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Multiple magnetic states and irreversibilities in the FexTiS2 system
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The structural and concentration conditionality of magnetic states and transport properties of layered chalco-
genide compounds FexTiS2 (0 � x � 0.75) have been studied by means of x-ray and neutron diffraction,
magnetization, electrical resistivity, and magnetoresistance measurements performed on polycrystalline sam-
ples synthesized by solid-phase reaction method with prolonged homogenization heat treatment. It has been
revealed that various magnetic states [spin-cluster glass state at x < 0.25, antiferromagnetic (AFM) order at
x ≈ 0.25–0.28, cluster glass state at x ≈ 0.33, AFM at x ≈ 0.45–0.5, and ferrimagnetic ordering above x = 0.5]
are realized in the FexTiS2 system with increasing Fe content. The absence of a long-range magnetic order in
Fe0.33TiS2 is confirmed by neutron diffraction measurements. The magnetic states observed in this system are
closely related not only to the concentration of Fe atoms, but also, to a greater extent, to their distribution over
the cation layers. It is assumed that the single crystals obtained by chemical vapor deposition are practically
unique objects with only their inherent properties, which leads to inconsistency between the literature data on
the magnetic properties of these compounds. Changes in the magnetic state of FexTiS2 with Fe concentration
are accompanied by nonmonotonic dependencies of the magnetoresistance and coercivity with maximal absolute
values in compounds with the AFM virgin state. The ferrimagnetic order in compounds with x > 0.5 is suggested
to originate in Fe-Ti mixing in cationic layers. The AFM ordered compounds undergo the field-induced phase
transitions to the metastable high-coercive ferromagnetic (FM) state, which is accompanied by a large remnant
magnetoresistance. The enhanced coercivity observed in compounds with the AFM virgin state is ascribed to the
intrinsic exchange bias together with the Ising-type spin state of Fe ions.
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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 chalcogen
(X ) atoms are attracted relentless interest owing to the rich
variety of unusual properties and potential applications [1–5].
The difference in layer stacking in MX2 leads to the for-
mation of materials with variety of possible polytypes: 1T
structure (trigonal symmetry and trigonal antiprismatic coor-
dination); 2H structure (hexagonal closed packing, trigonal
prismatic coordination); and 3R structure with rhombohe-
dral symmetry, which leads to significant discrepancies in
the electronic structure of materials and their properties [6].
While transition metal and chalcogen atoms in the X -M-X
triple layers are bonded by strong ion-covalent bonds, these
sandwiches in bulk materials are coupled by weak van der
Waals (vdW) forces. On the one hand, due to the weak
coupling between X -M-X sandwiches, the MX2 crystals can
be exfoliated to single-layer or multilayer nanosheets ex-
hibiting unusual physical and electronic properties that differ
from their bulk parent samples [4,5]; and, on the other hand,
foreign M ′ atoms can be inserted (intercalated) into such
vdW gaps giving new bulk M ′

xMX2 materials with signifi-
cantly modified properties [6–10]. Most bulk MX2 compounds
with NiAs type structures exhibit paramagnetic properties in

normal state [7], however, the intercalation of M ′ atoms hav-
ing a magnetic moment leads to the appearance of spin-glass
or cluster-glass magnetic states at x < 0.25, or various long-
range magnetic orderings in M ′

xMX2 with higher intercalant
concentrations [8–18]. The conductivity of the M ′

xMX2 in-
tercalation compounds (M = Ti, V, Ta, Nb, V) is mainly of
metallic type [19,20]. The Ruderman-Kittel-Kasuya-Yoshida
(RKKY) type exchange interaction through conduction elec-
trons, superexchange interaction via chalcogen atoms and
Dzyaloshinskii-Moriya interaction [8,21–23] are considered
as mechanisms leading to different magnetic orderings in
M ′

xMX2 depending on the type and concentration of M ′ atoms
as well as on the type of a parent compound MX2. The
site-occupation disorder of M ′ atoms within layers and local
competition between exchange interactions were suggested
to be important factors affecting the magnetic properties
of M ′

xMX 2 as well [24,25]. These frustrations are appar-
ently responsible for the large (up to ∼50%) spread in the
magnetic ordering temperatures observed in highly interca-
lated compounds with close compositions; for example, the
Curie temperatures from 160 [12] to ∼69 K [26] were re-
ported for the FexTaS2 compounds with Fe concentrations
x = 0.25–0.28; for the ferromagnetic compound Cr0.33NbSe2,
the Curie temperature determined by different authors varies
from 82 K up to 115 K (see Ref. [17] and references therein).
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Such discrepancies in properties of the highly intercalated
M ′

xMX2 apparently originate in differences in sample prepara-
tion methods and conditions. However, not only the magnetic
ordering temperatures of M ′

xMX2, but also the arrangement of
magnetic moments in the subsystem of intercalated M ′ atoms,
the magnetic state and magnetization behavior of the com-
pounds are observed to depend on the preparation methods,
annealing and cooling conditions as well. As published by
different authors, the Cr0.33NbS2 compound may exhibit a he-
limagnetic structure [27] or ferromagnetic (FM) ordering [28].
As for impact of the Fe intercalation into MX 2 structures,
most FexMX 2 compounds (M = Ti, V, Ta, Nb; X = S, Se)
with Fe concentrations x = 0.25, 0.33 and 0.5 are reported to
have an antiferromagnetic (AFM) order [8,11,13–15,29–33]
although in FexTaS2 with Fe concentrations 0.20 < x < 0.35,
the well-defined FM order was observed [12,34]. The pres-
ence of AFM ordering in the selenide compounds FexTiSe2

at 0.25 � x � 0.5 was evidenced by the susceptibility mea-
surements [33,35], neutron diffraction [11] and high-field
magnetization data [15]. In contrary to other FexMX 2, there
is a significant scatter in data reported in literature regard-
ing the magnetic state and physical properties of the highly
intercalated (x � 0.25) sulfide FexTiS2 samples prepared by
different methods. According to Ref. [36] vacancy ordered
Fe0.5TiS2 (FeTi2S4) single crystals, grown at 1173 K using
chlorine as a growth agency, show an AFM behavior below
the Neel temperature 138 K. The existence of AFM ordering
in Fe0.5TiS2 with a well-ordered monoclinic crystal structure
was confirmed by neutron diffraction measurements [13,14]
on powder samples synthesized by solid-state reactions. In ad-
dition, the presence of an AFM ground state and the formation
of the field-induced FM state in Fe0.5TiS2 was supported by
the magnetoresistance data [13,15]. The observation of a large
remnant magnetoresistance in a polycrystalline Fe0.25TiS2

sample [18] with ordered Fe atoms was ascribed to pres-
ence of an AFM virgin state in this compound as well. The
large magnetoresistance observed in the antiferromagnetically
ordered Fe0.5TiS2 and Fe0.25TiS2 compounds was attributed
to the superzone boundary effects [13,15,18,37]. However, it
should be also noted that according to the recently published
work [16], the FexTiS2 single crystals grown using iodine
vapor transport at a temperature gradient of 1173–1073 K
exhibit the FM state coexisting with glassy behavior in the en-
tire Fe concentration range 0.1 � x � 0.7, although in some
previous studies [9], the formation of the FM state in FexTiS2

was proposed only above x = 0.4. The magnetic state of
FexTiS2 at high Fe concentrations (above x = 0.5) also seems
to be an open question, since the magnetic order and transport
properties in the highly intercalated FexTiS2 can be affected
by mixing of Fe and Ti ions in adjacent cationic layers [38].

Bearing in mind the inconsistencies encountered in stud-
ies of FexTiS2 the present work aims to determine the key
factors responsible for changes in the magnetic state in this
system with increasing Fe concentration up to x = 0.75. Pub-
lished data regarding the FexTiS2 system indicate that physical
properties of these compounds, especially at high intercalant
concentrations and in single-crystalline form, are strongly
dependent on the distribution and orderings of Fe atoms in
the lattice. Therefore, in this study, we focused on the study

of the crystal structure, magnetic and transport properties on
the polycrystalline FexTiS2 samples obtained by the solid-
state reaction method with prolonged homogenization heat
treatment. Since the electrical resistivity of these compounds
turned out to be very sensitive to changes in their magnetic
state with intercalation, temperature and under the influence
of a magnetic field, we also carried out detailed studies of
the magnetoresistance behavior. Along with magnetic mea-
surements and neutron diffraction, the magnetoresistance data
allowed us to reveal various magnetic states, irreversible phase
transformations, and build an updated magnetic phase dia-
gram.

II. EXPERIMENT

Polycrystalline FexTiS2 samples (x = 0–0.75) were syn-
thesized by the two-stage solid-phase reaction method, as
already described [13]. The starting materials were small
pieces of 99.95% pure titanium, sulfur (99.99%) and powder
of iron (purity 99.98%). At first, the parent compounds TiS2

was synthesized inside a sealed quartz tubes by heat treatment
of a mixture of starting materials at 800 ◦C for one week.
At the second stage, the mixtures of Fe and TiS2 powders
were pressed into tablets and annealed at the same conditions.
The obtained specimens were milled, then compacted and
homogenized for two to four weeks at 800 ◦C followed by
cooling down through removal of the tube from the oven into
air. Structural characterization of the obtained samples was
done using a Bruker D8 Advance x-ray diffractometer with
Cu Kα radiation and the FULLPROF software package. Neutron
powder diffraction measurements for Fe0.33TiS2 were per-
formed with wavelength λ = 2.45 Å by means of the focusing
powder diffractometer E6 installed at the Helmholtz-Zentrum
Berlin. The temperature dependencies of the electrical resis-
tivity of FexTiS2 were measured by a four-probe dc method
in the temperature range from 8 up to 300 K with using a
closed-cycle refrigerator on parallelepiped samples with sizes
of about of 2 × 2 × 8 mm3 made from tablets. The mea-
surements of the electrical resistivity in magnetic fields up
to 100 kOe were performed by a four-contact ac method by
using a cryo-free DMS-1000 system (Dryogenic Ltd, UK).
The measurements of the magnetic susceptibility and mag-
netization were performed by means of a Quantum Design
SQUID MPMS magnetometer in the temperature interval
2 K � T � 350 K.

III. RESULTS

A. Crystal structure

Our analysis of the powder x-ray diffraction (XRD) data
for FexTiS2 samples showed that intercalation leads to a
change in interatomic distances and the appearance of dif-
ferent superstructures due to the ordering of Fe atoms in
layered NiAs-type structures. The XRD patterns for FexTiS2

compounds with various Fe concentrations are presented in
Fig. 1. The samples with low intercalant concentrations (x <

0.20) are observed to exhibit the same trigonal crystal struc-
ture of the CdI2 type as the parent compound TiS2 (space
group P3̄m1), which indicates that Fe atoms located be-
tween the triple S-Fe-S layers are not ordered and distributed
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(a) (a)

(c) (d)

FIG. 1. Observed (symbols) and calculated (lines) x-ray diffrac-
tion pattern for FexTiS2 samples with various Fe concentrations.
Vertical bars indicate the Bragg peaks positions corresponding to the
P3̄m1 space group in the case of x = 0.15, C12/m1 space group for
x = 0.28, P3̄1c for x = 0.4, and I12/m1 for x = 0.75. The difference
between calculated and observed intensities is shown in the bottom.

randomly. At x = 0.2, small additional reflections are ob-
served in the XRD pattern indicating the appearance of
ordering 2a0 × 2a0 × 2c0 (space group P3̄m1), where a0 and
c0 are the concentration-dependent lattice parameters of the
CdI2 type unit cell. According to recently published elec-
tron microscopy data [39,40], long-range order is absent in
Fe0.2TiS2 single crystals, although some regions with an or-
dered (2 × 2 × 2) arrangement of Fe atoms are observed.

An increase in the Fe content up to x = 0.25 leads to the
formation of Fe chains and the appearance of monoclinicity.
The crystal structure of Fe0.25TiS2 is of the M5X 8 type and
can be considered as the superstructure 2

√
3a0 × 2a0 × 2c0

belonging to the space group C12/m1, which is in good agree-
ment with results of previous structural studies of Fe0.25TiS2

by x-ray [18,41] and neutron diffraction [42] measurements.
The same ordering is observed at x = 0.28 (Fig. 1). Note
that there are some contradictions in the literature regarding
the type of superstructure that is realized in Fe0.25TiS2; the
formation of the

√
3a0 × √

3a0 [16] and 2a0 × 2a0 [40] or-
derings was revealed in single crystalline samples by means of
transmission electron diffraction and microscopy techniques.
Such a discrepancy may occur due to differences in sample
preparation procedures, in particular, in synthesis tempera-
tures and cooling conditions.

The Bragg peaks on diffraction patterns for the FexTiS2

compounds with Fe contents 0.28 < x � 0.4 are indexed in
the trigonal singony (space group P3̄1c), which is associated
with the emergence of the triangular network and

√
3a0 ×√

3a0 × 2c0 superstructure of the M2X3 type. These x-ray
data are consistent with electron microscopy results for the
Fe0.33TiS2 crystals [40]. Further intercalation of Fe up to x =
0.45 leads to the formation of the monoclinic

√
3a0 × a0 ×

2c0 superstructure of the M3X4 type (space group I12/m1)
with reduced distances between Fe chains; the same super-
structure is observed for the compounds with Fe contents
within 0.5 � x � 0.75. As a result, a sequence of structural
changes CdI2 → M5X8 → M2X3 → M3X4 is observed

FIG. 2. Changes in the unit cell volume of the CdI2 type structure
and space groups with increasing Fe content in FexTiS2. The errors
are within the symbol sizes.

with increasing concentration of Fe atoms due to a change in
their distribution over the lattice.

Figure 2 displays the changes in the reduced volume VCdI2

of the primitive unit cell of the CdI2 type structure with in-
creasing iron content in the FexTiS2 system. As can be seen,
the VCdI2 value is nearly constant up to x = 0.20, while further
growth of the intercalant content leads to the expansion of
the crystal lattice with some kink in the vicinity x = 0.5. It
should be noted that the monoclinicity appeared in the vicinity
of x = 0.25–0.28 and at x � 0.45 results from distortions of
the hexagonal arrangement of S and Ti ions in ab plane owing
to the formations of Fe chains. It seems that such distortions
are rather difficult to detect in electron microscopic studies of
single crystals.

As follows from neutron diffraction measurements
performed for the FexTiS2 compounds with x � 0.5
[13,14,42,43], iron atoms occupy octahedral positions be-
tween S-Ti-S tri-layers randomly at x < 0.25 and in an
ordered manner at 0.25 � x � 0.5. However, at Fe concen-
trations higher than x = 0.5, some mixing of Fe and Ti ions
in neighboring cationic layers may occur; part of iron atoms
can occupy positions in titanium layers, while titanium atoms
can be placed in the vdW gap between sandwiches along with
iron atoms. Note that the absence of full cation partitioning
was revealed by neutron diffraction in the vanadium disulfide-
based compound FeV2S4 (Fe0.5VS2) [44].

B. Magnetic susceptibility and magnetization

Figure 3 shows, as an example, the results of the magnetic
characterization of the Fe0.1TiS2 sample. The temperature
dependence of the magnetic susceptibility [Fig. 3(a)] mea-
sured at H = 1 kOe under zero-field cooling (ZFC) and
field-cooling (FC) modes shows anomalous behavior below
the freezing temperature Tf ≈ 27 K (shown by the vertical
arrow), which can be associated with the formation of a cluster
glass (CG) magnetic state. Our Tf value is close to ∼30 K
previously reported for this composition [45,46]. The inverse
susceptibility shown in Fig. 3(b) can be described above
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(a) (b) (c)

FIG. 3. Magnetic susceptibility (a) measured at H = 1 kOe in ZFC and FC regimes versus temperature and field dependencies of the
magnetization [(b) and (c)] measured at various temperatures on a Fe0.1TiS2 sample. Insets show the inverse susceptibility and the coercive
field versus temperature.

∼180 K by the expression χ (T ) = χ0 + C/(T − θp), where
χ0 is the temperature independent contribution and the second
term is the Curie-Weiss (CW) contribution. However, when
the temperature decreases below 180 K, the χ−1(T ) depen-
dence shows a downward deviation from the high-temperature
straight line corresponding to the CW behavior, which can be
attributed the presence of the short-range magnetic correla-
tions (clusters) in the paramagnetic region. The paramagnetic
Curie temperature θp for Fe0.1TiS2 was estimated to be about
of 5 K, which is significantly lower that Tf value (27 K), and
indicates that both the AFM and FM exchange interactions
exist in this compound with a slight predominance of the FM
exchange. Fitting the χ−1(T ) dependence in the temperature
range 180–350 K to the CW law allowed us to estimate the ef-
fective magnetic moment per Fe atom as μeff ≈ 3.7μB, which
is lower than spin-only value μeff = 4.89 μB expected for Fe2+

ion apparently due to involvement of Fe 3d electrons in the
formation of the covalent-like bonds and hybridization of Fe
3d states with Ti 3d and S 3p electronic states. It should be
noted, that the 2+ valence state of Fe ions in FexTiS2 with
Fe concentrations up to x ≈ 0.5 and the presence of the Fe
3d - Ti 3d hybridization are evidenced by x-ray spectroscopy
studies [47,48]. The large magnetization jumps and asymmet-
ric M(H ) dependencies are observed at 2 K [Fig. 3(b)] after
zero-field cooling and after cooling at H = 70 kOe from 150 K
in contrast to the open symmetric hysteresis loop at T = 5 K
[Fig. 3(c)]. The ZFC M(H ) dependence is shifted downward,
while the M(H ) loop obtained at 2 K after cooling at 70 kOe
is biased upward along the magnetization scale. These low-
temperature M(H ) dependencies imply the inhomogeneity of
the magnetic state and the presence of competing exchange
interactions in Fe0.1TiS2. Note, the shift of the hysteresis loops
along the magnetization axis was observed in systems with
coexisting AFM and FM interactions and phases [49,50]. As
follows from Fig. 3(b), the Fe0.1TiS2 compound has a very
high coercive field (Hc ∼ 35 kOe) after cooling in a field of
70 kOe, and, as expected, an increase in temperature leads to
a decrease in the Hc value [shown in the inset in Fig. 3(c)].
As to the magnetization jumps, such a stair-case behavior
of the magnetization with the field was also detected at low
temperatures in FexTiS2 with higher Fe concentrations (see
below).

As we have recently shown [18], an increase in the Fe con-
centration up to x = 0.25 together with the formation of the

2
√

3a0 × 2a0 × 2c0 superstructure (see above) results in sub-
stantial changes in the magnetic behavior of the compound. In
contrast to the CG behavior of Fe0.1TiS2, the Fe0.25TiS2 com-
pound was observed to exhibit several features characteristic
for highly anisotropic magnets: a large difference between FC
and ZFC curves below ∼52 K, almost rectangular hysteresis
loop and huge coercive field (Hc ∼ 40 kOe at 2 K). However,
a combined study of the magnetic and transport properties of
Fe0.25TiS2 allowed us to assume that this compound exhibits
an AFM virgin state below TN ∼ 52 K and undergoes a field-
induced phase transition into a metastable FM state [18].

As can be seen in Fig. 4, nearly the same magnetiza-
tion behavior is observed in the compound Fe0.28TiS2 with a
slightly higher Fe content; although, in contrast to Fe0.25TiS2,
the compound with x = 0.28 the temperature dependence of
the susceptibility shows an anomaly at ∼59 K, bifurcation
of the ZFC and FC curves with decreasing temperature and
a pronounced hump around 40 K. At 2 K, an increase in
the magnetic field applied to a sample cooled in zero field
to a value of about 35 kOe leads to a sharp increase in the
magnetization; and the magnetization reversal of this sample
with further changes in the field occurs through magnetization
jumps at a coercive field Hc ∼ 21 kOe, which shows that
the initial magnetization curve is outside the hysteresis loop.
As the temperature rises, the curves become smooth and the
coercive force decreases [see Figs. 4(b) and 4(c)].

As for x = 0.25 [18], the Hc(T ) dependence above 5 K
for Fe0.28TiS2 can be well fitted by exponential law: Hc(T ) =
Hc(0) exp(−αT ) [solid line in the inset in Fig. 4(c)]. As will
be shown below, taking into account the data on magnetore-
sistance, the magnetic state of Fe0.28TiS2 can be characterized
as inhomogeneous, consisting of an AFM matrix with inclu-
sions of clusters with short-range magnetic correlations. It is
worth to mention that in Fe0.28TiS2, as well as in compounds
with lower Fe concentrations, the inverse susceptibility does
not obey the CW law in the entire temperature range above
magnetic critical temperature, and the χ−1(T ) dependence
start to deviate downward from the straight line when the
temperature decreases below ∼200 K. We attributed such a
behavior in Fe0.25TiS2 [18] to the presence of a Griffiths-like
phase [51,52] in the nominally paramagnetic state since the
subsystem of the Ising-type Fe atoms located between S-Ti-
S sandwiches can be considered as diluted with vacancies
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(a) (b) (c)

FIG. 4. Temperature dependencies of the magnetic susceptibility measured in ZFC and FC regimes (a) and field dependencies of the
magnetization measured at various temperatures [(b) and (c)] measured on a Fe0.28TiS2 sample. The vertical arrow indicates the magnetic
critical temperature. Insets show the χ−1(T ) dependence (a) and Hc vs T dependence (c).

that makes the FexTiS2 compounds quite compatible with the
Griffiths model [51]. In the temperature range between the
critical temperature Tcrit and certain temperature TG (Griffiths
temperature) corresponding to the Curie temperature of the
ideal (undiluted) system, the the inverse magnetic susceptibil-
ity χ−1(T ) varies with temperature as (T/Tcrit − 1)1−λ, where
λ is the magnetic susceptibility exponent [53]. For Fe0.25TiS2

[18], a value of λ was estimated as 0.757 which is consistent
with 0 � λ < 1 for the Griffiths phase [53].

As follows from Fig. 5(a), the magnetic susceptibility of
the Fe0.33TiS2 compound shows the large difference between
ZFC and FC curves below ∼44 K (indicated by the vertical
arrow); and the deviation of the inverse susceptibility below
200 K from the straight line is observed as well [see inset
in Fig. 5(a)]. This compound exhibits a higher value of the
paramagnetic Curie temperature (θp ≈ 44 K) compared with
Fe0.25TiS2 (θp = 34 K [18]), and a value of μeff is estimated
as 3.9 μB. Unlike steplike M(H ) dependencies observed at
low temperatures for the samples with x = 0.25 and 0.28,
the magnetization isotherms for Fe0.33TiS2 show quite smooth
behavior [Figs. 5(b) and 5(c)] even at 2 K with substantially
reduced Hc values (Hc ∼ 7.5 kOe at T = 2 K). Note, that
this value of the coercive field is close to Hc obtained for
single-crystalline samples of Fe0.33TiS2 [54]. As follows from
Fig. 5(c), an increase in temperature up to 30 K leads to
zeroing Hc. The presence of a triangular network of Fe atoms√

3 × √
3 intercalated between S-Ti-S trilayers at x = 0.33

as derived from the x-ray diffraction data (see above) ap-

parently leads to the formation of a magnetic state different
from that realized in Fe0.25TiS2 with monoclinic struture and
2
√

3 × 2 × 2 ordering.
As it turned out, further intercalation of Fe atoms results

in the re-emergence of a jump-like magnetization change at
low temperatures and a broad hysteresis loop. This can be
seen in Fig. 6 which displays the temperature dependencies of
the susceptibility and field dependencies of the magnetization
for Fe0.45TiS2. In contrast to Fe0.33TiS2 with a trigonal struc-
ture, the Fe0.45TiS2 compound exhibits a monoclinic structure
analogous to that observed in Fe0.5TiS2 (see Fig. 2) showing
an AFM ground state [13–15]. Despite the presence of an
AFM state, the Fe0.5TiS2 compound cooled at zero field below
TN ∼ 140 K after application of a magnetic field was found
to undergo to a metastable high-coercive FM state, which
was confirmed by neutron diffraction and magnetoresistance
measurements [13,14]. As follows from Fig. 6(a), the mag-
netic susceptibility of Fe0.45TiS2 exhibits a pronounced peak
in the χ (T ) dependence at TN ≈ 135 K, then the bifurcation
of the ZFC and FC susceptibility curves upon further cooling
below 100 K, and an additional hump on the ZFC suscep-
tibility curve about 60 K. As in other FexTiS2 compounds
(see above), in Fe0.45TiS2, the deviation of the inverse sus-
ceptibility from the expected CW behavior is detected below
∼200 K [see inset in Fig. 6(a))] analogous to that observed
in FexTiS2 with lower Fe concentrations. In the temperature
interval 100 K � T � 135 K, the Fe0.45TiS2 compound ex-
hibits a metamagnetic behavior [see Fig. 6(c)], which implies

(a) (b) (c)

FIG. 5. Temperature dependencies of ZFC and FC magnetic susceptibilities (a) and M vs H isotherms [(b) and (c)] for Fe0.33TiS2. Inset
shows the χ−1(T ) dependence.
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(a) (b) (c)

FIG. 6. ZFC and FC magnetic susceptibility at the 1 kOe field vs temperature (a) and field dependencies of the magnetization measured at
various temperatures [(b) and (c)] for Fe0.45TiS2. Insets show the χ−1 and Hc vs T dependencies.

an antiferromagnetic ordering of Fe magnetic moments. A
decrease in temperature below 100 K is accompanied by a
significant increase in hysteresis and leads to the appearance
of ferromagnetic-like hysteresis loops with a coercive force
up to 50 kOe [Fig. 6(b)]. It is worth to mention that analogous
temperature and field dependencies of the magnetization were
observed on the Fe0.5TiS2 sample exhibiting the deviation
from the stoichiometry after low-temperature heat treatment
[13]. According to Ref. [13], the peculiar magnetic behav-
ior of nonstoichiometric Fe0.5TiS2 may be associated with
the presence of small regions (clusters) with the short-range
FM correlations in the AFM matrix. Such an inhomogeneous
magnetic state apparently exists in the Fe0.45TiS2 sample stud-
ied in the present work.

The Fe0.75TiS2 compound shows the magnetic properties
(Fig. 7) that at first glance are similar to those of compounds
with an iron content of about x = 0.25 and 0.5: (i) substantial
difference in ZFC and FC susceptibility curves [see Fig. 7(a),
(ii) magnetization steps on the M(H ) dependence at T = 2 K
in the vicinity of Hc [Fig. 7(b)], and (iii) a fast decrease in
Hc with increasing temperature [Fig. 7(c)]. However, the
deviation of the inverse magnetic susceptibility behavior from
the CW law is less pronounced in Fe0.75TiS2 in comparison
with compounds with a lower Fe content; moreover, in the
case of Fe0.75TiS2 as well as in Fe0.66TiS2 (see Ref. [38]),
no signs of AFM ordering were found. As can be seen from
Fig. 7(c), the field dependence of the magnetization at 100 K.
i.e. below magnetic ordering temperature ∼145 K, seems to

be quite typical for a low-coercive ferromagnet or ferrimagnet.
However, this behavior of the magnetization differs from that
observed in the FexTiS2 compounds with x = 0.45 [Fig. 6(c)]
and x = 0.5 [13] revealing metamagnetic phase transitions
typical for antiferromagnets.

C. Electrical resistivity and magnetoresistance

As follows from previously reported results on the electri-
cal properties of some FexTiS2 compounds all the samples in
polycrystalline and single crystalline forms obtained by dif-
ferent methods with Fe concentrations x � 0.5 were observed
to exhibit a metallic-type resistivity behavior at temperatures
above 150 K [13,16,55–59]. The temperature dependencies of
the relative electrical resistivity ρ(T )/ρ300 measured at H =
0 and at H = 100 kOe on the polycrystalline samples synthe-
sized in the present work are displayed in Fig. 8. The absolute
values of ρ for our samples are in the range (0.3–3) × 10−5

Ohm m, which, as expected, is higher than that reported
for the single crystalline samples: (0.3–0.9) × 10−5 Ohm m
[57,60,61]. When considering the behavior of the electrical
resistivity in our FexTiS2 samples, several features should be
noted. There are no peculiarities on the ρ(T ) curves which
could be associated with the formation of spin-glass or cluster
glass magnetic states in compounds with low Fe concentra-
tions (x � 0.25). However, for the samples with x � 0.25,
the ρ(T ) dependencies demonstrate obvious anomalies in the
vicinity of magnetic critical temperatures (shown by arrows

(a) (b) (c)

FIG. 7. Temperature dependencies of the magnetic susceptibility measured in ZFC and FC regimes (a) and M(H ) isotherms [(b) and (c)]
measured on a Fe0.75TiS2 sample. Insets show the χ−1 and Hc vs T dependencies.
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FIG. 8. Temperature dependencies of the relative electrical re-
sistivity of the FexTiS2 polycrystalline samples measured at H = 0
(symbols) and at H = 100 kOe (line). Arrows indicate the magnetic
critical temperatures.

in Fig. 8). The kinks on the ρ(T ) curves for compounds with
0.25 � x � 0.5 indicate that the substantial spin-dependent
scattering develops in FexTiS2 with increasing temperature
up to Tcrit . Analogous changes in slope of the ρ(T ) depen-
dencies around magnetic critical temperatures were observed
for some single crystals of FexTiS2 [16,61]. The obtained
results indicate that grain-boundary scattering does not dom-
inate in the total resistivity of the FexTiS2 polycrystalline
samples. Another feature is a change in the temperature co-
efficient of the electrical resistivity in the paramagnetic region
with increasing Fe content. As is seen from Fig. 9(a), an
increase in the Fe content results in zeroing the coefficient
α = ρ−1(dρ/dT ) obtained at T = 250 K, i.e., far above Tcrit .
Low α values in these compounds at T > Tcrit can be ascribed
to the presence of an additional contribution to scattering of
conduction electrons in the paramagnetic region. This con-
tribution is presumably of a magnetic nature and is due to
the existence of Griffith-like phase (clusters with short-range
magnetic correlations) in nominally a paramagnetic state (see
above). Weakening the short-range magnetic correlations and
a decrease in the volume and number of such clusters with
increasing temperature should decrease this contribution to
the total resistivity and compensate for the increase in the
phonon contribution. Moreover, as follows from Fig. 8, the
behavior of the electrical resistivity below Tcrit in compounds
with the Fe contents 0.25 � x � 0.5 differs from that ob-
served in the samples with x > 0.5: the resistivity decreases
with cooling below Tcrit in the former case, while in the Fe-rich
compounds (x > 0.5) the resistivity values in the magnetically
ordered state are higher than in the paramagnetic region (at
T > Tcrit). To demonstrate such a discrepancy we plotted in
Fig. 9 b the change in the value of the relative residual re-
sistivity ρres/ρ300 as a function of the Fe content. Our value
ρres/ρ300 ≈ 0.135 for TiS2 is of the same order of magnitude
as that observed for single crystalline samples (see Ref. [58]).
The intercalation of even small amount Fe atoms (x ∼ 0.1)

(a)

(b)

FIG. 9. Changes in the temperature coefficient of the electrical
resistivity α = ρ−1(dρ/dT ) obtained at T = 250 K (a) and relative
residual resistivity ρres/ρ300 (b) with the Fe concentration in FexTiS2.

results in a substantial growth of the ρres/ρ300 ratio and then
this ratio varies around ∼0.6 with increasing Fe content up
to x = 0.55; while further growth of Fe concentration leads
to a sharp increase in the ρres/ρ300 ratio [see Fig. 9(b)] and
substantial modifications of the ρ(T ) dependencies (Fig. 8).
It should be emphasized that the specific shape of the ρ(T )
curves with an increase in ρ(T )/ρ300 below magnetic order-
ing temperature and with an enhanced value of the residual
resistivity is observed only in the FexTiS2 samples with the
iron content above x = 0.5. As was mentioned above, the Fe
and Ti atoms in the structure of FexTiS2 with x � 0.5 are well
separated and located in alternating cationic layers. However,
an increase in the Fe content above x = 0.5 is suggested
to result in partial Fe-Ti mixing in the cationic layers and
the appearance of magnetic inhomogeneities. The electrical
resistivity of compounds with x � 0.5 seemingly includes
an additional magnetic contribution to the resistivity from
scattering of conduction electrons by such magnetic inhomo-
geneities in a magnetically ordered matrix below the critical
temperature.

As can be seen from Fig. 8, an applied magnetic field dif-
ferently affects the resistivity behavior of the FexTiS2 samples
containing various amounts of Fe, which can be considered as
an indication of changes in the magnetic state of compounds
with increasing Fe content. Thus, the compounds with the
Fe concentrations in the range 0.15 � x < 0.55 demonstrate
below critical temperature substantially reduced ρ values
compared with zero field data; while for the Fe-rich samples
(x � 0.55) the effect of an applied field of 100 kOe on the
electrical resistivity is rather small.
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FIG. 10. Field dependencies of the magnetoresistance (lines) measured at T = 4 K and magnetizations (symbols) at 2 K on the FexTiS2

polycrystalline samples.

The pronounced difference in the magnetoresistance be-
havior observed for FexTiS2 with various Fe concentrations is
clear seen in Fig. 10 which displays the field dependencies of
the magnetoresistance together with magnetization isotherms.
Like the M(H ) curves, the magnetoresistance (MR) was mea-
sured after cooling in zero field from the paramagnetic state
(from 200 K) to avoid the prehistory effect on the magnetic
state of the samples. For Fe0.1TiS2, the MR isotherm �ρ/ρ

= {[ρ(H ) − ρ(0)]/ρ(0)} × 100 measured at 4 K shows the
hysteresis which reflects the change in the magnetization. In
this sample, the applied magnetic field apparently only rotates
the magnetic moments of clusters toward the field direction,
which is accompanied by gradual reduction of the resistivity
by about 7% in a magnetic field of ∼90kOe. After zeroing
the magnetic field, the electrical resistivity of this compound
is found to be only slightly lower (by ∼0.4%) than the initial
(virgin) value; and the maximal �ρ/ρ values in Fe0.1TiS2 are
observed at the coercive field where M = 0. Analogous shape
of the MR curves is found for the compounds with x = 0.15
and x = 0.2, which also exhibit a cluster-glass magnetic state.
This type of the magnetoresistance behavior is characteristic
for magnetically inhomogeneous cluster-glass or granular sys-
tems [62].

An increase in the Fe content up to x = 0.25 leads to
dramatic changes in the magnetoresistance behavior. While
the M(H ) isotherms for the most FexTiS2 compounds with
x � 0.25 look rather usual for highly anisotropic ferro- or
ferrimagnets, for the samples with 0.25 � x � 0.5, the MR
behavior is clear atypical for the FM ordered materials. As

follows from Fig. 10, in all these samples, the magnetic field
lowers the resistivity by more than 5%; and in compounds
with x = 0.25 and x = 0.33, the MR value reaches ∼ − 35%
at H = 100 kOe. However, the MR isotherm for Fe0.33TiS2

differs substantially from that observed for the compounds
with lower and higher Fe contents within range 0.25 � x �
0.5. The compounds with x = 0.25, 0.28, 0.4, and 0.5 demon-
strate a sharp fall in the resistivity at critical fields close to
that observed on M(H ) isotherms (Fig. 10), nearly constant
values with a further increase in the field, and large values of
the remnant magnetoresistance:

�ρrem/ρ = {[ρfin(0) − ρvgn(0)]/ρvgn} × 100,

where 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 resistivity after preliminary magnetiza-
tion and switching off the magnetic field.

As is seen from Fig. 10, the �ρrem/ρ value is close that
observed in high fields. In contrary, for Fe0.33TiS2, the smooth
�ρ/ρ versus field dependence without saturation is observed;
and after switching off the field, the absolute remnant MR
at x = 0.33 is found to be substantially lower (| �ρrem/ρ |∼
2.5%) than the | �ρ/ρ | value in the 100 kOe field (∼36%).

Obviously, the difference in the magnetoresistance be-
havior in FexTiS2 at various Fe concentrations reflects the
diversity in the magnetic state of these compounds. As was
recently shown, the irreversibility of changes in �ρ/ρ with
the magnetic field and the presence of a large remnant MR
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FIG. 11. Neutron diffraction patterns for Fe0.33TiS2 measured at
T = 216 (crosses) and 2 K (circles). Line represents the results of
the fit of the diffraction pattern at 2 K. The bottom curve shows the
difference between calculated and observed 2 K intensities. The row
of vertical marks below the patterns refers to the nuclear Bragg peaks
corresponding to space group P3̄1c).

in Fe0.5TiS2 [13,15] and Fe0.25TiS2 [18] is associated with the
field-induced transition from the virgin AFM to the metastable
FM state. In the case of Fe0.5TiS2, irreversibility of the AFM-
FM transition at low temperatures was also confirmed by
neutron diffraction measurements in magnetic fields [13,14].
As follows from Fig. 10, an increase in the Fe concentration
above x = 0.5 leads to cardinal changes in the MR behavior;
starting from x = 0.55 the FexTiS2 compounds with a higher
iron content show very small changes in | �ρ/ρ | with the
field that do not exceed 1%, although the field dependencies
of the magnetization do not show noticeable changes.

D. Neutron diffraction for Fe0.33TiS2

In order to answer the question why the behavior of the
magnetization and magnetoresistance in in Fe0.33TiS2 differs
substantially from that observed in FexTiS2 compounds with
lower (x = 0.25) and higher (x = 0.4–0.5) concentrations we
have performed neutron diffraction measurements on a pow-
der sample with x = 0.33 at 2 K, as well as at 216 K, i.e.,
below and above T = 44 K where the bifurcation of the ZFC
and FC susceptibility curves was observed (see Fig. 11). As it
turned out, unlike the antiferromagnetic Fe0.5TiS2 compound
[13], the neutron powder diffraction pattern Fe0.33TiS2 taken
at 2 K (Fig. 8) does not show additional contributions of a
magnetic nature to the neutron scattering in comparison with
the pattern measured at 216 K; only a small shift of the nu-
clear Bragg reflections is observed due changes in the lattice
parameters with temperature. This observation unambigu-
ously shows that the Fe0.33TiS2 compound does not exhibit
a long-range magnetic order at temperatures above 2 K, and,
therefore, it can be concluded that the observed changes in
the susceptibility and magnetization with temperature and
magnetic field (Fig. 5), and magnetoresistance (Fig. 10) are
associated with the existence of a spin cluster glass state below
the freezing temperature Tf = 44 K, as was suggested earlier

from magnetic measurements (see Refs. [54,63]. It is worth
to mention that previous neutron diffraction measurements
performed on Fe0.33TiS2 [42] have revealed the appearance
below 50 K of the broad diffuse maximum at low values of
the scattering vector Q, which was attributed to the long-
periodic short-range magnetic correlations. Apparently, the
discrepancy between our neutron data and the results obtained
by Y. Kuroiwa et al. [42] is due to the difference in sample
preparation. Note that in order to achieve better sample ho-
mogeneity, long-term heat treatments were used in this work
(see above). Analysis of our neutron diffraction data displayed
in Fig. 8 using Le Bail fitting procedure confirmed our x-ray
data (Figs. 1 and 2) that the crystal structure of Fe0.33TiS2

belongs to the trigonal crystal system (space group P3̄1c),
which reflects the formation of the

√
3a0 × √

3a0 triangular
network of Fe ions in a cationic layer located between the S-
Ti-S sandwiches. The presence of a such network hinders the
formation of a long-range magnetic order within subsystem
of the Fe magnetic moments due to frustrations of the AFM
and FM exchange interactions. The existence of both FM
and AFM arrangements of the Fe moments within ab plane
was revealed by neutron diffraction in Fe0.5TiS2 [13]. Note
that absence of long-range magnetic order was confirmed by
neutron diffraction measurements for some other cluster-glass
magnetic system with frustrated AFM and FM interactions
(see Refs. [64,65], for instance).

IV. DISCUSSION AND CONCLUSION

The main magnetic and magnetoresistance data obtained
in the present work are collected in Fig. 12 together with data
reported in literature. As can be seen, our values of magnetic
critical temperatures [Fig. 12(a)] are in good agreement with
that obtained by other authors, including those for single-
crystalline samples. Considering the changes in the behavior
of magnetization with temperature and magnetic field, the
results of the magnetoresistance studies and neutron diffrac-
tion data, several concentration ranges should be distinguished
in which the magnetic state of FexTiS2 compounds differs
significantly. At low Fe concentrations (x < 0.2), where Fe
atoms are not ordered and randomly occupy octahedral posi-
tions located between the triple S-Ti-S layers, the magnetic
behavior of FexTiS2 can be classified as of spin-glass and
cluster-spin glass type, which is consistent with the opinion
of different authors (see Refs. [9,45,46], for instance). An
increase in the Fe concentration up to x ≈ 0.2 is accompa-
nied by a monotonous grows of the freezing temperature Tf

[Fig. 12(a)]; and the magnetization and magnetoresistance
behaviors with magnetic field and temperature (Figs. 3 and
10) are quite typical for materials exhibiting magnetic glassi-
ness. As follows from the T -x diagram, further intercalation
of Fe from x = 0.25 up to x ∼ 0.38 is not accompanied by
a remarkable increase in the magnetic critical temperature
despite a reduction of the average distances between Fe atoms;
moreover, at x = 0.33, a reduced critical temperature is de-
termined (∼44 K) than that observed in compounds with a
lower Fe content (52 K and 59 K at x = 0.25 and x = 0.28,
respectively). The ordering of Fe atoms and formation of the
superstructure 2

√
3a0 × a0 × 2c0 at x = 0.25 results in the

appearance of an AFM order below 52 K. The presence of
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(a) (b)

(c) (d)

FIG. 12. (a) T -x phase diagram for the FexTiS2 (full circles: present work, up triangles: Ref. [16], open squares: Ref. [54], and open circles:
Ref. [66]), (b) concentration dependencies of the magnetoresistance measured at T = 4 K in the 100 kOe field �ρ100/ρ (crosses) and remnant
magnetoresistance �ρrem/ρ (diamonds); (c) variations of the effective magnetic moment μeff and the magnetic moment μ70 in the 70 kOe field
(squares: present work and down triangles: Ref. [16]) and (d) the coercive field at T = 2 K with the Fe content.

the AFM virgin state and irreversible field-induced AFM-FM
transition in Fe0.25TiS2 is supported by the observation a large
remnant magnetoresistance in this compound (Figs. 10 and
12). An increase in the Fe content up to x = 0.33 leads to
the formation of the triangular network of Fe atoms, which
prevents a regular arrangement of Fe magnetic moments due
to frustrations of exchange interactions and results in the
formation of a cluster-glass-like magnetic state. The absence
of a long-range magnetic order in Fe0.33TiS2 is confirmed by
neutron diffraction data (Fig. 11). Moreover, the field depen-
dence of the magnetoresistance in Fe0.33TiS2 is found to be
analogous to that observed in cluster-glass systems with low
Fe concentrations (0.1 � x � 0.2) and is characterized by a
low value of the remnant MR. A growth of the Fe content
above x = 0.4 substantially increases the magnetic critical
temperature [Fig. 12(a)]. The magnetic state of Fe0.45TiS2 is
suggested to be inhomogeneous and consists of a matrix with
a long-range AFM order with a Néel temperature of about
135 K, in which magnetic clusters with short-range magnetic
correlations begin to freeze upon cooling below ∼100 K; and
the Fe0.5TiS2 compound exhibits AFM ordering in the whole
temperature range below 140 K.

The large magnetoresistance (|�ρ/ρ| up to 35%) observed
in the AFM ordered FexTiS2 compounds is attributed to the
disappearance of energy gaps in the electron spectrum on
the superzone boundaries under applying a magnetic field
[13,15,37]. The field-induced AFM-FM transitions at low
temperatures in FexTiS2 are accompanied by a large remnant
MR, which indicates their irreversibility [Figs. 10 and 12(b)].
It should be noted that the irreversibility of metamagnetic
transitions accompanied by remnant MR was also found in

some other antiferromagnets with metallic conductivity (see
Refs. [67–69]). The large value of the remnant MR observed
in our FexTiS2 compounds cannot be explained by the field-
induced rearrangement of the FM domains. Assuming that
the realignment of the FM domains is the cause of the un-
usual magnetoresistance behavior in FexTiS2, a large value
of the remnant MR should also be observed in compounds
with x > 0.5, but this is not the case. It is also important
to note, that in the FM and AFM ordered magnetics with
very high magnetocrystalline anisotropy energy, the domain
walls are narrow and do not substantially contribute to the
conduction electron scattering. This follows, for example,
from the MR data presented for the FM ordered FexTaS2

compounds [12,26], in which the absolute value of remnant
MR does not exceed 1%. As was recently shown for Fe0.5TiS2

[15], the magnetoelastic interactions along with Ising-type
spin states of Fe and exchange interactions may lead to ir-
reversibility of these AFM-FM transitions and formation of
a high-coercive metastable FM state in these materials. Con-
sidering the remnant magnetoresistance as a sensitive tool
for detecting irreversible AFM-FM transitions the presence
of two maximum on the −(�ρrem/ρ) versus x dependence
[shown in Fig. 12(b)] at x ∼ 0.25 and x ∼ 0.5 indicates that
there is a following sequence of magnetic states in the system
with increasing Fe concentration: CG → AFM → CG →
AFM; in the ranges of intermediate concentrations 0.25 <

x < 0.33 and 0.33 < x < 0.5, the magnetic state is hetero-
geneous with coexisting AFM and CG phases. The FexTiS2

compounds with high Fe concentrations (above x = 0.5) are
characterized by TC values in the range ∼140–160 K, by
unusual temperature dependencies of the electrical resistivity
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(Figs. 8 and 9) and negligible MR values (Fig. 10). Below TC ,
changes in the magnetization of the compounds with x > 0.5
in a magnetic field are quite typical for ferro- or ferrimagnets
with high magnetocrystalline anisotropy. The fact that the
electrical resistivity of FexTiS2 with x > 0.5 in magnetically
ordered state is higher than in the disordered paramagnetic
state may result from the scattering of conduction electrons by
magnetic inhomogeneities appearing in the Ti layers in which
some Ti ions are replaced by Fe. The presence of an additional
magnetic contribution to the resistivity which does not vanish
at T → 0 was observed in some other metallic magnetics with
substitutions (see Ref. [70], for instance). Bearing in mind the
possible Fe-Ti mixing in cationic layers which can remove
the compensation of Fe magnetic moments in the sublattices,
the magnetic state of the compounds with x > 0.5 can most
likely be characterized as having a ferrimagnetic (FI) order. It
is worth to mention that partial mixing of Ti and Fe atoms was
detected by neutron diffraction in the Fe4Ti3S8 (FeTi0.75S2)
compound with close metal/sulfur ratio [71]. Further neutron
diffraction studies can be useful for clarifying the sequence
of magnetic states in the FexTiS2 system with increasing Fe
concentration, as well as for elucidating the role of Fe-Ti
mixing on the behavior of magnetic and transport properties
of the FexTiS2 system at a high iron content.

As derived from our magnetic susceptibility data in the
temperature interval from 200 K up to 350 K, the effective
magnetic moment per Fe atom in FexTiS2 varies in the range
3.4μB–3.8μB [Fig. 12(c)], which agrees with reported μeff

values [16]. The deviation of the inverse susceptibility from
the CW law observed with cooling below ∼200 K in FexTiS2

with x < 0.5 is attributed to the presence of a Griffiths-like
phase in a wide temperature range above the magnetic critical
temperature. Because of the Ising-type spin state the subsys-
tem of Fe atoms diluted with vacancies in these compounds
seem to be quite compatible with the Griffiths model for
random magnetic systems [51].

The values of the average magnetic moment per Fe atom in
a field of 70 kOe (μ70) in our polycrystalline FexTiS2 samples
are determined from ∼1μB to 2.2 μB; while, as shown by
J. Choe et al. [16], for single crystalline samples, there is a
significantly larger scatter of μ70 values determined along the
easy c axis (from 0.63 μB to 4.16 μB). The latter may indicate
the uniqueness of each FexTiS2 single crystal in terms of the
distribution of iron atoms.

All the polycrystalline FexTiS2 samples studied in the
present work (0.1 � x � 0.75) are observed to show broad
hysteresis loops at low temperatures. For the compounds with
ordered Fe atoms (x � 0.25), the values of remnant magneti-
zation Mr are estimated to be from 0.6 μB to 1.4 μB, which is
lower than ∼1.45 μB expected for an array of single-domain
ferromagnetic particles with uniaxial anisotropy [72] bearing
in mind that according to the neutron diffraction data for
Fe0.5TiS2 [13] the Fe atom possesses a magnetic moment of
about 2.9 μB. The low-temperature coercive field of FexTiS2

is observed to vary with Fe concentration non monotonously
within the range ∼(10–50) kOe (Fig. 12(d)) and shows two
pronounced maximums: at x ∼ 0.2–0.25 and ∼0.45–0.5. The
nonmonotonic Hc versus x dependence in the FexTiS2 system

was also reported earlier (see Ref. [54]). The enhanced mag-
netic hardness of FexTiS2 can be attributed to the presence
of large unquenched orbital angular momentum on Fe atoms
since according to the x-ray magnetic circular dichroism mea-
surements Fe atoms in FexTiS2 (0.1 � x � 0.5) exhibit an
orbital moment which varies in the range 0.25 μB/Fe - 0.49
μB/Fe [47,48]. However, we should to emphasize here that ac-
cording to results of the present work and our previous studies
[13–15,18] the FexTiS2 compounds with maximal Hc values
are characterized as having the AFM virgin magnetic state.
Therefore, along with the unquenched orbital moment of Fe,
the magnetic hardness of these samples can be significantly
influenced by the intrinsic exchange bias [50] since both AFM
and FM interactions and their frustrations are involved in
the formation of the complex magnetic behavior of FexTiS2

compounds. Further studies of the intrinsic exchange bias
phenomenon in these materials are necessary for a deeper un-
derstanding of the mechanisms responsible for their magnetic
hardness.

The Hc versus T dependencies observed in most FexTiS2

can be well described above 5 K by the exponential law:
Hc(T ) = Hc(0) exp(−αT ). An exponential decay of the coer-
cive field with increasing temperature was observed in many
magnetic systems with a high local magnetic anisotropy,
for example, in amorphous alloys and intermetallic com-
pounds containing rare earth elements [67,73,74], as well as
in Fe0.25TaS2 [12]. The coercivity associated with inversions
of the magnetic moments in small volumes and controlled
rather by exchange interactions than the magnetocrystalline
anisotropy seems to be the common feature in such materials.

In conclusion, we systematically studied the changes in
the crystal structure, magnetic and transport properties with
increasing Fe content in the intercalation compounds FexTiS2

synthesized by solid state reactions with prolonged homoge-
nization heat treatments. Multiple magnetic states observed in
this system are found to closely relate with the concentration
of Fe atoms and their distribution over the cationic layers. This
feature of the system makes each single crystal obtained with
chemical vapor deposition method an almost unique object
with only its inherent properties, which, we think, led to con-
tradictions in the data on the properties of these compounds
published over several decades. The results obtained in this
work, such as the irreversibility of the field-induced AFM-FM
transitions, the possible influence of the intrinsic exchange
bias on the coercivity of FexTiS2, the presence of the Griffiths
phase above the magnetic critical temperature in compounds
with x � 0.5, as well as the unusual behavior of the electrical
resistivity at x > 0.5, we hope, will stimulate further research
in this field and in other materials.
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