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Critical behavior and phase diagram of layered ferromagnetic FeTa;S¢ single crystals
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The magnetization of the highly air-stable two-dimensional (2D) intrinsic ferromagnet FeTa3;S¢ single crystal
has been systematically investigated. Magnetization measurement revealed paramagnetic to ferromagnetic (PM-
FM) phase transition at around 35 K and a strong magnetic anisotropy along the crystallographic c axis (H || ¢).
The critical exponents 8 = 0.189(2), y = 1.423(1), and é = 8.531(7) with 7. = 35 K suggest that the spin
interaction of a two-dimensional (2D) Ising type in FeTa;S¢ coupled with long-range (o = 1.581) interaction.
A comprehensive magnetic phase diagram based on detailed magnetization measurements and universality
scaling of FeTa;S¢ is constructed over three magnetic field regions. The magnetic phase diagram of FeTa;Sg¢
is analogous to that of CrNbsSe, which exhibits a chiral magnetic soliton lattice. DFT simulation reveals that
the large magnetic anisotropy energy in FeTa;S¢ originates from the combined effects such as considerable
orbital magnetic moment, host lattice spin-orbit coupling, and hybridization between host lattice 2H — TaS, and
the intercalated Fe component. Furthermore, the magnetic anisotropy (|| ¢) in FeTa3S¢ is due to the dominant
contribution of the spin conserving process AS, = 0 in magnetic anisotropy energy, which differs from that of
CrNbsSg, or MnNbsSe, where the spin flipping process AS, = 1 dominates, causing in-plane (L c) magnetic

anisotropy.

DOL: 10.1103/PhysRevB.105.144413

I. INTRODUCTION

Two-dimensional (2D) materials have recently stimulated
significant interest in the development of novel properties
and potential applications [1-5]. Most of the 2D materials
are nonmagnetic or antiferromagnetic by nature. Therefore,
2D ferromagnetic (FM) materials are of great importance to
boost next-generation spintronic devices [6—11]. To explore
2D magnetism, layered or quasilayered materials are preferred
over nonlayered magnets because they can be downsized
to one or two layers without compromising the sample’s
ferromagnetic nature [12]. Very recently, many efforts have
been devoted towards this novel direction. For instance, Crl;
[13-17], Cr,Ge,Teg [4,16], Cr,Si, Teg, and Fe;GeTe, [17,18]
are the layered materials that exhibit the 2D ferromagnetism
in bulk as well as nanosheets form, even to a single layer.
However, there are still many challenges and issues, in-
cluding poor stability and lower Curie temperatures going
from the bulk to the thinner geometry, i.e., quasi-2D struc-
ture, hampering the experimental investigation of intrinsic
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2D ferromagnetism and technological applications [17,19].
For example, Crl; nanosheet degrades in the air in 15 min-
utes, Fe;GeTe, nanosheet ferromagnetism disappears under
the atmosphere for a few hours [17,19], and Cr,Si,Te¢ has
a low Curie temperature. Similarly, a weak ferromagnetic
signal is observed in a few layers of the Cr,Ge,Tes sam-
ple using the magneto-optical Kerr effect (MOKE) [20]. The
magnetism strongly depends on the number of layers and T
drops to a very lower temperature for bi- or trilayers sample
of Cr,Ge,Teg [12]. T, was also found to be unexpectedly
dependent on the external magnetic field in the 2D limit
compared to its bulk form [12]. The discrepancies found in
the 2D limit are due to the fundamental difference between
2D and 3D materials, i.e., in bulk materials, the transition to
a ferromagnetic state is driven by the exchange interactions
among spins and their neighbors, while in 2D, the exchange
of interactions alone cannot generate magnetic order; the
governing factor is magnetic anisotropy [21]. And the mag-
netic anisotropy of Cr,Ge,Teg is moderate (~1T). Crls has
a similar 7, to Cr,Ge,Teg, 61 K and its comparatively large
magnetic anisotropy (~3T) is well suited for the investigation
of 2D ferromagnetism. The MOKE signal from Crl; is orders
of magnitude greater than the that signal from Cr,Ge,Teg
[22]. However, Crl; has a considerable disadvantage of being
unstable, as we discussed earlier.
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The exploration of 2D ferromagnetism thus requires a
highly stable layered ferromagnetic material with a strong
magnetic anisotropy. In this sense, very recently, Fe-
intercalated transition metal dichalcogenides (TMDCs), TaS,,
labeled as FeTasSg, has been noticed as a two-dimensional
ferromagnetic material [23]. Intrinsic few-layer ferromag-
netism in FeTa3S¢ is identified by polar magneto-optical
Kerr effect measurement that demonstrates a giant MOKE
response. In addition to considerable out-of-plane ferromag-
netism that survives down to a few layers, FeTa3S¢ has
an increasing trend of 7, by reducing it from bulk to 2D.
More importantly, FeTasS¢ has excellent air stability and high
magneto-crystalline anisotropy, making it the perfect platform
for the investigating of 2D magnetism. In order to explain the
magnetic behavior of the few-layer samples and the future
application of this material, it is necessary to determine the
nature of the magnetism in the bulk. In this paper, we present a
comprehensive and detailed magnetic study by combining ex-
periments with first-principles calculations on Fe-intercalated
into TaS,, FeTa3S¢ single crystals.

II. RESULTS AND DISCUSSION
A. Methods

FeTa;S¢ single crystals were grown using a solid-state re-
action and chemical vapor transport method. High purity iron
powders (99.5%), tantalum powders (99.999%), and sulfur
(99.999%) were weighed and mixed at a ratio of 0.4:1:2 [24]
and appropriate iodine as transport agents and then sealed
under vacuum in a quartz tube. Quartz tubes were placed
into a chamber furnace for solid-state reaction and held at
1323 K for 3 days. Whereafter, quartz tubes were placed in
a two-zone furnace for the chemical vapor transport method.
The prereaction was carried out by reverse transport for 3
days, then the source was maintained at 1253 K and the sink
was maintained at 1153 K for another 7 days. The struc-
ture and phase purity of the FeTa3S¢ were characterized by
x-ray diffraction (XRD) (Rigaku SmartLab) with Cu K, radi-
ation. The magnetizations of the samples were measured by
SQUID-VSM (Quantum Design, USA). The magnetic field
was applied in no-overshoot mode and relaxed for 2 min
before data collection to ensure an accurate magnetic field and
data. In particular, when the initial isothermal magnetization
was measured, the sample was cooled to the desired temper-
ature under zero magnetic field after being sufficiently heated
for 10 min above T..

For the DFT calculations, we use the pseudopoten-
tial approach in the framework of the so-called projected
augmented-wave (PAW) method [25] as implemented in the
Vienna ab initio simulation package (VASP) [26]. To describe
the exchange-correlation interaction, the GGA-PBE scheme
was chosen [27]. All the degrees of freedom were relaxed until
the Hellmann- Feynman force on each component is lower
than —0.01 eV/A. The Monkhorst-Packgrid of 17 x 17 x 7
centered around the I' point was chosen to sample the BZ.
For the expansion of the plane waves, a basis set with the
cutoff energy of 520 eV was taken. To address the strong
correlation effects as important in the case of 3d magnetic
components, we use the so-called GGA+U potential [28]
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FIG. 1. (a) Single crystal XRD pattern of FeTa;S¢ at room tem-
perature. The observed sharp (0, 0, /) peaks imply the high quality
of FeTa;S¢ single crystal [the x-ray rocking curves from the reflec-
tion of (002) peak]. (b) A typical EDX spectrum for single-crystal
FeTa;S¢. (c) The crystal structure of FeTa;Se, which consists of
alternate stacking of TaS, layers where the Fe atoms are intercalated
between TaS, layers (a side view).

with the Hubbard parameter U = 4.5 and exchange energy
parameter J = 0.7 eV [29]. To cover the van der Waals (Vdw)
interaction between the adjacent layers, we included the DFT-
D3 method of Grime [30]. For the 2D sheets, a slab model was
used with vacuum thickness around 20 A.

B. Structural properties

Figure 1 shows the structure information of FeTa3S¢. Fig-
ure 1(a) shows the single-crystal XRD pattern, only (00/)
peaks were observed, suggesting that the surface of the crystal
is normal to the ¢ axis with the plate-shaped surface parallel
to the ab plane. A series of strong sharp diffraction peaks
are consistent with the previous paper [23] and (JCPDS No.
22-0360), demonstrating high crystalline quality and layered
features of the as grown FeTa3S¢ single crystals. The chemical
ratio was determined by the EDX spectrum as displayed in
Fig. 1(b), which shows that the Fe:Ta:S ratio is close to 1:3:6.
The quality of the grown FeTa3S¢ single crystals is further
confirmed by measuring rocking curves. The x-ray rocking
curves from the reflection of (002) show that the full widths
of the rocking curves at half-maximum (FWHM) are 0.077 as
shown in the inset of Fig. 1(a). The single peak and narrow
FWHM of the rocking curve show the high quality of a single
crystal sample with no misoriented blocks or twin crystal.
Figure 1(c) illustrates the structural schematic diagram of
FeTa3Sg, which crystallizes in a hexagonal layered lattice
structure that is alternately stacked with Fe atoms and H-phase
TaS, layers with the space group of P6322 (No. 182) [23].

C. Magnetization

Figure 2(a) shows the temperature dependent magnetiza-
tion M (T ) for applied magnetic fields H || c and H L ¢ with
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FIG. 2. (a) Temperature dependence of magnetization M (7') measured at 100 Oe and 1000 Oe along the crystallographic c axis H || c. The
purple circle is drawn to indicate the characteristic kink (discussed in the text). The inset shows the field dependence of magnetization M (T')
measured for H L c. (b) Isothermal magnetization as a function of applied field M (H) at selected temperatures with H || ¢ (c) H L ¢ (d) the
magnified M (H ) in the low-field regions to clearly show the magnetic steps. The blue- and purple-dotted lines are drawn to estimate field that
induced phase transition (from P; to P,) and saturation magnetization for FM phase (Ps), respectively at specific temperatures. (e) M (H ) loops
at T =22 K (below T;) and 37 K (just above T.) are shown. The unusual behavior (magnetic steps) disappears above 7.

a zero field cooled (ZFC) and field cooled (FC) protocols.
As the temperature decreases, there is a sharp increase in
each M (T') curve, indicating a ferromagnetic phase transition.
A sharp kink occurs in the M(T) curve at the onset of the
magnetic phase transition under the magnetic field of 1000 Oe
applied along the c axis. The phase transition temperature (7.)
was estimated to be 36 K, determined from the kink on the
M(T) curve. The separation of the M (T') curve between ZFC
and FC appears at high temperature (~160 K), which could be
due to magnetic disorders caused by atomic disorders or could
indicate the presence of a small amount of FeTaySg (T, ~
160 K) [31,32] phase as an impurity. The kink like behavior in
the M(T') curve in the lower-field region usually implies hint
for helimagnetic ordering, as seen in isostructural compounds
such as CrNb3;S¢ [33] and MnNb3S¢ [34]. FeTa3S¢ has been
confirmed as a chiral magnet in the MTa3;S¢ (M = Cr, Mn,
Fe, Co, and Ni) family [35,36]. Additionally, Fe (FeTasS¢)
has a high SOC than Cr (CrNbsS¢) and Mn (MnNb3Se)
due to its sizable atomic number Z [37]. The chirality with
high spin-orbital coupling in the crystal structure of FeTazSe
results in an antisymmetric exchange interaction called the
Dzyaloshinskii-Moriya (DM) interaction [38]. Therefore, the
novel magnetic ground state established by competing DM
interactions with ferromagnetic coupling is also highly antici-
pated in FeTa3Ss.

Figures 2(b) and 2(c) display the isothermal magnetization
M (H) loops measured at different temperatures for H || ¢ and
H 1 c, respectively. All M(H) curves below T, for H || ¢

exhibit saturation and are ferromagnetic in nature, whereas,
the magnetization increases linearly with applied field for the
M (H) curves measured along H L ¢, indicating the magne-
tization easy axis along H || c. The saturation magnetization
is estimated to be ~4.03 up/f.u., indicating that Fe in the
FeTasS is in the form of Fe™. The magnetization arises
mainly from the unpaired electrons of the intercalated atoms
(Fe) in the FeTa3Se.

Two symmetrical magnetic steps in the low-field region
before saturation can be noticed in M(H) curves for H || ¢
and are distinct from those of typical ferromagnetic materials.
The two noticeable magnetic reflection points refer to the two
distinct magnetic phases separated by the applied magnetic
field as shown in Fig. 2(d). This shows that when the mag-
netic field increases, the modulated magnetic state initially
transforms into an intermediate phase and eventually polarizes
into an FM phase. Furthermore, the M (H ) curve shows a clear
hysteresis loop below T,.. While, the width of the loop (AH)
shrinks at an increasing temperature and finally disappears
above T, as shown in Fig. 2(e). This phenomenon has been
seen in CrNb3Sg (isostructural to FeTa3Sg) where the interme-
diate phase (between HM and FM phase) is identified as chiral
soliton lattice (CSL) [33]. Evidence for CSL has been seen in
magnetization and transport measurement for other intercalant
TMDC:s but has been convincingly confirmed in CrNbsS¢ to
date [39,40]. Latest reports on this theme include a single
neutron diffraction analysis of polycrystalline CrTazSe [41]
and several magnetization and diffraction studies of MnNb3S¢
[34,42,43], which indicated that these materials could be
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FIG. 3. (a) Initial magnetization isotherms M (H ) below 7, from
T=14KtoT=34KwithH | ¢ (b)d[M(H)]/dH curves from 14 K
to 34 K with H || ¢ (definitions of H,, H,, and H, are discussed in the
text). The inset is the magnified d[M(H)]/dH curves at T= 22 K
in the low-field region. The magnetic field induced phase separation
regions are marked as Py, P>, and P;. The region marked with (P, Ps)
is the region with coexistence of two phases P, and P,. P, is dominant
at low fields and P; is dominant at high field.

the next chiral soliton lattice candidates. In this context, the
findings in this paper firmly establish the ferromagnetic inter-
calated TMDC compound, FeTa3Sg as a strong candidates for
hosting exotic magnetic phases and motivate further work.

In order to accurately estimate field-induced transition
points, magnetic isotherms [M (H )] were measured around 7
in low field as shown in Fig. 3(a). At low fields, the inflection
points (H; and Hy) can be seen clearly. The [M (H)] curves ap-
pear to be saturated at critical fields Hj, but a closer look [see
inset of Fig. 3(a)] reveals that the actual saturation occurs at
relatively high fields (H,). Therefore, the relatively accurate
critical fields are estimated using d[M(H)]/dH curves. Fig-
ure 3(b) shows d[M(H)]/dH in a temperature range below T...
Three distinct regions are found on the d[M(H)]/dH curve,
a plateau in a low-field region followed by a peak and drops
to very low values as the field rises. Three inflection points
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FIG. 4. (a) The initial isothermal magnetization curves around
T.; (b) Arrott plot of H/M vs M? around T,.

are marked as H;, H,, and H,, referring to the field induced
phase transition points. Two inflection points H; and H have
already been found in the M (H) curves below T, while H,
is a new finding in this d[M(H)]/dH curve analysis. This
shows that the FeTa3Ss single crystalline system undergoes
two intermediate phases at H; and H, and ultimately to FM at
H, from HM ground state by changing the external magnetic
field. The inset of Fig. 3(b) shows the d[M(H)]/dH curve at
22 K where all the inflection points H;, H», and H, are marked.
The scheme of phase transition observed and the nature of the
phases will be discussed in the next sections.

D. Critical exponents analysis

Figure 4(a) shows all the magnetic isotherms M(H) at
high fields around 7, for H || c. Based on these M (H ) curves,
the Arrott plot was constructed assuming critical exponents
following the mean-field theory with 8 = 0.5 and y = 1 as
shown in Fig. 4(b). All the lines in this plot show a nonlinear
behavior having a downward curvature even in the high-field
region. This means that the magnetic interaction in FeTa3S¢
can not be described by conventional Landau mean-field
model. Moreover, the order of the magnetic phase transition
can be estimated through the slope of straight line according
to Banerjee’s criterion [44]: A positive slope refers to second
order while negative slope corresponds to first-order phase
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FIG. 5. The isotherms plotted as M'/# vs (H/M)'” with a (a) 3D Heisenberg model, (b) 3D Ising model, (c) 3D XY model, and

(d) tricritical mean-field model.

transition. Therefore, the positive slope of the M? vs H/M
curves shows that the order of phase transition in FeTasSg is
the second order.

The second-order phase transition around 7. shows the
critical behavior of the various thermodynamic variables,
governed by critical fluctuations. The critical behavior is char-
acterized by a set of interrelated statistical parameters, such as
B, v, and §. The parameters B (associated with spontaneous
magnetization below T;), y (associated with inverse magnetic
susceptibility above T;), and § (associated with 7;) are criti-
cal exponents. From magnetization measurements, the above
mentioned exponents are mathematically described as follows
[45]:

Mg(T) = My(—¢)P, e <0, (D
xo ' (T) = (ho/Mo)(e) , & > 0, )
M =DH'"®, ¢=0, [T=T.] 3)

where € = (T — T;)/T. is the reduced temperature and hy /M,
and D are critical amplitudes. The critical behavior in the
vicinity of T, can be described by a series of critical exponents
that follow the Arrott-Noakes equation of state in the critical
region [46]:

H/M'"Y = (T —T.))T, + (M/M;)"/? (4)

where M; is constant. Critical exponents provide important
clues, such as the nature of spin interaction, spin dimension-
ality, and decaying length of magnetic coupling. Four sets of
critical exponents corresponding to 3D-Heisenberg model (8
= 0.365, y = 1.386), 3D XY (8 = 0.345, y = 1.316), 3D
Ising model (8 = 0.325, y = 1.24), and tricritical mean-field

model (8 = 0.25, y = 1.0) [44] were tested to construct Arrott
plots. As shown in Figs. 5(a)-5(d) all the models failed to
produce straight lines, suggesting that all these 3D models are
not suitable for FeTa3;Se.

Considering the strong 2D characteristics in FeTa3S¢, the
isothermal magnetization data in the critical region was fur-
ther analyzed with 2D Ising model (8 = 0.125, y = 1.75).
The corresponding plot is presented in Fig. 6(a) that shows
a set of quasistraightlines. However, no straight line passes
through the origin, showing that the FeTa3S¢ system cannot
be rigorously explained by the 2D Ising model. Therefore, the
critical exponents need to be modified under the framework of
2D Ising model in order to obtain the precise value of 7. To
find out the proper values of critical exponents (8 and y) as
well as T, the magnetization was reanalyzed using the mod-
ified Arrott plot analysis using Eq. (4). A rigorous iterative
method has been adopted to avoid nonphysical fittings as well
as systematic errors in the exponent values [47]. The starting
values of x, (T) and M,(T) were determined from the Arrott
plot constructed following 2D Ising model shown in Fig. 6(a)
by the linear extrapolation of the magnetic isotherms from
high-field regions to the intercepts with the axis (H/M)'/Y
and M/, respectively. New values of B and y can be de-
termined by fitting the data following Eqgs. (1) and (2). Using
these new values of these exponents, the modified Arrott plot
was constructed similar to the one shown in Fig. 6(a). This
process was repeated until the stable values of 8 and y were
obtained. Following this procedure, the critical exponents ob-
tained hardly depend on the initial parameters, which confirm
the reliability and the intrinsic nature of these exponents.
Figure 6(b) shows the final modified Arrott plot, constructed
with the exponents values 8 = 0.189(2) and y = 1.423(1). It
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FIG. 6. (a) 2D Ising model plot of isotherms for FeTa;Se.
(b) Modified Arrott plot of M'/# vs (H/M)'” with 8 = 0.189 and y
= 1.423 for FeTa;Se. The straight line is the linear fit of the isotherm
atT=35K.

is clear from final modified Arrott plot that all the lines are
very straight in the high-field region and a line passes through
origin at 7,= 35 K.

Figure 7(a) shows the finally obtained M,(T") and ()
values with solid fitting curves following Eqgs. (1) and (2).
The fitting result yield g = 0.189(2) with 7, = 35.2 K and
y = 1.423(1) with T, = 34.8 K. The values obtained here are
in agreement with those obtained using modified Arrott plot
analysis. Figure 7(b) shows the magnetic isotherm M(H) at
the critical temperature 7, = 35 K in log-log scale. The M (H )
curve at T, shows a straight line on the log-log scale when
H > H;. Thus, following Eq. (3) the third critical exponent §
= 8.471(7) can be determined in the high-field region (H >
Hy). Alternatively, the exponent § can be obtained from the
Widom scaling law [48], according to which these exponents
must fulfill the following relationship:

Y
d=1+—. 5
8 o)

Following Eq. (5) and using the values of 8 and y obtained
from the modified Arrott plot analysis, § = 8.531(7) was
calculated, which is consistent with the value obtained from
the critical isotherm analysis. This indicates that the estimated
values are self consistent and reliable. All the critical expo-

FIG. 7. (a) The spontaneous magnetization M; (left) and inverse
initial susceptibility y, ! (right) vs T with the fitting solid curves;
(b) The field dependence of the magnetization isotherm at 7.= 35 K
for FeTa3S¢ on a In-In scale, where the solid line is the linear fit
following Eq. (S3) [37] that gives the critical exponent §.

nents obtained in this work for FeTas;S¢ are listed in Table 1
along with the values of other helimagnetic materials and
theoretically predicted for various models. The magnetic cou-
pling in FeTa3Se is 2D type, but unlike its sister compounds,
such as CrNb3Sg and MnNb3Sg, which have 3D type magnetic
coupling. This is due to the fact that spins in FeTa3S¢ are
mainly coupled within the ab plane. However, the deviation
of the experimentally determined values from the theoretically
predicted values of the 2D Ising model is due to the nonneg-
ligible interlayer coupling owing to the ionic bonding effect
between the Fe atoms and the TaS, layers.

Furthermore, the effective exponents Ber and ye are
obtained by Eq. (6) for FeTa3S¢ to clarify whether the de-
termined critical exponents belong to any universality class in
the asymptotic region:

d[In M;(e)]

Beti(e) = d(l—ns)’

d[In x; ' ()]

d(Ing) ©

Vett (8) =

The Berr and yer as a function of reduced temperature €
are plotted in Fig. 8. Beir (T < Tc) shows a nonmonotonic
variation with €. Whereas, yer (T > T¢) shows monotonic
variation with €, and converges when the temperature ap-
proaches T, defining the universality class to be 2D Ising
model. However, nonmonotonic changes are attributed to
magnetic disorders or the presence of FeTa,Sg because crystal
growth via chemical vapor transport frequently encounters
difficulties in controlling the amount of elements, which must
be very small, which is beyond the XRD accuracy limit. As
previously stated, the branching of the M (T") curves under the
ZFC and FC at around 160 K implies the presence of magnetic
disorders or small amount of FeTasSg, which is consistent
with the conclusion achieved here. For a second-order phase
transition, the critical exponents for a homogeneous magnet
should be independent of the microscopic details of the system
due to the divergence of correlation length in the vicinity
of the transition point [49,50]. Hence, the critical exponents
obtained here and the nonmonotonic changes of Be (T < T'c)
and convergence of both y. (T > Tc¢) and B are intrinsic.
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TABLE I. Comparison of critical exponents of FeTa;S¢ with different theoretical models. MAP, modified Arrott plot; KF, Kouvel-Fisher

method; CI, critical isotherm analysis.

Composition References Technique B y 8
FeTa;Se This paper MAP 0.189(2) (3) 1.423(1) 8.531(7)
CrNbsSe [33] MAP 0.370(4) 1.380(2) 4.853(6)
MnNbsSe [34] MEC 0.3681(1) 1.3917(2) 4.7805(7)
MnSi [56] MAP 0.242(6) 0.915(3) 4.734(6)
FeGe [57] MAP 0.368 1.382 4.787
2D Ising [58] Theory 0.125 1.75 15
Mean field [45] Theory 0.5 1.0 3.0
3D Heisenberg [44,59] Theory 0.365 1.386 4.8
3D XY [44,60] Theory 0.345 1.316 4.81
3D Ising [44,60] Theory 0.325 1.24 4.82
Tricritical mean field [61] Theory 0.25 1.0 5

We also employed DFT simulation to reach a better un-
derstanding of magnetism in FeTa3Sg. We found the spin
magnetic moment is (~3.65 up) per Fe, indicating that Fe in
the FeTa3Sg system behaves as Fe®? [51]. While examining
the geometrical structure of the FeTa;Sg system in (Fig. S1b
in the Supplemental Material [37]), we realized that the local
symmetry of the intercalated Fe™*? is Dy, implying that FeSg
octahedron is trigonally distorted. Because of the modification
of symmetry O, — D3, symmetry, the 3d orbitals split (see
Figs. Sla and S1b in the Supplemental Material [37]), with
total spin of § = 2, the electronic configuration of the Fe*?
is 3d? (eg )i, giving the spin magnetic moment M, ~ 4iip.
Interestingly, there exists a large orbital magnetic moment(~
0.11up) as shown in Fig. 9(a) at the intercalated Fe site. The
estimated order of Mo, /Mgpin 18 ~3%. The spin and orbital
magnetic moments have the same sign, indicating that they are
coupled parallel. This reflects the fact that the d — orbital is
more than half-filled. The net magnetic moment M = Mg, +
My thus becomes ~3.76 g, which is consistent with our
experimental results of 4.03 5.

Magnetic crystalline anisotropy energy (MAE), in addition
to Curie temperature and magnetization strength, is the third
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FIG. 8. Effective exponents Ser and yeq (inset) as a function of
reduced temperature €.

most important parameter that characterizes ferromagnetic
materials. The MAE can be defined as; MAE = E(/) — E(L
c), where 6 is measured from the ¢ axis. MAE based on
the noncollinear SOC in Fig. 9(b) shows that the energy
of the FeTasS¢ system is gradually growing when all the
spin moments are tilting away from the c¢ axis, indicating
that the easy axis of the FeTa3S3 system is parallel to the
¢ axis, i.e., E(|| ¢) < E(L c). The strength of the MAE is
found to be ~3.65 meV per FeTa3S¢, which is much higher
than other ferromagnetic systems in the same family, such
as CrNbsS¢, MnNbsSe, and FeNbsS¢, and also higher than
Crl; and CrGeTes ferromagnetic semiconductors [52-54].
The calculated higher value of MAE hints that there is a strong
coupling of spin moments with the c axis, endorsing Ising type
behavior as observed in our experimental findings.

Why does FeTas;S¢ have such high magnetic anisotropy
compared to other ferromagnetic members of the same fam-
ily, such as CrNb;Sg and MnNb3S4? In principle, the MAE
depends on not only the SOC strength of the intercalated
magnetic components but also the other factors, which can
be seen from the Eq. (7) [52]:

Hy;

Em)=Eo+ ) gii—g))

iJ

Sk
€ — €

. . 2 . . 2
Hij=|<l|H£Oe]>|+|<l|Hgg|J>|
+ <i|HF | j><i|HY | j>+ce. (7

Thus comparatively high MAE in the FeTa3S¢ could be due to
the following reasons: (i) Fe has a high SOC than Cr and Mn
due to its sizable atomic number Z. (ii) In principle, the MAE
also depends on the SOC of the host lattice, and therefore Ta
based has stronger SOC effects than Nb based transition metal
dichalcogenides that is Anp ~ 107 meV and Ar, ~ 417 meV,
where A represents the SOC strength. (iii) There exists a
Fe — Ta coupling, which can be seen from the density of
states (see Figs. S1d and Sli in the Supplemental Material
[37]), which also enhances the MAE in the FeTa;S¢ system.
(iv) The orbital magnetic moment of Fe in the intercalated
systems TaS, and NbS, are larger by order of magnitude
than that of the Mn and Cr. Thus the large orbital magnetic
moment in the FeTa3S¢ could also be the factor for large MAE
in this system compared to other systems belonging to the
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against different angle 6, where the spin moments being adjusted gradually at different angles measured from the ¢ axis, the E(]| ¢) < E(L ¢)

can be noticed.

same family. Furthermore, the origin of out-of-plane magnetic
anisotropy (|| ¢) in the FeTa3S¢ system is investigated by ex-
amining the density of states of the FeTa3Sg around the Fermi
surface. MAE is expressed in terms of spin-conserving AS, =
0 (also called the spin diagonal process) and spin-flipping
AS, =1 (spin off-diagonal process) processes as MAE =~
AEY + AE'™ [55], where AEV [= EW(x) — EYY(2)] rep-
resents the contribution in the MAE due to coupling between
spin-down states, and AE™[= E™V(x) — E™¥(z)] represents
the coupling between filled spin-up and empty spin-down
states. As can be seen from the PDOS (see Fig. Sli in the
Supplemental Material [37]), the states around the Fermi level
are composed of spin down characters. the spin-flipping pro-
cess has a small contribution to MAE in our case, and the
dominant contribution is coming from the spin-conserving
process, which is in principle favour out-of-plane MAE (|| ¢),
and thus the overall MAE is out-of-plane in the FeTa;Sg
systems, ultimately consists with our DFT and experimental
findings.

E. Spin interaction in FeTa;S,

For a homogeneous magnet, the universality class of the
magnetic phase transition depends on the exchange interac-
tion J(r). Ghosh et al. [62] and Fisher et al. [63] treated
theoretically this type of magnetic coupling as an attractive
spin interaction that decays in d-dimension as J(r) ~ r~@+),
where r and o are distance and range of interaction, respec-
tively. According to this model, spin interactions are long- or
short range, depending on 0 < 2 and o > 2, respectively, and
it predicts susceptibility exponent y as follows:

4/n+2 8(n+2)(n — 4)
=1 — A G —
v +d<n+8> o T Rty

d
y [Hw}mz
(n—4)(n+8)

where Ao = (0 — %), G(%) =3- ;11(%)2, and n represents
the spin dimensionality. In order to determine spin dimension-
ality (n) and lattice dimensionality (d) as well as the range of
interactions in FeTa3S¢, a procedure similar to Ref. [64] was
adopted. In the expression above, the o parameter is adjusted

®)

for specific values of {d : n} such that it produces a value of y
similar to that experimentally observed, y = 1.423(3).

The o obtained was then used to calculate the other
exponents using the following relations: v =y /o, =2 —
vd,=2—-a—y)/2, andé =1+ y/B. The procedure
was performed for a different set of {d : n}. It has been found
that for {d : n}={2 : 1} and 0 = 1.581, it yields the exponents
B = 0.228(2), y = 1.722(3), and § = 8.607(1), which are
well consistent to our experimentally observed values as listed
in (Table I). Therefore, the calculations indicate that the spin
interaction of 2D Ising type in FeTa3S¢ coupled with long-
range (o = 1.581) interaction.

F. Confirmation of scaling law

In order to ensure the reliability of these critical exponents
as well as T¢, it is important to check whether these critical
exponents generate the magnetic equation of state for this
system in the asymptotic critical region, which is given as
follows [45]:

M(H, &) = &P fL(H/ePHT), ©)

where f, (T > T.) and f_ (T < T.) are the regular functions.
Furthermore, Eq. (9) can be expressed in terms of renormal-
ized magnetization m = M(H, €)e# and renormalized field
h=He #7) ag

m= fih. (10)

Equation (10) indicates that for the correct choice of critical
exponents m vs h should form two universal curves above and
below T, respectively, even in the low-field regions [65,66].
However, the scaling becomes divergent at the boundary be-
tween the phases if a field-induced phase transition occurs.
The divergence of the scaling curves provided a mechanism
to differentiate the various phases [56]. Figure 10(a) shows
the plot of the isothermal magnetization based on the scaling
equation around the critical temperature, while the inset of
Fig. 10(a) shows the same plot on log-log scale. It has been
observed that the m(h) curves above T, are collapsing into a
single branch well, but those below T. are slightly dispersed
in the low-field region. The dispersion is clearly visible in
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the m(h) curve [following Eq. (10)] plotted on the log-log
scale as shown in the inset of Fig. 10(a) in low-field regions.
The low-field dispersion in the scaled curves and the corre-
sponding phase transitions have been further ensured with a
more rigorous method by plotting m? vs h/m, as shown in
Fig. 10(b). The S-shaped m? vs h/m curves at selected temper-
atures below T in Fig. 10(b) indicates three distinguishable
regions or phases (P), a low-field platform (P;), a sudden
increase with a negative slope (P;) and a change in the sign
of slope and then saturates (P3). The three inflection points
are marked as H{, H,, and H,. The phase transition process
observed in the scaling curves is identical to that observed in
the d[M(H)]/dH curves and the field values H|, H,, and H;
that induce these transitions are correspond very well to Hj,
H,, and H,.

G. Phase diagram

FeTa3S¢ and its isostructural solids belonging to the space
group P6322 (chiral and noncentrosymmetric characteristics),
such as MnNbzSg and CrNbsSg, demonstrate the trend in
the formation of the ordered magnetic compound. In prin-
ciple, the Dzyaloshinskii-Moriya (DM) interaction could not
be ignored owing to the lack of inversion symmetry in these
compounds. These systems also exhibit strong magnetic crys-
talline anisotropy (MCA) either along or perpendicular to
the c axis, depending on the type of intercalated magnetic
component in these systems. The interplay between the so-
called anisotropic exchange interaction (i.e., DM interaction)
and the MCA will decide the ground magnetic state of these
systems. For instance, if the DM dominates MCA interactions,
the system will typically reside in the HM state. In contrast,
the system will otherwise be collinear magnetic. However,
an applied external magnetic field or strengthening MCA in
these systems leads to the phase transition from the so-called
noncollinear (HM) state to the collinear ferromagnetic state.

P is unambiguously attributed to the HM phase as a re-
sult of competition between DM interaction and magnetic
exchange interaction in FeTa3S¢. The HM ordering is usu-
ally modulated into novel and exotic phases, for example,

5000 HVe
4000
T(‘
2 3000
<
T PM
2000 ,
—0o— Hs
—0— H;
1000 o,
0 .
36 40

T (K)

FIG. 11. H — T phase diagram in the vicinity of the phase tran-
sition for FeTa3;Se with H || c. Py, P,, Py, and P; phases are explained
in the text; symbols H;, H,, and H; are obtained from M (H) curves
and H{, H;, and H, obtained from critical scaling.

particle-like spin textures, including a skyrmion and a mag-
netic soliton, if an external magnetic field is applied above a
threshold value. The phenomenon has already been observed
in isostructural HM systems CrNb;Se. From this analogy
the low-field induced phase (P,) above inflection point H|
in FeTasS¢ is field modulated exotic magnetic phase. The
transition from the (P) to the (P;) phase is due to the compe-
tition between the (P,) and the FM. In the lower-field region,
the (P,) is dominant and separated from the FM region. In
the higher-field region, the FM phase becomes dominant in
the system where the whole magnetization is very close to
the FM behavior (P;), and the critical field from P> to (P}) is
defined as H;. Whereas above the inflection point H, Ps is a
field-induced FM phase. The threshold field H; is needed at
any specific temperature to strengthen MCA against DM to
realize a collinear FM phase in FeTa3S¢. The detailed H — T
phase diagram based on M(H), d[M(H)]/dH, and scaling
curves for H || c is shown in Fig. 11.

III. CONCLUSIONS

In summary, we conducted a comprehensive study of
magnetism in the quasi-2D ferromagnet FeTa3Sg. The di-
rection dependent magnetization revealed a strong magnetic
anisotropy along the geometrical ¢ axis (H || ¢) in FeTasSg.
The estimated out-of-plane magnetic anisotropy energy
(MAE) is ~3.65 meV per FeTa;S¢ as determined by our
first-principle simulation, in complete agreement with our
experimental findings. The (PM-FM) phase transition around
35 K is identified to be the second order in nature. The critical
behavior analysis around PM-FM transition yields critical
exponents f = 0.189(2), y = 1.423(1), and § = 8.531(7).
At high field for (H > Hy), the estimated critical exponents
follow the scaling equation, ensuring that the exponents ob-
tained are unambiguous and intrinsic to the material. The
obtained exponents match well with those deduced from the
results of the renormalization group approach for a 2D Ising
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({d : n} = {2: 1}) system coupled with a long-range (o =
1.581) interaction. Whereas, at the low fields, the divergence
in the scaling curves suggest field induced phase transition
in FeTa;S¢. Based on the universality scaling, M(H) and
d[M(H)]/dH the H — T phase diagram was constructed. On
the other hand, in supporting experimental results via DFT
simulation, we explain the magnetic picture, such as the origin
of higher MAE and its out-of-plane existence. Our presented
physical insights for FeTasS¢ could be useful to understand

the macroscopic magnetic picture in materials referring to
TMDCs being intercalated with transition metals.
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