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Weak localization in pure and Cr-doped MoS,
macroparticles probed through a low field
magnetoimpedance effect
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Globular MoS, with Cr doping, exhibiting a flake-like texture, was studied through AC magnetoelectric
transport to identify weak charge localization that is not identified using magnetic measurements, in
order to establish inhomogeneity-driven magnetoelectric coupling. Hydrothermally synthesized MoS,
had a mixed 2H/1T phase in native conditions. Upon doping, the proportion of the 1T phase increased.
To probe inhomogeneity-driven magnetoelectric coupling and localization, magnetoimpedance studies
were carried out to establish an MR of 110% at 100 Hz frequency for pure MoS,. For the doped
condition, they were —7% for MoS,—Cr 5%, 1.9% for MoS,—-Cr 10% and 58% for MoS,—-Cr 15%. The feeble
spin order was lost in all the compounds at low temperature from 17 to 51 K, as shown in magnetization
studies, developing a blocking behavior in resistivity. Weak charge localization was detected that
changed the polaronic radius in MoS, and decreased its width with doping according to relaxation

studies. The change in activation energy and the effect of the magnetic field on the bulk resistivity and
Received bth March 2025 laxation ti led that the strength of localizati ker following doping. The change i
Accepted 19th May 2025 relaxation time reveale at the strength of localization was weaker following doping. The change in

relaxation time of MoS, across doping concentrations with the application of a magnetic field at a given

DOI: 10.1039/d5ra01619¢ temperature confirms the spin accumulation/deaccumulation process. This establishes inhomogeneity-
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Introduction

Research on the magnetic response of MoS, demonstrates its
potential use in spintronic and nanoelectronic systems.
Although the bulk MoS, is diamagnetic like graphite, many
theoretical investigations suggest that MoS, turns ferromag-
netic when the nanoribbons are made with zigzag edges, or if it
is engineered with defects." One important results by Gao et al.
correlated ferromagnetism with fluorine doping of MoS,
nanosheets with well-defined hysteresis. It has Ms of 0.06 emu
g ' and a MR of 4.1%. In this case, the concentration of the
adatom can be altered to adjust the detected ferromagnetism.
Demonstrations using first-principles computations show that
the fluorine absorbed MoS, monolayer supports spontaneous
spin polarization and production of a local moment as well as
the possibility of long-range magnetic order in the spin
moments. Furthermore, the tunability of ferromagnetic
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driven weak localization in Cr-doped MoS,.

ordering in MoS, is possible via doping and substrate strain.” It
was discovered that substitutional doping in TMDCs—which
uses elements from groups 5 to 7 such as Cr, Mn, or Fe, instead
of dopants at the interstitial or defect sites—has a profound
effect on the structure and properties of the material.>”

The preferred substitutional position of Cr atoms at Mo sites
leads to significant changes in the material's band structure and
introduces magnetic behavior, which can be leveraged for
various applications, including spintronics and catalysis.
Understanding the precise positioning and effects of Cr doping
is crucial for tailoring MoS,-based materials for specific tech-
nological applications.®® Chromium atoms preferentially
substitute for molybdenum (Mo) atoms in the MoS, lattice. This
substitutional doping is energetically favorable compared with
interstitial or surface adsorption configurations. In monolayer
MoS,, Cr atoms tend to occupy nearest-neighbor positions,
while in multilayer MoS,, they are more likely to remain in the
outermost surface layers. This behavior is consistent across
various computational studies employing density functional
theory (DFT) and hybrid functionals.*

The substitutional doping or defects induce typically long-
range spin order; however, there can be short range ordering
associated with spin fluctuation in reduced dimensions,"
which has a positive correlation with resistivity of the metal or
semiconductor. This positive correlation induces change in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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charge transport leading to localization effects. Based on the
nature of the defect and charge trapping strength, the locali-
zation could be weaker or stronger.” Based on the nature of
magnetoresistance, the applied magnetic field can destroy this
correlation effect, giving rise to cusp-like positive or negative
magnetoresistance developing a localization or antilocalization
effect. These spin fluctuation induced localizations mimic
magnetoelectric effects which can be seen through the change
in permittivity”® or permeability** with respect to the applied
magnetic field, typically probed through magnetoimpedance or
magnetocapacitance effects.''® These studies are significant to
understand inhomogeneity induced spin relaxation in low
dimensional structures. The studies were conducted at low
magnetic fields using macrospin approximation. This approach
allows us to develop low field, low power spintronic devices.

In the present study, we investigate the weak localization
effect in textured MoS, nanoparticles induced by morphological
inhomogeneities using impedance spectroscopy. The DC and
AC magnetoresistance studies are used to probe the spin scat-
tering strength and spin localization effect with respect to
temperature. The doping of this low dimensional MoS, with
chromium (which has an antiferromagnetic ground state'” and
is capable of inducing spin density waves) is expected to
enhance or suppress the localization effect based on the nature
of spin-spin interactions.”® Hence, AC and DC magnetotran-
sport is studied over a range of substitutions containing 5%,
10% and 15% doping of chromium in the MoS, matrix.

Experimental

The hydrothermal approach was used to synthesize MoS, and
MoS, doped with chromium (5%, 10%, and 15%)* through
sodium molybdate dihydrate and thiourea precursors. Sodium
molybdate dihydrate (0.1 M) and 0.3 M thiourea were separately
dissolved in 35 mL of water by stirring for 30 minutes each and
then mixing both solutions well by stirring for 1 h. This solution
was transferred into a Teflon-lined, sealed stainless steel auto-
clave and placed into the furnace. The temperature was
increased to achieve the hydrothermal process. An autogenous
pressure is formed inside the chamber leading to a chemical
reaction and MoS, crystals are formed. For doping chromium
into the matrix, chromium nitrate monohydrate was dissolved
in distilled water to form a 0.1 M solution in stoichiometric
ratios and added to the hydrothermal mixture before subjecting
it to increasing temperature. After the hydrothermal process,
the powder was filtered and dried. Further it was annealed at
400 °C for 1 h.

The crystal structure of the powder was recorded using the
PROTO AXRD powder diffraction system with Cu Ko radiation (4
= 1.5405 A) in the 26 region of 10° to 80°. A Jeol JSM-IT500 SEM
was used to study the morphology of the formed nanoparticles.
The indirect band gaps were identified using reflection
measurements of UV-Vis spectroscopy. Raman analysis was
performed using the Horiba Scientific macroRAM Raman
spectrometer with a 785 nm wavelength laser with spectral
resolution of 8 cm™'. A quantum design Dynacool VSM was
used to study the magnetic characteristics of these particles.
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The FC measurements were done by cooling the material with
a 100 G magnetic field from 10 K to 300 K. The ZFC measure-
ments were also recorded in the heating cycle.

The powder was cold compressed under 10 T pressure
without binder to preserve the low dimensionality. The pellet
was held intact by the coercive strength, where the electrical
contacts were made through low temperature compatible silver
paint. Further, the contact pads were baked at 80 °C to achieve
higher conductivity.

The magnetoresistance was studied using a Keysight SMU
B2902A instrument. Low temperature transport studies were
carried out from 9 K to 290 K using an Advanced Research
Systems, Inc. closed cryogenic refrigerator (CCR), along with
a Lakeshore Model 335 temperature controller. To analyze the
impedance response, a ZM2376 LCR meter was used at
frequency ranges from 100 Hz to 5.5 MHz. Parameters like
parallel resistance (R,,), reactance (X), and capacitance (Cp,) were
measured at various temperatures from 9 K to room tempera-
ture with a magnetic field of 2000 G and the response was
analyzed. Here, the range of the magnetic field was selected up
to 2000 G to pick the spin fluctuation in macrospin responses
that usually diminish above coercivity.

Results and discussion

Hydrothermally synthesized MoS, nanoparticles and 5%, 10%
and 15% chromium doped MoS, nanoparticles were subjected
to X-ray diffraction studies and the results were depicted in
Fig. 1.

Standard powder diffraction patterns of the MoS, hexagonal
structure (JCPDS card no. 37-1492) were consistent with the
principal diffraction peaks. The high degree of crystallinity and
occurrence of well-stacked layered MoS, nanoparticles during
the hydrothermal process were confirmed by the strong
preferred orientation at the (002) plane. There were no impu-
rities or secondary phases observed in Cr-doped MoS,.>*** The
1T phase of MoS, was more prominent in exfoliated samples
compared with hydrothermally synthesized MoS,. However,
XRD does not serve as the conclusive tool to identify the 1T or
2H phase of this layered material. Furthermore, the variation in
the lattice parameters points towards the possibility of mixed
phase occupancy, which can be further identified using Raman
spectroscopy studies.?

The crystallite size was found and the values were tabulated
in Table 1. Furthermore, the interplanar spacing and peak shift
with respect to the chromium doping percentage was calcu-
lated. Re-doped MoS, exhibited shifts in the (002) peak with
increasing doping concentration, suggesting changes in the
interlayer spacing.” A right shift (toward higher 26 values)
implies lattice contraction, often resulting from substitutional
doping with smaller Cr ions, which was observed as the 5% Cr
doped into MoS,. Further, a left shift of the (002) XRD peak
toward lower 26 values indicates lattice expansion, typically due
to increased interlayer spacing from interstitial Cr doping or
tensile strain. Cr doping in MoS, can cause either shift
depending on its oxidation state and position in the lattice.
These shifts reflect structural distortions, influencing
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Table1 Outcomes from X-ray diffraction studies
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(a) XRD patterns of pure MoS;, nanoparticles and those doped with 5%, 10% and 15% Cr. (b) Peak shift with respect to the variation in doping

Material 2 theta (degree) FWHM (degree) Crystallite size (nm) Peak shift (degree) D spacing (A)
MoS, 14.08 0.93 8.71 0 1.12
MoS,-Cr 5% 14.54 1.01 8.03 0.46 0.92
MoS,-Cr 10% 14.09 0.85 9.55 0.01 1.11
MoS,-Cr 15% 14.02 1.13 7.21 —-0.05 1.15

crystallinity and material performance. Understanding these
changes is key to tailor MoS, properties for catalysis and
electronics.*?®

As the proportion of chromium doping increases, it results
in an increment in interplanar spacing. Above 5% doping of Cr,
there was a sharp reduction in the d spacing, and it steadily
increased with 10% and 15% Cr doping. The layers of chro-
mium are pulled together when the structure shrinks in the z
direction, causing the response mentioned earlier. It is shown

that the intensity of the (002) peak decreases and broadens as
the Cr doping increases, indicating the decrease of crystallite
size with higher doping.*® There is no indication of phase
separation in the solid.

The morphological studies of pure and chromium doped
MoS, nanoparticles were performed using FE-SEM analysis,
which showed the micro-flower structure of pure and doped
MoS,, where large numbers of interwoven nm-sized flakes
agglomerated to form a globular structure, as shown in Fig. 2.

c) HANBAT8230 3.0kV 4.8mm x30.0k SE(U

Fig. 2 SEM images of (a) pure MoS, nanoparticles and those doped with (b) 5% Cr, (c) 10% Cr, and (d) 15% Cr.
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Fig.3 EDAX spectra of (a) pure MoS, nanoparticles and (b) 15% Cr doped MoS, nanoparticles indicating the percentage of Mo, Cr and S elements

present in the samples.

These flakes preserve the dimensionality of charge transport to
be 2D and the layers grained in the form of a flower constitute
inhomogeneities that trigger stronger charge relaxation with an
applied magnetic field.>*°

Fig. 3 shows the EDX spectra of MoS, where the S to Mo
atomic ratio is about 1.58, indicating sulfur vacancies in the
samples. This can increase the possibility of charge transfer in
MoS, nanoflakes.

Here, we employed UV-Vis reflectance spectroscopy to
analyze the indirect band gaps of MoS, and its chromium-
doped systems. The doping percentage is expected to alter the
band gap value. From the diffuse reflectance (DR) spectrum, the
absorption coefficient («) can be directly determined. The
analytic work developed by P. Kubelka and F. Munk (K-M)*
allows us to calculate the band edge. The absorption spectrum

M052
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Fig. 4
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can be produced by combining Tauc's** and K-M functions.?**
The Tauc plot of MoS, nanoparticles is shown in Fig. 4.

MoS, was found to have an indirect bandgap of 1.25 eV
which is in agreement with the literature.*” The results are listed
in Table 2. Here, it is important to note that the bandgap

Table 2 Band gap energies for different compositions calculated
using the Tauc plot

Material Indirect bandgap eV
MosS,, 1.25
MoS,-Cr 5% 1.23
MoS,-Cr 10% 1.24
MoS,-Cr 15% 1.25

41  MoSyCr5%

(F(R)hv)l/z(ev1/2cm-112)

E=123eV
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Indirect bandgap of (a) pure MoS, nanoparticles and those doped with (b) 5% Cr, (c) 10% Cr, and (d) 15% Cr.
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matches with the bulk value since the flakes coagulate to form
a globular structure from a single base extending the particle
size to a few micrometers during the hydrothermal process. As
we doped Cr onto it, the band gap reduces to 1.23 eV for 5%
chromium, showing a minor decrease resetting to its original
value above 10%. Here, a 0.05 substitution in stoichiometry
leads to compression of the lattice by 17.85% that is expected to
result in an increase of electron density of at least one order of
magnitude which can be confirmed using DC resistivity
measurements. Furthermore, this change in electron density is
expected to produce a change in polar relaxation time, which
can be confirmed using AC transport studies. As the doping
increased from 5% to 10% and 10% to 15%, there was no
significant change observed in the bandgap. This was corrob-
orated by the X-ray diffraction studies where no significant
change was observed in lattice volume with higher doping.
Fig. 5 depicts the Raman spectra of pure and Cr doped MoS,
at room temperature with multiple peaks deconvoluted and
fitted to Lorentzian responses using the Fityk open source
tool.*® Raman spectra can be utilized to identify the existence of
various phases in 2D materials. Here, the Raman spectra are
indexed with various characteristic vibrational modes, which
confirms the 2H-MoS, phase with 1T structure incorporated
with the parent matrix.*® The spectra show characteristic peaks
at 373, 409, and 451 cm ™ * ascribed as Ezgl, Az and the acoustic
phonon mode with longitudinal vibration (A,,), respectively.
Here, the A;; mode corresponds to the out of plane movement
of the sulfur atoms that are in the top and bottom while Mo is
stationary.’” Another distinct peak at 373 cm ™' represents the
E,,' mode where molybdenum and sulfur are moving in plane
in opposite directions.*®** In addition to these, there are weak

800+ MosS, —— Intensity’
—Fit

700 it
% 600- %
- —Eqg
S 5004 95
—E}
8 5
> 300
i
1] B
@ 200
2 100
£
0
-100

100 200 300 400
Raman shift (cm™)
a)
800
700

—— Intensity
——Fit
J1

MoS,-Cr 10%

—2

a o9
o o
o o
1 I

Intensity (counts)
S 8 8
.2

100 200 300 400
Raman shift (cm™)

View Article Online

Paper

vibrational modes at 149, 237, 282, 336, and 409 cm ™" (J, ], Eqg,
Js and Ay, respectively) in the spectra, confirming the presence
of the 1T-MoS, phase.* The presence of the E;, band represents
the octahedral coordination of Mo in 1T-MoS,. Here, the E4
mode is prominent in response and confirms the 1T phase.
Since A;; is common in both the 2H and 1T phase, the forma-
tion is usually confirmed by the appearance of ], J,, J; and E;4
modes.** We observed a blue shift in the spectra upon doping of
chromium into MoS,. Broadening and mild splitting of the A,
mode indicates the presence of chromium inside the lattice
with a phase pressure.*

Pure MoS, synthesized by the hydrothermal method with
a globular morphological form was found to preserve the 2D
flake-like arrangement with a significant amount of grain
boundary volume. This makes the material have 1T and 2H
mixed phases. As evident from Fig. 4, the presence of J;, ], J3,
E,, and E,,' peaks along with A,, and A,, phonon modes
indicates the orientational inhomogeneity in the solid. The E;,
mode was the most prominent vibrational peak at 282 cm ™" for
MosS, indicating the dominance of edge plain scattering in the
particles.*® The J, mode vanishes with a mild splitting in J; due
to emergence of the E2g1 mode. Here, J, is the most prominent
peak with a mild split corresponding to the dominant 1T phase
which can induce metallicity.**** The emergence of this peak
configuration could be due to an induced lattice strain as seen
in the XRD studies. When the doping percentage increases to
10% the E;; mode becomes prominent, which is essentially
forbidden under backscattering geometry*® appearing due to
the edges of the sheets indicating the reduction in the strain
(not significantly). This is corroborated by the XRD studies
showing similarity to nascent MoS,. However, this may not be
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Fig. 5 Raman spectra of (a) MoS, and MoS, nanoparticles doped with (b) 5% Cr, (c) 10% Cr, and (d) 15% Cr.
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the proof of phase separation. When MoS, was substitutionally
doped by 15% Cr, the pure MoS, configuration is retained with
a prominent E;; mode at 282 ecm™'; however, a new peak
emerges at 219 cm ' convoluted with one more peak at
201 em™" due to a strong distortion in the J, mode indicating
the presence of a distorted 1T, phase.*

Magnetization of pure and Cr doped MoS, nanoparticles is
studied from 10 K to 300 K. The hysteresis loop for the same are
shown at 10 K and 300 K in Fig. 5. It can be seen that pure and
10% chromium doped MoS, show very weak ferromagnetism,
whereas the saturation magnetization is higher for the 5 and
15% chromium doped cases. Cr doping increased the variable
ferromagnetic behavior in MoS, with an increase in coercivity
from 140 G (MoS,) to a maximum of 490 G with doping (MoS,-
Cr 5%). Pure and 10% Cr doped MoS, showed the same coer-
civity whereas 5 and 15% Cr-doped MoS, nanoparticles had
higher coercivity (490 G and 300 G, respectively) at 10 K (Fig. 6).

The observed ferromagnetic nature changes as the temper-
ature varies from 10 to 300 K. Undoped MoS, shows a ferro to
diamagnetic transition as the temperature changes from 10 to
300 K, whereas all the chromium doped samples show room
temperature paramagnetism. Previous literature shows that
a stable and correlated ferromagnetic state could be obtained in
1T/2H phase by doping with Cr, and the coercivity decreases as
the temperature increases.*® Also Hwang et al. shows that 2H
MoS, nanosheets exhibit the typical diamagnetism at room
temperature and the paramagnetism increases when the
proportion of the 1T phase increases.” It is discovered that
a temperature-dependent diamagnetic background and zigzag
edges with associated magnetism at grain boundaries may be
the source of MoS,'s magnetization. It is clear that the
diamagnetic character dominates the magnetic response, but
the ferromagnetic loop is superimposed on the diamagnetic
background. It is anticipated that the net magnetic moment will
decrease and the ferromagnetic reaction will become less
pronounced in the bulk limit as grain size (or ribbon width)
increases,* which could be the reason for our observation of
diamagnetism at room temperature. In the hydrothermally
synthesized MoS,, the nanosheets coagulate to form a globular
structure that contributes to large edge states with diamagnetic
contribution masking the internal ferromagnetism.
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When doped with chromium, the 1T phase is pronounced
and the total metallic content increases. The addition of chro-
mium substituting the surfer site produces a d-band asymmetry
above the Fermi level, building spin polarization in transport
electrons.”® This is expected to produce ferromagnetism as
observed at low temperature in our samples. At higher
temperature, the edge state contributed diamagnetism opposes
the long range ferroic order inducing paramagnetism. However,
the paramagnetic content increases with doping leading to
higher grades of magnetization.

Ferromagnetic ordering and temperature dependance of
magnetization of pure and Cr doped MoS, were characterized
by M versus T measurements under ZFC and FC conditions at
100 G as shown in Fig. 7. Typically, ferromagnetic materials
show a visible FC-ZFC bifurcation due to long range spin order,
preferably at lower temperatures. In this study, the separation
between FC and ZFC is minimal to the limit of the measurement
in all the cases, indicating the presence of short-range spin
ordering. In the case of pure MoS,, the magnetic moment
decreases with temperature with a drastic slope change at 17 K,
which may correspond to loss of the short-range order in low
dimensional TMDC's*® or the antiferromagnetic coupling
between the defect spins.*® As 5% Cr is doped into MoS,, there is
a significant opening which is due to the localized spin order
and there is a slope change between 25-200 K, which infers the
possibility of melting of short-range spin order in the system.
The dMzrc/dT curve shows a kink at 57 K and ending at 80 K,
depicting a local ordering in this range of temperature peaking
at 57 K and melting at 80 K. Such transitions are observed when
there is spin frustration competing with the tendency of
ordering. This facilitates fluctuation driven electron dynamics
in such 2D materials. Here, the hysteresis for 5% Cr doped MoS,
indicates ferromagnetic ordering which is expected to be
masked by the demagnetizing field. These competing orders are
responsible for the twisted opening. It is important to note that
there is a mild uptrend in the M-T in zero field configuration
after this transition which supports this claim. The 10% and
15% Cr-doped MoS, shows a similar trend to that of pure MoS,
with transition temperatures of 51 K and 44 K, respectively.
Overall, this indicates that the addition of Cr produces spin
frustration or spin instability in these solids.
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Fig. 6 Hysteresis loop for MoS, and MoS, nanoparticles doped with 5%, 10% and 15% Cr at (a) 10 K and (b) 300 K.
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Since the magnetization response with respect to tempera-
ture has indicated the existence of competing order, it is
important to investigate possible magnetoelectric response and
resistance dispersion with respect to the applied magnetic field,
which is a feature of inhomogeneity driven non ferromagnetic
solids as extensively discussed by Parish et al and S
Singh.'*'%>728 Typically, dispersion in response function with
respect to the magnetic field is used to identify the competing
orders or the spin fluctuation® set in solids which are Fermi
liquids® or heavy fermions.

With the help of an impedance analyzer, the real and
imaginary components of complex impedance (R, and X) were
measured as a function of frequency for various applied
magnetic fields. Fig. 8 shows the variation of resistance with
respect to frequency in the presence of magnetic fields for MoS,
and 5, 10 and 15% chromium-doped MoS, nanoparticles at
room temperature which shows a capacitive coupling where the
impedance decreases with respect to frequency, with a distinct
grain interior relaxation at around 100 kHz.*® In Fig. 8a at a zero
magnetic field, the impedance response behaves capacitively
with single relaxation, while the magnitude of resistance
increases and remains in a few kilo ohm range by applying
a magnetic field, resulting in significant spin accumulation.®” As
chromium is doped into pure MoS,, the total resistance and
capacitiveness decreases (Fig. 8b). The resistance decreases
with an applied magnetic field, depicting a negative MR and
change in the carrier mobility. Further, it is seen that the higher
magnetic field response crosses the zero field at higher
frequencies indicating the change of sign of MR. At 10%

21332 | RSC Adv, 2025, 15, 21326-21340

doping, the resistance further decreases. As the magnetic field
rises, there is an increase in resistance, indicating a positive MR
that could be due to the granular nature of the solid. Further,
the resistance at different magnetic fields remains parallel at
higher frequencies, indicating stronger space charge contribu-
tion at grain boundaries.*® In the case of 15% and 10% doping,
resistance increases with respect to the magnetic field. At higher
frequencies, the resistance response does not merge at different
magnetic fields, indicating intergranular space charge
contribution.

The responses were fit using a modified Havriliak-Negami
equation shown below and the relaxation time was determined.

AR

where R, represents the resistance at the high frequency limit,
AR = Ry — R, Ry is static resistance and t is the characteristic
relaxation time.

The choice of the response function was to account for non-
Debye-like dipolar responses associated with depression and
loss, which is one of the general models for polar solids. In
granular polar solids, the grain interior transport is observed in
a few MHz region, the intra grain transport is seen in kHz and
the space charge blocking is shown in the mHz range. Further,
it is interesting to note that solids which are semiconducting or
have impurities show strong dispersion in impedance with
respect to the applied magnetic field.**>

Pure MoS, shows its relaxation at 10° Hz at 0 G with the
asymmetry parameter « of 2 and broadening factor ¢ of 0.25.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Variation of resistance with respect to frequency in the presence of a magnetic field for (a) MoS, and MoS, nanoparticles doped with (b)

5% Cr, (c) 10% Cr, and (d) 15% Cr.

Here, the asymmetry parameter is greater than one which
indicates incoherent charge relaxation. The broadening
parameter is less than one, indicating that the impedance
response is depressive with internal loss. When the magnetic
field increases, the relaxation time increases without changes in
« and @ parameters. Hence, there is no change in the mode of
transport but the strength of charge accumulation (also depic-
ted through change of AC conductivity) changes with the
applied magnetic field. Since the accumulation or deaccumu-
lation is driven by an applied magnetic field, the charge builds
with spin polarization. Hence, the change in accumulation is
spin dependent or it is due to spin accumulation. With different
doping concentrations, the « and §# values do not change,
indicating no variation in the transport process; however, the
basic features of incoherent lossy transport continued.
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The relaxation characteristics change when pure MoS, is
doped with Cr. The obtained relaxation time from HN fit for
various magnetic fields are depicted in Fig. 9.

The relaxation time for pure MoS, increases with respect to
the applied magnetic field following a power law. The increase
in the relaxation time is due to the slower hopping of the charge
cluster expanding its radius owing to spin accumulation. As the
doping concentration increases the electron density changes in
the solid which results in an increase of relaxation time. The
relaxation time is in the order of milliseconds for all three
doping concentrations.

The AC magnetoresistance was examined in relation to the
applied magnetic field variation and the influence of chromium
doping was studied at room temperature for various applied
frequencies (shown in Fig. 10). For pure MoS,, a significant
positive MR of the order of 110% was seen in the lower

9
~@—Mos,
84| o MoS,-Cr 5% »
~@—MoS,-Cr 10%
| o MOS -Cr 15% P %3
9o
64
’075- h§ og' £
E4 9 %% " oo,
e 3] j" Bo o s
2
14 9003000983
04 2900000000
0 500 1000 1500 2000
b) H(G)

Fig. 9 Variation in relaxation time with respect to magnetic field at room temperature for (a) MoS, and MoS, nanoparticles doped with (b) 5%,

10% and 15% Cr.
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Fig. 10 Variation of magnetoresistance with respect to applied magnetic field at room temperature for (a) MoS, and MoS, nanoparticles doped

with (b) 5% Cr, (c) 10% Cr and (d) 15% Cr.

frequency range (100 Hz) due to dipole-like interactions.*® As
the frequency increases, the magnitude of MR rapidly decreases
due to the increase in macrospin interactions effectively
reducing the scattering. As we doped MoS, with 5% chromium,
MR turned negative at lower frequencies and shifted from
negative to positive above 1 MHz in the high magnetic field
region. In this case, the maximum observed negative MR was of
the order of 8% at 100 Hz and a 2000 G magnetic field. After
applying a 1000 G magnetic field, it was noticed that the MR
sign changed from negative to positive when the amount of
chromium doping increased from 5 to 10%. In this region, the
magnitude of MR was maximum (about —12%) for the sample
at 100 Hz and 300 G. The intercalation of chromium results in
a more dipolar kind of interaction than an exchange type;
hence, the magnitude of MR was greater at 10% Cr doping
compared with the 5% Cr doping case.

The switching in the sign of MR from positive to negative
becomes noticeable as the doping percentage increases to 15%.
The highest positive MR of 60% was seen at 2000 G at 100 Hz
frequency. This higher MR is due to the prominent intergran-
ular interaction in the low frequency region. Here, the material
changes from being a conductor to an insulator when an
external magnetic field is used, and this behaviour is more
obvious in a material with a high dopant concentration on the
verge of phase separation.® The dipolar content increases with
rising frequency resulting in more positive MR, and the change
of sign indicates possible ferromagnetic resonance at 1250 G.

To understand the spin transport mechanism and other
localization effects, the study of magnetotransport with respect

21334 | RSC Adv, 2025, 15, 21326-21340

to temperature is essential. Further, to understand the gener-
alized spin accumulation model, the temperature dependent
AC MR needs to be studied.®* It is understood that magnetiza-
tion orientation and the spin-transport characteristics are
impacted by temperature. The spin dependent resistivity at any
finite temperature can be used to account for its influence on
the transport parameters. Through the calculation of
temperature-dependent spin-transport parameters, the thermal
impacts on spin accumulation, spin current, and spin torque
can be subsequently calculated.®

Here, the temperature dependence of resistance was inves-
tigated using two probe methods with the help of a closed cycle
cryogenic refrigerator. The variation of resistance with respect
to temperature at a frequency of 100 Hz was noted in the
temperature range of 9 to 290 K, shown in Fig. 11, which is close
to the DC response and region without noise. The system under
investigation was granular with strong interface capacitance
and the low temperature resistance was seen to be high. At the
lowest temperature, the resistance was 370 MQ, increasing up to
400 MQ at 20 K due to the cold pressing effects. This
measurement of large resistance was possible due to the use of
AC techniques restricted to low frequency. Further, the resis-
tance decreases as the temperature increases, indicating the
semiconducting behavior of pure MoS,. All samples show
typical semiconducting transport behavior. That is, the
magnitude of resistance decreases as the temperature
increases, as reported in the literature.”»****%* As the Cr doping
increases, the intergranular scattering increases, resulting in
high effective resistance. In this capacitive coupling region (that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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is, at around 100 K), this scattering becomes prominent. For all
the doping concentrations, the resistance increases systemati-
cally from 20 K to 50 K, representing Bloch behavior which can
be related to the transitions observed in magnetization. The
peak positions coincide with this melting of local order as in
any solid with spin fluctuations® or short-range order.*

Arrhenius analysis of the resistance-temperature response
indicated the activation energy change in MoS, at 40 K, MoS,—
Cr 5% at 50 K, MoS,-Cr 10% at 50 K and MoS,-Cr 15% at 60 K
(as shown in Fig. 12), which corresponds to the loss of local
short-range order with the average activation energy less than
a mvV. Furthermore, there is change in activation energy at
around 130 K for MoS,, 120 K for MoS,-Cr 5%, 160 K for MoS,—
Cr 10% and 140 K for MoS,-Cr 15% with the average activation
energy of a few meV. The results were tabulated in Table 3. To
understand the nature of the change in the activation energy at
higher temperatures, we studied the charge cluster relaxation
time in detail.
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Fig. 12 Variation resistivity with respect to temperature in the Arrhe-
nius representation. Inset shows the linear fit in three different regions
with distinct activation.
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Table 3 Activation energy from the Arrhenius analysis in three
different temperature regions

9-40 K 50-130 K 140-290
Material (meV) (meV) K (meV)
MoS, -0.20 14.87 31.4
MoS,-Cr 5% —0.033 —2.56 63
MoS,-Cr 10% 0.339 —4.53|29 109
MoS,-Cr 15% —4.87 30.96|-10.93 50.42

The individual relaxations analyzed with the protocol stated
earlier are represented in Fig. 13. We can see that the resistance
is higher at lower temperature in all the four cases and it
decreases as the temperature increases. The relaxation time for
various magnetic fields and temperatures is depicted in Fig. 14.
Pure MoS, is slow relaxing compared with the chromium doped
MoS,.

For pure MoS,, there is a down trend in relaxation time with
a significant change of slope at 50 K. As the temperature
increases, the relaxation time increases producing a broad peak
from 100 K to 210 K. The same trend is seen at higher magnetic
fields of 2000 G as well. After 210 K, there is a down trend in the
relaxation time. This change in relaxation time with tempera-
ture is a signature of the reduction in the charge cluster radius
or polaronic radius with temperature. It is observed that this
charge cluster radius increases between 100 K to 250 K, which
confirms localization where there is accumulation of charges
which are feebly detected in the DC transport. Here, it is
interesting to realize that the activation energy increases by an
order of magnitude. In the case of MoS,, the activation energy
has changed from 15 meV to 31 meV in the range of localization
seen through the relaxation time change. The localization and
delocalization process in the above data is characterized by an
exponential reduction in relaxation time below 100 K and above
210 K. As the pure MoS, was subjected to a magnetic field,
a minimal effect on relaxation time was seen, indicating no
significant change in mobility in this range of magnetic field.
Furthermore this confirmed that the localization is weaker.

Schwartz et al. showed that the existence of disorder causes
the change in mechanism of transport from ballistic to diffusive
and then to localization as a function of defect density.*” For
pure MoS,, the localization region shifts from 120 to 160 K with
doping. In the case of MoS,-Cr 5%, the width of the peak is
from 150 to 240 K; for MoS,-Cr 10%, it is from 170 to 260 K; and
for MoS,-Cr 15%, it is from 210 to 260 K.

There is no explicit signature of change of resistance in these
solids. The relaxation time remains in the milliseconds range in
the doped cases. Also, the magnetic field has little influence
across the temperature of study and doping. The localization
region decreases and becomes sharper according to the incre-
ment in the doping percentage.

To understand the nature of ordering, which could be orbital
in nature, AC magnetoresistance was studied with respect to
magnetic field for various temperatures as depicted in Fig. 15.
The plots are for pure MoS, (Fig. 15a), and MoS, doped with 5%
Cr (Fig. 15b), 10% Cr (Fig. 15c) and 15% Cr (Fig. 15d). They are
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chosen so that the exemplary plots are (1) near the blocking
temperature (2) in the localization region and (3) during the
delocalization process. The frequency of choice is the one where
the sample couples to the electromagnetic radiation inductively
as the macrospins are expected to come closer and majorly
interacting due to exchange-like interactions. If there are defect
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barriers, they are expected to induce dipolar coupling between
the spins. This will allow us to phenomenologically estimate the
increase or decrease of charge cloud radius and the spin cluster
scattering strength. Further, this will allow us to predict the
nature of macrospin interactions.
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At low temperature, i.e., at 9 K, MR was negative for MoS,
with a magnitude of 7%. As the temperature increases to 150 K,
we enter the localization zone where the charge and the spin
gets localized due to the nature of defects in the solid.*®*® At 290
K, the MR was negative and was of the order of 10%. In the
delocalization region, the interaction turns dipole-like as the
charge cluster radius increases, with a rise in the relaxation
time. With increasing temperature, the cluster melts, going to
the macrospin overlap zone (inductive) and producing a nega-
tive MR.

As 5% Cr was doped into MoS,, it switched its sign from
negative to positive, with a magnitude of 2%. At 150 K, which is
in onset of localization, it produces MR of the order of 80% at
500 G, which indicates that the spin dependent scattering is
more prominent for 5% doping. At room temperature, the MR is
negative beyond the melting of localization similar to the pure
MoS, case. In the 10% Cr doped case, the MR was of the order of
3% at 9 K. In the localization zone (150 K), the sign of MR
switched from positive to negative with a maximum positive MR
in the order of 25% at 250 G and the maximum negative MR in
the order of 26% at 2000 G. As it enters the delocalization
region, the maximum MR of 10% was observed at 2000 G. Here,
the localization zone shifts beyond 150 K as the Cr doping
percentage increases, resulting in exchange of the initial dipole-
like interaction at lower magnetic fields as the magnetic field
increases. Further, the space charge interaction is prominent at
room temperature, and the MR becomes purely positive as
evidenced in the resistance dispersion curve (Fig. 15a).

In the case of 15% Cr doped into MoS,, a large MR value of
around 400% was obtained at 9 K. At 150 K, the sign of MR was
completely negative of the order of 100%. At the delocalization
region (290 K), MR was positive with a magnitude of 10%. At low

© 2025 The Author(s). Published by the Royal Society of Chemistry

temperature, Cr had a phase separation tendency with large
intrinsic resistance; therefore, it produced significant spin
dependent scattering corroborated by the MH response at that
temperature.

Conclusion

Hydrothermally synthesized Cr doped MoS, showed a globular
nature with flake-like surface arrangement. This structure is
expected to couple chromium spins with sulfur defects,
producing a ferromagnetic order at low temperature, confirmed
by magnetization studies. The spin order was lost in all the
samples from 17 to 51 K as indicated by magnetization studies,
which was corroborated by a peak in resistivity. Here, the
transport was identified as Arrhenius for pure and doped cases.
The change of charge cluster radius which is not well picked in
near DC transport studies was observed using the change of
relaxation time, supporting the possible weak localization cor-
responding to the defect driven magnetoelectric effect. The
increase in doping percentage leads to a reduced localization
region with respect to temperature. This study establishes
inhomogeneity driven weak localization beyond explicit spin
order in granular MoS,.
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