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The magnetic topological insulator EuSn,As, is known to crystallize in a Bi,Te;-type layered structure in
rhombohedral symmetry at ambient conditions and undergo a structural phase transition toward a monoclinic
B phase under increasing pressure. Here, we identify by ab initio calculations a new high-pressure rhombohedral

structure (termed the y phase) in R3m symmetry comprising Sn-As-As-Sn linear chains along the z axis via the
formation of As-As bonds in the AsSn/SnAs bilayers with strong anisotropic lattice distortion along the [001]
orientation. This pressure-densified new rhombohedral phase has a metallic A-type antiferromagnetic ground
state and is energetically more favorable than the original rhombohedral structure and the monoclinic 8 phase

above 11 GPa. Simulated x-ray diffraction patterns provide an excellent match to the previously unexplained
distinct diffraction peak around 14.7° found in experiments for EuSn,As, above 13 GPa. These findings offer key
insights into a new type of high-pressure phase of layered magnetic topological insulators, laying a foundation

for further exploration of this intriguing class of materials.
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Magnetic topological insulators (MTIs) have attracted
tremendous research interest because they can potentially
host a variety of exotic topological quantum states, such as
the quantum anomalous Hall effect, Majorana bound states,
and axion insulator states [1-15]. First-principles calcula-
tions have predicted a series of layered intrinsic MTIs from
the tetradymite-type MnBi, Te4-related ternary chalcogenides
[16], which have been synthesized in forms of single crystals
or epitaxial films [13,17-22]. Meanwhile, a new series of
layered MTIs from the Eu-based Zintl or Zintl-Klemm phases
[23-28] including EuSn,;As, [23-25] has been identified re-
cently by first-principles calculations and experiments.

At ambient conditions, EuSn;As; [23] (hereafter referred
to as a-EuSnyAs;) adopts a BiyTes-type structure [29-32]
in rhombohedral (R3m) symmetry, comprising six buckled
[SnAs]~ layers and three Eu®" layers in an ABC stacking
along the out-of-plane direction. The Eu?* ions are coupled
ferromagnetically within each layer and antiferromagnetically
across the AsSn/SnAs bilayers, forming a three-dimensional
A-type antiferromagnetic (AFM) order [23,25]. Magnetic
susceptibility measurements suggested that EuSn,As, under-
goes an AFM transition with a Néel temperature TN ~ 24K
[23-25]. Combining ab initio calculations and in situ x-ray
diffraction (XRD) measurements, a monoclinic network struc-
ture of B-EuSnyAs, in C2/m symmetry has been found to
exist under pressures above 14 GPa, and the high-pressure
phase is characterized by two notable diffraction peaks around
14°-15° [33]. More recently, a distinct diffraction peak around
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14.7° was observed above 13 GPa in in situ synchrotron XRD
measurements [34], but the related high-pressure structural
phase that produces this new XRD feature remains to be
clarified.

In this Letter, we identify by ab initio calculations a dis-
tinct compressed phase of EuSn;As, that has a rhombohedral
lattice in R3m symmetry, which is shared by the experimen-
tally identified ambient-pressure phase [23-25]. This new
high-pressure rhombohedral structure (hereafter referred to as
y-EuSn;As;) is denser than the original o-EuSn;As, with
about 10% volume reduction. It is energetically more stable
than the layered o phase and the reported monoclinic 8 phase
[33] above 11 GPa. Kinetic phase conversion calculations
show that this new y phase can be realized via the forma-
tion of As-As bonds in the compressed AsSn/SnAs bilayers
with a strong anisotropic lattice distortion along the [001]
orientation; in comparison, the monoclinic 8 phase can be
formed via the formation of As-As bonds across the Eu layers
with a strong shear deformation assisted expansion along the
[210] orientation. Simulated XRD patterns for the y phase
provide an excellent match to the previously unexplained dis-
tinct diffraction peak around 14.7° found in experiments for
EuSn;As; above 13 GPa [34]. These results shed new light
on the intricate structural evolution mechanisms of the layered
topological materials under pressure, opening paths for further
in-depth explorations of this class of novel quantum materials.

We have performed a structure search based on a layer-by-
layer slip reconstruction mechanism along the [100] and [210]
orientations of o-EuSn,As;, which has been employed in the
structure search in graphite [35] under pressure. This targeted
search resulted in the identification of y-EuSn;As; in a simple
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FIG. 1. (a) Crystal structure of y-EuSn,As, in rhombohedral (R3m) symmetry at 15 GPa. The lattice parameters a = 4.813 A, c=
14.905 A, and y = 120°. The Eu, Sn, and As atoms are occupying the 3a (0.0, 0.0, 0.0), 6¢ (0.0, 0.0, 0.2140), and 6¢ (0.0, 0.0, 0.4139)
Wyckoff positions, respectively. (b) Rhombohedral AFM primitive cell of y-EuSn,As, in R3m symmetry at 15 GPa. The lattice parameters
a=10.318A and o = 26.98°. The Eu, Sn, and As atoms are occupying the la (0.0, 0.0, 0.0)-Eu (up-spin), 15 (0.5, 0.5, 0.5)-Eu (down-
spin), 2¢ (0.1070, 0.1070, 0.1070)-Sn, 2¢ (0.6070, 0.6070, 0.6070)-Sn, 2¢ (0.2069, 0.2069, 0.2069)-As, and 2¢ (0.7070, 0.7070, 0.7070)-As
Wyckoff positions. It is corresponding to a doubled crystal cell of (a) [25]. (c) Calculated energies vs volume per formula for a-, 8-,
and y-EuSn,As; in A-, G-, and A-type AFM states, respectively (see Fig. S1 in the Supplemental Material [36]). (d) Enthalpy of y- and

B-EuSn, As, relative to the o phase as a function of pressure.

monoclinic supercell including four Eu, eight Sn, and eight As
atoms to simulate the AFM interaction of Eu atoms [33] (see
details in Figs. S1 and S2 in the Supplemental Material [36]).
Our density functional theory calculations are performed
using the Vienna ab initio simulation package [37] with
the all-electron projector augmented-wave method [38]. The
Perdew-Burke-Ernzerhof generalized gradient approximation
revised for solids (PBEsol-GGA) [39] exchange-correlation
functional is adopted for the evaluation of structural and
magnetic stability of EuSn,As, under pressure. The valence
states 5s5%6s25p%4f7 for Bu, 55*5p® for Sn, and 4s%4p* for
As are used with the energy cutoff of 700 eV for the plane-
wave basis set. The Brillouin-zone sampling is performed
using a 9 x 9 x 9 k-point grid for both - and y-EuSn,As,.
The Hubbard U = 5eV [40] is used to treat the localized
4f electrons of Eu in the GGA + U scheme [41]. All of
the calculations including the crystal structure optimization
are carried out with GGA 4 U. Electronic band structures
and magnetic anisotropy energy are calculated with spin-orbit
coupling (SOC). Phonon calculations are performed using the
PHONOPY package [42].

We first characterize the crystal structure of y-EuSn,As;,
which has a rhombohedral lattice in R3m (No. 166) sym-
metry in an ABC stacking, which is also shared by the
experimentally identified ambient-pressure phase [23-25]. In
the hexagonal representation [Fig. 1(a)], the calculated lat-
tice parameters at 0 GPa are a = 5.066 A, ¢ =16.023A,
and y = 120° with three inequivalent crystallographic sites,
occupying the 3a (0.0, 0.0, 0.0), 6¢ (0.0,0.0,0.2126), and
6¢ (0.0,0.0,0.4186) positions for Eu, Sn, and As atoms,
respectively. The bond lengths are of 2.607 A for As-As,
2.980-3.301 A for As-Sn, and 3.275 A for Sn-Sn. The calcu-
lated energetic data establish the following stability sequence:
y phase < B phase < « phase at equilibrium lattice parame-

ters [see Fig. 1(c)]. Upon compression, the y phase becomes
stable relative to the o phase above 11.3 GPa [see Fig. 1(d)],
and it is more stable than the S phase with a substantial
energy gain of ~0.18 eV per formula (f.u.) up to 30 GPa. The
calculated lattice parameters at 15 GPa are estimated to be
a=4.813A,¢c=14.905A, and y = 120° with three inequiv-
alent crystallographic sites, occupying the 3a (0.0, 0.0, 0.0),
6¢ (0.0, 0.0,0.2140), and 6¢ (0.0, 0.0, 0.4139) positions for
Eu, Sn, and As atoms, respectively. The bond lengths are of
2.567 A for As-As, 2.838-2.979 A for As-Sn, and 3.117 A for
Sn-Sn. Such short bonds lead to the formation of Sn-As-As-Sn
linear chains along the z axis [see Fig. 1(a)]. The calculated
lattice parameters (a and c¢) for both «- and y-EuSn;As;
are listed in Table I and plotted in Fig. S3 as a function
of pressure in the Supplemental Material [36]. This new
y phase can be considered as a denser form of «¢-EuSn,As,
with about —10.8% to —8.7% volume reduction from 0 to
30 GPa. We have also calculated the phonon band structures
at 0 and 15 GPa using a rhombohedral AFM primitive cell [see
Fig. 1(b)]. No imaginary frequency modes are observed in the
entire Brillouin zone, thus confirming its dynamical stability
(see Fig. S4 in the Supplemental Material [36]).

It is worth noting that the « phase has a spin phase transi-
tion from A-type AFM to a ferromagnetic (FM) state around
14 GPa (see Fig. S2 in the Supplemental Material [36]), as the
findings in EuCd,As; [43], while the y phase has an A-type
AFM ground state, which is more stable than the FM state
with an energy gain of —5.05 to —6.12 meV/fu. from 5
to 30 GPa. Because the spin phase transition pressure in the
o phase is larger than the crystal structure transition pressure
of 11.3 GPa, the FM state is suppressed and the AFM state
remains the ground state throughout the pressure range [34].
The spin moments on Eu sites derived from the 4f electrons
are calculated to be 6.93u5—6.96up and prefer to lie in the

L220101-2



PRESSURE-DENSIFIED NEW RHOMBOHEDRAL PHASE OF ...

PHYSICAL REVIEW B 104, L.220101 (2021)

TABLE I. Calculated lattice parameters at 0, 10, 15, and 20 GPa
for a-EuSn,As, (R3m), B-EuSn,As, (C2/m), and y-EuSn,As,
(R3m) phases, compared to the reported experimental data [23,33]

at 0.16, 11, and 18.8 GPa.

Structure Method a(A) b(A) c¢(A) p(deg) P (GPa)
a-EuSn, As, Calc. 4.202 26.157 0
Calc. 4.055 24.246 10
Calc. 4.019 23.502 15
Expt. [23] 4.207 26.473 0

Expt. [33] 4.213 26.354 0.16
Expt. [33] 4.112 24.589 11
B-EuSn,As, Calc. [33] 10.584 3.596 7.659 138.95 20
Expt. [33] 10.928 3.474 8.242 138.69 18.8
y-EuSn,As; Calc. 5.066 16.023 0
Calc. 4.881 15.155 10
Calc. 4.813 14.905 15
Calc. 4.755 14.704 20

ab plane in the y phase or parallel to the ¢ axis in the o
phase (see Fig. S2). Beside the MTI behavior of the o phase
at ambient conditions [25], our calculated electronic band
structures and density of states (DOS) show that y-EuSn,As;
exhibits a typical metallic character and the states around the
Fermi level (Er) are mainly contributed by the Sn 5p and As
4p bands (see Fig. 2 and Fig. S5 in the Supplemental Material
[36]). The Eu 4f bands with SOC are very localized in an
energy range of —1.0 to —1.9eV below Ep, similar to that
observed in EuSn,P, [28], and thus the effect of SOC on the
states near Er is very limited.

To establish the experimental connection of this new y
phase, we compare its simulated XRD spectra [Fig. 3(c)],
along with those of the o phase [Fig. 3(b)] and 8 phase
[Fig. 3(d)], to the available experimental data [Fig. 3(a)] re-
ported by Zhao et al. [33] (exp-1 at 0.16 GPa and exp-3 at
21.5 GPa) and Sun et al. [34] (exp-2 at 21.1 GPa). As shown
in Fig. 3(a), there are two main peaks around 12° and 17°
at 0.16 GPa (exp-1). The peak around 12° can be attributed
to the (015) diffraction peak for ¢-EuSn;As, [23], while the
peak around 17° corresponds to the mix of two close peaks
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FIG. 2. Electronic band structures and total density of states
(DOS) for y-EuSn, As, at 15 GPa in a rhombohedral AFM primitive
cell [see Fig. 1(b)] by the GGA + U + SOC method.
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FIG. 3. (a) Experimental XRD patterns for EuSn,As, at 0.16,
21.1, and 21.5 GPa [33,34]. Two main peaks around 12° and 17°
in exp-1 are shifted to 13° (peak 1) and 18° (peak 2) in exp-2 and
exp-3, respectively. (b) Simulated XRD patterns for the o phase
at 0, 10, and 20 GPa. (c), (d) Simulated XRD patterns for the
(c) y phase and (d) B phase, at 20 GPa. The synchrotron x-ray
wavelength A = 0.6199 A.

(1010) and (120) [see Fig. 3(b) at 0 GPa]. Upon compression,
the peaks around 12° and 17° in exp-1 are shifted to 13°
(peak 1) and 18° (peak 2) in exp-2, respectively. Meanwhile,
there is a prominent new peak around 14.7° (peak 3) in exp-2.
Experimentally, this distinct diffraction peak appears above
~13 GPa upon compression and can be preserved during the
decompression process [34], suggesting that a new crystalline
phase has been produced under high pressure. Our simulated
XRD patterns show that the main diffraction peaks (015) and
(120) in Fig. 3(c) for y-EuSn,As, perfectly matches this
broadened peak 3. In other words, the new diffraction peak
around 14.7° in exp-2 can be attributed to the mixture of
two closely positioned peaks (015) and (120) of y-EuSn,As,
(more details are given in Fig. S6 in the Supplemental Ma-
terial [36]). In addition, in exp-3 [33], there are two distinct
diffraction peaks around 14°-15°, which are clearly different
from the new peak 3 in exp-2, but match better with the
simulated XRD patterns [see Fig. 3(d)] for the monoclinic 8
phase [33]. These XRD data suggest that the densified new
rhombohedral y phase as well as the reported monoclinic
phase [33] is a high-pressure phase for EuSn;As,.

Based on our proposed y-EuSn,As, structure and the sim-
ulated XRD patterns [see Fig. 3(c) at 20 GPa], we have further

1L220101-3



WANG, WANG, AND CHEN

PHYSICAL REVIEW B 104, 220101 (2021)

—~
o
N

Enthalpy (eV/f.u.)

Steps

FIG. 4. Phase conversion from the o phase toward the y phase for EuSn,As, at 15 GPa in R3m symmetry. (a) The initial geometry of
the o phase in a monoclinic supercell with the connecting of Sn-Sn atoms between the buckled SnAs layers. (b) The key structure at step 14
between the @ and y phase with breaking of Sn-Sn bonds. (c) Structure at step 25 for y-EuSn,As, with the formation of As-As bonds in the
AsSn/SnAs bilayer. The lattice orientations corresponding to the hexagonal lattice are indicated in (c). (d) Enthalpy vs pathway at 15 GPa for

the transformations from the o phase toward the 8 and y phases.

refined the powder XRD pattern in exp-2 [34] by the Rietveld
method [44] through the FULLPROF software [45]. As shown
in Fig. S7 in the Supplemental Material [36], the calculated
XRD patterns are in good agreement with the experimental
XRD patterns. The refinement R factors for exp-2 at 21.1 GPa
are R, = 1.53% and R,,, = 2.11%. We can see that the XRD
patterns in exp-2 [34] are indeed a mixed phase composed of
both o and y structures.

We finally explore the underlying dynamic process for the
phase transformation from «-EuSn;As, toward the denser
y-EuSn,As, phase, using the modified climbing image
nudged elastic band method [46,47]. The key structural
snapshots and the enthalpy changes along the pathways are
plotted in Fig. 4. Throughout the pathway from «- toward
y-EuSn;As,, as shown in Figs. 4(a)-4(c), the lattice param-
eters a[100] and H[210] are about 18.8% expanded, while
c is about —35.8% compressed, respectively, showing a
strong anisotropic lattice distortion along the c[001] orien-
tation. The energy increases initially due to the increasing
of in-plane strain in the AsSn/SnAs bilayer and achieves
an energy peak (0.58 eV/f.u.) around step 14 [Fig. 4(d)]
with the bond breaking between Sn-Sn atoms [see Fig. 4(b)];
upon overcoming this peak, the energy decreases due to the
formation of As-As bonds in the compressed AsSn/SnAs
bilayer and finally form the new y phase [Fig. 4(c)]
with the formation of Sn-As-As-Sn chains along the [001]
orientation.

Meanwhile, for comparison, we have also explored the
underlying dynamic conversion process from the o phase
toward the B phase. Throughout the pathway (see details in
Fig. S8 in the Supplemental Material [36]), the lattice pa-
rameters a[100] and ¢[001] are about —11.4% and —35.4%
compressed, while b[210] is about 48.3% expanded, respec-
tively, showing a strong pressure-induced shear deformation,
similar to the findings in graphite [48]. With the increase
of shear deformation, the energy increases initially due to
the some bond breaking of As-Sn bonds in the AsSn/SnAs

bilayer, and achieves an energy peak (0.55 eV/fu.) [see
Fig. 4(d)] around step 11; and then the energy decreases with
the formation of As-As bonds across the Eu layers to form
the B phase via the shear deformation process along the [210]
orientation. These results suggest two competing conversion
pathways toward the y or 8 phase via the formation of As-As
bonds in the AsSn/SnAs bilayers or across the Eu layers,
respectively.

In summary, we have identified a new high-pressure
y phase for EuSnm,As, in R3m symmetry by ab ini-
tio calculations. This pressure-densified new rhombohedral
y phase of EuSn,As; can be realized by a strong anisotropic
lattice distortion along the [001] orientation accompanied by
the formation of As-As bonds in AsSn/SnAs bilayers, in
contrast to the distinct mechanism of the shear deformation
process in forming the B phase along the [210] orienta-
tion via the formation of As-As bonds across the Eu layers.
Total energy calculations show that the y phase is more
stable than the o phase and previously reported monoclinic
B phase above ~11 GPa. Simulated XRD patterns provide an
excellent match to the previously unexplained distinct diffrac-
tion peak around 14.7° found in experiments for EuSn,As;
above 13 GPa [34]. Moreover, we find that y-EuSn;As;
has a metallic A-type antiferromagnetic ground state. These
discoveries provide a comprehensive energetics and kinet-
ics understanding of the intricate pressure-induced structural
transformation routes and the underpinning mechanisms. The
present results provide an excellent account for the pres-
sure evolution of the layered magnetic topological materials,
laying a foundation for further studies of these fascinating
materials.
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