
PHYSICAL REVIEW MATERIALS 7, 014401 (2023)

Relationship between magnetoresistance behavior and magnetic states
in intercalated compounds FexTiS2

N. V. Selezneva ,1 E. M. Sherokalova ,1 A. Podlesnyak ,2 M. Frontzek,2 and N. V. Baranov 1,3,*

1Institute of Natural Science and Mathematics, Ural Federal University, 620083 Ekaterinburg, Russia
2Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

3M.N. Miheev Institute of Metal Physics, Ural Branch of the Russian Academy of Science, 620108 Ekaterinburg, Russia

(Received 31 August 2022; revised 8 November 2022; accepted 21 December 2022; published 6 January 2023)

Temperature and field-dependent neutron powder diffraction (NPD) measurements have been performed to
reveal the nature of the unusual evolution of the magnetoresistance behavior with increasing Fe content in the
intercalated compounds FexTiS2 (with x = 0.25, 0.33, 0.50, 0.55) synthesized by solid-phase reaction method
with prolonged homogenization heat treatment. As derived from neutron diffraction measurements, both the
Fe0.25TiS2 and the Fe0.50TiS2 compound exhibit an antiferromagnetic (AFM) order below their respective Néel
temperatures TN ≈ 52 K and TN ≈ 140 K, which results in the presence of a large magnetoresistance accom-
panying the field-induced phase transition from AFM to the ferromagnetic (FM) state. At low temperatures,
this AFM-FM transition is irreversible, confirmed by the irreversibility of changes in the NPD patterns and the
presence of remnant magnetoresistance. In contrast, Fe0.33TiS2 shows short-range magnetic order at Tf ≈ 44 K
due to a triangular network of intercalated Fe atoms and frustrations of exchange interactions with a field-induced
FM alignment of Fe magnetic moments in an applied magnetic field as revealed by NPD measurements. The
field-induced transformations of the cluster glass magnetic state in this compound lead to a significant decrease
in electrical resistivity. According to NPD data, a reduced impact of an external magnetic field on the electrical
resistivity of the compound Fe0.55TiS2 can be ascribed to the presence of ferromagnetic or ferrimagnetic order in
compounds with the Fe concentrations above x = 0.50. The results obtained indicate that the distribution of the
Fe atoms, along with their concentration in FexTiS2 layered compounds, plays a decisive role in the formation
of the magnetic state and the behavior of the magnetoresistance.
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I. INTRODUCTION

Transition metal dichalcogenides MX2 with a layered crys-
tal structure where hexagonal layers of transition (M) metal
are sandwiched between two hexagonal layers of chalco-
gen (X ) atoms have attracted relentless interest owing to the
rich variety of unusual properties and potential applications
[1–6]. Among other phenomena such as the formation of a
charge density wave and superconductivity [7–9], the mag-
netoresistance (MR) of materials based on MX2 is receiving
increasing attention [10], as it reflects the physical mech-
anisms of electron transport in such quasi-two-dimensional
systems subjected to magnetic fields, and can be used in vari-
ous devices. The discovery, understanding, and design of new
material exhibiting large magnetoresistance for applications
remain hot topics in condensed matter physics. The nature
of MR, which is defined as �ρ/ρ = {[ρ(H ) − ρ(0)]/ρ(0)}
and is specified as a percentage, may vary from material to
material. An analysis of the experimental data shows that the
magnetotransport is intrinsically different for electrons within
magnetic and nonmagnetic materials; two types of magne-
toresistance behavior can be distinguished: positive MR and
negative MR. An extremely large and positive nonsaturating
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MR was observed in MTe2(M = W, Hf, Mo) crystals that do
not exhibit a magnetic order [10–13]. Generally, the occur-
rence of positive MR in the materials without magnetic order
can be explained by the Lorentz contribution to the excess re-
sistivity. A very large positive MR in the semimetallic WTe2 is
explained by the balanced electron-hole populations [10,11].

Magnetically ordered materials can demonstrate negative
or positive MR depending on the measuring geometries (the
orientations between the magnetic field and current relative to
the crystallographic axes) as well as on the arrangement of
the magnetic moments (see Refs. [14,15], for instance). An
enhanced value of the positive MR (�ρ/ρ up to 60% at 2 K)
was detected in single crystalline samples of Fe intercalated
ferromagnetic compounds FexTaS2 (0.23 � x � 0.35) in the
vicinity of the coercive field [16,17]. However, antiferromag-
netically ordered compounds FexTiS2 with Fe concentrations
x ∼ 0.25 and x ∼ 0.50 were found to exhibit large negative
MR values [18–21], which was ascribed to the superzone
mechanism [22].

According to the superzone model [22], the electrical con-
ductivity of the metallic antiferromagnet can be described as
σi j = 1/ρi j = σ 0

i j (1 − δ), where σ 0
i j is the conductivity of the

metal with nondeformed Fermi surface, δ = �m is propor-
tional to the width of the energy gap at the boundaries of the
new Brillouin zones (superzones), m is normalized magneti-
zation, and � depends on the exchange integral between the
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FIG. 1. Overall crystal structure of TiS2 and top view with iron atom positions in octahedral sites in FexTiS2 at various Fe concentrations
as labeled (left panel). Dashed line shows the primitive hexagonal cell of the parent (x = 0) compound and solid line indicates the possible
supercells formed by intercalated atoms. Middle panel shows (a) concentration dependencies of the ratio of the lattice parameters c0/a0 and
c0/b, (b) magnetic ordering temperature, and (c) magnetoresistance �ρ100/ρ measured at T = 4 K in the 100 kOe field (crosses) and remnant
magnetoresistance �ρrem/ρ (squares) for FexTiS2 (a0 and c0 are the primitive hexagonal unit cell parameters of the NiAs structure). Right panel
shows temperature dependencies of the magnetic susceptibility for the samples with x = 0.25 (d), x = 0.33 (e), and x = 0.55 (f) measured in
ZFC and FC regimes. Magnetic and MR data are taken from Ref. [20].

conduction electrons and localized electrons (3d electrons of
iron in our case). � includes the contributions from all new
magnetic superzone boundaries cutting the Fermi surface of
an antiferromagnetically ordered metal. The zeroing of δ due
to the disappearance of energy gaps at the boundaries of su-
perzones during field AFM-FM transitions is assumed to lead
to significant MR in FexTiS2 at x ∼ 0.25 and x ∼ 0.50. The
presence of a large remnant magnetoresistance was proposed
to be considered as an indicator of the irreversibility of the
AFM-FM transition [18–21].

The FexTiS2 system is unique among intercalated systems
because it exhibits an unusual combination of magnetic, trans-
port, and hysteresis properties, as well as field-induced phase
transitions [19,20,23]. The magnetic behavior of FexTiS2 is
found to be characteristic of Ising systems [19,24,25]. This
is supported by the observation of a large (up to ∼0.6μB)
unquenched orbital moment of Fe ions [26,27]. A sketch of
the crystal structure and the changes in the crystal, magnetic,
and magnetoresistive characteristics with Fe content in this
system are shown in Fig. 1. The magnetic and magnetoresis-
tive behavior of FexTiS2 with x < 0.20 is quite characteristic
for cluster spin glasses (CG) with Ising spins, and freezing
temperature expectedly increases with growth of the Fe con-
tent up to ∼ 50 K [20,28]. From the observation of a large
remnant magnetoresistance the magnetic order of Fe0.25TiS2

was suggested as antiferromagnetic (AFM) [20,21], as is con-
firmed by neutron diffraction measurements presented in this
manuscript. As can be seen in Fig. 1(c), an absolute value of
the remnant MR �ρrem/ρ = {[ρfin(0) − ρvgn(0)]/ρvgn} × 100
reaches about 35% at x = 0.25 [ρvgn is the initial value of
the electrical resistivity at H = 0 in the virgin magnetic state
obtained after cooling the sample in zero field to a given

temperature; ρfin(0) is the final value of the electrical resis-
tivity after preliminary magnetization and switching off the
magnetic field]. The magnetic behavior of the FexTiS2 com-
pounds with x ∼ 0.33 was classified as of the CG type [20].
The absence of long-range magnetic order in Fe0.33TiS2 was
confirmed by preliminary neutron diffraction measurements.
It was suggested that the CG magnetic state in this com-
pound results from the frustration of exchange interactions
of different signs. Apparently due to such frustrations the
freezing temperature for Fe0.33TiS2 is lower (Tf ≈ 44 K) than
the magnetic ordering temperature of the compounds with
x = 0.25 and x = 0.28, i.e., with lower Fe concentrations [see
Fig. 1(b)].

Unlike the cluster glass-like magnetic behavior at x ≈
0.33, the FexTiS2 compounds with x ≈ 0.50 exhibit AFM
order with elevated Néel temperatures (TN ≈ 135–140 K) and
large values of the remnant MR (�ρrem/ρ ≈ −35%). The
presence of the remnant MR in Fe0.50TiS2 was explained by
the field-induced phase transition from AFM to the metastable
ferromagnetic (FM) state, which was evidenced by neutron
diffraction data [18]. As can be seen in Fig. 1, no remnant MR
and low | �ρ/ρ | values in high magnetic fields (less than 1%)
were observed in compounds with Fe content above x = 0.50,
which was ascribed to the possible appearance of the ferri-
magnetic order in compounds with x > 0.50 due to the Fe-Ti
mixing in cationic layers [20]. The change in the magnetic
critical temperatures presented in Fig. 1(b) are consistent with
literature data (see Ref. [20] and references therein).

The FexTiS2 system seems to exhibit a set of various
magnetic states as well as different behaviors of magnetoresis-
tance. The present work aims to establish or confirm magnetic
orderings at various Fe concentrations, as well as elucidate
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how changes in the magnetic state with Fe concentration and
magnetic field affect magnetoresistance. There is a consen-
sus in the literature regarding the spin-glass and cluster-glass
magnetic states in compounds with low iron content. There-
fore, in this work, we focused on compounds with x > 0.20,
for which the MR behavior changes dramatically with Fe con-
centration. We carried out neutron diffraction measurements
on these samples and analyzed the changes in the magnetic
structure and magnetoresistance at various temperatures and
magnetic fields. Comparative study and analysis of neutron
diffraction, magnetization, and magnetoresistance provide a
deeper understanding of the underlying physics. This will
also help to optimize the MR materials and to use the MR
measurements for the characterization of the magnetic states.

II. EXPERIMENT

To obtain polycrystalline FexTiS2 samples with Fe con-
centrations within the range 0.25 � x � 0.55, the initial TiS2

compound was first synthesized by heat treatment of a mix-
ture of starting materials (titanium with a purity of 99.95%
and sulfur with a purity of 99.99%) at 800 ◦C for one week
in an evacuated quartz tube. Then, mixtures of Fe powder
(99.98% purity) and TiS2 powder were pressed into cylindri-
cal tablets and annealed under the same conditions. Then, the
obtained samples were ground, compacted again into tablets,
and then homogenized inside a sealed quartz tube for two
weeks at 800 ◦C, followed by cooling by removing the ampule
from the furnace into the air. The monitoring of changes
in the phase composition during the synthesis, as well as
the determination of the structural characteristics of the final
products, was carried out using a Bruker D8 Advance x-ray
diffractometer with Cu Kα radiation. The chemical composi-
tion of the synthesized samples was checked by using a Carl
Zeiss AURIGA Crossbeam Workstation equipped with energy
dispersive x-ray spectrometer. The measurements of the mag-
netic susceptibility and magnetization in magnetic fields up
to 70 kOe were performed by means of a SQUID MPMS
magnetometer (Quantum Design, USA) in the temperature
interval from 2 K up to 350 K. Neutron powder diffrac-
tion (NPD) data were collected on the Wide-Angle Neutron
Diffractometer (WAND2) installed at the HB-2C beam port of
the High Flux Isotope Reactor (HFIR) at Oak Ridge National
Laboratory (ORNL), USA, and employing Ge (113) reflection
to produce a monochromatic neutron beam with a wavelength
of λ = 1.482 Å [29]. A vertical field cryomagnet was used
for measurements in magnetic fields up to 50 kOe and in the
temperature range from 2 up to 200 K. The neutron powder
diffraction measurements on the Fe0.50TiS2 sample were per-
formed at the DMC diffractometer at the Spallation Source
SINQ, Switzerland with neutron wavelength λ = 3.8 Å in
magnetic fields up to 28 kOe [18]. The tablets of the com-
pacted powder sample were loaded into a vanadium can.
Crystal and magnetic structure refinements were performed
by the Rietveld method with the program FULLPROF [30]. The
transversal magnetoresistance of FexTiS2 was measured on
parallelepiped samples with sizes of about 2 × 2 × 8 mm3

made from pellets by a four-contact ac method using a cry-
ofree DMS-1000 system (Dryogenic Ltd, UK) in magnetic
fields up to 100 kOe.

III. RESULTS AND DISCUSSION

Further analysis of the x-ray data obtained in our previous
work [20] shows that the ratios of the lattice parameters c0/a0

and c0/b slightly increase with Fe intercalation up to x ∼ 0.20
(a0 and c0 are the primitive hexagonal unit cell parameters of
the NiAs structure). However, these ratios are equal to each
other [Fig. 1(b)], indicating that the hexagonal arrangement
of chalcogen and Ti ions in the ab plane is retained and the
structure can be described by the same space group P3̄m1 as
the initial compound TiS2 (x = 0). As shown in Ref. [20], the
unit cell volume increases with increasing Fe concentration
in FexTiS2, which is consistent with earlier studies [28,31].
The Fe atoms located in octahedral sites between S–Ti–S
sandwiches do not have a long-range order below x ∼ 0.20,
although electron microscopy studies have recently shown
[32] that some short-range Fe order can be observed even at
x = 0.15. Further intercalation is accompanied by the forma-
tion of various orderings of Fe atoms and superstructures, as
displayed on the left panel of Fig. 1. An increase in the Fe
content up to x = 0.25 is accompanied by the appearance of a
difference between the c0/a0 and c0/b values and monoclinic
structure (space group C12/m1) due to the formation of the
Fe chains and the 2

√
3 × 2 × 2 NiAs superstructure. The dif-

ference between c0/a0 and c0/b indicates that the hexagonal
arrangement of chalcogen and Ti atoms in the ab plane is
somewhat distorted at x = 0.25. In the concentration range
0.28 � x � 0.40, the compounds do not exhibit monoclinic
structure and the c0/a0 and c0/b ratios became equal again
due to formation of a triangular network of the Fe atoms and
superstructure

√
3 × √

3 × 2 (space group P3̄1c) as shown
on the left panel of Fig. 1 for x = 0.33. The monoclinic
system and the difference between c0/a0 and c0/b values
appear in FexTiS2 with further growth of the Fe concentration
above x ∼ 0.45, where a monoclinic

√
3 × 1 × 2 superstruc-

ture (space group I12/m1) is formed. The superstructure that
forms at x = 0.50 is shown in the scheme in Fig. 1. With
an increase in the iron content above x = 0.50, the vacant
positions between the chains begin to be partially occupied.

Fe0.25TiS2. To clarify the magnetic state of the Fe0.25TiS2

compound and its intriguing magnetoresistance behavior, we
performed neutron diffraction measurements in the tempera-
ture range 2–100 K, i.e., above and below the magnetic critical
temperature Tord ≈ 52 K. This value was determined from
the temperature dependencies of the magnetic susceptibility
[Fig. 1(d)] and the electrical resistivity data [20,21] and agrees
with the critical temperature reported by other authors [33,34].
Figure 2 shows the NPD patterns for Fe0.25TiS2 measured in
the paramagnetic state at T = 100 K and in the magnetically
ordered state at T = 2 K. From the NPD pattern at 100 K,
the crystal structure of Fe0.25TiS2 can be described in the
same space group C12/m1, which was determined from the
room-temperature x-ray data for this compound [21,35]. Upon
cooling below ∼60 K, new weak reflections were observed
to appear in the NPD pattern, which could not be associated
with nuclear Bragg scattering. Magnetic Bragg reflections are
marked by arrows in Fig. 2(b). Figure 2(c) shows the evolu-
tion of the scattering intensity with temperature in the angle
interval 10◦ < 2θ < 22◦. The fact that the appearance of ad-
ditional reflections correlates with an anomalous change in the
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FIG. 2. (a) NPD patterns measured with neutron wavelength λ = 1.5 Å on the Fe0.25TiS2 sample at temperatures 100 K and 2 K in zero
magnetic field; (b) temperature evolution of the NPD pattern in the range 10◦ � 2θ � 22◦; (c) the magnetic field effects on the NPD patterns at
T = 2 K; (d) the magnetic field effects on the NPD patterns at T = 2 K in the range 10◦ � 2θ � 22◦. Right panel displays field dependencies
of the magnetization at T = 2 K (e), magnetoresistance at T = 4 K (f), and intensity of the reflection around 2θ ≈ 18.9◦ at T = 2 K (g). Insets
show the full magnetization and magnetoresistance loops.

magnetic susceptibility [Fig. 1(d)] indicates an antiferromag-
netic order of the Fe magnetic moments in this compound with
cooling. Note that the Fe-intercalated diselenide compound
Fe0.25TiSe2 with the same Fe concentration was shown to
exhibit an AFM order as well [36].

It is worth emphasizing here that the temperature depen-
dence of the magnetic susceptibility of Fe0.25TiS2 measured
in the field cooling (FC) regime [Fig. 1(c)] looks very unusual
for AFM ordered materials and such behavior can rather be
found in highly anisotropic ferromagnets with a large coer-
cive force. Also, the wide, almost rectangular hysteresis loop
observed in this sample at low temperatures is characteristic
of a highly anisotropic ferromagnet. However, the presence of
additional Bragg reflections in the NPD pattern for Fe0.25TiS2

and their field dependence leaves no doubt that the ground
magnetic state of this compound is antiferromagnetic. As can
be clearly seen in Fig. 2(d), which displays changes in the
neutron scattering in the range 10◦ < 2θ < 22◦, an increase
in the magnetic field up to 40 kOe results in a sharp decrease
in the intensity of the AFM reflections. After switching off the
field, the intensities of these reflections do not return to their
initial values, which indicates the formation of a metastable
FM state. The initial AFM state in this compound can be
achieved after heating the sample above the Néel temperature
and subsequent cooling without a magnetic field. Figure 2(g)
shows, as an example, the field dependence of the maximal
intensity of the broad maxima around 2θ ≈ 18.9◦. There is
an obvious correlation between the variations of the magnetic
diffraction peaks [Fig. 2(g)] and magnetoresistance [Fig. 2(f)]

with the magnetic field. The obtained NPD data allow us to
explain the observation of a large remnant magnetoresistance
[Figs. 1(c) and 2(f)] in Fe0.25TiS2 in the following scenario.
Because of the AFM ground state, the Fe0.25TiS2 compound
exhibits an increased resistivity due to the formation of su-
perzone gaps on the Fermi surface [22]. In Fe0.25TiS2, the
field-induced phase transition from the AFM magnetic struc-
ture to the FM state is accompanied by the disappearance of
superzones and energy gaps on superzone boundaries, which
leads to a decrease in the resistivity. A further variation of the
field in the metastable FM state does not lead to restoration
of the initial AFM arrangement of the Fe magnetic mo-
ments and the resistivity as well. The fact that field-induced
AFM-FM transitions in metallic antiferromagnets are ac-
companied by a rearrangement of the Fermi surface and a
significant change not only in the electrical resistivity, but
also in the electronic heat capacity, Hall effect, and thermo-
electric power is confirmed by data obtained for some other
materials with metallic conductivity and AFM ordering (see
Refs. [37,38], for instance).

It should be noted that Kuroiwa et al. [39] do not find any
magnetic Bragg reflections in the neutron diffraction measure-
ments of the Fe0.25TiS2. This discrepancy in the NPD data for
this compound can be associated with a different degree of
order in the subsystem of intercalated Fe atoms due to the
difference in sample preparation. Changes in the distribution
of Fe atoms and vacancies caused by heat treatments of the
Fe0.25TiS2 samples under different conditions are found to
significantly affect the MR response and the volume of the
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FIG. 3. (a) NPD patterns for the Fe0.33TiS2 sample measured with neutron wavelength λ = 1.5 Å at various temperatures; (b) temperature
evolution of the NPD pattern in the range 12◦ � 2θ � 22◦; (c) the magnetic field effects on the NPD patterns at T = 2 K; (d) the effect of a
magnetic field on neutron scattering at 2 K in the range 12◦ � 2θ � 22◦. Difference curves are shown at the bottom. Right panel displays field
dependencies of the magnetization (e) and magnetoresistance (f) at various temperatures.

AFM phase experiencing a field-induced phase transition to
the FM state, as shown in Appendix.

Fe0.33TiS2. Figure 3 shows the NPD data obtained for the
Fe0.33TiS2 sample at various temperatures and magnetic fields
together with field dependencies of the magnetization and
magnetoresistance. All nuclear peaks on the NPD pattern at
temperature 100 K are indexed within the space group P3̄1c
used to describe the room-temperature x-ray data. In contrast
to the Fe0.25TiS2, neutron diffraction measurements on the
Fe0.33TiS2 sample at T = 2 K did not reveal any additional
reflections and substantial changes in the intensity of Bragg
nuclear peaks compared to the NPD patterns obtained in the
paramagnetic state (at 50 K and 100 K). These data support
the earlier assumption that there is no long-range magnetic or-
der in this compound [20,39]. As follows from Fig. 3(c), only
broad diffuse maximum in the range 15◦ � 2θ � 21◦ is seen
on difference intensity plot. The fact that there is no periodic
arrangement of the Fe spins in Fe0.33TiS2 may be attributed
to the frustrations of exchange interactions of different signs
[40] between Fe spins due to the formation of a triangular
network in the ab plane (Fig. 1, left panel). The absence of
a long-range magnetic order in this compound derived from
neutron diffraction data is consistent with smooth changes in
the magnetization and a reduced coercivity compared to the
M(H) curves for Fe0.25TiS2 [Fig. 2(e)].

The cluster glass magnetic state arises in Fe0.33TiS2 with
decreasing temperature below the freezing temperature Tf ≈
44 K [Fig. 1(e)]. As can be seen from Figs. 3(b) and 3(d),
application of the 50 kOe magnetic field at T = 2 K leads
to the suppression of the diffuse magnetic scattering and

growth of the magnetic contribution to the Bragg peaks. Such
changes in the neutron scattering mean that the application
of a magnetic field leads to the transformation of the cluster-
glass magnetic state towards ferromagnetic alignment of the
Fe magnetic moments in Fe0.33TiS2. It is interesting to note
that the neutron scattering intensities on the Fe0.33TiS2 sam-
ple do not reinstate to their initial values after switching off
the field [Fig. 3(d)]. The isothermal field dependencies of the
magnetization [Fig. 3(e)] and MR [Fig. 3(f)] observed for
Fe0.33TiS2 below Tf turned out to be quite typical for cluster
glass materials. The MR isotherm measured at 5 K shows
hysteresis which reflects the change in the magnetization.

In this sample, the applied magnetic field apparently rotates
the magnetic moments of clusters toward the field direction,
which is accompanied by a gradual reduction of the resistivity
by about 18% in a magnetic field ∼100 kOe. After zeroing
the magnetic field, the electrical resistivity of this compound
is found to be lower (by ∼5%) than the initial value. This type
of magnetoresistance behavior is characteristic for magneti-
cally inhomogeneous cluster-glass or granular systems [41].
A small remnant magnetoresistance is indicative of changes
in the arrangement of the Fe magnetic moments in clusters
induced by the applied field, which is consistent with irre-
versibilities observed in neutron scattering [Fig. 3(d)]. As the
temperature rises, the expected decrease in magnetic hystere-
sis and MR occurs.

Fe0.50TiS2. An increase in the Fe content in FexTiS2

up to x = 0.50 dramatically affects the magnetic state and
magnetoresistance behavior. According to the Rietveld refine-
ment of the NPD pattern measured with neutron wavelength
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FIG. 4. NPD pattern for Fe0.50TiS2 measured with neutron wavelength λ = 3.8 Å in zero field on the ZFC sample at 150 K (a) and 2 K
(b), and on the sample cooled at the 28 kOe field down to 2 K (c). The red symbols represent the experimental profile and the solid black
line represents the results of the fit using the Rietveld refinement. The upper row of vertical marks indicates the positions of nuclear Bragg
reflections, second row the position of Bragg peaks corresponding to the AFM structure with the propagation vector k = [ 1

4 0 1
4 ], and third row

the positions of Bragg reflections corresponding to the field-induced FM state. (d) The temperature variation of the magnetic moment of Fe
obtained from the Rietveld refinement of the NPD patterns measured at various temperatures. The dashed line is drawn by eye. Inset shows the
scheme of the arrangement of the Fe magnetic moments in the ac crystallographic plane; the crystallographic cell is indicated by dashed line
(titanium and sulfur atoms omitted for clarity). Right panel shows field dependencies of the magnetization at 2 K (e) and magnetoresistance at
4 K (f).

λ = 3.8 Å at the DMC diffractometer (SINQ, Switzerland) in
the paramagnetic state at 150 K [Fig. 4(a)] the nuclear Bragg
reflections can be well described by the model with a mono-
clinic crystal structure (space group I12/m1) derived from the
x-ray diffraction study [18]. The best fit result (RB = 1.62%)
for data at 150 K is obtained for the composition Fe0.492TiS2,
which is close to the nominal one. This compound undergoes
a transition from the paramagnetic state to the AFM order
upon cooling below TN ≈ 140 K, which manifests itself in
the appearance of additional reflections in the NPD pattern.
However, it was found that the NPD pattern measured below
TN on a FexTiS2 sample depends significantly on the cooling
regime. As is shown in Fig. 4(b), a set of the AFM reflections
is clearly visible in the NPD pattern measured in zero field at
T = 2 K on the ZFC sample, while these AFM peaks turned
out to be substantially reduced when the sample was cooled in
a field of 28 kOe [Fig. 4(c)]. In addition, cooling in the 28 kOe
field resulted in an additional FM contribution to the intensity
of the nuclear Bragg peaks. The magnetic structure of the
ZFC sample at 2 K can be well described with Rmag = 6.9%
by the wave vector k = [ 1

4 , 0, 1
4 ]. The magnetic moments of

iron μFe ∼ 2.9μB lie in the ac plane and deviate from the c
axis by an angle of about 11.4◦. This magnetic structure is
quadrupled in the a and b direction of the crystallographic
axes, as shown in Fig. 4(e). These data are consistent with

previous studies [18,42]. Our value of μFe is quite close to
a value obtained from analysis of the XMCD spectra for the
sample with composition close to Fe0.50TiS2 [27]. According
to x-ray absorption spectroscopy and x-ray magnetic circular
dichroism measurements iron atoms in Fe0.50TiS2 are fully
in the valence states of 2+ and exhibit a spin magnetic mo-
ment ∼ 2.5μB and orbital magnetic moment ∼0.6μB [27].
A reduced value of spin magnetic moment in Fe0.50TiS2 in
comparison with the Fe2+ ionic spin moment (4μB) may be
associated with the hybridization of 3d electrons of interca-
lated Fe ions with the Ti 3d states and S 3p states of the TiS2

matrix. Temperature variation of the μFe value determined
from the Rietveld refinement of the NPD patterns measured
at various temperatures is displayed in Fig. 4(e) as well. As
can be seen, μFe slightly decreases as the temperature rises
to 110 K, and then drops with increasing temperature up to
TN ≈ 140 K. It should be noted that according to a previ-
ous study [42] the magnetic structure between Tt ≈ 125 K
and TN is incommensurate, and becomes commensurate with
the crystal lattice when cooled below 125 K. The magnetic
state of the Fe0.50TiS2 sample at T = 2 K after cooling at
H = 28 kOe from 160 K is characterized as heterogeneous.
The magnetic heterogeneity obviously results from the poly-
crystallinity of the sample; therefore, upon cooling in the field,
not all particles turned out to be in a ferromagnetic state due
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FIG. 5. (a) NPD patterns for the Fe0.55TiS2 sample measured with neutron wavelength λ = 1.5 Å at 2 K and 100 K; (b) temperature
evolution of the NPD pattern for Fe0.55TiS2 in the range 10◦ � 2θ � 20◦ and the part of the NPD pattern for Fe0.25TiS2 at T = 2 K (stars
indicate the AFM reflections). (c) The magnetic field effects on the NPD patterns at T = 2 K; (d) influence of the magnetic field on neutron
scattering at 2 K in the range 12◦ � 2θ � 22◦. Difference curves are shown at the bottom. Right panel shows temperature dependencies of the
intensity of the reflection at 2θ ∼ 16.2◦ (e), electrical resistivity at H = 0 (symbols) and at H = 100 kOe (line) for Fe0.55TiS2 (f), and field
dependencies of the magnetoresistance (g) and magnetization (h) for Fe0.55TiS2.

to the high magnetocrystalline anisotropy. The refinement of
the NPD pattern displayed in Fig. 4(c) has shown that best
fit result can be obtained in a model that takes into account
the presence of about 20% of the AFM phase along with
the field-induced FM phase. These NPD data allowed us to
explain the unusual behavior of the magnetoresistance at low
temperatures [Fig. 4(f)], despite the observation of an FM-
like hysteresis loop in this compound at low temperatures
[Fig. 4(e)]. As is seen, the application of an external magnetic
field above a critical value Hc results in step-like jumps of both
the magnetization and magnetoresistance, which corresponds
to the metamagnetic transition from AFM to the induced FM
state in Fe0.50TiS2. The further field cycling keeps this sample
in the metastable FM state which can be observed in this
compound at temperatures up to ≈ 70 K. The metastable FM
state can be detected by the observation of the remnant MR.
The mean-field analysis performed for an AFM system with
intralayer and interlayer exchange interactions between the
Ising spins has shown that the magnetoelastic coupling can be
responsible for the presence of the metastable field-induced
FM state [19]. As the temperature rises above 70 K, thermal
fluctuations destroy the metastable FM state in Fe0.50TiS2 and
the behavior of the magnetization in this compound becomes
typical of antiferromagnets undergoing a metamagnetic tran-
sition. As can be seen from Fig. 4(e), the field dependence
of the magnetization at 115 K has a shape typical of meta-
magnets with a sharp growth of the magnetization with the
increasing field above the critical value of about 6 kOe and

with a tendency to saturation with a further increase in the
field. The magnetoresistance measured at 115 K shows a sharp
decrease in almost the same field and shows no remnant value
in contrast to low low-temperature behavior. Since, according
to neutron diffraction data, the field-induced AFM-FM tran-
sition in the polycrystalline Fe0.50TiS2 sample does not occur
in the entire volume of the sample [see Fig. 4(c)] it can be
expected that a single-crystalline sample will have a higher
MR value.

Fe0.55TiS2. Figure 5 shows the results of the NPD measure-
ments along with the results of magnetization and magnetore-
sistance studies for Fe0.55TiS2. In contrast to Fe0.50TiS2, the
NPD pattern obtained for this compound at 150 K, i.e., above
magnetic critical temperature ∼141 K [Fig. 1(f)], can be de-
scribed by the model of a monoclinic crystal structure (space
group C12/m1) suggested for Fe0.25TiS2 exhibiting 2

√
3 ×

2 × 2 superstructure with enlarged unit cell dimensions in
comparison with the

√
3 × 1 × 2 superstructure observed in

Fe0.50TiS2. It seems that an increase in the Fe content above
x = 0.5 leads to disruption of the ordered arrangement of iron
atoms in neighboring octahedral sites in the layer, which was
observed at x = 0.50 (Fig. 1, left panel). Taking into account
the fact that the energies of the AFM and FM states in this
system differ insignificantly, such changes in the distribution
of Fe atoms should lead to a transformation of the magnetic
structure. Indeed, as follows from the NPD measurements
[see Figs. 5(a) and 5(b)], the appearance of a magnetic or-
der upon cooling to 2 K did not lead to the appearance of
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additional reflections, the angular position of which differs
from the position of the nuclear Bragg reflections. We added
in Fig. 5(b) a part of the NDP pattern at T = 2 K for
Fe0.25TiS2 for comparison, where the AFM reflections are
marked with stars. When we compare the intensities of neu-
tron scattering on the Fe0.55TiS2 sample at 150 K and 2 K
[Figs. 5(a) and 5(b)], it can be seen that, in the magnetically
ordered state, there is a noticeable magnetic contribution to
the intensity of the Bragg peaks. The temperature dependence
of the intensity of the peak at 2θ ∼ 16.2◦ is shown as an
example in Fig. 5(e). It can be seen that the intensity of the
magnetic contribution disappears as the critical temperature is
approached. From the absence of additional magnetic peaks
on the NPD patterns below magnetic critical temperature, we
may conclude that the magnetic structure of Fe0.55TiS2 is
commensurate with the crystal lattice and it is described by
the propagation vector k = [0, 0, 0].

To reveal the influence of the magnetic field on the
magnetic state of Fe0.55TiS2, we have performed the NPD
measurements in an applied field of 50 kOe. As follows from
Figs. 5(c) and 5(d), which display both the zero-field NPD
pattern and the pattern measured at H = 50 kOe, the influence
of the 50 kOe magnetic field on the neutron scattering is rather
small compared to other FexTiS2 compounds with lower Fe
concentrations [see Figs. 2(f), 3(f), and 4(f)], although it can
be seen that the application of the 50 kOe field still causes
a slight increase in the intensity of the Bragg reflections. In
contrast to the compounds with the AFM virgin state, the
Fe0.55TiS2 compound does not exhibit remarkable changes
in the electrical resistivity under application of the magnetic
field. Low impact of the magnetic field on the transport
properties of Fe0.55TiS2 demonstrates the temperature depen-
dence of the electrical resistivity measured without field and
in an applied field of 100 kOe. As follows from Fig. 5(f),
a difference between the zero-field resistivity and resistivity
measured at H = 100 kOe becomes noticeable only in the
vicinity of the magnetic critical temperature, while at low tem-
peratures, | �ρ/ρ | is rather small and varies within 0 − 1.0%
[Fig. 5(g)].

As to the magnetization behavior, the Fe0.55TiS2 compound
exhibits a broad hysteresis loop Fig. 5(h) with the coercive
field of about 40 kOe, which is comparable with Hc val-
ues observed in the field-induced metastable FM states in
Fe0.25TiS2 [Fig. 2(e)] and Fe0.5TiS2 [Fig. 4(e)]. All these
data allow us to suggest that Fe0.55TiS2 exhibits ferromag-
netic or ferrimagnetic order. Based on the analysis of the
behavior of the magnetization, the existence of a ferrimag-
netic ordering of the Fe magnetic moments was also assumed
earlier in the Fe0.66TiS2 [43] compound with a higher Fe
content. According to the neutron diffraction data available
in the literature [18,31,36,39,42,44], the Fe atoms in FexTiX2

compounds (X = S, Se) in which the Fe content does not
exceed x = 0.50 are predominantly located in the layer be-
tween X -Ti-X sandwiches. However, it should be mentioned
that, according to neutron diffraction studies of the selenide
compounds FexTiSe2 [36], the best agreement between the
observed and calculated intensities is achieved if about 8%
of metal sites in an Fe layer are occupied by Ti atoms and
consequently some Ti atoms in a Ti layer are substituted by
Fe atoms. The partial mixing of Ti and Fe atoms was revealed

by NPD measurements in the sulfide compound Fe4Ti3S8

(FeTi0.75S2) with a layered crystal structure of the NiAs-type
and ferrimagnetic order [45].

The incomplete cation partitioning was also detected
by neutron diffraction in the Fe-containing compounds
FexV3−xS4 [46]. It should be emphasized here that, ac-
cording to neutron diffraction and magnetization studies
[18,36,42,45,47], most other iron-bearing sulfides and se-
lenides with a layered NiAs-type crystal structure exhibit
AFM or ferrimagnetic order due to AFM coupling be-
tween adjacent cationic layers. An exception are the FexTaS2

compounds based on tantalum disulfide, which exhibit ferro-
magnetic order [48,49]. Therefore, the ferrimagnetic order in
FexTiS2 compounds with x > 0.50 may result from the AFM
coupling of the Fe magnetic moments located in alternating
layers with different Fe occupation.

IV. SUMMARY AND CONCLUSION

For a deeper understanding of the mechanisms that de-
termine the behavior of magnetoresistance in intercalated
transition metal dichalcogenides, in this work, we have per-
formed a comprehensive study of FexTiS2 compounds with
various Fe concentrations in the range of 0.25 � x � 0.55
using magnetization and magnetoresistance measurements, as
well as the neutron powder diffraction studies in magnetic
fields up to 50 kOe at temperatures from 2 K to 200 K.
Polycrystalline samples for this study were synthesized by
the method of solid-state reactions with long-term (up to four
weeks) homogenizing heat treatment. According to our NPD
data collected in the paramagnetic region, the crystal structure
of these compounds changes with the concentration of Fe,
as was previously shown by x-ray diffraction. Starting from
x = 0.25, various orderings of Fe atoms were revealed in this
system with increasing x, which result in the observed changes
in the magnetic state. The latter, in turn, manifests itself in
dramatic changes in the behavior of the magnetoresistance.
In contrast to the cluster-glass magnetic state associated with
the disorder in the subsystem of Fe atoms in compounds with
x < 0.25, the order of Fe atoms and formation of a mono-
clinic superstructure in Fe0.25TiS2 results in the appearance
of an AFM order below the Néel temperature TN ≈ 52 K, as
evidenced by neutron diffraction measurements.

As follows from the NPD data, the application of a
magnetic field leads to irreversible suppression of AFM re-
flections, which indicates the occurrence of a field-induced
phase transition from the AFM to the metastable FM state. A
similar scenario in the behavior of magnetization and neutron
scattering upon application of a magnetic field plays out in the
Fe0.50TiS2 compound with a monoclinic superstructure and
AFM virgin state. In both of these antiferromagnetically or-
dered compounds, the AFM to FM transition is accompanied
by largely irreversible changes in the magnetoresistance due
to the superzone effect [22]

The formation of the metastable FM state at low tem-
peratures in the compounds with x = 0.25 and x = 0.50 is
characterized by the presence of the giant remnant magnetore-
sistance (| �ρrem/ρ |∼ 25–35%). The irreversibility of the
AFM-FM transition in FexTiS2 with x ≈ 0.25 and x ≈ 0.50
is suggested to result from the Ising character of Fe ions
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together with magnetoelastic interaction [19]. Note that the
formation of the metastable FM state was observed in some
other antiferromagnetically ordered compounds with a high
magnetocrystalline anisotropy [50–53]. The low-temperature
values of the coercive field in FexTiS2 are found to vary
nonmonotonically within the range ∼10–55 kOe [20,54]. The
maximal values of Hc are observed in compounds exhibiting
the AFM state, i.e., with Fe concentrations x ∼ 0.25 and
x ∼ 0.50, which implies that such an enhancement of the
coercivity may be influenced not only by the presence of a
large orbital moment of Fe [26,27], but also by the intrinsic
exchange bias [55].

The Fe0.33TiS2 compound located on the concentration
scale between two antiferromagnetically ordered compounds
with x = 0.25 and x = 0.50 is found to possess abnormal
properties. Instead of the jump-like and irreversible changes
in magnetization and magnetoresistance associated with field-
induced AFM-FM transition, the Fe0.33TiS2 compound shows
temperature and field dependencies of the magnetization char-
acteristic of cluster spin glasses. The MR behavior in this
compound is observed to be quite usual for cluster glasses as
well. According to neutron diffraction studies, the Fe0.33TiS2

compound does not have a long-range magnetic order. An ap-
plied magnetic field is found to suppress the diffuse magnetic
scattering associated with short-range magnetic correlations
in Fe0.33TiS2 and leads to an increase in the magnetic con-
tribution to the Bragg peaks. The absence of a long-range
magnetic order at x = 0.33 is attributed to the formation of
a triangular network of Fe atoms in the ab plane and the
frustrations of exchange interactions.

In contrast to Fe0.50TiS2 with a low-temperature AFM
structure [18,42], the magnetic unit cell of the Fe0.55TiS2 com-
pound with a slightly higher Fe content is observed to coincide
with the crystal unit cell and the propagation vector of the
magnetic structure for Fe0.55TiS2 is k = [0, 0, 0]. Low mag-
netoresistance values in this compound (| �ρrem/ρ |∼ 1%) at
low temperatures (∼4 K) are attributed to the ferromagnetic
or ferrimagnetic order of the Fe magnetic moments. Ferrimag-
netic ordering can arise due to the possible mixing of Ti and Fe
atoms and AFM interactions between the iron atoms located
in neighbor cationic layers. However, to confirm this assump-
tion, further high-resolution neutron diffraction studies of the
distribution of Fe and Ti atoms inside and between cationic
layers in FexTiS2 with x > 0.50 would be desirable.

In conclusion, using the FexTiS2 as a unique example, we
present a study of the effect of magnetic order on the magne-
toresistance behavior in the intercalated layered system. We
show that the magnetic state and the corresponding behavior
of the magnetoresistance are determined primarily by the dis-
tribution of the intercalated atoms both inside and between
the cationic layers. Our results would help to understand the
behavior of magnetoresistance in other layered systems and
find ways to tune the structure of materials for their efficient
applications.
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APPENDIX: ANNEALING EFFECT

In order to reveal whether the degree of ordering of the
intercalated Fe atoms affects the change in resistivity dur-
ing the AFM–FM transition, various heat treatments of the
Fe0.25TiS2 sample were carried out. Figure 6 shows the field
dependencies of the change in the electrical resistivity �ρ

of the Fe0.25TiS2 sample after three weeks of annealing at
300 ◦C and after annealing at 900 ◦C for 4 days. The data for
the as-prepared sample are also presented for comparison. In
all cases, the samples were cooled by removing the ampule
from the furnace into the air. As can be seen from Fig. 6,
a sharp drop of the resistivity is observed in the samples with
increasing field above a critical value, which is associated with
the phase transition from the initial AFM to the metastable
FM state. However, the change in the electrical resistivity of
the samples �ρAFM−FM in high magnetic fields (90–100 kOe)
is found to be different for different heat treatment conditions.
As for the as prepared sample, the large remnant magnetore-
sistance after switching off the field is also observed for the
samples annealed at 900 ◦C and 300 ◦C. Absolute value of
| �ρAFM−FM | turned out to be higher for the sample after
300 ◦C heat treatment and lower after heat treatment at 900 ◦C
compared to the as prepared sample. Such a difference in
| �ρAFM−FM | values implies the formation of inhomogeneous
magnetic states in samples with different volumes of the AFM
phase since | �ρAFM−FM | is proportional to the volume of the
AFM phase which can transform into the FM state under the
application of a magnetic field. Taking into account the anal-
ysis of the electrical resistivity of the two-phase composite
[56], the lower value of |�ρAFM−FM| observed in Fe0.25TiS2

after heat treatment at 900 ◦C can be explained by the dis-
order of the Fe atoms and vacancies located between the
S-Ti-S sandwiches and the formation of the AFM order at
low temperatures in a relatively small volume of the sample.
However, after heat treatment at 300 ◦C, the volume fraction
of the AFM phase is approximately three times higher. Note
that deviation of the Fe content from x = 0.25 also leads to
the heterogeneous magnetic state with coexisting AFM and
CG phases [20].
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