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Quasi-2D AgCrP,S, exhibits coupled magnetic and structural
orders, revealed through inelastic light scattering. These
dynamics highlight the phonon-phonon and spin-phonon
coupling, structural instabilities, and antipolar transitions that
shape its properties.
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AgCrP,Sg serves as a versatile system to probe dynamics of the quasiparticle excitations as well as
multiple phase transitions with lowering temperature linked with the polar, lattice and spin degrees of
freedom. Here, we report in-depth temperature- and polarization-dependent Raman scattering
measurements on single crystals of quasi-2D zigzag antiferromagnetic AgCrP,Sg, along with first
principles-based phonon calculations. We observed multiple phase transitions triggered by the short-
and long-range ordering of spins at ~90 K and 20 K, respectively, within the Cr sublattice, where spins
are arranged in a 1D chain, as evident from the distinct anomalies in the phonon-mode self-energy
parameters and intensity. Contrary to the conventional belief, we proposed the possibility of quasi-
antipolar ordering at ~200 K and with further lowering in temperature an antipolar ordering at ~140 K
attributed to the Ag ions, which is conjectured to be forbidden owing to the heaviness of Ag ions. The

Received 15th August 2025, quasi-antipolar and antipolar orderings are gauged via a distinct renormalization of the parameters of

Accepted 22nd December 2025 phonons, which exist at all the temperatures. Additionally, a large number of modes appeared with the
DOI: 10.1039/d5tc03093e decrease in temperature, in the range of ~200-140 K, where antipolar ordering started settling in. The

emergence of a large number of phonon modes below ~200 K, nearly double that at room tempera-
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1. Introduction

Two-dimensional (2D) van der Waals (vdW) materials have
attracted significant attention due to their distinct properties
that are advantageous for potential applications in next-
generation electronics and advanced physics."”” A significant
domain of modern research focuses on magnetic vdW materi-
als that exhibit intriguing physical properties. The intrinsic 2D
nature of these materials provides unique opportunities to
explore novel magnetic ground states, magnetic excitations,
and their interactions with other quasiparticle excitations.>™
These tunable properties are of great interest not only for
fundamental studies but also for potential applications in
advanced fields such as spintronics, optoelectronics, and
nanoelectronics.””®

“School of Physical Sciences, Indian Institute of Technology, Mandi-175005, India.
E-mail: autichaitanya5@gmail.com, pkumar@iitmandi.ac.in

b Department of Physics, Indian Institute of Technology Kanpur, Kanpur 208016,
India

¢ Institute for Solid State Research, Leibniz IFW Dresden, Helmholtzstr. 20, 01069
Dresden, Germany

? mnstitute of Solid State and Materials Physics and Wiirzburg-Dresden Cluster of
Excellence ct.qmat, Technische Universitit Dresden, 01062 Dresden, Germany

3504 | J Mater. Chem. C, 2026, 14, 3504-3515

ture, suggests the lowering of symmetry from high-temperature C,,, to low-temperature C, or Cs.

Recently, 2D metal thiophosphates (MTPs) have drawn sig-
nificant interest because of their intriguing characteristics
including magnetism down to monolayer, ferroelectricity, and
multiferroicity. The MPS; (M = Mn, Fe, Ni, Co, and V) family of
layered materials presents a rich array of isostructural com-
pounds that form 2D vdW antiferromagnets.>'® 2D MPS;
materials exhibit a wide range of band gaps (~0.24-3.5 eV),
which make them highly promising for applications in cataly-
sis, spintronics, and energy conversion.'' Colombet et al.
reported that heterocharge substitution also yields numerous
stable compounds, which provide an extra degree of freedom in
the atomic arrangement.'>"® One such member of this family is
AgCrP,S¢, which exhibits an antiferromagnetic transition tem-
perature (Ty) at ~20 K.'* The non-magnetic Ag atom and the
magnetic Cr atom are arranged in zigzag strips. The Ag" ion is
bigger in size than the Cr*" ion; as a result, the layer above the
Ag atoms significantly bends outward (see SI Fig. S1-(a)"®).
Consequently, a deformation occurs in the P,S¢ octahedra to
accommodate the cations of different sizes. Therefore, to
reduce this strain energy, the cations organize themselves in
a zigzag chain, and this arrangement functions as a one-
dimensional chain of magnetic atoms with a spin value of
S = 3/2 (see SI Fig. S1-(d)"®). The layers are arranged in an AAA
stacking, resulting in a quasi-2D structure.'®"”

This journal is © The Royal Society of Chemistry 2026
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Magnetic fluctuations in 2D structures are influenced by the
symmetry of order parameters, namely, the Ising, XY, and
Heisenberg types.’ One-dimensional (1D) spin S = 3/2 Heisen-
berg antiferromagnetic Hamiltonian is given as follows:"®

H=—J% (SS5, + S!Sl +25:57,)
+'YSiSc+ DY (S7),
ik i

where /4 and D denote the exchange and single-ion anisotropy
parameters, and S7, S¥ and S7 are the x, y, and z components of
the total spin at i™™ site. J and J' are the intra- and inter-chain
exchange coupling constants, respectively. A very small value of
|///]] ~ 10~* (for AgCrP,S,) confirm that the system comprises
1D spin chains. The Cr-(P or S)-Cr angle of around 90° allows a
strong direct overlap of the octahedrally surrounded Cr’s half-
filled t,, orbitals.'® A recent work by Park et al'® has also
suggested that the weakest interaction is interchain, leading to
an essentially 1D magnetic behaviour in each layer, while two
layers exhibit a weak ferromagnetic coupling. The anisotropic
structure introduces an additional degree of freedom, offering
the potential to manipulate the material’s structure in different
ways to provide tunability for probing fundamental magnetism
with reduced dimensionality.

Raman spectroscopy is a promising technique for studying the
presence of magnons, phase transitions, and various quasiparti-
cle excitations, including spin-phonon and electron-phonon
coupling, in 2D magnetic materials.’** Recently, heterocharge
MTPs moved into focus due to their low-dimensional magnetism,
multiferroicity, and Haldane phase.”>*® Understanding these
singular behaviour in MTPs will provide valuable insights for
potential applications in spin-based logic gate devices and non-
volatile memory storage devices, opening up the possibility
of fabricating heterostructures for multifunctional device
applications.>’*® Motivated by the rich underlying physics in
these low-dimensional systems, we conducted an in-depth inves-
tigation of the AgCrP,S¢ single crystal using Raman scattering
measurements as well as first-principles calculations of the
phonons. The current literature lacks information on the
temperature-dependent characteristics of phonon and magnetic
dynamics, suggesting a potential for uncovering novel insights
into the vibrational and magnetic properties of materials.

In this work, we elucidated the phonon excitations and crystal
symmetry of AgCrP,Ss using comprehensive temperature- and
polarization-dependent Raman spectroscopy measurements
along with the first-principles calculations of phonons. We
observed significant hardening of the low-energy phonon modes,
attributed to the strong phonon-phonon anharmonic interac-
tions, or an increase in bonding stiffness, indicating structural
instability in the material. Based on the temperature-dependent
phonon-mode analysis, we observed a signature of antiferromag-
netic transition at Ty ~ 20 K. Interestingly, we observed anoma-
lies in mode frequency, linewidth, and intensity around
temperatures ~90 K, ~140 K, and ~200 K. These transitions
are attributed to the possible short-range ordering of the spins

This journal is © The Royal Society of Chemistry 2026
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and polar ordering in the system, respectively. We also examined
the interactions between quasiparticle excitations and electronic
and/or magnetic continuums, i.e., Fano asymmetry in the phonon
line shape, as a function of temperature. Polarization-dependent
measurements show the two-fold symmetry of all the observed
modes in line with the group theoretical predictions. Quite
surprisingly, we also observed a systematic rotation of the polar-
ization major axis of the phonon modes as a function of
temperature. This opens up the possibility of tuning the scattered
light in this quasi 2D magnet via symmetry control.

2. Experimental and
computational details

2.1. Experimental details

The single-crystal samples of AgCrP,Ss were prepared using a
chemical vapor transport technique, as described in ref. 29.
Temperature-dependent Raman scattering and photolumines-
cence (PL) measurements (see the SI for PL measurements"®)
were carried out from 6 to 300 K with +0.1 K precision with a
closed-cycle refrigerator (Montana) and a Horiba LabRAM HR-
evolution Raman spectrometer in the backscattering configu-
ration. A 633 nm laser was used to excite the Raman spectra.
The laser power was kept very low (< 0.5 mW) to prevent local
heating. A 50x (NA = 0.5) long-working-distance objective was
used to focus the incident laser light on the sample. Scattered
light was collected using a Peltier-cooled charge-coupled detec-
tor. To unveil the symmetry of phonon modes, polarization-
dependent measurements were performed at temperatures of
6 K, 60 K, 120 K, and 170 K. A half-wave plate was placed near
the laser entrance to manually rotate the incident polarization
onto the sample, while the scattered polarization analyzer
remained fixed.

2.2. Computational details

We performed first-principles density functional theory (DFT)
calculations using the Vienna ab initio simulation package®®*"
and utilized pseudo potentials generated using the projected
augmented wave (PAW)*> method. The valence electron config-
urations used are 4p®4d'°5s", 3d°4s’, 35”3p?, and 3s*3p” for Ag,
Cr, P and S, respectively. We used Gaussian smearing for
treating the partial occupancies for each orbital with an energy
broadening of 0.05 eV and treated the exchange-correlation
energies of the electrons within the GGA-Perdew-Burke-Ern-
zerhof (PBE) functional.*® The cutoff for the kinetic energy was
set to 450 eV for all calculations. The primitive cell structure of
AgCrP,S, contained 20 atoms (2 Ag, 2 Cr, 4 P and 12 S atoms);
we considered the antiferromagnetic (AFM) arrangement of Cr
atoms and used the DFT-D3 method of Grimme® to include
the vdW interactions in the structure. The lattice parameters
were fully optimized using a k-point grid of 9 x 9 x 9, and the
energy convergence criterion was set to 10~ eV. After full
optimization, the energies are converged and the force on each
atom is of the order of 10°* eV A" or less. The lattice
parameters and volume for the optimized structure were

J. Mater. Chem. C, 2026, 14, 3504-3515 | 3505


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc03093e

Open Access Article. Published on 23 December 2025. Downloaded on 6/14/2026 6:20:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

5.888 A, b = 10.647 A, ¢ = 6.704 A and 403.848 A®
respectively. The changes in a, b, ¢ and volume are 0.09%,
0.24%, —0.6% and 0.3%, respectively, when compared with the
experimental lattice parameters.

The phonon calculations were performed using the finite-
difference method as implemented in Phonopy.***® We used a
2 x 2 x 2 supercell containing 160 atoms, considering the AFM
arrangement of Cr atoms and including the vdW interactions.
The tabulated frequencies and symmetry labels of all the modes
at I'-point are provided in Table S2.

a =

3. Results and discussion
3.1 Crystal structure and phonon modes

AgCrP,Ss exhibits a monoclinic symmetry having the space
group P2/a (#13) and the point group Cy;, (2/m). The unit cell
of the AgCrP,S¢ bulk single crystal consists of 60 phonon
modes at the I'-point of the Brillouin zone, with the following
irreducible representations:*” 'y = 14A, + 14A, + 16B, + 16B,.
There are 30 Raman active (I'raman= 1444 + 16B,) modes and 27
infrared active (I'ig = 13A, + 14B,) modes (for more details, see
Table 1). The Raman spectra is recorded using 633 nm laser
excitation, and 48/27 Raman modes are observed at 6 K/300 K,
which are labelled as P1-P48 at 6 K, as shown in Fig. S2. To
extract the self-energy parameters of phonon modes, i.e., peak
frequency (w), full width at half maximum (FWHM), and
intensity, spectra are fitted using a sum of Lorentzian func-
tions. We also recorded the spectra in the higher frequency
range of 700-1400 cm~ " and observed some very weak higher
order modes, as shown in SI Fig. $9." Fig. 1(a) and (b) show the
temperature evolution of the Raman spectrum of AgCrP,Se in
the temperature range of 6 to 300 K from 15 to 350 cm ™' and
350 to 700 cm~ ' (magnified spectra in the smaller spectral
range are shown in SI Fig. $6-S8"°).

All higher frequency modes ranging from ~250 cm™ ~ soften
with the increase in temperature, showing a normal anharmonic
phonon behaviour; while some lower frequency range modes
show anomalous hardening, and others show a softening and
get broadened with the increase in temperature. In the M,P,S¢
material family, the higher frequency (above ~250 cm™") modes

1

Tablel Wyckoff positions of atoms and irreducible representations of the
phonon modes for AgCrP,Se in the monoclinic (P2/a; #13) crystal system

Wyckoff
Atoms position Mode decomposition Raman tensors
Ag 2e Ag+ A, + 2B, + 2B, b 0 d
Ag=10 ¢ 0
d 0 a
Cr 2e A+ A, + 2B, + 2B,
p 4g 3Ag + 3A, + 3B, + 3B,
S 4g 3Ag + 3A, + 3B, + 3B, 0 f 0
B=1|/ 0 e
0 e O
S ag 3Ag + 3A, + 3B, + 3B,
s 4g 3Ag + 3A, + 3B + 3B,

Total = 14A4 + 14A, + 16B, + 16B;
Iraman =14Ag +16Bg; I'p=13A,+ 14By; Tacoustic=Au + 2By

3506 | J Mater. Chem. C, 2026, 14, 3504-3515
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are assigned to the vibration due to P,S¢ octahedra; therefore,
these modes are similar in all M,P,Ss compounds, and the lower
frequency (below ~250 cm™ ') Raman modes are assigned to the
heavy metal ion.*® The particular M atom determines the cutoff
frequency that separates the high- and low-frequency regimes.
Phonon dispersion along with the atom-resolved phonon density
of state (phdos) is shown in Fig. 2a and b, respectively. From the
atom-resolved phdos shown in Fig. 2b, we can see that in the
high-frequency region (500 cm™" to 650 cm "), the contributions
to the phonon dispersion are mainly due to the P and S atoms
due to smaller masses of these atoms. In the middle region
(150 cm ™" to 500 cm '), we see the P contribution waning and
being taken over by the S atoms and rising contribution due to
Cr seen around 350 cm™ %, 300 cm ™%, and 200 cm ™. Finally, in
the lower frequency region (20 cm " to 150 cm ™ '), we see the
contributions of S, P and Cr decreasing and the Ag contributions
increasing with large Ag localization having peaks around
60 cm ™" and 20 cm ™" to 40 cm ™. All prominent phonon-mode
intensities reduce drastically from the lowest recorded tempera-
ture to the highest temperature, as shown in Fig. 1(a) and (b).
The most intense phonon mode P19 could be a mode associated
with the anionic complex [P,Se]*~, which is almost twice as
intense as the other prominent modes P11, P33, and P47. Many
phonon modes as P4, P5, P9, P15, P16, P17, P20, P23, P25, P29,
P31, P32, P34, P35, P36, P40, P41, P42, P44, and P48 disappear
with the increase in temperature (see Fig. S3, which shows
disappeared phonon modes). Mode P31 (~469.5 cm ' at 6 K)
shows an asymmetric line shape (see Fig. 4(c)), as discussed in
detail in Section 3.4.

3.2 Temperature dependence of the phonon modes

Generally, mode frequencies are expected to exhibit softening
with the increase in temperature.® Fig. 3 shows the tempera-
ture dependence of frequency and the FWHM of some of the
prominent phonon modes labelled as P2, P3, P5, P7, P8, and
P10-P14 (for more phonon modes, see SI Fig. S4'°). Some
intriguing features are observed: (i) for the lower frequency
range o < 250 cm ', some of the phonon modes P2, P3, P7,
P10, P12, and P14 show abnormal hardening with the increase
in temperature. (ii) A rapid decrease in the intensity of the
phonon modes P10 and P14 with the increase in temperature
(see Fig. 4(a)). (iii) Many phonon modes disappear with the
increase in temperature (see SI Fig. S3'%). Interestingly, the
mode P7 shows abnormal hardening with the increase in
temperature and approaches towards P8 (wpg = 159.5 cm ™" at
room temperature). The mode P10 approaches P11 with a sharp
increase in frequency Awp;o ~ 12 cm™'. However, P13 and P14
diverge from each other with the increase in temperature (see
Fig. 4(b)). P2 and P3 both show abnormal hardening with the
increase in temperature. These modes may be associated with
the heavy metal ion Ag*.*® The possible reasons associated with
the anomalous frequency change are discussed in detail in
Section 3.3.

3.2.1 Anomalous temperature dependence of the phonon
modes. Interestingly, phonon modes P5, P6, P8, P12, P13, P14,
P19, P21, and P47 exhibit anomalous softening in frequency

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Temperature evolution of the Raman spectrum in the temperature range of 6 to 300 K, ranging from (a) 15-350 cm~* and (b) 350-700 cm ™. The

observed phonon modes are labelled as P1-P48.

below temperature ~ 20 K, i.e., antiferromagnetic ordering Ty
(~20 K). The FWHM of the modes P2, P3, P7, P8, P10, and P13
also shows a change in slope at ~ Ty. This anomalous nature of
the phonon modes below Ty may be attributed to the spin-
phonon coupling. It is noted that spin-phonon coupling is
generally expected to be effective only up to a long-range
ordering temperature where the long-range magnetic correla-
tions exist.’*™**

We note that at room temperature, several phonon modes
are relatively broad (see Fig. 1(a), (b) and Fig. S6-S8"°), evolving

(@) (b)

700 700 —
600F—— = _eoop=—
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e ] 100
Of z cy r B D EO AO Y G0 g 1‘0 15

PhDOS
(states/cm™?)

Fig. 2 (a) Phonon dispersion and (b) atom-resolved phonon density of
states based on the AFM arrangement of AgQCrP,Se¢ and including the vdW
forces.
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into much sharper modes at low temperatures. While such
behaviour is consistent with anharmonic phonon-phonon
interactions, the relatively large linewidth changes observed
for low-frequency modes such as P2, P3, P7, P11, and P12 of
~75% (|(wex — ®300x)|/®300x) (see Fig. 3) may also suggest a
possible contribution from additional temperature-dependent
lattice fluctuations and the presence of Ag* cation disorders at
high temperatures.

It is noteworthy that several phonon modes P5, P6, P8, P13,
P19, P21, P24, P28, P33, P39, and P47 show a change in the
slope of their frequency shifts ~90 K (see Fig. 3 and Fig. S4'°).
The mode P3 exhibits a sharp frequency increase up to ~90 K,
remaining nearly constant thereafter. The FWHM of modes
P13, P28, P45, and P47 also shows slope changes at ~90 K,
indicating a clear anomaly. In addition, the mode P10 shows a
slight kink at ~140 K, while the modes P13, P19, and P21
display discontinuities in frequency at this temperature. The
FWHM of phonon modes P6, P10, and P14 exhibits a jump at
~140 K, while modes P8, P19, and P47 show a change in slope,
indicating an anomaly at this temperature. Around 200 K,
mode P2 displays a discontinuity in frequency, and modes
P8, P19, P21, and P39 show slope changes in their frequency
shifts. Mode P12 exhibits an unusual hardening behaviour
above 200 K, with its frequency increasing from ~204.5 to
~209 cm™" with the increase in temperature from 200 K to
~300 K, marking a clear anomaly near 200 K. Additionally, the
FWHM of modes P6 and P10 shows a jump, and that of modes

J. Mater. Chem. C, 2026, 14, 3504-3515 | 3507
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Fig. 3 Temperature evolution of the mode frequency and FWHM of phonon modes P2, P3, P5, P7, P8, and P10-P14. The solid red line shows a three-
phonon fitting in the temperature range 140 K to 300 K. The dashed blue line indicates the antiferromagnetic transition at ~20 K, while the dashed
brown, pink, and green lines indicate anomalies around ~90 K, ~140 K, and ~200 K, respectively. The insets show magnified views of the

corresponding anomalies in both frequency and FWHM.

P7, P12, P19, and P21 shows slope changes around this
temperature; the lifetime of the phonons is strongly influenced
in the vicinity of this temperature. Moreover, many phonon
modes start appearing below ~200 K and continue to emerge
till ~140 K (see SI Fig. S3'°), consistent with the anomalies
observed in the modes which survive at all the temperatures.

Interestingly, the intensity change of all the phonon modes
with temperature is nearly uniform except for the modes P10
and P14, whose intensity decreases sharply with the increase in
temperature by ~10 times compared to its intensity at 6 K, as
shown in Fig. 4(a). Phonon modes P2 and P3 show very
interesting intensity variation; their intensity increases with
the increase in temperature up to ~90 K, after which it
decreases, indicating an anomaly at ~90 K. We note that a
similar intensity behaviour is also reported for the low-
frequency modes in a sister compound, i.e. CuCrP,Ss, which
suggests that the lattice dynamics of off-centre Cu' cations
within the intralayer is not quenched, indicating that an order-
disorder type of structural transition is responsible for the
emergence of defect dipoles associated with Cu ions.*® It is
observed that the intensity of the modes P7, P10, P11, P13, P14
and P19 shows a sharp decrease with the increase in tempera-
ture and remains nearly constant after 200 K, clearly showing
an anomaly at ~200 K (see Fig. 4(a) and Fig. S5'%).

3508 | J Mater. Chem. C, 2026, 14, 3504-3515

3.2.2 Discussion for phonon anomalies. The origin of the
anomalies in phonon frequency, linewidth, and intensity at
~90 K, 140 K, and 200 K is not exactly pinpointed. The anomaly
at ~90 K is suggestive of the development of short-range
magnetic correlations. Previous magnetic susceptibility data
show a broad maximum in the susceptibility well above Ty,
which is typically associated with the short-range ordering."® A
related system, AgCrP,Se, reports that a substantial fraction of
the entropy is released above the Néel temperature, suggesting
that short-range ferromagnetic ordering exists above Ty, again
hinting that short-range correlations could be possible in these
types of systems.’® Moreover, the exchange parameter for
AgCrP,S¢ was estimated to be of the order of j ~ 9 meV
(~100 K);** therefore, the observed changes in the phonon
modes around 90 K may be associated with the short-range
ordering. We note that its sister compound, i.e. CuCrP,Se,
undergoes antiferroelectric and antiferromagnetic ordering
attributed to the Cu* and Cr’" cations, respectively. It under-
goes a phase transition from a room-temperature paraelectric
state (space group C2/c and point group C,,) to a quasi-
antipolar state at ~190 K (space group P, and point group
Cs). In addition, with the further lowering of temperature, it
goes to a fully antiferroelectric phase at ~ 145 K with the space
group P.. This has been attributed to the ordering of Cu ions

This journal is © The Royal Society of Chemistry 2026
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200 K. The solid semi-transparent pink line is drawn as a guide to the eye.

within the lamellae. Additionally, across the antipolar phase
transition at ~145 K, it shows negative thermal expansion.>'
However, for AgCrP,Se, it is advocated that since Ag' is a
heavier cation, it will not dislocate in the lattice, and hence,
no ferroelectric transition is expected.*® It is also possible that
subtle local distortions associated with antipolar and quasi-
antipolar orders may exist, which could be reflected in localized
probes such as Raman spectroscopy. Moreover, for AgCrP,Seg,
two higher temperature transitions have been reported at
~68 K and 125 K, other than the low-temperature antiferro-
magnetic transition at ~42 K.** The two transitions are attrib-
uted to the possible ferroelectric/antiferroelectric ordering due
to lattice restructuring involving Ag ions. Moreover, a negative
thermal expansion is reported around 180 K. We note that Cu
ion hopping is responsible for the ionic conductivity in
CuCrP,Se. Ionic conductivity in AgCrP,Se is low compared to
CuCrP,S,, as also reflected from their activation energy (1.26/
0.67 eV for (Ag/Cu)CrPS).*> The hopping of Ag ions in AgCrP,S
cannot be ruled out, though the hopping may be limited, and
hence, there is a possibility of an antipolar ordering similar to
CuCrP,S¢. Our observations of soft phonon-like modes (dis-
cussed in detailed in Section 3.3) and observed anomalies in

This journal is © The Royal Society of Chemistry 2026

the phonon modes suggest that, despite the heaviness of the
Ag' ion, the antipolar and quasi-antipolar phase transitions
cannot be ruled out in AgCrP,Ss. Our observations suggest
several contributing factors for this anomalous trend of the
phonon modes, as discussed in Section 3.3. One possible
explanation is that local structural contraction may be asso-
ciated with the Ag* and Cr*" cation structures. Nevertheless, our
observations of distinct changes in the mode frequency, line-
width, and intensity suggest the possibility of multiple phase
transitions in AgCrP,Se. Thus far, no transport measurements
have been done on this material to confirm a ferroelectric
transition. This is an important open question. Our observation
calls for further theoretical and experimental studies to shed
more light on the complex physics associated with this system,
particularly the ambiguity surrounding the polar/anti-polar
ordering and related phonon anharmonicities.

3.2.3 Emergence of new phonon modes at low tempera-
tures. Irreducible phonon mode calculations show that there
are only 30 Raman active modes, but we have observed a total of
48 phonon modes at the lowest temperature, including some
weak modes (see Table S1°). As the temperature increases,
several modes disappear, with the total number reducing to

J. Mater. Chem. C, 2026, 14, 3504-3515 | 3509
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nearly half, i.e. 27, of that observed at low temperatures, as
shown in Fig. S3. While decreasing the temperature, we notice
that many new modes start appearing in the temperature
window of ~140-200 K, as expected for a first-order character
of the antiferroelectric transition. We note that with the
increase in temperature from 6 K, modes involving dynamics
of metal ions soften and broaden and, finally, disappear
around 140-200 K. For example, the low-frequency mode P4/
P5, see Fig. 3 and Fig. S4, softens by ~2.5/3% and disappears at
~140/200 K. The disappearance of these phonon modes along
with many other modes with the increase in temperature can be
attributed to several factors including thermal broadening,
increased anharmonic phonon-phonon interactions, and
reduced phonon lifetime, which result in an increase in
FWHM. Additionally, structural instability in the symmetry
may contribute to the suppression of certain modes at elevated
temperatures.’® As outlined in the review by S. Kamba,*’
displacive ferroelectric transitions are typically characterized
by the softening of optical phonon modes, where the frequency
of the soft mode continuously decreases and ideally approaches
zero at the critical temperature (7¢), indicating a lattice
instability. In contrast, order—-disorder transitions are governed
by the relaxational dynamics of ions or dipoles hopping
between equilibrium positions, and the characteristic fre-
quency slowing is generally observed in the microwave to a
low-frequency regime rather than in the optical phonon spec-
trum. Here, we observed low-frequency soft phonon-like modes
(P2, P3, P7, P10, P12, and P14) whose frequency decreases with
the decrease in temperature but does not approach zero at T,
indicating the absence of a purely displacive mechanism.
Observed phonon anomalies in phonon self-energy parameters,
along with the emergence of new modes, suggest a more
complex behaviour possibly involving structural transition
and ordering of Ag ions within the lattice. This scenario points
towards an order-disorder-type transition with contributions
from coupled lattice instabilities. A similar ambiguity exists in
the case of CuCrP,Ss, where an order-disorder transition is
suggested,”® yet soft-mode-like features have been reported.*®
Therefore, it is likely that similar to its sister compound
CuCrP,Ss, AgCrP,Ss also undergoes order-disorder type of
structural transition and is also responsible for the potential
polar ordering.

Our observations clearly favour the possibility of structural
instability, with singular changes in self-energy parameters of
the prominent modes, which survive at all the temperatures.
We note that the symmetry of the newly emerged modes at low
temperatures (see Fig. S12 and $13"°) is also similar to the
modes at high temperatures. This reflects that the symmetry of
the modes is the same, but their number becomes nearly
double, ie. going to the lower symmetry (C, or Cs) as the
temperature is decreased. Our observation of emergence of
new modes in the temperature interval of ~140-200 K and
modes showing distinct anomalies at these temperatures sug-
gest a symmetry-lowering structural transition from a high-
temperature C,;, point group to C, or Cg point groups at these
temperatures.*
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3.3 Discussion on anomalous hardening of the phonon
modes

Anomalous hardening of the low-frequency phonon modes P2,
P3, P7, P10, P12 and P14 may be associated with the anharmo-
nic effects, which comes into the picture due to (i) strong
phonon-phonon anharmonic interactions and (ii) lattice ther-
mal contraction or structural instability, which are discussed as
follows:

3.3.1 Strong phonon-phonon anharmonic interactions.
Generally, with the increase in temperature, a phonon mode
softens. However, strong phonon-phonon anharmonic interac-
tions may lead to phonon hardening with the increase in
temperature,”” and this abnormal phonon hardening in our
case may also favour a possible transition based on the large
atomic displacement, ie. antiferroelectric transition. These
interactions play a crucial role in determining the ground state
of incipient ferroelectrics. The self-energy of a phonon is given
as X = X, + iX; imaginary part (X;) is related to the lifetime of a
phonon, and for a given phonon, it is a function of w and T
given as AT(T) oc Z{w) o |V|*pa(w, T), where V is the average
anharmonic coupling constant and p,(w) is the two-phonon
density of states with the restrictions of momentum
conservation and w = w; + w,. The real part, X,, is associated
with the phonon frequency given as follows:

AVE < pye,T)
do’, 1
T Jo oX(T) — o @ @

Ao(T) x Z, =

for simplicity, V is assumed as independent of frequency. The
sign of this integral determines the sign of the self-energy
constant (A), which is generally negative due to the dominance
of the term with @ > . Conversely, if the peak in the two-
phonon density of states is lower than w, the integral may give a
positive value, potentially resulting in a hardening of the phonon
modes.***° Our observation of the anomalous hardening of the
mode P2, P3, P7, P10, P12, and P14 clearly reflects strong
phonon-phonon anharmonic interaction, suggesting a large
movement of ions. We note that these low-frequency modes
are associated with the motion of heavy ions Ag*/Cr**, and these
ions are the ones where displacement is potentially responsible
for the antiferroelectric transition in this class of material.
Therefore, based on the anomalies observed here, we also
suggest that these anomalies in this system are potentially
related to the potential antipolar ordering.

Now to understand the impact of anharmonicity on the
frequency and FWHM of the phonon modes in the temperature
range of ~140 to 300 K, we used an anharmonic three-phonon
model, given as follows:***!

Aw:w(T)—wO:A(Hexz_l), (2)

Ar:r(T)—r(,:C(lJrexz_l), (3)

where w, and I', represent the mode frequency and FWHM at

h
“ .Aand C

absolute zero temperature, respectively, and x = T
B
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represent the self-energy constant that describes the strength of
phonon-phonon interactions involving three phonon pro-
cesses. Anharmonic model fit to the experimental data for the
case of frequency and FWHM is shown by solid red lines in the
temperature range of 140-300 K. Fig. 3 illustrates the promi-
nent modes fitted (frequency and FWHM) using eqn (2) and (3),
respectively. The optimal parameters are shown in Table S3.
The self-energy constant (A) associated with the modes P2 and
P10 is positive, indicating that the term w > ' is dominant in
eqn (1) for these modes, while for all other phonon modes, it is
negative.

3.3.2 Lattice thermal contraction or structural instability.
Temperature-dependent behaviour of the phonon modes is
closely related to the direction (symmetry) and magnitude of
lattice vibrations; anomalous phonon mode behaviour may
arise from their anisotropic structural properties. Hardening
of the low-frequency phonon modes with the increase in
temperature indicates that bonding stiffness corresponding to
these modes increases, suggesting that there may be a local
structural instability.> This type of behaviour of phonon
modes is referred to as soft phonon modes, i.e., their frequency
decreases with the decrease in temperature. The soft mode-like
behaviour is understood within the mean field approximation**>*
o(T) = f(T* — T)"* + wo, where f is a constant and T* is the
characteristic temperature at which a mode disappears. As clear
from our observation T* is found to be in the range of ~140-200 K.
We note that the frequency of these modes does not go to zero
across T*, unlike the soft phonon mode expected in a displacive-
type structural transition. The presence of the second term w,
favours the view point that the quasi-antipolar order is also present
in this system similar to the compound CuCrP,Ss and is driven by
an order-disorder transition rather than the condensation of a soft
phonon mode. Many of the low-frequency phonon modes (P2, P3,
P7, P10, P12, and P14; see Fig. 3) associated with the motion of
metal cations show anomalous softening. This anomalous beha-
viour may be associated with the interlayer silver ion hopping. We
note that a similar behaviour is also reported for a phonon mode in
CuCrP,Ss.* Therefore, our observations of anomalous softening of
the low-frequency modes in AgCrP,Ss suggest the possibility of
quasi-antiferroelectric and subsequently antiferroelectric ordering
in the temperature window of ~200-140 K.

3.4 Fano resonance

We observed that the phonon mode P31 exhibits an asymmetric
line shape, which can be attributed to the interaction between
the discrete phonon and an underlying magnetic or electronic
continuum. In AgCrP,Se, an electronic origin of the continuum
can be ruled out, since the optical band gap lies far above the
Raman excitation energy (~1.32 eV at 6 K), making the
electronic contribution negligible. Therefore, the continuum
responsible for the Fano asymmetry is most likely magnetic in
nature. This suggests that the asymmetric profile of the P31
mode originates from magnetic fluctuations within the Cr
sublattice, indicative of a spin-phonon coupling mechanism.
Such asymmetry is well described by the Breit-Wigner-Fano

This journal is © The Royal Society of Chemistry 2026
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; 54 1 — ¢ I?
(BWF) function as** I(w) = 10[1 j; [((CZ) - z;)()))//qr% y

I' are the frequency and FWHM of the uncoupled phonon,
respectively. g is the asymmetry parameter that characterizes
the coupling strength between the phonon and the continuum,
quantified by the parameter 1/|g|. Microscopically 1/|q| oc |Vz|,
where |Vg| tells the interaction between the discrete state and
the continuum. Therefore, limit 1/|g| — 0 corresponds to weak
coupling, which causes the peak to be symmetric and reduces
to a Lorentzian line shape; and limit 1/|q| — oo represents
strong coupling that causes the peak to be more asymmetric.
Fig. 4(c-i) show the temperature evolution of the asymmetric
mode P31 in the temperature range of 6-300 K. Fig. 4(c-ii) and
(c-iii) show the temperature dependence of the frequency and
FWHM of mode P31 in the temperature range of 6-200 K. For
mode P31, as the temperature increases, the frequency
decreases and the FWHM increases, with a change in slope
for both parameters occurring around Ty (~20 K). Fig. 4(c-iv)
shows the temperature dependence of the coupling strength (1/
|g]), and it decreases with the increase in temperature with a
jump around Ty (~20 K). This suggests that the coupling
between phonon and underlying magnetic continuum is
strongly affected by long-range magnetic ordering.

where w, and

4. Polarization dependence of the
phonon modes

To determine the symmetry and to understand the angle-
dependent characteristics of the phonon modes, we carried
out in-depth polarization-dependent Raman measurements at
four temperatures: 6 K, 60 K, 120 K, and 170 K, as shown in
Fig. 5, for few selected modes (for more phonon modes, see SI
Fig. $10 and S11'°). The angular dependence of the phonon
mode intensity is given by eqn (4) and (5), considering the
complex element of the Raman tensor (see Section S1 in the SI
for polarization intensity analysis details'®):

In, = |b|* cos*(0 + Og)cos® O + [c]* sin*(0 + Oo)sin® 0o
+2|b||c|cos(f + Oy)cos Oy sin(6 + O)sin O, cos ¢,

(4)
Iy = |f]*sin®(0 + 20y), 5)

where ¢ = ¢ — ¢, is the phase difference between the b and ¢
components of the Raman tensor.

In Fig. 5 (SI Fig. S10 and S$11"°), the solid red line shows the
fitted curves using eqn (4) and (5).

Fig. 5 shows the polar plot for the intensity of the modes P7,
P8, P13, P19, and P47 at four different temperatures. The mode
P7 shows the quasi-isotropic behaviour at 6 K, and it
approaches a two-fold symmetry at 60 K; and it shows a
complete two-fold symmetry at higher temperatures of 120
and 170 K with maxima around 20 and 200 degrees. The mode
P8 shows the two-fold symmetry at all four temperatures, with
maxima around 40 and 220 degrees. The mode P47 shows
the quasi-isotropic behaviour at 6 and 60 K, while it becomes
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the bottom indicates the direction of the scattered light polarization.

two-fold at 120 and 170 K with maxima around 20 and
200 degrees. The modes that disappeared at higher tempera-
tures also exhibit a twofold symmetry, as shown in SI Fig. S12
and S$13."° This reflects that the symmetry of these modes is
also A,/B, or A/B consistent with the group theoretical argu-
ments. Interestingly, mode P13 shows the quasi-isotropic beha-
viour with maxima around 40 and 220 degrees at 6 and 60 K,
while at higher temperatures of 120 and 170 K, it shows the
maxima around 90 and 270 degrees. Moreover, the modes P19
and P33 (see Fig. S11) show maxima at ~ 140 and 320 degrees at
6 and 60 K, while at higher temperatures, it shows maxima at
~0 and 180 degrees. Such rotation in the polar plots likely
originates from subtle structural changes or distortions that
modify the Raman tensor elements at lower temperatures. The
magneto-optical Kerr effect can be ruled out as the primary
cause, since the observed rotation is not uniform across all
phonon modes and occurs well above the magnetic ordering
temperature, where long-range magnetic order is absent. The
possibility of birefringence-induced rotation is also less prob-
able, as the effect is strongly mode-selective and does not show
the uniform angular dependence characteristic of optical bire-
fringence. Instead, a more probable origin could be strain-
induced local anisotropy or temperature-driven structural

3512 | J Mater. Chem. C, 2026, 14, 3504-3515

distortion, both of which can locally modify the polarizability
tensor and give rise to the observed rotation in certain phonon
modes. We note that a similar rotation has also been reported
recently in other 2D magnetic systems.>”> The microscopic
understanding of these rotations and changes in the symmetry
from quasi-isotropic behaviour to twofold symmetry as a func-
tion of temperature calls for a detailed theoretical study to
uncover the mechanisms underlying these changes.

5. Conclusion

In conclusion, we performed comprehensive temperature- and
polarization-dependent Raman measurements on single-crystal
AgCrP,S¢ along with the first-principles-based calculations of
phonons. Our results have shown that this quasi-2D van der
Waals material, AgCrP,Se, with 1D spin chains demonstrated a
possibility of quasi-antipolar and antipolar phase transitions in
contrast to the conventional view so far adopted in the litera-
ture, therefore putting forward that even the heavy ion (Ag)-
based system may show antiferroelectric ordering. Our findings
also pave the way forward for potentially controlling and
manipulating these orderings as a function of layer and making

This journal is © The Royal Society of Chemistry 2026
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them useful for potential applications. We also observed the
signature of a long-range magnetic ordering at low tempera-
tures, and all these transitions are marked by the distinct
renormalization of the phonon modes as well as the emergence
of multiple phonon modes with the decrease in temperature.
Our findings indicated that this material may also be tuned as a
potential multiferroic material similar to its sister compounds.
Additionally, polarization-dependent measurements elucidate
the role of anisotropy in the system, shedding light on the
crystal symmetry. Our findings offer critical insights into the
phonon dynamics of this quasi-2D magnetic compound, pro-
viding a deeper understanding of its underlying mechanisms.
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