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ABSTRACT: Rare-earth magnetic compounds, known as conventional magnetic Magnetism Topology
materials and magnetic topological materials, provide a platform for exploring YRR

prominent physics phenomena and designing topological spintronic devices. EuSn,As,, 13144

as a candidate of intrinsic antiferromagnetic (AFM) topological insulator, has recently t3t 4t AL

attracted considerable attention in experiment. Here, by using density functional theory CHFF P

to systematically investigate the structure, magnetic, electronic, and topological < (fgiogfo? 4

properties, we demonstrate that the interlayer coupling, magnetic order, and spin CHHF P A

orientation strongly influence the electronic and topological properties of EuSn,As,. Van der Waals structure
The EuSn,As, monolayer (1L) is a topological trivial ferromagnetic semiconductor.
Increasing the thickness can lead to the appearance of interlayer AFM in the 2L and
insulator to metal transition in the 3L one, respectively. Moreover, the nontrivial
surface states that resulted from the band inversion between Sn p and As p orbitals can
be obtained in the 4L one. Our study reveals the spin textured band effect, i.e., spin-
orientation-controlled band structure effect, in EuSn,As,, and also evidence the
importance of dimensional effect for the electronic properties and magnetic behaviors of this material as van der Waals AFM
topological insulators.

KEYWORDS: rare-earth magnetic compounds, spin textured band effect, electronic and topological properties, band inversion,
dimensional effect

B INTRODUCTION The vdW MnBi,Te, also exhibits thickness-dependent
topological behavior. The monolayer one is a topological
trivial FM semiconductor, while its multilayers host the states
of quantum anomalous Hall (QAH) for even layers and zero
plateau QAH for odd layers.”

Except for the known MnBi,Te, system, the thickness-
dependent magnetism and electronic properties are also
reported in other vdW systems. For example, the FM Weyl
semi-metal Co,MnGa exhibits a thickness-dependent anom-
alous Hall effect,” the layered topological superconductor f-
PdBi, shows thickness-dependent superconductivity,”* and the
magnetic ground state of 1T-CrT), is also highly dependent on
the film thickness.”> Although several works have been focused
on these kinds of materials, the materials with tunable intrinsic
magnetic topological properties are still rare.

Recently, a new family of vdW Eu-based magnetic
compounds (EuM,X,, M = In, Sn and X = P, As), >’
which share similar crystal structure with MnBi,Te,, has been

The materials with magnetic and topological nontrivial bands
can give rise to many forefront electronic states, such as
magnetic Weyl/Dirac semi-metals,”” high-order topological
insulators (TIs),” and antiferromagnetic (AFM) TIs.”® These
novel electronic states have promising applications for
designing next-generation spintronic devices’ so that it
motivates enormous interest searching for more intrinsically
magnetic topological materials.” ™’ Recently, several materials,
including the MnBi,Te, family,"” Mn;X (X = Sn, Ge, Ir),"
Co,YZ (Y =V, Zr, Nb, Ti, Hf; Z = Si, Ge, Sn),"> Co;Sn,S,,"*
and so on, have been verified to exhibit a fascinating magnetic
topological state. Their magnetic topological phase can be
further tuned by various of manipulation techniques, e.g,
rotating the magnetic moment 01'ientation,14_17 doping,18
strain,”” dimensional tuning,zo etc. Hence, the discovery of the
intrinsic magnetic topological materials and effective manipu-
lation of their magnetic topological phase are crucial for
achieving exotic magnetic topological quantum phenomena.

MnBi,Te, is discovered to be a typical van der Waals (vdW) Special Issue: 2D Magnetism - Materials, Devices, and
magnetic topological material. It exhibits intralayer ferromag- Applications
netic (FM) and interlayer AFM order, i.e., A-type AFI\;[l order. Received: March 31, 2022
Bulk MnBi,Te, is an AFM insulator with axion state,” while Accepted: May 24, 2022
the density functional theory (DFT) calculation indicates that Published: June 7, 2022

the FM MnBi, Te, is a topological Weyl semi-metal (WSM).**
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Figure 1. (a) Crystal structures of the bulk EuSn,As,. The solid line stands for the single layer. (b) Top and side views of EuSn,As, monolayer.
Dashed lines indicate the unit cell. The pink, blue, and gray balls represent the Eu, As, and Sn atoms, respectively. The red arrows stand for the
direction of the spin moments. (c) Phonon dispersion and corresponding density of states of EuSn,As, monolayer. Inset is the Brillouin zone.

suggested to be a promising candidate of AFM topological
insulator. In this family, EuSn,As, is one of the few intrinsic
magnetic topological insulators that has been theoretically
predicted and experimentally confirmed. EuSn,As, undergoes a
paramagnetic (PM) to AFM phase transition at 24 K.*° The
magnetic order is A-type AFM which is the same with
MnBi,Te,.”"*> Angle-resolved photoemission spectroscopy
(ARPES) combined with DFT calculations prove that
EuSn,As, is an AFM TI with no observed gap in Dirac surface
at low temperature and there exists a transition from strong TI
(Z, = 1) to axion insulator (Z, = 2) following the magnetic
transition from PM to AFM phase.*®
studies mainly focus on the magnetic structure and quantum
transport properties of bulk EuSn,As,; systematic research on
the interplay among magnetism, electronic, and topological
properties and their thickness dependence is still missing.

In this work, we report a comprehensive study on the

However, the previous

structure, magnetic, electronic, and topological properties of
monolayer and multilayer EuSn,As, by means of first-
principles calculations. Our calculations reveal that the ground
state of EuSn,As, monolayer holds FM order with an in-plane
easy axis, and it is a topological trivial FM semiconductor with
an indirect band gap of 0.60 eV. An indirect—direct band gap
transition can be tuned by switching the spin orientation from
in-plane to out-of-plane. Remarkably, the EuSn,As, thin films
can achieve semiconductor—metal transition in three layers
(denoted as 3L) and topological surface states in 4L. Our work
thus not only demonstrates the dimensional-dependent
magnetism and electronic properties in EuSn,As, but also
provides an effective magnetism and topology tuning strategy
in these vdW layered materials.

3213

B COMPUTATIONAL METHODS

The calculations were performed within DFT as implemented in the
Vienna ab initio simulation package (VASP).>* The generalized
gradient approximation (GGA) in the form of the Perdew—Burke—
Ernzerhof (PBE)* exchange—correlation functional was employed.
The core electrons were treated using the projector augmented wave
(PAW) method.*® The plane-wave cutoff energy was set to be 500 eV.
A vacuum space of 15 A was adopted to avoid interactions between
periodical slabs. The DFT-D2 approach was used to describe the vdW
interactions.”” The Brillouin zone was sampled with the Monkhorst—
Pack scheme® by 9 X 9 x 1 and 14 X 14 X 1 k-meshes for crystal
structure relaxation and electronic structure calculations, respectively.
The structures were fully relaxed until the energy and force are less
than 1075 eV and 107* eV/A, respectively. The spin—orbit coupling
(SOCQ) is included in electronic structure calculations. The strong on-
site Coulomb repulsion of Eu f electrons were described with the
GGA+U scheme with a value of U = § V. The phonon spectrum
calculated with the PHONOPY code®® on the basis of density
functional perturbation theory (DFPT) was adopted to evaluate the
dynamical stability of EnSn,As, monolayer. The ab initio molecular
dynamics (AIMD) simulations were carried out to investigate the
thermal stability, with the temperature being controlled by the Nosé—
Hoover method.*' The Monte Carlo (MC) simulations** based on
the classical Heisenberg model with magnetic anisotropy energies
(MAEs) and exchange coupling constant, J,** are performed to
estimate the critical temperature.

B RESULTS AND DISCUSSION

A. Crystal Structures of EnSn,As,. Figure la shows the
crystal structure of bulk EnSn,As,. It shares a similar structure
and the same space group of R3m with MnBi,Te,, so that it
also exhibits vdW layered character with honeycomb SnAs
layers and a trigonal Eu layer stacked alternatively. The vertical
distance between adjacent layers is d, = 2.37 A (Supporting
Information Figure S1a). The calculated lattice constants, Sn/
Eu—As bond lengths, and Eu—As—Eu bond angles are listed in

https://doi.org/10.1021/acsaelm.2c00414
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Table 1. Calculated Lattice Constant, a or b (A), Sn—/Eu—As Bond Lengths, dg,_,, and dg,_,, (A), Angle of the Eu—As—Eu
bond, Zg,_a_p. (deg), Magnetic Ground States Energy Differences, AE, MAE (meV/Eu), and Band Gaps of EuSn,As, with

different thicknesses”

thickness a(b)

dEu—As

dgias 2By As—Eu order AE MAE gap
1L 4.17 278 3.11 84.17 EM 164.9 0.05 0.60
2L 4.19 2.79 3.10 84.89 cAFM -1.14 0.03 0.13
3L 4.20 2.79 3.11 85.29 uAFM -0.83 1.66 metal
4L 421 2.80 3.10 85.19 cAFM -4.96 0.50 metal
5L 423 2.81 3.14 84.87 uAFM -0.37 -0.06 metal
6L 423 2.82 3.14 84.85 cAFM -122 045 metal
7L 425 2.82 3.13 85.45 uAFM -0.01 2.29 metal
8L 425 2.81 3.14 85.20 cAFM -1.67 -0.53 metal
bulk 424 2.82 3.14 85.25 uAFM -1.17 0.04 metal
exp’! 421 2.78 3.10 85.40 uAFM metal

“The energy difference, AE (meV/Eu), is defined as (EAFM_out_of_plane - EFM_Out_Of_le) /n with n being the number of Eu atoms. cAFM and uAFM

stand for the compensated and uncompensated AFM states, respectively.
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Figure 2. (a) MAE of EnSn,As, monolayer with magnetic direction, varying in xy/xz/yz planes. (b) Variation of the average normalized magnetic
moment (M) associated with the specific heat (C,) as a function of the temperature for the EnSn,As, monolayer. (c—e) Atom-orbital-resolved
band structures of EnSn,As, monolayer with different magnetic configurations: (c) FM configurations without SOC and spin orientation along (d)
(010) and (e) (011) directions with inclusion of SOC. The blue cyan and pink curves express the spin-up and spin-down bands, and the green

curves represent the Eu f bands.

Table 1. The magnetic calculations show that intralayer Eu
atoms are FM coupled and interlayer ones AFM coupled, i.e.,
A-type AFM order, which is in the same order with MnBi,Te,
and is also in good agreement with the experimental results.’’

To demonstrate the structure character of these vdW
materials, we first focus on EuSn,As, monolayer as shown in
Figure 1b. The structure of the monolayer belongs to the space
group of Pmmn. It exhibits a honeycomb lattice from the top
view and consists of five atomic layers with the sequence of
Sn—As—Eu—As—Sn from the side view. In detail, one Eu layer
is sandwiched between two Sn—As layers, in which each Eu
atom bonds with six neighboring As atoms and each Sn atom
bonds three As atoms, forming a SnAs; tetrahedron. The
relaxed in-plane lattice parameters are found to be a = b = 4.17
A, which is 1.6% smaller than the bulk value (424 A).
Consequently, this leads to a shorter Sn—As bond length,

3214

which suggests a stronger chemical bonding in monolayer as
confirmed in Figure S1d.

To investigate the fabrication efficient of this vdW material,
we calculate the cleavage energy of 1L from a SL thick slab
(approximated to the bulk; see Figure Sla). The calculated
cleavage energy of the monolayer EnSn,As, is 43.72 meV/A?,
which is in the typical range for layered compounds, indicating
that the EnSn,As, monolayer is experimentally feasible.*" The
stability of the EnSn,As, monolayer is further comprehensively
verified by several schemes. The dynamic stability of EnSn,As,
monolayer is evaluated by calculating the phonon spectra as
shown in Figure 1c; the absence of imaginary phonon modes
confirms that it is dynamically stable. The thermal stability at
high temperature is assessed by performing AIMD simulations.
Neither bond breakage nor structure distortion can be noted at
800 K, and the monolayer can maintain its structural integrity,

https://doi.org/10.1021/acsaelm.2c00414
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Figure 3. (a—h) Atom-resolved electronic band structures of EnSn,As, with different layers. SOC is included in the calculations.

indicating its excellent thermal stability (Figure S1b,c). We
further substantiate the mechanical stability of EnSn,As,
monolayer by calculating elastic constants with the finite
distortion method. As listed in Table S1, the two independent
elastic constants are C;; = 59.82 N/m and C,, = 15.99 N/m,
and fully satisfy the Born—Huang criteria® of mechanical
stability: C;;C,, — C,* > 0 and Cgg > 0, demonstrating that the
EnSn,As, monolayer is also mechanically stable. Compared to
many established 2D materials, such as graphene (~335 N/
m),"® MoS, (~123 N/m),"”” and h-BN (~267 N/m),**
EnSn,As, monolayer is very soft, but it is comparable with
Mnﬂ)BiTe4 monolayer (C;; = 75.79 N/m and C,, = 21.26 N/
m).

B. Magnetic and Electronic Properties of EnSn,As,
Monolayer. We next investigate the magnetic properties of
the EnSn,As, monolayer. To reveal the magnetic ground state,
a2 X 2 X 1 supercell with three magnetic configurations is
constructed, including one FM and two AFM configurations
(labeled as zigzag and stripe AFM, as shown in Figure S2). The
calculated energy difference, AE, between AFM state and FM
state (Epy — Eapy) as a function of Hubbard U are presented
in Figure S3a. We find that although AE keeps decreasing with
the increasing of Hubbard U (from 0 to 6 eV), the value is
always negative, which indicates that the magnetic ground state
of the EnSn,As, monolayer is in FM configuration. This
magnetic state is also robust against external strain (as shown
in Figure S3b). The calculated magnetic moment is about 6.9
My, which is contributed to by the seven unpaired f electrons of
Eu’* ions, as shown in the spin density results of Figure S4.

The calculated MAE of EnSn,As, monolayer is shown in
Figure 2a. Here the spin orientation is constrained in three
different planes of xy, xz, and yz, respectively. The spin
direction is presented by 6, which is defined as the angle
between spin orientation and x-/x-/z-axis for the case of xy, xz,
and yz planes, respectively. In total, the easy axis is along the
(010) direction and the hard axis is along the (011) direction,
and the corresponding MAE is 500 peV/fu. such a small

3215

magnetic anisotropy indicating a low Curie temperature.
Indeed, the Curie temperature estimated by employing the
MC simulations within the 2D Heisenberg model is 4.25 K, as
shown in Figure 2b, which is comparable to 2D topological
insulator EuCd,Bi, (4 K)*° and lower than those of FM
MnBi,Te, (20 K)*' and Crl; (61 K).””

We further investigate the electronic band structures of the
EnSn,As, monolayer with in-plane FM configuration, as shown
in Figure 2c. The calculated spin-polarized band structure
without consideration of SOC indicates that the EnSn,As,
monolayer is a FM semiconductor with an indirect band gap of
0.63 eV. The valence band maximum (VBM) and conduction
band minimum (CBM) are all contributed to by the spin-up
states. The atom-orbital-resolved band structure including of
SOC is plotted in Figure 2d. We find that the indirect band gap
slightly decreases to 0.60 eV. The Eu f bands are far away from
the Fermi level, and the bands near the Fermi level are
contributed to by the Sn/As p orbitals. The band gap is so
large that the VBM and CBM cannot be inverted, indicating
the EnSn,As, monolayer is topologically trivial. It should be
noted that around the energy of —1.5 eV below Fermi level,
the local Eu f electrons hybridize with itinerant As p and Sn p
electrons. Such a hybridization can be used to manipulate the
electronic properties via external magnetic field as demon-
strated in the following.

In Figure 2d,e, we show the calculated electronic band
structures of the EnSn,As, monolayer with spin orientation
along the easy axis (010) direction and the hard axis (011)
direction, respectively. The VBM bands around the I" point
disperse quite slightly, and the CBM at I" and '=M also have
similar energy. With a careful check as shown in the zoomed-in
pictures, we find that the VBM locates at the I" point for both
cases, while the CBM differs. In the case of the (010) direction,
the CBM locates between I' and M, resulting in an indirect
band gap semiconductor with a band gap of 0.60 eV. When
rotating the spin orientation to the (011) direction, the CBM
location changes to the I' point, so that the EnSn,As,

https://doi.org/10.1021/acsaelm.2c00414
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Figure 4. Zoomed-in atom-resolved electronic band structures of EnSn,As, with (a) 4L and (d) 6L. The band contribution of surface Sn atoms and

intermediate Sn atoms of (b, c) 4L and (e, f) 6L, respectively.

monolayer transforms to a direct band gap semiconductor with
a band gap of 0.52 eV. We should note that the CBM energy
difference between I' and M’ (along '—M) is rather small for
both of these cases: it is 3.6 meV for the (010) case and 6.21
meV for the (011) case. In addition, we find another significant
change occurs at the I' point with the energy of —0.75 eV
below the Fermi level (highlighted in the red circle) and that
the bands split about 157 meV in the (011) case, while such a
split is absent in the case of the (010) spin orientation (see
details in Figure SS). It is consistent with the spin textured
band effect reported in CrI3,14 LaCL" the CoGa,X, (X =8, Se,
or Te) family,” EuTe, " and the Mn;Si,Tey system.”> A
further discussion of spin textured band effect in EnSn,As, will
be given in the next section.

C. Electronic and Topological Properties of EnSn,As,
Multilayers. As discussed above, the EuSn,As, monolayer is
in in-plane FM order. While increasing the thickness of
EuSn,As, to bilayer or more, the intralayer AFM with in-plane
spin orientation is still kept for most of the cases. While for
some cases, e.g., SL and 8L, the small MAE highly depends on
the structure difference and calculation details and the out-of-
plane easy axis might appear in the same calculation scheme
(see Table 1 and Table S2). Here, to understand the effect of
thickness and magnetic order on electronic structures, the
evolution of the electronic band structures of EuSn,As, with
in-plane spin orientation from 1L to 8L is calculated. As shown
in Figure 3, the EuSn,As, monolayer and bilayer are indirect
band gap semiconductors with gaps of 0.60 and 0.13 eV,
respectively. For the ones with thickness larger than 3L, the
band gap dismisses and metallic behavior emerges. The band
near the Fermi level is contributed to by As p and Sn p orbitals,
and the band inversion between these two kinds of orbitals
occurs when the thickness increases to 4L or more, which
indicates that a nontrivial surface state emerges.
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To further confirm the existence of the nontrivial surface
state, we carefully analyze the electronic band structures of 4L
and 6L. Panels a and d of Figure 4 present the zoomed-in
orbital projected band structures of 4L and 6L along the
M-I'—M high symmetry lines, in which around the I" point
the band inversion between As p valence band and Sn p
conduction band appears. On the basis of this inversion
mechanism, there also exists the linear band connecting
conduction band to valence band that realizes the nontrivial
surface state by comparing the surface and bulk Sn p orbital
projection, as shown in panels b,c and e,f of Figure 4. It is also
known that this nontrivial surface state originates from the
topological insulator of bulk EuSn,As,.”* Meanwhile, with an
increase of layer number, there exists linear Dirac crossing
points at the I' points, which is in good agreement with
experimental ARPES results.”” Therefore, on the basis of our
slab models, the topological properties of EuSn,As, are verified
again.

To analyze the effect of spin order on these nontrivial
surface states, we then investigate the band structures of
EuSn,As, with different magnetic configurations. The giant
variation of the band structure following the change of
magnetic order, ie., the spin textured band effect, requires
three prerequisites: (1) strong spin—orbital coupling, (2) high
magnetic crystalline anisotropy, and (3) collective magnetic
behaviors. For EuSn,As,, both Eu f and As p orbitals display
strong spin—orbital coupling and layered structure induces the
giant crystalline anisotropy. Meanwhile, rare-earth Eu f orbital
owns a strong magnetic coupling and a high saturated localized
magnetic moment of 6.9 ug, which directly hybridizes with As
p orbital. On the basis of these conditions, changing the
direction of external magnetic field tunes the spin orientation
of Eu f electrons and then can result in a significant change of
As p electronic band structures due to their hybridization, i.e.,
the appearance of spin textured band effect in EuSn,As,. As
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Figure 5. Band structures of 6L EuSn,As, with different magnetic configurations. (a) FM-z, (b) FM-x, (c) AFM-z, and (d) AFM-x, respectively.

shown in Figure S, the two highest valence bands of 6L for
FM-x (FM configuration with spin orientation along the x
direction) and FM-z orders have a huge spin splitting, but they
are degenerate for AFM-x and AFM-z orders. Although time-
reversal symmetry is broken for all of these magnetic orders,
AFM states can keep some extent symmetry of mirror M,
symmetry, which reduces the spin splitting. Interestingly,
surface states from Sn p orbital present almost degenerate
energy levels especially close to the I' point. The reason is that
As atoms locate much closer with middle layer Eu atoms and
block the effect of Eu; hence, the effect of Eu on the much
further Sn atoms is significantly reduced. Therefore, spin
splitting of Sn p and As p orbitals around the Fermi energy
show two different features that band splitting of Sn p orbitals
is small while that of As p orbitals is huge. Moreover, due to
time-reversal symmetry even for combined symmetry (time-
reversal symmetry with half-translation) breaking, there exists
gaped Dirac surface states around I' point. Finally, in
combination of linear Dirac bands and spin-splitting features,
layered EuSn,As, provides a novel platform toward exploring
the exotic topological properties as well as designing spintronic
device.

B CONCLUSIONS

In summary, the rare-earth 2D EuSn,As, films, from 1L to 8L,
were systematically investigated using first-principles calcu-
lations approach. The thickness-dependent structure and
magnetic, electronic, and topological states are discussed in
detail. Our results reveal that exfoliating the EuSn,As, layers
should be possible because of their small cleavage energy. The
EuSn,As, monolayer shows a soft structure as compared to
many other 2D ultrathin structures and is an in-plane FM
semiconductor with a band gap of 0.60 eV. The band gap can
be transformed from an indirect to a direct one when spin

orientation is changed from in-plane to out-of-plane. More-
over, interlayer AFM order appears in bilayer and thick layers.
Increasing the layers to three, the electronic phase transition
also occurs which it transforms from semiconductor in bilayer
to metal in 3L. For thicker layers, the bands of Sn p and As p
orbitals reverse and the nontrivial surface states emerge, which
can be tuned to Dirac surface state by varying the spin
direction of Eu. Our work demonstrates the thickness-
dependent magnetism and electronic properties in EuSn,As,
and also brings a new material with a giant spin textured band
effect. Our finding will provide an effective magnetism and
topology tuning strategy in vdW layered materials.
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