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The vibrational properties of ferrimagnetic Mn3zSi2Tes single crystals are investigated using Ra-
man spectroscopy and density functional theory calculations. Eighteen Raman-active modes are
identified, fourteen of which are assigned according to the trigonal symmetry. Four additional peaks,
obeying the A1, selection rules, are attributed to the overtones. The unconventional temperature
evolution of the A?g mode self-energy suggests a competition between different short-range mag-
netic correlations that significantly impact the spin-phonon interaction in Mn3SisTes. The research
provides a comprehensive insight to the lattice properties, studies their temperature dependence
and shows the arguments for existence of competing short-range magnetic phases in MnsSisTeg.

I. INTRODUCTION

Layered magnetic van der Waals materials have lately
received widespread attention due to their potential ap-
plication in spintronics, magneto-electronics, data stor-
age and biomedicine [1-7]. Recent experimental confir-
mation of a long-range magnetism persisting down to a
monolayer in Crl [8] further affirmed a these materials
as platform for magneto-optoelectronic devices [9], and
as candidates for studying low-dimensional magnetism
[10].

Mnj3Sio Teg single crystals were first synthesized in 1985
[11]. However, few studies were carried out on this com-
pound since. It was only recently that the attention has
shifted to them, mainly through comparisons with quasi-
two-dimensional materials, specifically CrSiTes. The
vast majority of recent studies were focused on explaining
the magnetism in Mn3SisTeg and determining its crystal
structure. It was revealed that Mn3SisTeg crystallizes
in a trigonal structure described by the P31lc (No. 163)
space group [11, 12]. According to various magnetization
studies, Mn3SisTeg is an insulating ferrimagnetic with
Curie temperature T, between 74 K —78 K [12-15]. First
principle calculations suggested a competition between
ferrimagnetic ground state and three additional mag-
netic configurations, originating from antiferromagnetic
exchange for the three nearest Mn-Mn pairs [15]. Ad-
ditionally, both magnetization and diffuse neutron scat-
tering experiments point at the existence of strong spin
correlations well above T,, which may be associated with
short-range order or to the preserved correlated excita-
tions in the paramagnetic region [12, 15].
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Here we present an experimental and theoretical Ra-
man scattering study of MnsSisTeg single crystals, with
the focus on phonon properties in the temperature range
from 80 K to 320 K. Out of eighteen observed modes,
fourteen (541, + 9E;) are identified and assigned in
agreement with the P31c space group. Phonon energies
are in a good agreement with the theoretical predictions.
Two most prominent Raman modes, A‘llg and A‘;’g, are
used to study the temperature evolution of phonon prop-
erties, and reveal three subsequent phase transitions at
Ty= 1425 K, To= 190 K and T3= 285 K. Furthermore,
the A?g mode exhibits strong asymmetry, most likely
originating from enhanced spin-phonon coupling. Inter-
estingly, the A?g phonon line is symmetric in the tem-
perature range 11715, while becoming more asymmet-
ric above T3, potentially indicating that the strength of
spin-phonon interaction changes with temperature. We
speculate, that the observed phenomenon, shown in A?g
phonon, originates from the shift in dominance between
competing magnetic states, that are found to be very
close in energy [15].

II. EXPERIMENTAL AND COMPUTATIONAL
DETAILS

The Mn3SisTes single crystal samples used in this
study are prepared according to the procedure described
in Ref. [12]. The Raman spectra have been obtained
with a Tri Vista 557 spectrometer (Teledyne Prince-
ton Instruments, United States, New Jersey) with a
1800/1800/2400 groves/mm diffraction grating combi-
nation in a backscattering configuration. The 514 nm
line of a Coherent Ar™/Kr™ ion laser (Coherent, United
States, California) is utilized as excitation source. The
direction of the incident (scattered) light coincides with
the crystallographic ¢ axis. Laser-beam focusing is



achieved through a microscope objective with 50x mag-
nification. The temperature-dependent Raman scatter-
ing measurements have been performed under high vac-
uum (1075 mbar), with the sample being placed inside
of a KONTI CryoVac continuous Helium flow cryostat
(CryoVac GmbH & Co KG, Germany, Troisdorf) with a
0.5 mm thick window. The samples are cleaved in air be-
fore being placed into the cryostat. The obtained Raman
spectra are corrected by a Bose factor. The spectrometer
resolution is comparable to a Gaussian width of 1 cm™?.

The calculations are based on the density functional
theory (DFT) formalism as implemented in Vienna Ab
initio Simulation Package (VASP) [16-19], with the plane
wave basis truncated at a kinetic energy of 520 eV, us-
ing Perdew-Burke-Ernzehof (PBE) exchange-correlation
functional [20] and projector augmented wave (PAW)
method [21, 22]. The Monkhorst and Pack scheme of
k point sampling is employed to integrate over the first
Brillouin zone with 12 x 12x10 at the I'-centered grid.
The convergence criteria for energy and force have been
set to 1076 eV and 0.001 eVA~!, respectively. The DFT-
D2 method of Grimme is employed for van der Waals
(vdW) corrections [23] . The vibrational modes are cal-
culated using density functional perturbation theory im-
plemented in VASP and Phonopy [24]. Previous DFT
results found the energy of the ferrimagnetic state to be
well above an eV per Mn below that of the non-magnetic
state [15] thus this configuration is considered in this
study.

III. RESULTS AND DISCUSSION
A. Polarization measurements

Mnj3Sis Teg crystalizes in a trigonal P31c crystal struc-
ture [11, 12]. The Wyckoff positions of the atoms and
their contributions to the I'-point phonons, together with
the corresponding Raman tensors, are listed in Table 1.
In total, there are sixteen Raman-active modes (541,
+ 11E,) and seventeen infrared-active modes (6Az, +
11E,). According to the Raman tensors presented in
Table I, in our scattering configuration and with Raman
scattering events within the crystallographic ab plane, E,
symmetry modes can be observed in the Raman spectra
measured in both parallel and crossed polarization con-
figurations, whereas A;, modes arise only for those in
parallel polarization configuration.

As depicted in Fig. 1, nine phonon lines are observed
in parallel polarization configuration only, and identified
as Aj, symmetry modes. According to the symmetry
analysis only five A, symmetry modes are expected, re-
sulting in four excess modes at 53.3 ecm~!, 57.9 cm™!,
95.3 cm~! and 366.7 cm~!. These modes may arise from
infra-red /silent phonons activated by disorder and from
the relaxation of the symmetry selection rules [25-28].
However, it is more likely they are overtones. Overtones,
which are always observable in A symmetries, but can

TABLE I. Wyckoff positions of atoms and their contributions
to the I'-point phonons together with the corresponding Ra-
man tensors for the P31c space group of MnsSisTeg.

Space group: P3lc

Atoms Irreducible representations
Mn (2¢) Azg + Asu + Eg + By
Mn (4f) A1g + Avy + Azg + Azu + 2B, + 2B,
Si (4e) A1g + Avru + Azg + Aou + 2B + 2B,
Te (12i) 3A1g + 3A1, + 3424 + 342,

+6E, + 6E,

Raman tensors

a
Alg = a
b

also be observed in other symmetries, can become observ-
able in Raman spectra due to disorder and/or enhanced
coupling of the phonons to other excitations like in the
case of spin-phonon coupling [29].

Aside from the discussed A;, symmetry modes, our
spectra host nine modes which obey the E; selection
rules. Therefore, nine out of the expected eleven E,
modes have been singled out and identified. The ab-
sence of two E; modes might be attributed to their low
intensity and/or the finite resolution of the spectrometer.

Calculated and experimental phonon energies are col-
lected in Table II, and are found to be in good agreement
with each other, with discrepancy being below 8% for all
observed modes.

Our data significantly differ from those presented in
Ref. [14] where two Raman active modes were reported,
one at 118.4 cm™! and the other at 136.9 cm ™!, assigned
as Fy and Ayg, respectively. The E; and A;, modes in
our spectra closest (in terms of energy) to those reported
in Ref. [14] are the peaks at ~ 114.3 and 135.4 cm™* (
Table II). Although the discrepancy in phonon energy is
not significant, the observed phonon linewidths strongly
deviate from those presented in Ref. [14]. A possible
explanation for the discrepancy is the presence of TeOo
in samples presented in Ref. [14], as the peaks reported
there match rather well with the Raman response of TeO4
(Fig. 1). In order to avoid potential contamination in
our study, measurements have been repeated on multiple
crystals, and no oxide traces have been identified in the
spectra.
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FIG. 1. Raman spectra of MnzSizTeg single crystal measured
in two scattering geometries at 7= 100 K (blue solid line) and
T= 300 K (red solid lines) with indicent light being directed
along [100]. Peaks observed in both geometries are identified
as E, modes, whereas peaks observed only for the parallel
polarization configuration are assigned as A1y modes. Grey
line: TeO2 spectrum at 300 K, scaled for clarity. The crystal
structure of MnsSizTes viewed laterally along the c-axis is
presented in the inset.

B. Temperature dependence

Some of the modes represented in Fig. 1 exhibit an
asymmetric lineshape. Although, the appearance of a
mode asymmetry can be attributed to the presence of
defects [30] this would have a significant impact also on
the line widths of other modes in spectrum, which is not
the case here. The asymmetry may arise from coupling
between phonon and other elementary excitations [31-
33]. The lineshape originating from such a coupling is
given by the Fano profile [34-37]:

I(w) = TS5,
where €(w)=2(w-wp)/T. Here, wy is the phonon frequency
in the absence of interaction, I' is the full width at the
half maximum (FWHM), I, is the amplitude and q is
the Fano parameter. The Fano parameter and FWHM
depend on the interaction strength between the phonon
and the elementary excitation, and therefore can be used
as its indicator. To include the finite spectral resolution

TABLE II. Phonon symmetries and phonon frequencies of
Mn3SizTeg phonons. The experimental values are determined
at 100 K. All calculations have been performed at zero 0 K.
The experimental uncertainty is 0.3 cm™*.

Space group P3lc

no Symm. Exp. (cm™) Calc. (cm™")
1 E} - 53.1
2 P1 53.3 -

3 P2 57.9 -

4 E? 58.7 58.5
5 E} 62.6 61.8
6 A, 64.2 62.3
7 E; 80.4 82.7
8 P3 95.3 -

9 E} 95.9 90.3
10 A3, 107.3 104.3
11 E$ 114.0 106.5
12 A3, 135.4 134.2
13 E] 136.6 136.1
14 E} 149.8 143.4
15 A, 151.8 147.3
16 E 152.6 146.6
17 E}° - 352.7
18 P4 366.7 -
19 Ey' 368.7 354.5
20 A3, 486.7 475.83

of the experimental setup, the Fano profile is convoluted
with a Gaussian function as demonstrated in Ref. [29].

The high intensity peak at 486.7 cm~?, identified as the
Ai‘g symmetry mode, does not overlap with any other
mode. The quantitative analysis of this peak is per-
formed using both the symmetric Voigt profile and the
Fano-Gaussian convolution mentioned above. The com-
parison between two models and the experimental data
at 80 K and 300 K are presented in Fig. 2 (a) and (b),
respectively. The asymmetric lineshapes provide a sat-
isfactory description of the measured phonon line shape,
suggesting the presence of an additional scattering mech-
anism in Mn3SisTeg.

The spectral region of the A?g Raman-active mode in
the temperature range of interest is presented in Fig. 3
(a). The blue solid lines represent fits to the experimental
data obtained using the Fano-Gaussian line shape. Tem-
perature dependence of the phonon energy, line width,
and the Fano parameter |g| of the A?, mode are depicted
in Fig. 3 (¢), (d) and (e), respectively. By increasing
the temperature above 80 K, the A?Q mode broadens and
softens up to T7= 142.5 K, where it abruptly narrows and
shifts to higher energies followed by further softening and
narrowing up to T = 160 K. Additional heating leads to
a broadening and hardening before the drop in phonon
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FIG. 2. Raman response as a function of the Raman shift.
Quantitative analysis of the A‘;’g mode at temperatures as in-
dicated. (a) and (b) The blue solid lines represent the line
shape obtained as a convolution of Fano profiles and Gaus-
sian, whereas the green solid lines represent Voigt profiles. (c)
Comparison between asymmetric (deep blue) and symmetric
(light blue) line shapes obtained as a Fano-Gaussian convo-
lution and a Voight profile. Experimental data is represented
by open squares.

energy at ~ To= 190 K. In the region 75 the mode softens
and broadens with additional jump in phonon energy at
T5= 285 K. A similar trend is also observed for the A‘llg
mode, as evidenced in Fig. 3 (b).

This intriguing temperature dependence is also mani-
fested in the asymmetry i.e. Fano parameter |g| [Fig. 3
(d)] of the A, peak. At the lowest experimental temper-
ature, 80 K , the Ai’g mode exhibits strong asymmetry
with a Fano parameter |¢|= 9.9. Upon heating the sam-
ple to ~ T} a Fano parameter remains nearly constant
before the significant increase in the temperature range
between 77 and T* resulting in a symmetric lineshape
(lg]= 38, Fig.3 (c)). Further temperature increase leads
to a strong decrease of || up to Ty, where the asymme-
try is restored (|g|= 9.9) remaining almost constant up
to T3. At higher temperatures, the lineshape becomes
more asymmetric, reaching |g| ~8 at the highest experi-
mentally accessible temperature 7= 320 K.

While the ferrimagnetic order in MngSisTeg is estab-
lished only at T.= 78 K [12, 14], the asymmetry of the
mode can be observed at all experimental temperatures.
Based on the research done on the Mns3SisTeg and re-
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FIG. 3. (a) The spectral region of the A}, Raman-active mode
of Mn3Si2Tes at indicated temperatures measured in the par-
allel polarization configuration. Green solid lines represent
line shapes obtained as a convolution of the Fano line shape
and Gaussian, calculated to fit the experimental data. (b)
Temperature dependence of ac susceptibility real part m’(T)
and its temperature derivative ploted as a function of tem-
perature with H || ab. Temperature dependence of (c) the
energy of the A7, and A}, as well as (d) the line width, and
(e) the Fano parameter |q| of the A7, mode.

lated materials, the most probable scenario is the one in
which the observed asymmetry can be traced to enhanced
spin-phonon interaction related to short-range correla-
tions, that can survive up to temperatures well above T
[25, 38—40]. We may speculate, according to the results
presented in Ref. [15], that these short-range correlations
are likely in terms of the antiferromagnetic exchange in-
teraction between the three nearest Mn-Mn pairs (as
depicted in Fig. 1) in the paramagnetic background.
However, this alone cannot explain sudden changes in
the properties of the A‘i’g phonon mode. Rather the ex-
istence of competing short-range magnetic phases may
be responsible for the observed behavior of the phonon
modes. The first phonon mode anomaly at T5= 285 K
corresponds to the anomaly in m/(T). [Fig. 3 (b)] and
can be seen as the outlet of additional short-range order



in the paramagnetic domains [41] and possibly change of
their nature of previously established ones. The onset in
temperature with the magnetization anomaly near 330 K
[14, 42] is likely the consequence of local disorder. At T
Mng3SisTeg becomes locally magnetically frustrated re-
sulting in the change in magnetostriction and rapid de-
crease of spin-phonon interaction that is manifested in
the strong evolution of the phonon self-energy (Fig. 3).
At this temperature both magnetoresistance and nonlin-
earety of Hall resistance become observable [42]. In this
scenario, by further lowering the temperature, at T7 new
short range magnetic order and the strong spin-phonon
interaction are established. The new magnetic order is
most likely antiferromagnetic [15]. In order to fully un-
derstand the complex evolution of the short-range mag-
netic correlation in Mn3Sis Teg that is manifested through
the anomalous temperature development of A?g mode,
further investigations are required.

IV. CONCLUSION

The lattice dynamic in single crystalline MnsSizTeg
using Raman spectroscopy in analyzed. Five A;4 modes
and nine E,; modes are observed and assigned accord-
ing to the P31c symmetry group. Four additional peaks
to ones assigned to P31lc symmetry group, obeying A,
selection rules, are attributed to overtones. The pro-
nounced asymmetry of the A?g phonon mode at 100 K
and 300 K. The unconventional temperature evolution of

the A?Q Raman mode reveal three successive, possibly
magnetic, phase transitions that may have significant
impact on the strength of the spin-phonon interaction
in MngSisTeg. These are likely caused by the competi-
tion between the various magnetic states, close in energy.
This study provides a comprehensive insight to the lattice
properties, their temperature dependence and shows ar-
guments for existence of the competing short-range mag-
netic phases in Mng3SisTeg.
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