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1. Introduction

Local mechanism for magnetoelastic coupling and
magnetic frustration in high-pressure synthetized
Ni,Ti>S4 intercalated sulfidef

R. S. Silva Jr, ©2 J. E. Rodrigues, ©° J. Gainza, ©° F. Serrano-Sanchez,®
A. Skorynina,® N. M. Nemes, @29 J. L. Martinez @2 and J. A. Alonso @ *?

Transition-metal dichalcogenides (TMDCs) have been investigated for their versatile properties and
remarkable tunability. Recently, there has been a resurgence of interest in magnetically intercalated
TMDCs, driven by their potential applications in spintronic devices. In this paper, we describe a novel high-
pressure synthesis procedure, yielding nominal Ni,Ti,S; compositions in a one-step straightforward
procedure, starting from TiS, and Ni metal. According to the Rietveld-refined synchrotron X-ray diffraction
data, the compound crystallizes into a trigonal space group P3m1 (No. 164) with a crystallographic formula
of NiggTi>S4. We observe anomalies in the thermal evolution of the Ni-S pair-bond at ~8 K, which were
correlated to a minor deviation of ~0.05% below 25 K from the Gruneisen model for the zero-pressure
equation of state that describes the thermal expansion of the unit-cell volume. Extended X-ray absorption
fine structure (EXAFS) analysis probed the local atomic dynamics surrounding the Ni atoms (Ni K-edge). A
careful examination of the bond variance in paths within the first shell indicated an increase in the covalent
bonding between Ni and Ti, in contrast to other intercalated sulfides such as Fe,Ti,S4. The investigated
magnetic properties and specific heat do not demonstrate a long-range magnetic order. Instead, we
observed a cluster glass-like behavior around 16 K, which suggests the coexistence of anti/ferromagnetic
short-range magnetic interactions at low temperatures mediated by electron hopping between Ni e, states
due to magnetic frustration in the system. The local atomic arrangement correlates to the short-range
magnetic interactions, which suggests the occurrence of magnetoelastic coupling in Nig gTi>S4.

atoms into van der Waals (vdW)-layered materials can induce
significant variations in their electronic structure, resulting in

Intercalation materials based on layered chalcogenides have
garnered significant attention due to their diverse
functionalities connected with magnetism," spintronics,?
electrochemical energy storage,® hydrogen storage,® water
electrolysis,” thermochemistry, among others. Introducing
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+ Electronic supplementary information (ESI) available: It consists of Fig. S1: FE-
SEM image and EDX analyses with quantitative results of the Ni, Ti, and S
elements of the Ni,gTi,S, sample. Fig. S2: temperature-dependent XANES data
at Ni K-edge for Ni, gTi,S, intercalate sulfide. Fig. S3: Ni K-edge XANES spectra
for NipgTi,S, (at 290 K) and the standard samples, including Ni foil (Ni,),
La(NigoAly1)0,, (Ni'), NiO (Ni*"), and LaNiO, (Ni*"). Fig. S4: inverse of
susceptibility versus temperature y'(T) curves in the 100 Oe, 10 kOe, and 50 kOe
applied magnetic fields. See DOI: https://doi.org/10.1039/d4ce00269¢
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unexpected properties in a panoply of novel compounds, such
as TiS,, NbS,, TaS,, TiSe,, NbSe,, and TaSe,. Extensive
investigations into the crystal structure of intercalated
compounds and the intercalation mechanism itself indicate
that metal intercalation can modify the vdW gap and valence
state of transition-metal dichalcogenides (TMDCs). In this
case, the intercalation behavior is enabled by the electron
work function, which makes these systems well adaptable for
charge transfer and, consequently, finding applications in
electrochemistry.”

The intercalation in two-dimensional (2D) titanium
disulfide (TiS,) has been thoroughly investigated by doping
with manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), and
copper (Cu) as well as lithium (Li). Compared to other 2D
systems, such as VS, and MoS,, pristine 2D TiS, has been
demonstrated to exhibit lower diffusion activation energies of
the guest elements, raising TiS, as a potential contender for
battery anodes as well as electrocatalytic applications, with
direct implications for lithium-ion batteries.® Intercalating
magnetic atoms, such as Fe, Cr, Ni, Mn, and Co, causes

This journal is © The Royal Society of Chemistry 2024
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TMDCs to develop magnetic ordering at long-range upon
cooling below their respective transition temperatures.”™*

Notably, the physical properties of M,TiS, (x < 1)
intercalated disulfides deviate from those of the TiS, host
matrix due to “host-guest” and “guest-guest” interactions.
Typically, the intercalated 3d metal atoms occupy octahedral
interstices within the layers, leading to vacancy ordering,
superstructure formation, and several magnetic states,
including spin-glass or cluster-glass and long-range magnetic
ordering.’>'® Different magnetic states have been reported
using intercalated 3d metals, like M,TiS,. Site occupation
disorder, frustrations, and local competition between
exchange interactions are suggested as primary factors
affecting magnetic properties. In fact, the stabilization of
these intercalation products is performed through solid-state
synthesis or novel high-pressure synthesis procedures."> "’
Specifically, high pressure can reduce atomic distances and
promote chemical reactions that are typically hindered under
normal ambient pressure conditions.*®

In this paper, we report on the high-pressure synthesis of
an intercalated TiS, material, namely Ni,Ti,S;. This
compound has a trigonal structure (space group: P3m1, with
TICdS,-type structure) at ambient conditions, as reported for
other members of the family like Nig.sTi»S,."° It can be
considered as a superstructure of the parent compound TiS,
(with CdI,-type structure). Structural studies have been
conducted using temperature-dependent synchrotron X-ray
diffraction (SXRD) to unveil the evolution of the structural
parameters, such as lattice constants and unit-cell volume.
We complemented the structural investigation by probing
local atomic dynamics from temperature-dependent X-ray
absorption spectroscopy (XAS) measurements at the Ni
K-edge. The investigated magnetic properties and specific
heat do not reveal a long-range magnetic order. Instead, we
observed a cluster glass-like behavior at low temperatures,
which suggests the coexistence of anti/ferromagnetic short-
range magnetic interactions at low temperatures mediated by
electron hopping between Ni e, states due to magnetic
frustration in the system. We argue that the local structure
features correlate to the short-range magnetic interactions,
which can result in magnetoelastic coupling in Nig gTi,S,.

2. Methods

2.1. High-pressure synthesis

We have successfully synthesized polycrystalline Ni,Ti,S,
samples in a single step by thermal treatment under high-
pressure conditions. Stoichiometric amounts of Ni + 2TiS,
were inserted into a Nb capsule (5 mm in diameter; 15 mm
in length), sealed, and placed in a cylindrical graphite heater.
The reaction was carried out in a piston-cylinder press
(Rockland Research Co.) under a hydrostatic pressure of 3.5
GPa at 850 °C for 1 h. Then, the materials were quenched
down to room temperature and the pressure was
subsequently released. The reaction nominally involves the
oxidation of Ni metal to Ni*" and the reduction of Ti*" to Ti*"

This journal is © The Royal Society of Chemistry 2024
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within the sealed capsule, which avoided the volatilization or
oxidation of sulfur.

2.2. Microstructure and compositional analysis

FE-SEM images and EDX analysis were conducted using a FEI
Nova Nano SEM 230 microscope equipped with an Apollo XL
Silicon Drift Detector (SDD) from EDAX-Ametek. The powder
was affixed to carbon adhesive tape and observed without a
conductive coating. The morphology and chemical
stoichiometry of Ni,Ti,S, were investigated, as represented in
Fig. S1,f revealing the purity and homogeneity of synthesized
powders. The as-prepared compound consists of a typical
polycrystalline microstructure with irregularly shaped grains
(ranging from 1 up to 10 pm) and non-uniform size
distribution. The elemental analysis for Ni, Ti, and S
composition is consistent with the ideal stoichiometric
values; however, sulfur vacancies have been observed at
approximately 2.6% (at the surface).

2.3. High-resolution synchrotron X-ray diffraction

The structural characterization was performed by high-
resolution synchrotron X-ray diffraction (SXRD) at the ESRF
beamline 1D22.*° The Ni,Ti,S; powder was filled in a
borosilicate-glass capillary of 0.5 mm diameter for data
acquisition in transmission geometry. The SXRD patterns
collected in the temperature range 4-280 K; the samples were
cooled down using the DynaFlow cryostat. SXRD data were
analyzed by Rietveld refinement wusing the FullProf
program.”™?*> The form of the peak was characterized by
employing a pseudo-Voigt function. The background was
interpolated across regions lacking reflections. The
comprehensive refinement involved parameters,
including scale factors, zero-point error, coefficients for
background, factors for correcting asymmetry, lattice
parameters, atomic positions, Ni occupancy factors and
isotropic displacement parameters.

several

2.4. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) experiments were
conducted in transmission mode at the Ni K-edge (8.333 keV)
utilizing the beamline BL22-CLASS> located at CELLS-ALBA
(Barcelona, Spain). A collimated and unfocused beam
measuring 1(H) x 1(V) mm’ employed. The
monochromatic beam was delivered by a pair of Si(311)
crystals. Sample preparation for XAS involved finely ground
powders mixed with cellulose, which were then pelletized
into 5 mm diameter disks to ensure an optimal absorption
edge jump of ~0.4. For low-temperature measurements, a
helium-flow cryostat capable of cooling down to 40 K was
employed. The absorption coefficient was determined from
the detected photon flux using ionization chambers
positioned before and after the sample.

The extended X-ray absorption fine structure (EXAFS) data
were collected across a k-range extending up to 18 A%,
covering temperatures from 40 to 290 K. Extraction of the

was
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Fig. 1 Rietveld plot from SXRD data at room temperature for Ni,Ti,S4
(a). A 3D view of Ni,Ti,S4 crystalline structure with the intercalated
[NiS¢]l and [TiSe¢] octahedra layers in the ab plane and projections along
the a-axis and c-axis crystallographic directions (b).

EXAFS oscillations y(k) from the dataset was facilitated
using Athena software.* This software allowed for pre-edge
background subtraction, edge jump normalization, and
subsequent extraction of the extended-range oscillations.
Fourier transformation (FT) of the kweighted y(k)
oscillations was executed employing a Hanning-type
apodization function in both k- and R-spaces, with Ak
ranging from 2.5 to 11.5 A and AR ranging from 1.2 to
4.4 A, respectively. For fitting the EXAFS data using
Artemis software,” theoretical single scattering paths were
computed via FEFF multiple scattering path expansion,®
based on the structural model for NiTi,S, in the trigonal
space group P3ml. Subsequently, these calculated paths
were adjusted to the experimental spectra by tuning the
EXAFS signal (k-weighted of 2 and 3) to EXAFS
parameters, including average bond distance (d;), bond
variance (or Debye-Waller exponent, o7), and average
coordination number (N;). The amplitude reduction factor
(S5 ~ 0.693) was estimated from EXAFS fitting of the Ni
foil spectrum.

2.5. Magnetic measurements

Magnetic properties were assessed utilizing a SQUID
magnetometer (MPMS-3) from Quantum Design (San Diego,
USA), across temperatures ranging from 1.8 up to 300 K and
magnetic fields up to 7 T. The heat capacity was measured in
a PPMS with an adiabatic heat pulse method. For this, the
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sample pellets were cut with a diamond saw to fit into the
sample-holder dimensions. Additionally, ac susceptibility was
measured using the same SQUID magnetometer across
frequencies ranging from 0.1 Hz up to 1 kHz, employing an
oscillatory field with a 1 Oe amplitude. In all cases, before
the measurements of magnetic susceptibility or heat capacity,
the sample was heated inside the magnetometer chamber up
to 400 K under a vacuum atmosphere of 5 x 10™* mbar during
4 h to remove any trace of physisorbed O, or air in the
sample surface.

3. Results

3.1. Structural characteristics at room temperature

Fig. 1a shows the SXRD pattern and its Rietveld refinement
obtained at room temperature for the Ni,Ti,S, sulfide. The
refinement reveals that this compound crystallizes into the
trigonal crystal structure within space group P3mi1 (No.
164), yielding refined lattice parameters of a = 3.4087(1) A
and ¢ = 5.65059(2) A, with the remaining refined parameters
listed in Table 1. The unit-cell parameters obtained for Ni,-
Ti,S, agree closely with those reported by H. Hahn”” [a =
3.39(9) A and ¢ = 5.62(0) A], but differently to those recently
published by Hyung-Ho Kim,”® in which Ni,Ti,S, was
defined in a monoclinic phase. In the trigonal unit cell, Ni
atoms are located at the 1b (0,0,0.5) site, Ti atoms at the 1a
(0,0,0) site, and the S atoms are located at 2d (1/3, 2/3, 2)
sites. In Fig. 1b, a 3D view of Ni,Ti,S,, crystallographic
structure, consisting of intercalated [NiSs] and [TiSe]
octahedra layers in the ab plane, is represented. Moreover,
a view of the g-axis and c-axis crystallographic direction is
displayed. The nearest Ni-S and Ti-S distances were found
to be 2.4003(5) and 2.4452(5) A, whereas the Ni-S-Ni and
Ti-S-Ti  bond-angles 90.48(3)° and  88.38(3)°,
respectively. The refined Ni amount of x = 0.794(2) is
superior to that described in other Ni-intercalated Ti
sulfides, of x = 0.5 (ref. 19) or x = 0.66.>°

were

3.2. Structural evolution with temperature

To investigate the crystal structure evolution of NiggTi,S,
with the temperature, we collected sequential SXRD patterns
in the 4-280 K range. No evidence of any structural phase
transition was observed in the entire temperature interval, as
highlighted by the pattern refined at 4 K in Fig. 2a. On the

Table 1 Structural parameters of Ni,Ti,S, refined from SXRD data at room temperature

Crystal data, incident radiation of / = 0.35435 A

Trigonal P3m1 T = 300 K a(d) b (&) c(d) a=y (9 Vv (&%) z
3.4087(1) 3.4087(1) 5.6505(9) 90, 120 56.85(9) 2
Reliability factors R, (%) Ryp (%) Rexp (%) Rprage (%) e
5.50 7.80 2.68 3.41 8.48
Fractional atomic coordinates and isotropic displacement parameters (A%)
Atom Site X y z Biso (A%) Occ. (<1)
Ni 1b 0.00000 0.00000 0.50000 0.723(24) 0.397(2)
Ti la 0.00000 0.00000 0.00000 0.955(15) 1.00
S 2d 0.33330 0.66670 0.25681(13) 0.615(7) 1.00
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Fig. 2 Rietveld plot from SXRD data at 4 K for NiggTi»S4 (a). Evolution of the most intense peak with temperature increase (b). Temperature-

dependent refined lattice parameters, a = b and ¢ (c).

other hand, a peak shift toward higher 26 angles (A0 ~ 0.03°)
with decreasing temperature is observed (see Fig. 2b),
corresponding to a unit-cell parameters contraction. The
temperature-dependent lattice parameters (a, ¢) derived from
the Rietveld refinement analysis are displayed in Fig. 2c. The

average thermal expansion coefficient was calculated
following equation, respectively:
Aa Ac
aa:aOXAT’ ac:c()XAT' (1)

where ay/c, are the initial values and Aa/Ac is the change
corresponding to the temperature interval AT. The calculation

yielded o, = 1.02 x 10° K" and « = 0.94 x 107° K,
suggesting that Ni,Ti,S, experiences a slightly superior
thermal expansion along the g-axis direction. In addition, as
evidenced by zooming in Fig. 2¢, a small anomaly revealed
near 8 K is possibly associated with a local structural
rearrangement in this system.

3.3. Local atomic structure

In Fig. 3a, the raw Ni K-edge EXAFS spectrum of Ni, gTi,S, at
40 K is illustrated (open symbols), being juxtaposed with the
optimal fitting composed of individual oscillations (totaling
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Fig. 3 Representation of raw Ni K-edge EXAFS function y(k) at 40 K (a) and its Fourier transform magnitude [¢(R)| and the real part Re[y(R)] (b). The
orange lines signify individual fitted paths for the first shell, whereas the green lines represent those for the second shell. Experimental data are
depicted by open symbols, while the red solid lines indicate the fitted summed EXAFS signal. Temperature-dependent EXAFS data: k3—weighted
EXAFS oscillations in k space (c). In R space, the moduli of Fourier transform oscillations are given by x(R) (d).
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five, represented as orange and green lines), which
collectively constitute the resultant EXAFS signal (red line).
The Fourier transform is shown in Fig. 3b. The model
comprising five single scattering (SS) paths was
successfully applied to describe the experimental EXAFS
function. These paths are distributed across two shells,
following a similar scheme as already reported for other
intercalated sulfides with the chemical formula Fe,Ti,S,.*®
The first shell encompasses the bond-pairs Ni-S; and
Ni-Ti;, while the second shell comprises the pairs Ni-Ni,,
Ni-S,, and Ni-Ti,. Within the first shell, the bond Ni-S;
forms an octahedral unit [NiSs; average coordination
number of 6], along with the pairs Ni-Ti; with a
coordination number of 2. The second shell includes the
Ni-Ni, path with a N; of 2, the Ni-S, path with a
coordination number of 6, and the Ni-Ti, path with
dodecahedral coordination. The set of local structural
parameters obtained from EXAFS analysis at 40 K for
Ni, ¢Ti,S, are listed and contrasted with those determined
through SXRD data refinement at 33 K in this study (see
Table 2), revealing a reasonable agreement amid both
methods, except for the pair-distance Ni-Ni,. The
difference between these pair lengths obtained from
EXAFS and SXRD is approximately 0.45 A, attributable to
the low oscillation amplitude of the Ni-Ni, path, which
may cause this disparity between the two methods.

The temperature-dependent EXAFS data spanning from 40
up to 290 K were meticulously fitted, considering the local
structural model in Table 2. For completeness, the
temperature evolution of the XANES region is shown in Fig.
S2.f Throughout all temperature points, the fit consistently
exhibited high stability, as evidenced by the minimal
variation in the R-factor within the range of ~0.008 to 0.015.
In Fig. 3c and d, the temperature-dependent k’y(k)
oscillations and their moduli [y(R)| are represented,
respectively. No sudden changes in the shape of the
oscillations were detected within the investigated
temperature range, indicating the absence of any structural
phase transition. However, we only detected continuous
variations concerning the peak broadening along the |y(R)|

Table 2 Structural parameters of NiggTi,S4 extracted from EXAFS fitting
at 40 K. Abbreviations: dj, path distance; o'zk bond variance (or Debye-
Waller exponent); Ny, average coordination number

EXAFS at 40 K SXRD at 33 K
Path d (A) oz (A?) Ny d(A)
First shell
Ni-S, 2.385(2) 0.0054(4) 6 2.3936(5)
Ni-Ti, 2.887(8) 0.007(1) 2 2.8186(0)
Second shell
Ni-Ni, 3.85(1) 0.015(2) 6 3.3998(0)
Ni-S, 4.163(7) 0.003(1) 6 4.1579(3)
Ni-Ti, 4.47(2) 0.023(6) 12 4.4162(0)
R-factor 0.0083
Ak (A 9 AR (A™) 3.2
Nigp 18 N,, pts 11, 220

3244 | CrystEngComm, 2024, 26, 3240-3249
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function. In Fig. 4, the path length extracted from EXAFS fit
for bonds Ni-S; (4a) and Ni-Ti; (4b) (first shell) are compared
to those obtained from SXRD data. Slight anomalies can be
observed in the EXAFS distances possibly at ~200 K.
However, more compelling anomalies were detected in the
Ni-S (d,) and Ni-Ti (d,) bonds extracted from SXRD data
(refer to the insets of Fig. 4), indicating significant
contraction effects at ~8 K.

3.4. Magnetic properties

To study the magnetic properties of NiggTiySs, the
temperature-dependent magnetic susceptibility x(7) was
measured in both zero-field cooling (ZFC) and field-cooling
(FC) conditions, with applied fields of Hg. = 100 Oe, 10
kOe, and 50 kOe from 1.8 up to 300 K, as represented in
Fig. 5a. The susceptibility behaves almost constant with
temperature decreasing down to ~100 K; below this
temperature, it begins to increase sharply to a maximum at
~2 K (FC curve). At low field, the susceptibility curve
exhibits a maximum at Ty,.x = 15 K matching the onset of
short-range  spin-spin  correlations, which gradually
disappear as the applied magnetic field increases up to 50
kOe. This was confirmed by the y x T(T) curves displayed
in the inset of Fig. 5a. The irreversibility between ZFC/FC
curves at low temperatures can be attributed to the
presence of magnetic frustration due to competition
between short-range magnetic interactions. To further
investigate the ground state of magnetic ordering of Ni g-
Ti,S,, isotherms magnetization M(H) curves were recorded
at different temperatures from 1.8 up to 300 K, as exhibited
in Fig. 5b. The isotherm at room temperature (~300 K)

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Temperature dependence of the magnetic susceptibility »(T) with FC/ZFC protocols for the Nig gTi,S4 sample under the magnetic fields of
Hgc = 100 Oe, 10 kOe, and 50 kOe (a). Inset displays the y x T(T) curves, respectively. Isotherms magnetization M(H) curves recorded at different
temperatures from 1.8 up to 300 K (b). Temperature dependence of specific heat performed in zero field (H = 0 T) (c). ac susceptibility versus
temperature y.. (T) at frequencies ranging from 100 Hz up to 10 kHz under an excitation field of 1 Oe (d). Zoom of the yx vs. T curve, highlighting

the peak at ~16 K.

confirms the paramagnetic-like behavior, whereas at 1.8 K
it reveals a non-saturated magnetization with little magnetic
hysteresis, yielding a remanent magnetization of M, = 1.8
x 10 pg per fu. and a coercive field of He ~ 0.4 kOe
(inset of Fig. 5b). This feature suggests a coexistence of
AFM and FiM/FM
temperatures.

To find evidence of a possible thermodynamic phase
transition at low temperatures, we carried the temperature
dependence of specific heat in zero field (H = 0 T),
depicted in Fig. 5c. The absence of any anomaly in the

short-range interactions at low

entire temperature range
phase transition down to
of long-range magnetic
temperature-dependent ac

of investigation rules out any
1.8 K, confirming the absence
order. Instead, the typical
susceptibility y/.(T) performed

at different frequencies (10 Hz-1 kHz) under an excitation
field of 1 Oe (displayed in Fig. 5d) showed a clear peak
magnitude dispersed at ~16 K, which indicates a spin
frustration due to cluster glass-like behavior presence,
promoting a dynamic ground state in  NiggTi,Ss.
Therefore, the cluster glass state is suppressed as the
applied field is increased until 50 kOe, resulting in a
paramagnetic behavior.

This journal is © The Royal Society of Chemistry 2024

4. Discussion

4.1. Unit-cell volume expansion and mean square
displacements

To elucidate the thermal changes in the unit cell volume
V(T), we examined the established Griineisen model for the
zero-pressure equation of state,***' by employing its first-
order expansion, as outlined below:

9YNksT [ T 3J"D/T 23dz
By HD 0 et-1"

V(T) = Vo + (2)

Here, V, denotes the unit-cell volume at 0 K, #p represents
the Debye temperature, N signifies the number of atoms in
the unit cell, B, stands for the isothermal bulk modulus, and
y denotes the Griineisen parameter. This model yields
valuable insights into lattice dynamics, with the Debye
temperature being the primary parameter of interest. In
Fig. 6a, the experimental and bestfitted curves are
juxtaposed to facilitate further comparison of the fitting
quality. The temperature-dependent evolution of the unit cell
volume indeed exhibits an anomaly below 25 K (inset of
Fig. 6a), deviating from the model described in eqn (2) by
~0.05%. For this reason, the fitting was taken for
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Fig. 6 Thermal expansion of the unit-cell volume V(T), where the red
line denotes the Grlineisen model for the zero-pressure equation of
state (a). Temperature dependence of the mean-square displacements
Uiso(T) for atoms Ni, Ti, and S (b). The solid lines represent the best fit
of the MSD data using the Debye formalism in eqn (3).

T(K)

temperatures above ~25 K. The fitting yields V, as 56.423 A®
and #p approximately 271 K, with a corresponding y/B, value
of 1.59 x 107" Pa™".

The Debye formalism can also be extended to describe the
thermal evolution of the mean-square displacements (MSDs
or Ui, in units of A?), as follows:

3T |6p T (®/7 zdz
Ui T =2+ —— | 2+ — —_— 3
lSO( ) 0+ka02D |:4T+(9DJO ez—1 ’ ( )
such that, 6, denotes the individual atomic Debye

temperature, dg is the intrinsic disorder (at 0 K), and m the
atomic mass. In Fig. 6b, the Uy, values for Ni, Ti, and S
atoms are represented as a function of temperature. Nickel
presents a Debye temperature of 281 K and a disorder at 0 K
of about 0.1 x 10~® A% Ti atom showed an intrinsic disorder
of 2.5 x 10 A% and 6y, value of 380 K, while sulfur presents a
Debye temperature of 476 K with dg of 0.6 x 10 A% Using
the Debye temperatures, we can estimate the bonding
stiffness by employing the harmonic one-particle potential
(KD _ mky0h
3n*

given in units of eV A% In Table 3, the parameters derived
from Debye fitting are listed together with the respective
force constants. This analysis revealed the following trend:

),32 where xp is the harmonic force constant

Table 3 Parameters fitted using the Debye and Einstein formalisms for
the mean-square displacements (Uis,) and the Debye-Waller exponent
(62), respectively

Debye formalism

SXRD Ni Ti S
0p (K) 281 380 476
d3 (107 A% 0.1 2.5 0.6
xp (eV A7) 2.7 4.1 4.3
EXAFS Einstein formalism

Ni-S; Ni-Ti,
0 (K) 294 264
og (1072 A%) 1.6 4.3
Kg (eV A7) 3.2 3.3
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kp(Ni) < kp(Ti) < xp(S). This trend suggests that [TiS¢] units
have greater rigidity than [NiSe], implying a more pronounced
covalent bonding between Ti and S (d;) compared to Ni and
S (d»). However, the intrinsic disorder (d) at Ti sites is ~25
times greater than at the Ni sites, which may indicate an
electronic-induced disorder likely due to multiple Ti valence
states.’® The multiple valence states can be evidenced in the
Ni valence states. Indeed, the XANES spectrum of Ni, gTi,S,
is compared to standard samples (see Fig. S3t), such as Ni
foil, La(NigoAly1)O,,, NiO, and LaNiO;. Upon closer
examination, we observed that Ni,gTi,S, may contain two
distinct types of Ni ions: one exhibiting a valence ranging
between Ni'" and Ni**, and the other displaying a valence
between Ni*" and Ni*".

4.2. Local atomic dynamics

The EXAFS data offered insights into understanding the
variance in local bonding (s7) and the local atomic dynamics,
providing complementary information to that extracted from
SXRD.**?* In particular, the thermal evolution of the bond
variance for the paths Ni-S; and Ni-Ti; was fitted to the
Einstein formalism, as given by:

" O
h({— |, 4
ZﬂkBeE cot (ZT)‘ ( )

Here, 05 denotes the Einstein temperature, og the static
disorder, and g the reduced mass of the pair-bond (Ni-S or
Ni-Ti). We obtained Einstein temperatures of ~294 K and
~264 K for the bonds Ni-S; and Ni-Ti;, respectively (see
Fig. 7), each of them relates to the static disorder parameters
of 1.6 x 10 A* and 4.3 x 10° A% The fitted Einstein

oi(T) = ot +

: 11 (a) Einstein model
<L 10 1
o

A 4
ﬂ -
e
N i

-

By 4
N'_' 14 - (b) Einstein model )
oL
o 121
o
Lo
— 10+
NG sl Ni_Ti

) i-Tiy

0g = 264 K
6L : : '
1] 100 200 300
T [K]

Fig. 7 Temperature dependence of the bond variance (or Debye-
Waller exponent, ¢7) for the paths at the first-shell (panel a: Ni-S; and
panel b: Ni-Tiy). The red solid lines concern the best fit to the Einstein
formalism in accordance with eqn (4).
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temperatures can be used to estimate the force constant (xg)
of the pair-bonds through the harmonic approximation for

. . pky 0%
the atomic potential (KE =
parameters derived from Einstein fitting are
together with the respective force constants. Surprisingly, the
force constants appear to be quite similar, ie., xg(Ni-S;) =
kg(Ni-Ti;), but the force constant for Ni-Ti; being slightly
higher than for Ni-S;. A direct comparison of these force
constants with those reported for Fe, gTi,S, (~3.7 eV A2 for
Fe-S; and ~2.2 eV A for Fe-Ti,) visibly elucidated that Ni
increased bonding strength of the metal-metal interaction. It
is noteworthy that the intrinsic disorder for Ni-Ti; is nearly
four times greater than that for Ni-S;, as observed from
MSDs, a fact that can also be attributed to varying valence
states of Ti ions.

).35'36 In Table 3, the

included

4.3. Addressing the magnetoelastic coupling

Any evidence for magnetoelastic coupling requires a detailed
investigation of the local structural changes near the
magnetic transition temperature. As shown in Fig. 4, the
temperature dependence of the bond lengths from Rietveld
refined SXRD data, reinforced by the first shell paths Ni-S;
(d4) and Ni-Ti; (d,) extracted from the EXAFS fitting, clearly
revealed anomalies at ~8 K. In addition, the thermal
expansion of the unit-cell volume V(T) and mean-square
displacements Ui, temperature-dependent for atoms Ni, Ti,
and S (see Fig. 6) also exhibited anomalies at the same
temperature points. These anomalies coincide very well with
the magnetic anomalies observed at 7'~ 16 K, as highlighted
in Fig. 5. Therefore, this correlation between local atomic
arrangement to the short-range magnetic interactions near
the magnetic ordering transition strongly points to the
occurrence of magnetoelastic coupling in the Ni,Ti,S,
compound. This phenomenon primarily occurs for the pair-
bonds within the first coordination shell (pair-bonds Ni-S;
and Ni-Ti,).

4.4. Magnetic frustration and competitive exchange dynamics

Magnetic frustration refers to materials that experience
competing interactions that cannot be simultaneously
fulfilled, resulting in a large degeneracy of the ground-state
spin configurations. Frequently, the magnetic frustration is
quantified by the ratio between the strength of the
magnetic interactions within the sublattice and the
temperature, where the magnetic order is established.’” As
shown in Fig. S4, the inverse of susceptibility y () curves
did not exhibit a typical Curie-Weiss behavior. Instead, we
find a broad plateau in higher temperatures from ~100 up
to 300 K, which indicates the absence of long-range
magnetic order. On the other hand, the observed cluster
glass-like behavior at low temperatures (~16 K) suggests a
scenario of short-range AFM/FM correlations by site
disorder of mixed ions.

This journal is © The Royal Society of Chemistry 2024
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For Ni, ¢Ti,S,, the revealed larger intrinsic disorder (dg) at
Ti sites can lead to an electronic-induced disorder at the Ni
sites, due to more pronounced covalent bonding between Ti
and S compared to Ni and S (see Table 3). Indeed, the
intrinsic disorder of Ni-Ti observed in the local atomic
dynamics analysis from EXAFS and SXRD data, would justify
the cluster behavior of magnetic competitions characterized
by a dynamic short-range ordered state due to frustration
effects. Magnetic frustration has been reported in other
sulfides such as MnSc,S,*® and FeAl,S,.*°

Furthermore, as previously reported,"” the similar sulfide
Fe,Ti,S, (x < 0.5) presents multiple Ti valence states revealed
by XPS studies, dependent on the amount of intercalated Fe.
From the Ni K-edge XANES spectrum of Ni, gTi,S,; compared
to standard samples (see Fig. S3), we noted evidence for two
possible distinct types of Ni ions, exhibiting valences ranging
between Ni'*/Ni** and Ni**/Ni**. The double Ni valence state
has been previously reported.’®*' Therefore, in Fig. 8a, we
depicted a possible scheme of the spin frustration along the
ab plane composed of Ni**/Ni** coexistence. This feature is
similar to geometrically frustrated materials.*> In this case,
once two of the spins within a triangle lattice-like are anti-
aligned to satisfy their AFM interaction, the third one can no
longer point in a direction opposite to both other spins.
Therefore, not all interactions can be minimized
simultaneously to favor the lowest energy state®® and,
consequently, the totality of AFM interactions is incompatible
with lattice symmetry, enabling some clusters of FM/FiM-type
interactions.

In this way, the coexistence of Ni** and Ni*" may induce
electrons hopping between Ni e, states, as schematized in
Fig. 8b (indicated by red dash arrow). In this case, the
Ni**-Ni*" interactions may lead to FM coupling between
two down spins in the high-spin state [S = 1], which
stabilizes the system by the Hund's rule, unlike the AFM
coupling between Ni**-Ni** interactions with antiparallel
spins (up/down) in the low-spin state [S = 3]. Therefore, this
picture suggests a competitive dynamic exchange
interaction between Ni** and Ni*" ions due to magnetic
frustration in the system.

a) + b NENE
NN
AFMY | 4
b\_a 3y AFM T
b)  Ni*(3d°)

Ni*(3d7)

STETETRRE T

Fig. 8 Scheme of magnetic frustration in the ab plane of NipgTi>Ss
lattice by Ni?*/Ni** coexistence (a). Possible spin occupations of Ni
ions at different valence states (b), where the dashed red arrow
indicates a possible electron hopping mechanism between Ni?* and
Ni** in the case of their coexistence.
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5. Conclusions

We have successfully synthesized under high pressure the
Ni,Ti,S, intercalation sulfide, which crystallizes in a trigonal
structure with space group P3m1 (No. 164). The Ni contents
(x = 0.8) is superior to those described in the literature, as
refined from high-resolution SXRD data. The analysis of
temperature-dependent SXRD and EXAFS data showed no
evidence for structural phase transition in the entire 4-300 K
temperature interval. The magnetic properties analysis did
not show evidence for long-range magnetic order; however, a
cluster glass-like behavior at ~16 K was noticed, which
suggests the coexistence of AFM and FiM/FM short-range
interactions at low temperatures. Local atomic dynamics
based on EXAFS results elucidated that the covalence along
the metal-metal interaction is superior to that observed in
Fe,Ti,S,. Moreover, the Ni-S; and Ni-Ti; first shell paths
extracted from EXAFS fitting as well as mean-square
displacements Ui, for atoms Ni, Ti, and S from temperature-
dependent SXRD revealed anomalies at ~8 K, coinciding with
the magnetic anomaly at ~16 K. We associated this
correlation between local atomic arrangements to the short-
range magnetic with the
magnetoelastic coupling in Ni, gTi,S,. The detailed Ni K-edge
XANES spectrum compared to standard samples indicates
two distinct types of Ni ions: one ranging between Ni'*/Ni*",
and the other between Ni**/Ni*". This coexistence suggests a
competitive dynamic exchange interaction by electron
hopping between Ni** (high-spin) and Ni*" (low-spin) states
due to magnetic frustration in the system.
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