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Dynamical properties of the magnetic topological insulator 7Bi,Tes (T=Mn, Fe): Phonons
dispersion, Raman active modes, and chiral phonons study
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Recently discovered magnetic topological insulators TBi,Te; (T = Mn, Fe) crystallize into the R3m
rhombohedral structure and exhibit the antiferromagnetic order. Here, we discuss the lattice dynamics of these
compounds to confirm the stability of these systems. We show that the phonon dispersion does not contain soft
modes, so both compounds are dynamically stable in the R3m phase. We perform theoretical analyses of the
mode activity at the I point for the discussed compounds. In the case of the Raman active modes, our results
are in agreement with the experimentally observed frequencies. Finally, we also discuss the possibility of the

realization of chiral phonons.
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I. INTRODUCTION

MnBi,Te, is the first intrinsic antiferromagnetic (AFM)
topological insulator [1,2] that has been recently observed
experimentally. Similarly to the other topological insulators
(TI), this system possesses a layered structure (Fig. 1), while
layers are bonded by the van der Waals interaction. Below
Tn = 25 K, the A-type AFM order with opposite spin orien-
tations in two adjacent ferromagnetic Mn layers is realized
[3-5]. An interplay between the topological properties of this
system and the intrinsic magnetic order allows for the real-
ization of many quantum phenomena including the quantum
anomalous Hall effect [6,7] or axion insulator state [8].

The topological properties of the MnBi, Tes are exhibited
by the realization of the electronic surface states [9-13],
which in similarity to the case of TI (Bi,Se; or Bi,Tes), form
Dirac cones. However, contrary to the ordinary TI, due to the
intrinsic magnetic order, the time-reversal symmetry breaking
occurs and the Dirac gap is observed in the surface states
[14-16]. Nevertheless, these surface states can give a domi-
nant contribution to the electron—phonon interaction [17-19].

More recently, a successful single crystal growth of
FeBi, Te, was reported [20]. The structure of this compound
and its physical characteristics are not yet confirmed in a
theoretical study, but it seems to have topological properties
similar to the MnBi,Te,. In this paper, we present the theo-
retical study of the structure and lattice dynamics performed
for both compounds, MnBi,Te; and FeBi,Tes. We confirm
the dynamical stability of both crystals and the consistency
between calculated and measured data on both structural pa-
rameters and their Raman shifts. Moreover, we calculate the
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circular polarization of Te and Bi atoms and demonstrate that
the emergence of chiral modes in these materials is feasible.

The paper is organized as follows. First, we briefly describe
the computational details (Sec. II). The phonon dispersions
are presented and discussed in Sec. III. Next, in Sec. IV, we
discuss thoroughly the Raman-active modes in relation to the
available experimental and theoretical results. In Sec. V, we
discuss the realization of the chiral phonons in the TBi,Te,.
Finally, we conclude our findings in Sec. VI.

II. CALCULATION DETAILS

The first-principles density functional theory (DFT) calcu-
lations were performed using the projector augmented-wave
(PAW) potentials [21] implemented in the Vienna ab initio
Simulation Package (VASP) code [22—-24]. The calculations are
made within the generalized gradient approximation (GGA)
in the Perdew, Burke, and Ernzerhof (PBE) parametrization
[25]. Strong local electron interaction on the 3d orbitals of
transition metals were taken into account using DFT + U
scheme [26], with the intraorbital Coulomb parameter U =
5.0 eV, similarly to the earlier studies [27]. Additionally,
we included the spin-orbit coupling (SOC) as well as the
van der Waals (vdW) corrections within the Grimme scheme
(DFT-D2) [28].

The magnetic unit cells (i.e., cells presented in Fig. 1
with A-type AFM order) were optimized using 24 x 24 x 4
k-point I'-centered grids in the Monkhorst-Pack scheme [29].
The energy cutoff for the plane-wave expansion is set to
450 eV. The condition for the breaking of the optimization
loop was the energy difference of 107 eV and 1078 eV for
ionic and electronic degrees of freedom for subsequent steps.
The crystal symmetry was analyzed using FINDSYM [30] and
SPGLIB [31], while the momentum space analysis was done
using SEEK-PATH tools [32].

©2022 American Physical Society
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septuple
layer

FIG. 1. The unit cell of magnetic topological insulator 7 Bi,Te4
(T = Mn, Fe) with the A-type antiferromagnetic order.

The dynamical properties were calculated using the direct
Parlinski-Li-Kawazoe method [33]. Under this calculation,
the interatomic force constants (IFC) are found from the
forces acting on atoms when an individual atom is displaced.
The forces were obtained by the first-principle calculations
with VASP using the supercell containing 3 x 3 x 1 magnetic
unit cells and reduced I'-centered 3 x 3 x 2 k mesh. The
phonon dispersion and polarization vectors analyses were
performed using the ALAMODE software [34]. The mode
symmetries at the I' point were found by the PHONON
software [35].

III. LATTICE DYNAMICS

A. Crystal structure

TBiyTe, crystallizes in the trigonal R3m (space group
166) lattice with one chemical formula in the primitive
unit cell or three formula units in the conventional unit
cell. The system is composed of septuple layer (SL) slabs
[containing the sequence of Te(1)-Bi—Te(2)-(Mn/Fe)-Te(2)—
Bi-Te(1) monoatomic layers], separated by the vdW gaps
appearing between two adjacent Te(1) layers (Fig. 1). The
lattice parameters found experimentally are a = 4.29 A and
¢ =41.67 A for MnBi,Te,s [36] and a =4.26 A and ¢ =
41.46 A for FeBi,;Teys [20]. In our calculations, we use the
A-type antiferromagnetic unit cell (shown in Fig. 1), which is
built from two primitive unit cells and contains two transition
metal layers. In this supercell, all symmetry elements of R3m
space group remain unchanged. The relaxed magnetic unit
cells are described by a,, = b,, = 4.29 (4.26) A, cn = 28.22
(28.07) A, & =90°, B = 81.25° (81.27°), and y = 120° for
compound with Mn (Fe) atoms. The obtained parameters
correspond to the hexagonal lattice with a = 4.29 A, and
¢ = 41.67 A for MnBi,Tey, and a = 4.26 A, and c = 41.46 A
for FeBi,Te4. Our theoretical findings are in excellent agree-
ment with the experimental results. The Bi, Te(1), Te(2),
and 7=Mn, Fe atoms are located in Wyckoff positions 6¢
(0,0,z81), 6¢ (0,0,z1¢(1)), 6€ (0,0,21¢(2)), @and 3¢ (0,0,0), respec-
tively. We find IBi = 042, ITe(l) = 013, and iTe(2) = 0.29 for
both compounds.

B. Lattice dynamics calculations

Lattice vibrations, called phonons, are charge neutral and
spinless elementary excitations, contrary to the electrons
which are charged and spinfull particles [37]. Therefore, the
approach to the electron and phonon band structure calcula-
tions can be different. In the case of electron structure, the
magnetic atoms with opposite spins have to be distinguished,
which can lead to the enlargement of unit cell. For 7Bi,Tey,
the realization of the A-type AFM order involves the use of
the magnetic unit cell which is doubled with respect to the
primitive one.

By contrast, phonons do not directly interact with mag-
netic moments of atoms. The assumed magnetic order have
an impact on the phonon spectrum by the changes in the
interatomic force constants induced by the different mag-
netic arrangements. During these calculations the supercell
with A-type AFM order is utilized, but then the phonon
dispersion relations are calculated using the basic primi-
tive unit cell. We applied this standard method in phonon
calculations of TBi,Te4. Nevertheless, when the strong spin-
phonon coupling is expected, the enlarged primitive unit cell
(with “spin-recognized” magnetic atoms) should be taken into
account [38].

To examine the compatibility of both methods, we per-
formed the phonon calculations using the magnetic unit cell
(doubly enlarged and containing two formula units). The
details of these calculations and resulted phonon dispersion
curves, characteristic frequencies, and symmetries of the
modes at the I" point and phonon densities of states are pre-
sented in the Supplemental Material (SM) [39].

C. Phonon dispersion

The phonon dispersions of TBiySey calculated using the
basic primitive unit cell are presented in Fig. 2. The intro-
duction of the spin-orbit interaction in the calculations does
not change the phonon dispersion qualitatively. In the phonon
dispersion, all acoustic branches show a linear dispersion in
the vicinity of the I' point. No imaginary phonon frequency
was found for any system, which indicates the stability of
these systems in the R3m phase. For this reason, we can expect
that the small substitution of Fe should be possible for the base
system MnBi,Sey, contrary to the hole doping by Ca or Mg,
which leads to substantial instability in the recently studied
systems [40]. Similar results were obtained in calculations
performed using the magnetic unit cell (containing two for-
mula units with 14 atoms) that corresponds to the 42 modes.
There are no imaginary frequencies in the calculated phonon
branches presented in Fig. S1 in SM [39].

D. Phonon density of states

The total and partial density of states are presented in
Fig. 3. As we can see, the vibrational modes of heavy Bi
contribute mainly to the low range of frequencies. Vibrations
of Te in the first and second positions [i.e., Te(1) and Te(2)]
are placed in two separated frequency areas at the middle
frequency region between 7 =(Mn,Fe) and Bi atomic lay-
ers. The Te(1) atoms, which create a two-layer-like structure,
separated by the vdW gap (see Fig. 1), vibrate with higher
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FIG. 2. The phonon dispersion along high symmetry directions.
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FIG. 3. The total (dashed line) and partial (solid lines) phonon
density of states.

TABLE I. Characteristic frequencies

in cm~

activities

(R — Raman, IR - infrared) and symmetries of the modes at the I"

point.
MIlBizTC4 FeBizTe4
Freq. Activity Symm. Freq. Activity Symm.
30.65 R E, 29.35 R E,
51.20 R Ajg 49.17 R Ay
52.67 IR E, 50.60 IR E,
73.32 R E, 70.05 R E,
76.66 IR Apy 76.02 IR Ay
95.90 IR E, 88.93 IR E,
110.51 R E, 106.57 R E,
120.58 R Ajg 116.92 IR E,
129.16 IR E, 119.82 R Ay
132.23 IR Any 121.05 IR Ay
151.21 R Ajg 144.23 IR Agy
152.84 IR Apy 145.37 R Ajg

frequencies (around 100 cm™!) than the Te(2) atoms that
oscillate with average frequency of 75 cm™'. Finally, T =
(Mn,Fe) modes are located in the range of high frequencies.
Interestingly, for both systems, the phonon dispersion associ-
ated with these modes creates a flat band around 130 cm ™! or

120 cm ™! in Mn or Fe compounds, respectively (see Fig. 2).

IV. RAMAN ACTIVE MODES

A. Irreducible representations

The phonon modes of TBi,Tes at the I' point can be
decomposed into the irreducible representations of the space
group R3m as follows:

Cacoustic = Azu + Ey,
Coptic = 3A1g + 34y, +3E, + 3Eg.

In total, there are 21 vibrational modes, seven nondegenerate
Aj, and Ay, modes, and seven doubly degenerate E, and E,
modes. Here, optical vibrations 3A,, + 3E, are infrared active
(IR), while optical modes 3A, + 3E, are Raman (R) active.
The activity and symmetries of the modes at I" point for
TBi,Te, are presented in Table 1.

The atoms participating in the vibrations of the E; and E,
types oscillate in the SL plane (a-b plane in Fig. 1). Contrary
to this, the modes Ajg and Ay, are related to out-of-plane
oscillations (perpendicular to the a-b plane). Interestingly, the
magnetic 7 atoms do not participate in the vibrations of the
Raman active modes (i.e., Ajg and Ej).

B. Selection rules for Raman-active modes

The nonresonant Raman scattering intensity depends in
general on the directions of the incident and scattered light
relative to the principal axes of the crystal. It is expressed by
Raman tensor R, relevant for a given crystal symmetry, as [41]

Ix|e-R- eslz, (1)

where e; and e, are the polarization vectors of the incident and
scattered light, respectively. According to the group theory,

214304-3



KOBIALKA, STERNIK, AND PTOK

PHYSICAL REVIEW B 105, 214304 (2022)

TABLE II. Selection rules for Raman-active modes.

Configuration Alg E,
e, in e, out (linear ||) la)? c|?
e, in e, out (linear L) 0 lc]?
ot in ot out (cocircular) |a|? 0
o' in o~ out (cross-circular) 0 2|cl?

the Raman tensor for the R3m space group takes the following
forms for the A;, and E, modes:

a 0 O
RAy)=10 a O and
0 b
c 0 O 0 —c —d
i
RE) =0 —c d|;RE)=|-c 0 0
0 d 0 —-d 0 0

@

In the backscattering configuration, e; and e, are placed within
the xy plane. The polarization vectors for linearly polarized
light in the x and y directions are e, = (1 00) and e, =
(0 1 0), respectively. Similarly, the polarization vector for
left o+ and right o~ circularly polarized light are o* =
\/li(l 4 0). Using Eq. (1) and the Raman tensors (2), we
can determine the selection rules and Raman intensities for
various scattering geometries. Table II summarizes the Raman
response in the backscattering geometry for four polarization
configurations. As we can see, it is possible to distinguish
the Az and E, using the different backscattering configura-
tions. The same holds for both linear and circularly polarized
Raman spectra measurements. For example, this property
of the Raman modes was used to differentiate between
Raman active modes using co- and cross-circular Raman
back-scattering in Ref. [42]. The group theory study of the
vibrational modes in bulk paramagnetic 7 Bi,Te,, the phonon
selection rules, and the real-space displacements correspond-
ing to each mode are presented in Ref. [43].

C. Comparison with related results

In Table III, we present a comparison of our theoretically
obtained frequencies of the Raman active modes with previ-
ous results (both experimental and theoretical). It should be
mentioned that not all Raman modes can be observed at each
measurement. This is caused by the relatively weak inten-
sity of some Raman modes and the insensitivity of the used
method for observing low-frequency modes. For example, for
MnBi,Tey, in Refs. [36,44] only four Raman frequencies are
observed, while in Ref. [42] we can distinguish five distinctive
peaks. Similarly, in the case of the FeBi,Tes, the Raman
spectroscopy experiment exhibits three distinct phonon modes
at 65 cm™!, 110 em™', and 132 cm™! along with two split
secondary modes at 90 cm~! and 144 cm~' [20]. The mea-
sured frequencies are slightly lower than the values obtained
in the calculations. The biggest difference of ~12 cm™! is
observed for the high-frequency A, mode. The reason for that

TABLE III. Comparison of the Raman-active modes frequencies
(cm™") for different compounds.

E, A, E, E A, A
MnBizTe4

30.65 51.20 73.32 110.51 120.58 151.21 This work

— 46 65 102 — 138 Measurement [36]
— 474 674 104.2 — 139.8 Measurement [44]
— 4577 669 1034 113.5 138.6 Measurement [42]
269 48.0 68.3 105.1 1156 140.0 Measurement [47]

47 60 105 — 142 Calculation  [36]

303 46.0 745

109.6 1174 144.1 Calculation [42]

294 51.8 734 109.1 1194 149.1 Calculation  [47]
FeBizTe4
29.35 49.17 70.05 106.57 119.82 145.37 This work
— — 65 — 110 132 Measurement [20]
Bi2T63

— 62.5 — 103 — 134 Measurement [48]
— 61.5 — 1015 — 133.5 Measurement [49]
— 62.3 — 103 — 134 Measurement [50]
344 62.1 — 101.7 — 134.0 Measurement [51]
424 664 —  106.7 — 134.8 Calculation [52]
42.1 642 — 1123 — 139.2  Calculation [49]
50.6 71.1 — 1185 — 128.3  Calculation [53]

can be the temperature at which the measurement is carried
out. Recent experiments on MnBi;Te, show that the increase
of temperature [42] leads to the shift of the Raman frequency
modes to lower values. A similar temperature dependence of
the Raman frequencies was observed for isostructural materi-
als, PbBi,Te4 [45] and GeBi, Tey4 [46]. In contrast, the external
pressure imposed on the MnBi, Te,4 crystal causes the increase
of mode frequencies [44]. Finally, we briefly describe the
differences between the Raman frequencies in 7Bi,Te4 and in
the parent Bi,Te; material. In the studied materials, the 7 Te
layer is inserted in van der Waals gaps of Bi, Te; layers. Due to
similar crystal structures described by the same space-group
symmetry, the four Raman modes of Bi,Tes correspond to
four Raman modes of 7Bi,Te4. The smaller number of Raman
active modes is caused by the smaller number of atoms in the
unit cell. The modifications of the crystal structure induced
by additional 7 Te layers lead to the changes of distance and
strength of the covalent bonds between pairs of atoms. This,
in turn, results in the shift of Raman modes (cf. Table III).

For example, the frequency of the first A, mode is reduced
from ~62 cm™~! in BiySe; to ~50 cm~! in TBi,Se4, while
the high-frequency A, is shifted from ~135 cm~! for Bi,Te;
to ~140 cm~! for TBi,Tes. Contrary to this, the E, modes
are almost unchanged. As we mentioned previously, A, and
E; modes realize the out-of-plane and in-plane vibrations,
respectively [43], and thus the distance between Te—Bi plays a
crucial role [45]. Because the covalent interactions are much
stronger along Te(1)-Bi—Te(2) than between Te—Te and Bi—Bi
pairs, only the Az mode is shifted.

V. CIRCULAR PHONON POLARIZATION

The helicity of incident photons is completely reversed
in the Raman process involving the doubly degenerate E,
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FIG. 4. Circular polarization of Te(1), Te(2), and Bi (panels from left to right) for MnBi,Te, and FeBi,Te, (top and bottom panels,
respectively). Red and blue lines denotes left- and right-handed circular polarization of phonons, while the line width corresponds to the

circulation value.

modes. This phenomenon is highly relevant in the context of
circularly polarized phonons [54-58]. Indeed, TBi,Tes pos-
sesses the C3, symmetry (each layer of atoms inside the SL
forms a triangular lattice), which allows for the emergence
of circularly polarized phonons [59]. Although none of the
modes at the I point have the intrinsic chirality, we can obtain
the chiral phonons via superimposing the doubly degenerate
E,; modes [60]. Nevertheless, the chiral phonons can emerge
out of the center of the Brillouin zone (i.e., away from the I
point), where the degeneracy is lifted.

The circular polarization of the phonons can be studied by
analyzing the phonon polarization vector, which can be found

from the diagonalization of the dynamical matrix

1
Jmimj

DJjy(q) =

D @up(jO, j'n)explig - Ryn),  (3)

where g is the phonon wave vector and m; denotes the mass
of the jth atom. Here ®,4(j0, j'n) is the IFC tensor (« and
denotes the direction index, i.e., x, y, and z) between the jth
and j’th atoms located in the initial (0) and nth primitive unit
cell. Then, the phonon spectrum as well as the polarization
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vectors are given by the eigenproblem of the dynamical matrix

W gesqaj = Y DUy(@)ecqpy )
J'B
Here, the ¢ branch describes the phonon with a frequency w,,
and a polarization vector e,4, ;. Each «j component of the
polarization vector is associated with the displacement of the
Jjth atom in the «th direction.
The phonon mode related to the particular polarization
vector e,y; can be discussed in the context of the

circular polarization. For this purpose, we introduce a
new basis defined as [56-58] |R1)E%(li0---O)T;

L) = 551 =007 |Z) = 5500105 -

|RJ)E\/L§(-~-11'0~--O)T; IL;) = Lz(.-.l —i0---0)7;
1Z;) = LZ(--~001--~0)T; -+-. It means that two in-plane

components are replaced by the circular polarization vectors
o* (defined in Sec. IV), while the third component is
unchanged. In this basis, each polarization vector e = €44,
is represented as

e= Y («FIR)) + ok ILy) + o7 1Z))), ®)
J

where o} = (Vjle), for V € {R,L,Z} and j € {1,2,...,N)
(N is a total number of atoms in a primitive unit cell). The
way of the jth atom movement is determined by a circulation
C= |ozf|2 - |ajL-|2. When C = 0, the atom is involved in an
ordinary noncircular vibration, and when C # 0, it realizes a
circular motion.

In TBi,Tey, T atoms do not exhibit circular vibrations,
being the only magnetic atoms in the compound. The other
atoms, Te(1), Te(2), and Bi, realize a circular motion with dif-
ferent frequencies. Figure 4 presents a circular polarization of
Te(1), Te(2), and Bi, along a path between two I" points in the
a-b plane (cf. Fig. 1). As the system possesses the inversion
symmetry, atoms from opposite sites of the SL layer have an
opposite circulation (i.e., the total circulation of the system is
zero). The chiral phonons of Te(1), Te(2), and Bi are located
around 110 cm™!, 75 cm™!, and 50 cm~!. This “separation”
of different types of phonons generating a circular motion
of atoms is in agreement with the discussion of the phonon
density of states (cf. Sec. III).

Let us briefly summarize this part. The emergence of chiral
phonon modes is possible in described compounds due to the
existence of the three-fold rotational symmetry [59]. Addi-
tionally, the presence of the inversion symmetry, leads to the

vanishing of the total pseudoangular momentum of phonons
[54]. The realization of the A-type AFM order in 7T Bi,Te4
does not change the crystal symmetry so it has no direct effect
on the chiral properties of phonons. The chirality of the system
can be changed due to the crystal symmetry modifications
induced by the external conditions [58,61], for example, the
chiral modes can be efficiently manipulated by modifying
the imposed strain. Similarly, the phase transition from the
hexagonal to the orthorhombic structure affects the chiral
phonons [58,62]. Under this transformation, the phonon bands
degeneracy is lifted, and in consequence the chiral phonons
with nonzero angular momentum can emerge. This type of
phonon engineering can be useful for the practical implemen-
tation of the chiral phonon modes, e.g., in the designing of
novel phononic quantum devices, based on the propagation of
chiral phonon modes [63,64].

VI. SUMMARY

In this paper, we investigated the dynamical properties of
TBi,Tes (T = Mn, Fe) compounds. Both systems crystallize
in the R3m rhombohedral structure. The phonon dispersion
relations, derived for the structure with the A-type AFM or-
der, do not exhibit any imaginary frequencies and thus, both
compounds are dynamically stable. We performed the analy-
ses of the mode symmetries at the I' point. The Raman and
infrared active modes were calculated. The frequencies of the
Raman-active modes are in agreement with previous theoret-
ical and experimental results. We point out that the Raman
backscattering using co- or cross-circular configuration can be
useful in distinguishing the A;; and E; Raman-active mode.
Additionally, we show that the initially doubly degenerate E,
modes (at the I' point), give rise to the emergence of the
circularly polarized modes away from the I" point. Moreover,
chiral phonon modes are separated in the frequency domain
depending on the atomic layer within the septuple layer.
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