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Spin-phonon-charge coupling in the two-dimensional honeycomb lattice compound Ni, Te;Og
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A two-dimensional honeycomb-structured magnet Ni, Te;Og was synthesized, characterized, and comprehen-
sively investigated for its intriguing physical properties. DC magnetization, specific heat, and neutron diffraction
revealed a long-range commensurate antiferromagnetic ordering at 7y ~ 35K with a propagation vector k =
(100). The magnetic sublattice comprises stacking distorted honeycomb layers along the a axis. The Ni** spins
on the honeycomb lattice are essentially pointing out of the layers and are antiferromagnetically coupled to
the neighboring spins. Temperature (7) and magnetic field (H) dependent dielectric measurements indicated
an apparent anomaly near 7y, accompanied by a weak magnetodielectric effect. Raman mode renormalization
and lattice anomalies near 7y demonstrated spin-lattice coupling through magnetoelastic and spin-phonon
interactions. These findings highlight the fascinating interplay between spin, charge, and phonon degrees of

freedom in Ni, Te;Og.

DOI: 10.1103/PhysRevB.108.075113

I. INTRODUCTION

Low-dimensional magnetic lattices and geometrically frus-
trated systems have attracted a flurry of research interest in
the past few years owing to their potential to achieve non-
trivial magnetic structures and spin-induced magnetoelectric
effect [1-3]. Low-dimensional magnetic systems, including
spin chains, spin dimers, spin ladders, and two-dimensional
(2D) layers with kagome, pyrochlore, square, triangle, and
honeycomb lattice motifs, exhibit a wide range of fasci-
nating quantum phenomena, such as quantum spin-liquid
states, Bose-Einstein condensation, spin-Peierls transitions,
spin-glass states, and multiferroicity [4—10]. In 2D antifer-
romagnets (AFMs) such as layered honeycomb magnetic
lattices with geometrical frustration, collective physical be-
havior is favored, such as the novel spin-liquid state proposed
by Kitaev in 4d and 5d electrons. The Kitaev spin-liquid
model has been proposed in several honeycomb magnets,
including o—RuCl3, AyIrO;3, and NaNi;BiO¢_s. Recently,
this model has been extended to materials with a d’ con-

5,2

figuration, characterized by the #5,e, electronic configuration

and the presence of high-spin Co*t ions in LizCo0,SbOs,
Na3Co,SbOg, and Na,Co,TeOg [11-23].
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Recently, multiple potential strategies have been utilized
to synthesize several low-dimensional magnetic lattices, such
as oxides with lone-pair ions or oxyhalides [24]. Tellurium-
centered magnetic systems are fascinating due to their variable
oxidation states and broad coordination geometries, resulting
in a remarkable variety of physical properties [24]. Re-
cently, several NiO—TeO; binary phase diagram compounds
have attracted research interest because of their compli-
cated magnetic properties and the interesting dimensionality
of the magnetic lattice. Table I summarizes the crystal
structure, low-dimensional magnetic-ion configuration, and
tellurium ions oxidation states. In this series, NizTeOg is a
well-established polar noncentrosymmetric magnetoelectric
compound with 7y = 52 K. The spin structure of NizTeOg
consists of three inequivalent crystallographic Ni>* sites with
collinear 11| |11 spin chains along the hexagonal ¢ axis
[25]. NiTe,Os has received significant interest because of
its unconventional 2D magnetic critical behavior with Ty =
30.5K despite having a quasi-one-dimensional spin-chain
configuration of Ni** magnetic ions [26]. Recent nuclear
magnetic resonance findings indicate the persistence of the
Ising-like spin correlation in the paramagnetic region of
NiTe,Os [27]. A spin-charge-lattice coupling was established
on a single crystal of NiTe,O5 below Ty [8]. The Ni,Te;Og
belongs to the NiO—TeO, binary phase diagram, and its phys-
ical properties have yet to be determined.

The A,;Te;0g (A = Ni, Co, Mn, and Zn) family of materi-
als has a crystal structure belonging to the spiroffite mineral.

©2023 American Physical Society


https://orcid.org/0000-0002-9976-3301
https://orcid.org/0000-0002-9857-5499
https://orcid.org/0000-0003-0703-4564
https://orcid.org/0000-0002-3964-9494
https://orcid.org/0000-0003-2285-0754
https://orcid.org/0000-0001-9012-2420
https://orcid.org/0000-0002-5257-532X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.075113&domain=pdf&date_stamp=2023-08-04
https://doi.org/10.1103/PhysRevB.108.075113

AJAY TIWARI et al.

PHYSICAL REVIEW B 108, 075113 (2023)

TABLEI. List of materials from NiO—TeO, binary phase. SG, DML, DEML, and OST denote the space group, dimensionality of magnetic
ions in the lattice, the dimensionality of experimental observation for the magnetic lattice, and the oxidation states of Te ions, respectively.

Sample Structure SG In/Tp(K) DML DEML OST Reference
NiTe,Os5 Orthorhombic Pbnm 30 Quasi-1D spin chain 2D Te*t [8,26]
NizTeOq Trigonal R3 52 3D crystal lattice 3D Teb* [25]
Ni, Te;Og Monoclinic C2/c 35 2D layered honeycomb 3D Tet* [28]

The structure comprises ions in unusual oxidation states (A>*
and Te*") [28]. The structure consists of two-dimensional
(2D) slabs containing Te2,0¢ groups and A>* cations and
are connected by a TelO, buffer layer. The distorted honey-
comb lattice formed by the magnetic A>* ions makes it an
intriguing system to explore the magnetic properties of these
materials. The recent study on Co,Te3;Og under high pressure,
using various probes such as x-ray diffraction, Raman spec-
troscopy, and UV-vis absorption spectroscopy, has revealed
the versatility of these materials in exploring the complex
interplay between crystal-field strength and spin-state tran-
sition [29]. These observations further motivated us to gain
deeper insights into the structural and physical properties of
these systems. This article comprehensively studies Ni, Te;Og
through structural, magnetic, and dielectric measurements and
low-T Raman scattering. The study reveals that Ni,Te;Og
exhibits spin-phonon-charge coupling below Ty. Additionally,
the structural and physical properties of NiTe,Os, NizTeOg,
and Ni,Te;Og have been compared to identify similarities
and differences. This analysis provides valuable insights into
the behavior of this family of materials and highlights the
potential for further research in this area.

II. EXPERIMENTAL METHODS

A polycrystalline Ni, Te;Og sample was synthesized using
conventional solid-state methods, as reported in Ref. [30]. The
quality of the polycrystalline Ni, Te;Og sample was evaluated
at room temperature using high-resolution synchrotron x-ray
diffraction (SXRD) with the 19A beamline of the Taiwan
Photon Source (TPS 19A) at the National Synchrotron Ra-
diation Research Center (NSRRC), Taiwan. For the SXRD
measurements, the Ni;Te;Og polycrystals were crushed into
a fine powder, and the sample was loaded in a quartz cap-
illary of 0.3 mm diameter. Two sets of data were collected
using the LN, cryostream (100-300 K; A = 0.77489 A) and
the LHe Dynaflow cryostat (20110 K; A = 0.61992 A). The
data were collected using the Debye-Scherrer geometry and a
double-crystal monochromator Si (111) with an energy res-
olution of 1.33 x 107, Diffraction data were collected in
the 2°-120° range in steps of 0.004°. Rietveld refinement
of the SXRD data was performed using the FULLPROF suite
software [31]. The crystal structure was analyzed using VESTA
(version 3.5.2) software [32] with the VESTA file obtained from
refinement.

All magnetic measurements were conducted using a mag-
netic property measurement system (MPMS-XL7) with an
H up to 7 T. A flat pellet of approximately 2 mm x2mm
x 0.5 mm was chosen for the dielectric measurements. Silver
paint was used as the electrode on both sides of the crystal to
form a parallel-plate capacitor. Dielectric (¢') measurements

were performed using an Agilent E4980A precision LCR me-
ter with an excitation AC voltage of 10 V. 7T- and H-dependent
dielectric measurements were performed with a homemade
sample probe in a Quantum Design MPMS system.

Neutron diffraction (ND) measurements below (3 K) and
above (40 K) Ty were performed on a high-resolution pow-
der diffractometer Echidna [33]. Neutron powder diffraction
(NPD) measurements were performed on the ground pow-
der samples using an incident wavelength of A = 2.4395 A
(13.76 meV) defined by pyrolytic Ge (331) crystals at the
monochromator position, with a take-off angle of 140°. The
magnetic order parameter was determined using a cold neu-
tron triple-axis spectrometer Sika at the Bragg Institute,
ANSTO [34,35]. Sika was operated in the diffraction mode,
where the energy of the neutrons was defined by PG (002)
crystals at both the monochromator and analyzer positions
using a fixed final energy of 3meV(5.22A), and a Be fil-
ter was used to suppress higher-order contaminations. The
(—102) magnetic Bragg reflection profiles were measured as
a function of 7, and the integrated intensities extracted by
fitting them to the Gaussian peak function were used for
obtaining the critical exponent of magnetic order. For ND
measurements, approximately 10 g of the powdered sample
was loaded into an aluminum sample holder filled with helium
gas to facilitate thermal conduction. The T of the sample was
controlled using a closed-cycle cryocooler.

Specific heat with temperature (Cp vs T) measurements
were performed using a heat-pulsed thermal relaxation
calorimeter in a physical property measurement system
(PPMS). Micro-Raman scattering spectra were collected
in a backscattering geometry using a 532 nm laser and
a Senterra spectrometer equipped with a 1024-pixel-wide
charge-coupled detector. The spectral resolution achieved us-
ing these instruments is generally less than 0.5cm™!. The
laser power was maintained at less than 0.2 mW to avoid local
heating effects. The sample was mounted in a continuous-flow
helium cryostat, which allowed temperature-dependent mea-
surements between 5 and 300 K [36]. The detailed ab initio
numerical calculation for phonon density of states has been
described in the Supplemental Material [37]. The electron
correlation interaction (Hubbard U) parameter for the Ni atom
was taken from Ref. [38].

III. RESULTS AND DISCUSSION

A. Crystal structure

The SXRD at 300 K with Rietveld refinement for poly-
crystalline Ni; Te3;Og is shown in Fig. 1(a), which was refined
using the C2/c space group (No.15) with a monoclinic struc-
ture without any observed impurity phases. The structural
refinement parameters are tabulated in the Supplemental
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FIG. 1. (a) Rietveld refinement of high-resolution SXRD of powdered Ni,Te;Og at 300 K; (b) the crystal structure of Ni,Te;Og in which
blue octahedra represent the Ni** in the zigzag c-axis direction with NiOg atomic arrangement and Tel is shown in brown, Te2 is shown in
green, and oxygen is in red. (c) Ni** atomic arrangement in the bc place with buckled honeycomb lattice. (d) Shows the bond lengths for

Ni, Oy dimers, Te1O,, and Te20, tetrahedra.
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Material, Table S1 [37], consistent with a previously pub-
lished report [30]. The crystal structure consists of 2D slabs
(bc plane) composed of corner-shared Te2*+Qy coupled to
the alternative corner and edge-shared Ni*TOq octahedral.
The Tel*t Oy act as buffer layers between the 2D slabs. The
corner- and edge-sharing NiOg form the zigzag and buckled
chains formed along the c axis, as shown in Fig. 1(b), and the
layered buckled honeycomb configuration of Ni’* in the bc
plane, as shown in Fig. 1(c). From the crystallographic struc-
ture point of view, honeycomb layers consist of two distinct
Ni?* to Ni** bond lengths corresponding to bond-sharing
(3.3701 A) and edge-sharing (3.6152 A) NiOg octahedra. The
magnetic exchange interactions among Ni** ions occur via
bond-shared oxygen atoms (Ni-O-Ni) within the bc plane.
Furthermore, the bond lengths for Ni;O;¢ dimers, and Tel1Oy4
and Te20, tetrahedra at room temperature are also shown in
Fig. 1(d).

B. Magnetic, specific heat, and dielectric properties

The T dependence of zero field cooled (ZFC) and field
cooled (FC) magnetic susceptibility (x) displays an archety-
pal three-dimensional (3D) long-range antiferromagnetic
anomaly at 7Ty ~ 35K [shown in Fig. 2(a)] despite having a
2D honeycomb Ni** lattice. The negative fcw ~ —79.204 K
from the experimental fit of the Curie-Weiss (CW) law x =
C/(T — 6cw) denotes the dominant AFM interactions. The
calculated peg [= +/3KpC/Na] ~ 3.35up is slightly higher
than the spin-only magnetic moment, which hints at the finite
spin-orbit coupling and is consistent with several other Ni-
based magnetic materials [39—41]. Furthermore, below Ty, M
increases linearly with H and does not pertain to saturation
even up to 7 T, demonstrating the absence of any possible
metamagnetic/spin-flip transition up to 7 T (shown in Fig. S1
in the Supplemental Material [37]).

Specific heat (Cp vs T) with and without H is shown in
Fig. 2(b). Cp(T) demonstrates a peak with the sharp onset
at Ty ~ 35 K. The A-type transition in Cp(T'), as seen in the
inset of Fig. 2(b), indicates a second-order phase transition
occurring at Ty, particularly at low 7. Along with x vs T, the
Cp vs T anomaly supports the long-range AFM order below
Tn. Moreover, the inset of Fig. 2(b) demonstrates that neither
the position nor the shape of the Cp vs T anomaly changes
under external magnetic field (H) up to 7 T. These experimen-
tal results indicate the robustness of the AFM ground state in
Ni, Te;Og compared to its sibling compounds Ni3TeOg and
NiTe,Os [8,26,27,41].

Because the compound from NiO—TeO, exhibits exotic
multiferroic and magnetoelectric properties, it is highly ap-
pealing to know the magnetoelectric properties of Ni, Te;Os.
The ¢ vs T curve for H =0T in Fig. 2(c) illustrates
the strong dielectric anomaly (7p) near Ty = 35K, which
discloses magnetoelectric coupling. Furthermore, the &' vs
H curve at 20 K, with a negative magnetodielectric per-
centage (MD%) (~ —0.0032%), confirms finite magneto-
electric coupling, shown in the inset of Fig. 2(c). Similar
MD or multiferroic behaviors have been observed in sev-
eral systems, such as Cug0,(Se03),Clgs, PboMnQOy4, and
CoTeMoOg [42-44]. However, a comprehensive check for
possible electrical polarization (P) (not shown) with and
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FIG. 2. (a) ZFC-FC susceptibility (right y axis) and inverse sus-
ceptibility (left y axis) of Ni,Te;Og at H = 10000e; (b) Cp vs T
curve in the 7 range 2-300 K under external H = 0T and 7 T; inset
shows the zoomed-in view of Cp vs T curves under H peaks at Ty
appeared robust for H up to 7 T. (c) Shows &’ vs T at | MHz and
0 and 7 T fields with an apparent dielectric anomaly at 7y which is
around 35 K, and MD% at 20 K and 1 MHz frequency is shown in
inset; a clear correspondence between x (7)), Cp(T), and &'(T') has
been noticed.

without H indicates the absence of a detectable pyrocurrent
(Ipy) signal (not shown here) within our experimental resolu-
tion, which rules out the possible spin-induced P.

C. Neutron diffraction for determining the Ty
and spin structure

The neutron powder diffraction was utilized to gain
insights into the type of magnetic ordering and spin arrange-
ments that are in the hexagonal Ni network. To differentiate
magnetic reflections from nuclear reflections, diffraction mea-
surements were performed at 40 K (> Ty) and 3 K (< Ty),
which are shown in Figs. 3(a) and 3(b). The NPD patterns
were refined using monoclinic C2/c crystalline space groups
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FIG. 3. Observed (crosses) and fitted (solid lines) neutron diffraction pattern at (a) 3 K and (b) 40 K, assuming a monoclinic Cp2'/c
magnetic space group for the Ni spins. (¢) The magnetic peaks below Ty and the refinement of neutron scattering. The solid green vertical
lines represent the calculated Bragg reflections of the refined magnetic structure of Ni,Te;Og. The incoherent magnetic scattering by the
paramagnetic spins concentrates on the magnetic Bragg peaks below 7y, resulting in a negative background in the difference pattern.

down to the lowest T of 3 K [see Fig. 3(b)], and the structural
parameters are summarized in Table S2 [37]. At 3 K, several
additional Bragg peaks appear in the NPD pattern, which
can be ascribed to the spin structure of the Ni hexagonal
network. For the spin structure analysis, magnetic reflections
were isolated by calculating the difference between the 3
and 40 K patterns [see Fig. 3(c)]. All magnetic reflections
were indexed to a commensurate magnetic structure with a
propagation vector k = (100). A symmetry analysis based
on the BASIREPS program yielded four allowed irreducible
representations, namely, I'l, I'2, I'3, and I'4, for the C2/c
space group coupled to the (100) propagation vector and their

fittings are shown in Fig. S2 [37]. The different basis vectors
calculated using the projection operator technique associated
with each irreducible representation are presented in Table II.
The best fit was achieved with the model described by the
"3 representation with the magnetic space group Cp2'/c (OG
#15.7.98) [45]. The final refinement for the difference of the
3-40 K NPD pattern is shown in Fig. 3(c) with fitting param-
eters X2 =2.56, R, = 107, Ry, = 52.9, and Ryyag = 24.64.
The spin arrangement obtained from fitting the 3 K mag-
netic pattern is depicted in Figs. 4(c) and 4(d). The Ni
network forms 2D layers in the bc planes aligned along the
crystallographic a axis. The Ni*>* spins on the honeycomb
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FIG. 4. (a,b) T dependence of the (—102)-¢q integrated intensities presenting an antiferromagnetic ordering 7y = 35 K for the Ni spin. The
proposed Ni spin arrangements in Ni, Te;Og: (c) antiferromagnetic stacking of Ni spin along the crystallographic a-axis direction in the half
unit cell; (d) Ni spin configuration in the severely distorted buckled honeycomb layer in the bc plane.

lattice are essentially pointing out of the layers, and the major
component of the spins are along the a axis. However, a cant-
ing angle of 23.75° causes the magnetic moments to deviate
from the a axis, resulting in finite spin components in the bc

TABLE II. Irreducible representations for C2/c (no. 15) space
group with k = (100) in terms of the Bertaut’s notations, F(+-+++),
C(+—+-), G(++——), and A(+——+). The basis vectors are as-
signed to the sites: (i) (x, y, z), (ii)) (—x, y, —z + 1/2), (iii) (—x, —y,
—z), and (iv) (x, —y, z + 1/2). The spins generated by the C-center
translation (1/2, 1/2, 0) are antiparallel. Four models are tested one
by one, and the magnetic R factors obtained for I'1, I'2, I'3, and I'4
are 18.84, 27.77, 10.71, and 27.90, respectively.

Ireps. rt r2 r3 r4
G.F,G, ACA, F.G,F, C.A,C,
X, 2 uv.w vvw uvv,w UVW

-x,y,—z+3 U, V,-W U, V,.-W U,-V,W U -V, W
—x, =y, —Z uv,w -—U,-V,-W UV,W U, =V,-W
x,—yv.z+%i -U,V,-W U-V,W U-V,W -U,V,-W

plane. Table III presents the magnetic moments and their com-
ponents along the three crystallographic axis directions. The
magnetic interaction within the Ni layers occurs through both
edge-shared Ni-Ni (£Ni—O — Ni = 100.98°) and corner-
shared Ni-Ni (/Ni—O — Ni = 127.61°) arrangements, devi-
ating from the 90° ferromagnetic superexchange interaction,
resulting in an antiferromagnetic ground state with slightly
canted moments away from the a axis. The refined total or-
dered magnetic moment at 2 K is 2.0098(5)ug, consistent
with the theoretical spin-only ordered value for Ni**.

The precise antiferromagnetic transition 7y was deter-
mined by tracing the thermal variation of the strong magnetic
reflection peak (—102) at different temperatures, as shown
in Fig. 4(a). The intensity I(T) vs T, as shown in Fig. 4(b),
was fitted with power law I = Iy{(1-T /Tx)}*? [solid curve in
Fig. 4(b)], where Iy denotes the saturation magnetic intensity
and g is the critical exponent of the magnetic transition. This
result is corroborated with the (7) and Cp(T) data shown
in Figs. 2(a) and 2(b). The obtained critical exponent =
0.31(4) is larger than those obtained in the 2D Ising (%) or
2D XY (0.25) models. However, it was close to the 3D Ising
of 8 =0.33 or 3D Heisenberg of 8 = 0.36, which further
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TABLE III. Ni*" magnetic moment components along three crystallographic axis directions and the canting angle with an a axis.

my my m, m=/m?+m2+m? Angle between the spin and a axis (deg)

—1.7028 —0.5750 —0.8997 2.009878 156.2752

—1.7028 —0.5750 —0.8997 2.009878 23.72479

supports the established archetypical three-dimensional AFM D. T-dependent SXRD: Magnetoelastic effect

order of the DC mggnetization and hints at the finite magnetic To elucidate the origin of the dielectric and MD behavior,
exchange-correlation present between the 2D honeycomb lay- T-dependent XRD of Ni,Te;Og was performed in the T win-
ers [46,47]. dow of 300-20 K; all SXRD patterns are shown in Figs. S3(a)

and S3(b) [37]. From the XRD reflection along with Rietveld
refinement at 20 and 115 K [shown in Figs. 5(a) and 5(b)],
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FIG. 5. (a,b) T-dependent high-resolution SXRD pattern with Rietveld refinement of Ni, Te;0g powdered sample at (a) 20 K and (b) 115
K. (c,d) T variation of the lattice parameters ¢ and unit cell volume (V); dashed lines (red) represent a guide to the eye; clear discontinuity has
been noticed at Ty. (e—g) show the 3D contour plots to reflect the changes in the lattice parameters near the 7y in multiple reflections such as
(31-1), (020), and (222).
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FIG. 6. (a) Raman scattering spectrum of Ni, Te;Og collected at 5 K. Using the Lorentzian model, the dashed line and solid lines denote the
optimal fit and individual peaks. The shaded area represents a broad background in the spectrum; (b—d) 7-dependent selected Raman modes
(P23-P27) for Ni, Te;Og; the solid black line illustrates a guide to the eye for Raman mode changes (hardening or softening).

it was clear that the monoclinic C2/c crystalline symmetry
was preserved without any global structural transformation
from 115 to 20 K. However, the SXRD intensity color contour
figures for the selected Bragg’s reflections (31-1), (020), and
(222) [Figs. 5(e)-5(g)] portray a notable change near 7Ty; it is
evident the local structural changes occur near 7. To eval-
uate the local structural changes (lattice parameters and bond

lengths), the T-dependent c-lattice parameter and unit cell vol-
ume are presented in Figs. 5(c) and 5(d). As expected, all the
lattice parameters in Fig. 5 and Fig. S4 [37], including the unit
cell volume, decreased with 7. However, a detailed analysis of
the lattice parameters shows anomalies near 7y, where a slope
change appeared in the positive thermal expansion. This result
indicates that the elastic changes at the onset of Ty signify
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magnetoelastic coupling that collaborates with the changes in
the lattice dielectric constant [44,48-50]. Furthermore, a de-
tailed analysis of bond lengths and angles for all atoms directs
attention to the visible anomalies occurring near 100 K and Ty
(shown in Figs. 8(a) and 8(b) as well as Figs. S4-S6 [37]); this
suggests the finite local structural relaxation happening at 100
K is further amplified by the magnetic ordering of Ni atoms.

E. Raman spectroscopy and spin-phonon coupling

To better understand the magnetoelastic coupling and
explore the possible correlation between the phonon and
magnetic degrees of freedom, we performed Raman spec-
troscopy measurements over a wide T range (5-300 K).
According to the results of factor group analysis, NiyTe;Og
has a monoclinic structure (space group C2/c: No. 15) with
four formula units per crystallographic unit cell. The primi-
tive unit cell has two formula units and, therefore, 26 atoms,
resulting in 78 phonons (75 optical and three acoustic) [28].
The irreducible representation of the phonon modes at the
center of the Brillouin zone is given by I' = 194, +20B,
+19A, +20B, [45]. A total of 39 modes were Raman active,
comprising 194, +20B,. The 36 modes (184, + 18B,) are
infrared active, while the three modes (A, + 2B, ) are acoustic.
Figure 6(a) shows the Raman scattering spectrum of Ni, Te;Og
collected at 5 K, and the complete Raman spectrum from
300 to 5 K is shown in Fig. S7 [37]. The spectrum is com-
posed of 27 phonon modes and a broad photoluminescence
background. We fitted the phonon peaks using Lorentzian
functions. Phonon mode assignments have been performed by
comparing the Raman spectrum of the isostructural Co,Te;Og
compound as reported in Ref. [29]. The symmetric stretching
vibration of (Te,05)*~ and the Te-O antisymmetric stretching
vibration have been assigned to the strong intensity peaks
observed at 720 cm~! (P25) and 630 cm ™! (P24), respectively.
Additionally, the Te-O bending vibrations are attributed to
the bands observed at 336cm~' (P16) and 380cm™' (P17).
Furthermore, the results obtained from the theoretical phonon
density of states (as shown in Fig. S12(a) [37]) partially sup-
port the aforementioned mode assignments. Specifically, the
atomic vibrations responsible for the prominent Raman mode
(P25) are more complex and involve stretching/antistretching
vibrations of Te,O3, coupled with bending/stretching vibra-
tions of Ni-O(1,2,3,4) atoms (shown in Fig. S12(b) [37]).

The T-dependent Raman scattering spectra of Ni;Te;Og
for specific modes with prominent changes such as P23, P24,
P25, P26, and P27 are shown in Figs. 6(b)-6(d). The spectra at
each temperature were analyzed using the Lorentzian function
to extract the phonon parameters. Modes P1, P19, and P20
are weak; therefore, their T dependence cannot be extracted.
Figure 7 and Figs. S8-S10 [37] illustrate the frequencies and
linewidths of the phonon modes as a function of temperature.
Most phonon modes exhibit an anharmonic trend with T (i.e.,
decreasing frequency and increasing linewidth with increas-
ing temperature), arising from thermal expansion and lattice
anharmonicity. Notably, the P23 (620 cm™') mode presents a
blueshift with an increase in T over the investigated T range
(5-300 K). This peculiar behavior of the P23 mode might be
associated with strong anharmonic phonon-phonon interac-
tions in the Ni;Te;Og lattice and merits further investigation

‘_‘/\
5 =
N 5
o
o <
Q — o
37 =
3 =
& 6 g
g AN
q p—
o
e
[a W

0 100 200 300 O 100 200 300
Temperature (K)

FIG. 7. Phonon frequency/linewidth vs T for intense modes. The
thin solid lines are the fitting results of the anharmonic model
[Egs. (1) and (2)]. The pink zone for 7' < 100 K indicates the de-
viation of Raman modes from the anharmonic trend, and the vertical
dashed line denotes Ty at 35 K.

[51-55]. In general, according to the anharmonic model, the
phonon frequency as a function of 7 due to cubic anharmonic-
ity can be written as follows [18,56-59]:

W (T) = wo +A| 1+ (1)

2
—
)

Similarly, the temperature-dependent phonon linewidth
due to cubic anharmonicity can be expressed as follows:

Iﬂanh(T) =Ty + C|l1+ (2)

2
g ’
(enBr — 1)

where wy and Iy are the frequency and linewidth of a
phonon at zero temperature, respectively. A and C are the
cubic anharmonic coefficients of the frequency and linewidth,
respectively. % is the reduced Planck constant, kg is the
Boltzmann constant, and T is the variable temperature. The
T-dependent phonon frequency and linewidth were analyzed
using Egs. (1) and (2), and the best-fitting parameters are
listed in Table S3 [37]. All modes exhibit a deviation in their
parameters (frequency and linewidth) from an anharmonic
trend at low temperatures (Fig. 7 and Figs. S8-S10 [37]).
Notably, most of these phonon anomalies start appearing at
approximately 100 K, well above the magnetic phase tran-
sition T (Ty ~ 35K), which will be further discussed. In
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«Ni-O3-Te2, representing the evident distortion near Ty. (c) shows the pictorial representation of bond length and bond angle from Ni-O3-Te2.

addition, the frequencies of the P8, P21, P25, P26, and P27
modes showed a change in slope (w vs T) at Ty. In magnetic
materials, the temperature-dependent frequency change in the
phonon mode can be written as follows [58,59]:

Aw(T) = Awgh + Awann + Awspe + Awgpc, 3)

where Awgy, represents the quasiharmonic contribution arising
solely from the thermal expansion of the lattice. The change
in frequency owing to intrinsic anharmonicity is given by
Awynh. Awspe and Awgpce are the spin-phonon and electron-
phonon coupling terms, respectively. Owing to the insulating
nature of Ni, Te3Og, the role of electron-phonon coupling can
be safely ruled out. Bulk magnetization and neutron diffrac-
tion measurements did not indicate spin-spin correlations or
short-range magnetic ordering above Ty(~ 35 K). Moreover,
T-dependent x-ray diffraction measurements did not reveal
any global structural phase transitions in the Ni, Te;Og down
to 20 K (Fig. 5). Evidently, local structure parameters such as
bond lengths and angles exhibit a noticeable change as shown
in Figs. 5, 8(a), and 8(b), and Figs. S5 and S6 [37]. A sub-
stantial variation in the bond lengths of Te atoms in Te2,0¢
near 100 K (Figs. 8(a) and 8(b) and Figs. S5 and S6 [37])
might be the possible source for the deviation of anharmonic
fits. Further, the unit cell volume (V), Ni-O3-Te2 bond length,
and #Ni-O3-Te2 angle all showed a change in slope at Ty,
which implies visible magnetoelastic coupling happens via
changes in the local bond lengths of the Ni, Te;Og lattice. The
softening of the phonon modes of Ni,Te;Og at the magnetic
phase transition 7 suggests that the onset of magnetic ordering

alters the atomic displacement characteristics. In general, for
magnetic oxides, the deviation of the phonon mode from the
anharmonic model is ascribed by considering the spin-spin
correlation function [60,61].

“

where o is the renormalized phonon frequency due to spin-
phonon coupling, wy is the phonon frequency in the absence
of this coupling (S;S;) denote a statistical average of the
spin-pair correlation function, and Ag,_py, is the spin-phonon
coupling constant. Under the mean-field approximation (i.e.,
(SiS;) = (Si)(S;)), the spin-spin correlation function (S;S;)
can be related to static magnetization through the equation
Awspe ~ M2(T); where M(T) represents the magnetization
of the sample at temperature 7 [62—64]. By following this
approach, we can estimate the spin-phonon coupling con-
stant, i.e., Awspc = Asp—pn (SiSj) = 3[M2(T)/anax], where
the factor of 3 accounts for the nearest neighbor Ni atoms [62].
As demonstrated in both Fig. 9(a) and Figs. S11(a)-S11(c)
[37], at least four Raman modes (P2 and P25-P27) exhibit a
strong correlation and follow a similar variation below 7. The
linear fit of Aw vs M?(T)/M2_. has been used to estimate
the spin-phonon coupling constant Ag_pn and is shown in
Fig. 9(b), Figs. S11(d)-S11(f), and Table S4 [37]. A similar
approach has been employed to estimate the Ag,_pn values
in many magnetic oxide systems [62,65-68]. Notably, the
obtained Agp_py values were moderate and were found to be
comparable to those reported for several established multifer-
roic systems, such as 9R—BaMnO3;, 15R—BaMnOs3, CuB, 0y,

Awspc = @ — wp = Asp—ph (SiS;),
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M?(T)/M2,, for the intense phonon mode P25 and its linear fitting

to evaluate the spin-phonon coupling constant A.

7ZnCr,04, GaFeOs; NdBaMn,Os, etc. [36,37,61,67,69-71],
and other magnetic compounds [72-76]. However, Ag,_pn val-
ues were much smaller than NiO, CuO, and NaOsOs3 [77-79].
The relatively large A values of the P25 modes suggest
that the stretching vibrations of the Te2-O-Ni bond network
play a crucial role in the spin-phonon coupling observed
in NipyTe;Og, where the spin-phonon coupling arises from
the modulation of the superexchange interaction due to the
ionic movement of the Te2-O-Ni bonds. In magnetoelectric
systems, the presence of spin-phonon coupling, the phonon
w effect by the g-dependent spin-spin correlations, results
in modification of permittivity via the Lyddane-Sachs-Teller

2
equation. gy = % €00, Where gy and e, are the permittivity
T

at zero frequency and optical frequency, respectively, and of
and w3 are the long-wavelength longitudinal and transverse
optical phonon modes [80]. A similar spin phonon induced di-
electric anomaly has been noticed in several CoTiO3, NiTiOs3,
Se/TeCuOs3, CoCr;04, and CoTeMoOg [43,81-84] magneto-
electric systems.

F. Comparison between Ni;TeOg, NiTe,Os, and Ni, Te3;Og

It is inspiring to compare the compounds’ crystal structures
and physical properties from the NiO—TeO, binary phase
diagram. Based on the oxidation state and chemical envi-
ronment, Te lone-pair ions act as a chemical that effectively
terminates the crystal growth and leads to a low-dimensional
crystal lattice [24], as shown in Table I and Table S5 [37];
lone-pair ions drive the asymmetric coordination geometry of
Te**03/Te** 05 in NiTe,0s and Te**Oy4 in Ni,Te3Og. This
leads to low-dimensional Ni** lattices for NiTe,Os (quasi-
one-dimensional Ni** spin chains) and Ni,Te;Og (and a
two-dimensional honeycomb lattice). In contrast, Tet Qg is
not a lone-pair ion in Ni3TeOg, leading to the 3D connec-
tion of Ni>* atoms in the crystal lattice. Despite having the
Te stereochemically active lone pair of electrons, NiTe,;Os
and Ni; Te;Og compounds fall into the centrosymmetric class.
Apart from the diverse crystal structures, the physical prop-
erties of the NiO—TeO;3; phase diagram are exciting. Polar
Ni3TeOg shows a giant spin-induced electrical polarization
at Ty = 55 K due to the collinear 11 |11 exchange stric-
tion along the c-axis spin chain [25]. Furthermore, below
TN, a successive metamagnetic and colossal magnetoelectric
effect has been reported in Ni3TeOg [85]. In contrast, the
low-dimensional compounds NiTe,;Os and Ni,Te;Og did not
generate electrical polarization despite having Te** lone-pair
ions. However, complex magnetic behavior along with spin-
charge-lattice coupling induced dielectric anomaly, and finite
magnetoelectric coupling was observed below Ty for NiTe,Os
[8]. The present study investigated the crucial role played by
the Ni-O3-Te2 bond in achieving intricate coupling of the
spin-charge-lattice degrees of freedom in Ni, Te3Os.

IV. CONCLUSION

In summary, the layered two-dimensional honeycomb
magnetic lattice NiyTe;Og was successfully synthesized and
comprehensively studied: (1) The long-range antiferromag-
netic ordering accompanied by a dielectric anomaly occurring
at Ty ~ 35 K with the presence of weak magnetodielectricity
demonstrates the spin-charge coupling. (2) The ground-
state antiferromagnetic layered honeycomb spin structure of
Ni,Te;Og was determined by neutron diffraction. (3) Low-T
spin-phonon coupling near magnetic ordering via Raman scat-
tering, dielectric anomaly near Ty, and a structural anomaly in
T-dependent SXRD indicate the intricate interactions of spin-
phonon-charge degrees of freedom in 2D layered honeycomb
magnetic lattice Ni, Te;Os.
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