Mn?" (0 < g < 1), similar to the sit-
vation in MnBi,Tey film.?2! The low charge state of Mn was
found to come from nanoclusters of manganese subtelluride
induced by Ar™ ion sputtering in MnTe film.!?2"] We pre-
fer the Mn?" (0 < ¢ < 1) charge state may originate from the
charge transfer between MnTe; film and the Si(111) substrate.
Peak 2 of 641.9 eV belongs to the Mn—Te bonds of MnTe;.
Peaks 3 and 4 are the satellite peaks of peaks 1 and 2, respec-
tively. The satellites in Mn 2p spectrum originate from the

charge transfer between the outer electron shell of the ligand
and an unfilled 3d shell of Mn during the creation of a core-
hole in the photoelectron process./?®! In Fig. 2(c), the peaks at
583.9 eV and 573.5 eV are assigned to the Te 3d3; and 3ds/,
orbitals with a splitting of 10.4 eV, respectively.

According to the peak and the relative sensitivity factor,
we can calculate the chemical composition, the atom ratio of
([Mn]:[Te]) ~ 1 :2.6. Judging from the valence state of +4
and atom ratio of 1:2.6, we can conclude that the grown mono-
layer is MnTe,, as shown in Fig. 2(f). The larger Te ratio in the
samples should be ascribed to the Te passivation layer between
MnTe; and Si(111) substrate, which offers an atomically flat
template for the film growth by saturating the dangling bonds
on the Si(111) substrate.”?*! The Te passivation layer may be
helpful for the growth of monolayer MnTe, with a large mis-
match to Si(111) substrate. Such a Te-rich-atmosphere growth
method has been widely used in the growth of BirTes film
on Si(111) substrate.3%! Figure S2(b) shows the cut-off edge
of UPS spectra with the sample biased to —5 V. The work
function (~ 4.76 eV) of monolayer MnTe, can be calculated
by using the formula ¢ = hv — SECO — 5, in which the sec-
ondary electron cut-off (SECO) is obtained from a linear ex-
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trapolation, as shown in the inset of Fig. 2(d). The valence
band maximum of ~ 1.32 eV can also be extracted in Fig. 2(e)
by linear extrapolation, which agrees well with our STS mea-
surement in Fig. 1(f). Figure S2(c) gives the band structure
of monolayer MnTe, extracted from XPS and STS measure-

ments. Thus, we can draw the constructed band diagram of
the monolayer MnTe, on Si(111). Figure 2(f) shows the top
and side views of the monolayer 1T-MnTe; respectively. The
octahedral 1T structure is consistent with the previous DFT

calculation results.[!2!

(a) (b) ——raw data (C) ..... dat.
wemTaw data Mn 3s —112’1W Mn 2p Mn 2p3/2 —_ gzvgkg?o:ind Te 3d
—P1 —P2 i — fitting
—P2 -—
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Fig. 2. XPS measurements of the monolayer MnTe; on Si(111). (a)—(c) The core-level spectra of Mn 3s, Mn 2p, and Te 3d. The spaced double
peaks (~ 4.7 eV) in Mn 3s suggest that the valence state of Mn is +4. The core-level spectrum of Mn 2ps, can be deconvoluted into four
peaks. (d) UPS measurement of monolayer MnTe;, showing the work function of ~ 4.76 eV. (e) Valence-band maximum of MnTe, film. (f)

Top and side view model of monolayer MnTe;. The blue and yellow balls represent Mn and Te atoms, respectively.
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Fig. 3. Electronic band structure of the monolayer 1T-MnTe, on Si(111) substrate. (a) The Brillouin zone of monolayer MnTe,. (b) The
momentum space mapping at the energy of —1.0 eV, near the VBM. (c) The momentum space mapping at the energy of —2.0 eV. (d) The band

structure measured along I'-M direction.

To further explore the electronic structure of monolayer
MnTe,/Si(111) heterostructures, we performed ARPES mea-
surement at room temperature. To the best of our knowledge,
ARPES observations on bulk or thin film MnTe materials have

been rarely reported. Figure 3(a) shows the Brillouin zone

of the hexagonal MnTe; monolayer. The momentum space
mapping at —1.0 eV in Fig. 3(b) shows only hole pockets at
I'" point with VBM at ~ —0.85 eV, consistent with the gaped
structure obtained from the STS and XPS measurements. We
notice that in bulk MnTe the VBM is also predicted at I”
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[311 The mapping at —2.0 eV in Fig. 3(c)

point theoretically.
shows a typical hexagonal structure with hole pockets. Fig-
ure 3(d) shows the band structure of monolayer MnTe, along
the I'-M direction. Three hole-type bands with parabolic-
type dispersion and “M”’-shape dispersion at a deeper level are
observed. Overall band shapes are similar to those of bulk
MnTel*!! or 1T-MnTe, monolayer.[!>3?! Here we find that the
low two parabolic bands seem to overlap together. The en-
ergy difference between the upper parabolic bands and the
lower ones is about 0.75 eV. The observed band structure is
quite different from that of the Si(111) substrate, as shown in
Fig. S3. Clean Si(111)-(7 x 7) substrate shows nearly linear
dispersion along the I'-M direction. The surface states of S1,
S2, and S3 can be identified at 0.20 eV, 0.90 eV, and 1.8 eV
below the Fermi level, respectively.[**! After the growth of
monolayer MnTe,, no surface state and other band structures
from Si(111) surface can be observed. According to previ-

ous DFT calculations, 1232

monolayer MnTe, was predicted
to be metallic. Our observations suggest monolayer hexag-
onal MnTe; exhibits semiconducting properties with consid-
erable bandgap (~ 2.78 eV) at room temperature, larger than
that of bulk MnTe (1.37 eV-1.52 eV).[!3] One possibility is
the varied lattice constant. As predicted,*?) the lattice strain
can open a bandgap in MnTe; monolayer. However, the pre-
dicted bandgap is much smaller than the one in our experi-
ment, which deserves further detailed calculations.

We would like to discuss more about the formation of
hexagonal MnTe, monolayer. In previous MBE growth, thick
MnTe film crystallized into NiAs-type phase on the Si(111)!"]
and InP(111),3% while the preparation of a monolayer thin
film failed. As shown in Fig. S4, if further increasing the
coverage, several islands with the height of ~ 330 pm were
observed on the monolayer MnTe,, beside the second MnTe,
layer with the height of ~ 670 pm. It demonstrates the compe-
tition between the formation of bulk MnTe and van der Waals
layered MnTe;. The interaction with the substrate can stabi-
lize the monolayer MnTe;. The successful grown monolayer
MnTe; is an important step to investigate the intrinsic 2D fer-
romagnetic properties due to its in-plane ferromagnetic order
with single-layer Mn atoms.

4. Conclusion

In summary, we have successfully synthesized the hexag-
onal monolayer MnTe, film on Si(111) substrate by means of
MBE. By combing in-situ STM, LEED, XPS, and ARPES,
we have demonstrated atomically flat hexagonal monolayer
MnTe; film with a large bandgap of ~ 2.78 eV. The core-level
spectrum of Mn 3s suggests the valence state of Mn is mainly
+4. The atomic ratio of ([Te]:[Mn]) ~ 2.6 : 1 not only verifies
the component of MnTe,, but also implies the existence of Te

passivation layer on Si(111) surface, which facilitates the epi-
taxial growth of MnTe, with large lattice mismatch. ARPES
results show that the VBM is at I" point with an energy of
—0.85 eV. Clear three bands with parabolic-type dispersion
can be observed, agreeing well with the band shapes of bulk
MnTeP*!! or 1T-MnTe, monolayer. Our work offers an oppor-
tunity to investigate the electronic and magnetism properties
of MnTe materials with thickness down to two-dimensional
limit as MnTe;.
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