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Layered van der Waals magnetic chalcogenides provide an important platform for exploring the interplay between
lattice dynamics and magnetic correlations in low-dimensional systems. Here, we present a comprehensive temperature-
dependent Raman spectroscopy study of a layered antiferromagnetic semiconductor MnSi, Te4, which exhibits large nega-
tive magnetoresistance. Several Raman modes exhibit pronounced and mode-selective anomalies in frequency, linewidth,
and intensity near the antiferromagnetic Néel temperature (18.6 K) and a possible hidden phase transition temperature
(100 K), whereby deviations from Curie—Weiss behavior in magnetic susceptibility were previously reported. Angle-
resolved polarized Raman spectroscopy (ARPRS) measurements reveal distinct polarization-dependent responses for dif-
ferent Raman modes. These results indicate a nontrivial coupling between lattice vibrations and magnetic ordering in
MnSi; Tey, and demonstrate Raman spectroscopy as an effective probe of structural phase transition and spin—lattice cou-

pling in van der Waals magnets.
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1. Introduction

Layered magnetic chalcogenides have attracted extensive
attention in recent years owing to their rich magnetic ground
states and strong coupling between lattice, spin, and electronic
degrees of freedom.!!'™ In these systems, reduced dimen-
sionality and competing exchange interactions often give rise
to complex magnetic behavior, including multiple magnetic
transitions, short-range magnetic correlations well above the
long-range ordering temperature, and pronounced anisotropy
in physical properties.[®° Understanding how the lattice re-
sponds to and interacts with such magnetic phenomena is es-
sential for elucidating the microscopic mechanisms governing
their collective behavior.

MnSi;Teq is a layered van der Waals antiferromag-
netic semiconductor, with a collinear G-type antiferromag-
netic ground state and a Néel temperature Ty at 18.6 K.[10]
Its layered crystal structure and well-defined magnetic order
make it a representative system for investigating lattice dy-
namics in van der Waals magnets, crystallizes in a triclinic
space group P1 (No. 2). The sample growth method is de-
tailed in the supporting information (SI). Magnetic suscepti-
bility measurements!'%! reveal deviations from Curie-Weiss
behavior at temperatures far above Ty, extending to approxi-
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mately 100 K, suggesting additional magnetic correlations be-
yond the long-range ordered state. However, the microscopic
origin of these anomalies, particularly the possible involve-
ment of lattice degrees of freedom, remains unexplored.
Raman spectroscopy is a powerful, symmetry-sensitive
probe of lattice vibrations and has proven particularly effec-
tive in revealing interactions between phonons and other de-
grees of freedom,*!1-18 such as charge, "> orbital,[*?! and
spin.[?3] Tn magnetic materials, deviations of phonon frequen-
cies, linewidths, or intensities from conventional anharmonic
behavior are often indicative of spin—phonon coupling, arising
from the modulation of magnetic exchange interactions by lat-

24271 Furthermore, angle-resolved polarized

tice vibrations.!
Raman spectroscopy (ARPRS) provides additional insight into
phonon symmetries and in-plane anisotropy, enabling reli-
able identification of vibrational anisotropy and polarization-
dependent effects that may accompany magnetic or structural
crossovers. [28-311

In this work, we present a comprehensive temperature-
dependent Raman and ARPRS study of MnSi, Te4 over a wide
temperature range from 7.5 K to 293 K. Several phonon modes
exhibit anomalous behavior in frequency, linewidth, and inten-

sity, with clear signatures. Our results reveal both spin—lattice
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coupling and a structural phase transition in the layered large
negative magnetoresistance material MnSi> Te,.

2. Experiment and analysis
2.1. Temperature dependent Raman spectroscopy

Temperature-dependent Raman measurements were per-
formed using a SmartRaman confocal micro-Raman system
(designed and made by the Institute of Semiconductors, Chi-
nese Academy of Sciences) equipped with a x50 objective in a
backscattering geometry. The system was coupled to a Horiba
iHR-550 spectrometer with an 1800 grooves/mm diffraction
grating and a liquid nitrogen-cooled charge coupled device de-
tector, of which the overall spectral resolution for Raman scat-
tering is 3.3 cm~!'. A 532 nm laser was used as the excitation
source with an incident power of 0.425 mW. For temperature-
dependent Raman measurements, a neutral density filter with
an optical density (OD) of 2.0 was applied to minimize laser-
induced heating effects on the lattice, whereas an OD of 1.0
was used for the ARPRS measurements. Raman spectra were
collected in the range of 70 cm™! to 400 cm™!. To exclude
possible photoluminescence contributions, additional Raman
measurements were performed at 293 K using a 633 nm exci-
tation wavelength, and the spectra obtained with 532 nm and
633 nm excitations were compared.

Low-temperature Raman measurements were carried out
using a liquid helium cooled LT-30M cryostat with a temper-
ature stability of +0.1 K. Spectra were recorded over a tem-
perature range from 7.5 K to 293 K, covering the antiferro-
magnetic transition at 18.6 K. Temperature-dependent mea-
surements were conducted during a controlled heating cycle.

2.2. Angle-resolved polarized Raman spectroscopy

ARPRS measurements were carried out by rotating the
polarization of both the incident and scattered light while

keeping the sample stationary. Polarization control was
achieved by inserting half-wave plates into the confocal op-
tical paths of the excitation and collection channels. In this
configuration, the relative polarization angle was varied con-
tinuously over a full 360° rotation without changing the laser
spot position on the sample and was measured at every 10°.
All ARPRS measurements were performed in a parallel polar-
ization configuration, where the polarization direction of the
incident laser beam was kept parallel to that of the scattered

light.[3-321

2.3. Density functional theory calculations

First-principles calculations were performed based on
density functional theory (DFT) methods implemented in
the Quantum Espresso package. >3] The exchange—correlation
interaction was treated using the Perdew—Burke-Ernzerhof
functional within the generalized gradient approximation. 34!
The electronic wave functions were expanded in plane waves
with a kinetic energy cutoff of 500 eV. Brillouin zone integra-
tions were carried out using a Monkhorst—Pack k-point mesh
of 12 x 12 x 6. All the atoms were fully relaxed until the forces
on each atom were less than 0.001 eV/A.

3. Results and discussion

Figure 1(a) shows the polarization configuration for
angle-resolved polarized Raman spectroscopy. Figure 1(b)
shows the Raman spectrum of MnSi,Tes measured at 7.5 K.
Several well-resolved Raman peaks are observed in the low-
frequency range, reflecting the rich lattice dynamics of this
layered ternary chalcogenide. The clearly separated peaks al-
low reliable peak fitting and quantitative extraction of peak
position, linewidth, and intensity, forming the basis of the
temperature-dependent analysis.
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Fig. 1. (a) Schematic experimental setup for angle-resolved polarized Raman spectroscopy. (b) Raman spectrum of MnSi; Te4 measured at
7.5 K. (c) Crystal structure of MnSi; Tey; the primitive cell is indicated by the black frame.[10] Corresponding vibrational modes are shown in

Fig. S1 of the supporting information.

The crystal structure of MnSiyTes is illustrated in
Fig. 1(c). MnSi;Tey crystallizes in a layered van der Waals
structure composed of alternating [MnTeg] and [Sip Teg] octa-
hedra, which stack along the crystallographic ¢ axis. Within

each layer, the octahedra are arranged in a zigzag pattern, re-
sulting in a low-symmetry intralayer structure.1%!
Figure 2 presents the Raman spectra of MnSi,Tes mea-

sured at 293 K under excitations with 532 nm and 633 nm
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laser beams. The nearly identical Raman peak values obtained
with the two excitation wavelengths are identical to each other,
demonstrating that the observed features originate from Ra-
man scattering rather than photoluminescence.

3000
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Fig. 2. Raman spectra of MnSi;Tes measured at 293 K, excited with
532 nm and 633 nm lasers, respectively.

Figure 3 presents the temperature-dependent evolution of
MnSi,Tes Raman peaks measured from 7.5 K to 293 K. The
overall Raman intensity gradually decreases with increasing
temperature, accompanied by progressive peak broadening,
consistent with enhanced phonon—phonon scattering at ele-
vated temperatures.?! To quantify the temperature-dependent
behavior, selected Raman peaks at 93 cm~!, 99 em~!,
105 cm™!, 121 cm™!, and 139 cm™! are fitted using Gaus-
sian line shapes, and the extracted peak positions, full widths
at half maximum (FWHM), and intensities are summarized in
Figs. 3(b)-3(d). These peaks exhibit distinct temperature de-
pendence, indicating a mode-selective lattice response rather
than an overall thermal effect.

The temperature dependence of the Raman peak frequen-
cies reveals two characteristic transitions. For Raman peaks
at 93 cm~!, 105 cm™!, and 139 cm™!, the positions remain
nearly constant at low temperatures and begin to shift more
rapidly upon increasing temperature. A change in slope is ob-
served near Ty at 18.6 K, followed by a more pronounced
deviation from a smooth trend, disappearing above 100 K.
Such behavior deviates from a simple anharmonic phonon
model and suggests the presence of further contributions to the
phonon renormalization, indicating the existence of a struc-
tural phase transition. [23-2435-37]

The Raman intensities in Fig. 3(b) also display non-
trivial temperature dependences. 38491 While the intensity of
peaks at 93 cm~! and 139 cm™! shows a monotonic decrease
with increasing temperature, others (99 cm~!, 105 cm™!,
and 121 cm™!) exhibit pronounced anomalies. In particular,
the mode at 105 cm~! shows a pronounced maximum near
Tx (18.6 K). These anomalies are mode-selective, suggesting
that the coupling strength sensitively depends on the phonon
modes. Such a variation in lattice degrees of freedom occur-
ring upon a magnetic phase transition reveals that there is a

coupling between the lattice vibration and long-range mag-
netic ordering in MnSi;Tes. Thus, it indicates there is spin—
lattice coupling in MnSi, Tey.[4!]

The FWHM analysis reinforces this observation. Al-
though a gradual linewidth broadening with temperature is ex-
pected due to anharmonic phonon—phonon scattering, 37421 all
modes at 93-139 cm~! exhibit deviations from this behav-
ior (Figs. 3(c) and 3(d)), including non-monotonic linewidth
changes or an onset of broadening at temperatures that is con-
sistent with the anomalies observed in phonon frequency and

intensity.
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Fig. 3. (a) Temperature-dependent Raman spectra of MnSi,Tes (see
Fig. S2 in the supporting information for additional temperature-
dependent spectra).  Temperature evolution of the (b) intensity,
(c) FWHM, and (d) peak positions for selected Raman modes. Col-
ored backgrounds: different phase regions. For clarity, the intensities of
99 cm~! and 139 cm™! are linearly scaled down.
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Fig. 4. ARPRS of MnSi;Tes measured at 293 K with a 10° step.
(a) Polarization-resolved Raman spectra measured from 0° to 180°. For
completeness, polarization-resolved Raman spectra from 0° to 360° are
provided in Fig. S3 of the supporting information. (b) Two-dimensional
ARPRS intensity map.

Notably, the distinct phonon behavior at the higher tem-
perature 100 K is clearly consistent with the deviation from the

Curie—Weiss behavior in magnetic susceptibility.!'%!" Thus,
we interpret this consistency as revealing a lattice change of
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MnSi,Teq, which exists well above the long-range antiferro-
magnetic ordering temperature. Consequently, we attribute
this to a structural phase transition in MnSi,Te4.

240°

2701
367 cm—!

Fig. 5. Polar plots of the ARPRS intensity and corresponding atomic
displacement patterns for representative phonon modes of MnSi,Tey:
(@ 99 em™!, (b) 139 ecm™!, (c) 235 em~!, (d) 322 cm™!, and
(e) 367 cm~!. The directions of atomic vibrations are denoted with
red arrows, while out-of-plane vibrational components are denoted by
red dots and crosses, representing atomic displacements pointing out of
and into the plane, respectively.

Figure 4 presents the ARPRS intensity map of MnSi,Teq4,
showing the evolution of Raman intensity as a function of

both Raman shift and polarization angle. Distinct angular

modulation is observed for different Raman peaks, indicating
a mode-specific polarization dependence.*3** Figures 5(a)—
5(e) show the polar plots of the Raman intensity for represen-
tative modes at 99 cm~!, 139 cm—!, 235 cm~!, 322 cm™!, and
367 cm~!. Each mode exhibits a characteristic angular depen-
dence with a distinct modulation pattern and periodicity. !
While modes at 139 cm™! and 367 cm™! display relatively
smooth and sinusoidal variations, others (99 cm~!, 235 cm™!,
and 322 cm~!) show more complex angular profiles with mul-
tiple intensity maxima and minima within a 360° rotation. The
angular modulation observed for different Raman modes indi-
cates that the measured Raman response reflects intrinsic crys-
talline symmetry, rather than extrinsic effects such as sample
misalignment or polarization leakage.

DFT calculations provide a microscopic reference for the
vibrational frequencies and polarization trends observed in the
low-temperature Raman and ARPRS measurements. As sum-
marized in Table 1, the calculated phonon frequencies are
in good agreement with the experimentally observed Raman
peaks. The DFT phonon calculations correspond to the har-
monic vibrational frequencies at the 0 K equilibrium structure,
making them directly comparable to low-temperature Raman
spectra. Beyond the frequency scale, the vibrational eigen-
modes obtained from DFT capture the essential features of
the polarization-dependent Raman response. Raman modes
at 99 cm~!, 235 cm~!, and 322 cm~! exhibit pronounced
angular modulation in the ab plane, giving rise to charac-
teristic four-lobe polarization patterns, reflecting the in-plane
anisotropy of their vibrational character. In contrast, modes
at 139 cm~! and 367 cm™! display smoother elliptical an-
gular dependences, consistent with vibrational eigenmodes
that involve substantial out-of-plane atomic displacements.
The qualitative agreement between experimentally observed
ARPRS patterns and theoretical polarization trends well ex-
plains the origin of the mode-selective polarization behavior
in MnSi,Tey.

Table 1. Experimental and theoretical Raman peak positions (cm™!).

Experiment 82 93 99 99 105 121 139 235 322 367
DFT 79.9 90.2 99.8 100.2 110.0 1254 141.6 251.7 350.2 367.4

4. Conclusion

In summary, we have performed systematic temperature-
dependent Raman scattering and angle-resolved polarized Ra-
man spectroscopy studies on a layered van der Waals an-
tiferromagnetic semiconductor MnSiyTes. Several phonon
modes exhibit temperature-dependent anomalies in frequency,
linewidth, and intensity appearing near Ty = 18.6 K and
around 100 K, in line with the deviation from Curie—Weiss
behavior in magnetic susceptibility. Our ARPRS measure-

ments reveal distinct polarization-dependent responses, whose
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anisotropy is determined by the lattice symmetry. Conse-
quently, our Raman spectroscopy investigation reveals both a
structural phase transition and spin—lattice coupling in van der
Waals MnSi,Tey.

Data availability statement

The data that this
study are openly available in Science Data Bank at
https://doi.org/10.57760/sciencedb.j00113.00324.
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