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Placing the layers of the 3d magnetic elements in the van der Waals gap pulls the Nb/Ta-based transition
metal dichalcogenides family from a nonmagnetic to a magnetic zone. However, the magnetic spectrum is
strongly sensitive to the specific combination of host lattice and type of intercalated magnetic element and thus
each combination needs a proper explicit study. In this context, we systematically investigate the magnetization
of the Mn-intercalated layered ferromagnet Mn,;,sNbS, single crystal. Magnetization measurement revealed
paramagnetic to ferromagnetic phase transition at around 105 K and an easy in-plane (H L ¢) significantly
high magnetic anisotropy. The in-plane magnetic anisotropic energy (MAE) evaluated via the noncollinear
first-principle approach is ~ — 600 weV per unit cell. The position of the Fermi level in between the spin-up
and spin-down Mn states suppresses the positive contribution in the overall MAE, which lifts the overall MAE
negative (in plane) with a larger size in Mn, 4NbS,. The comprehensive analysis of magnetization isotherms
measured in the vicinity of 7, with magnetic field H applied parallel to the ab plane (H L ¢) yields the asymptotic
critical exponents 8 = 0.3251(2) and y = 1.2(1), and § = 4.691(1). These critical exponents fulfill the scaling
relation and scaling equation of the magnetic state predicted by the scaling theory. The determined critical
exponents agree well with those obtained from the results of the renormalization group theory approach for a
three-dimensional Ising system coupled with a long-range interaction between spins decaying as J(r) /s r~@+)
with o = 1.84. The Ising-type spin state in Mn;4NbS; is attributed to the higher size of MAE. Our theoretical
analysis shows that indirect exchange interaction between Mn-Mn along the c axis, mediated via spins’ polarized
conduction electrons of Nb atoms, a Ruderman-Kittel-Kasuya-Yoshida (RKKY) type ferromagnetic interaction,
dominates over the direct in-plane Mn-Mn exchange interaction (less favorable due to large dyy vy ~ 6.67 10%) and
is thus responsible for the macroscopic magnetization in Mn, 4sNbS,. The RKKY-type ferromagnetic interaction
in Mn, 4NbS; arises due to the large spin polarization of the conduction electrons associated with the Nb atoms
at the Fermi energy and existence of unoccupied Mn 3d states well above the Fermi level.

DOLI: 10.1103/PhysRevB.105.214410

I. INTRODUCTION

Transition-metal dichalcogenides (TMDCs) have been
the subject of various scientific investigations for many
years since they exhibit a broad spectrum of structure- and
composition-dependent properties. Despite being nonmag-
netic themselves, some of the well-known TMDC materials
allow insertion [1] of magnetic 3d elements and have a
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tendency to form ordered compounds, which creates a fam-
ily of TMDC-based magnetic compounds exhibiting novel
magnetic and transport properties. In particular, the ternary
3d transition-metal intercalations of niobium and tantalum
dichalcogenides, T.MX, (T = V, Cr, Mn, Fe, Co, Ni; M
= Nb, Ta; X = S, Se; x = 1/4, 1/3), attracted signifi-
cant interest due to their diverse magnetic [2-5], structural
characteristics, and strong spin orbital coupling. Owing to
their fascinating characteristics, 7,MX, systems have been
extensively researched both theoretically and experimentally.
Many interesting phenomena have been observed, such as chi-
ral magnetic nanostructures, one-dimensional (1D) nontrivial
magnetic solitons, three-state nematic ordering, reversible
resistivity switching, sizable bulk Dzyaloshinskii-Moriya
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interaction (DMI), and giant topological Hall resistivity. Ben-
efitting from the layered crystal structure, T,MX, can be
exfoliated down to 2D scale. Hence T,MX, compounds are
expected to provide unique features to the emerging fields of
2D spintronics and soliton physics.

On the other hand, the magnetic properties, such as the di-
rection of the easy axis of magnetization, the field dependence
of the magnetization of the ferromagnetic (FM) intercalations,
the anisotropy of the paramagnetic susceptibility, and the size
of the effective magnetic moment, are strongly dependent on
the intercalate ion but relatively insensitive to the host [3].
Due to the large in-plane separation among the intercalant
ions, indirect exchange interactions such as superexchange
(via the orbitals on the chalcogen ions within the layers)
and Ruderman-Kittel-Kasuya-Yoshida (RKYY) interactions
(mediated through the conduction electrons) have previously
been proposed to be important in these systems. The na-
ture of these indirect interactions, however, is sensitive to
the intercalant choice and content [3]. Thus, depending on
the stoichiometry of the intercalant, this family offers both
antiferromagnetic (AFM) and FM layered features. For ex-
ample, Co;,3NbS; and Fe;;3NbS, [6] are AFM [7], whereas
V1,3NbS; is a ferromagnet with an easy-plane anisotropy [3].
Cr;/3NbS; has been identified as a helimagnet that exhibits
a chiral soliton lattice when a magnetic field is applied in
the ab plane [8,9]. The formation of helimagnetic order in
Cr,3NbS; and Mn;;3NbS; confirms the strong coupling be-
tween neighboring layers, which is consistent with its 3D
Heisenberg type spin interaction [10-12]. Fe, TaS, (x = 1/4,
1/3) is the only member of this family that has FM order
and a strongly c-axis-aligned magnetic easy axis, which is
similar to the recently discovered 2D magnets [13-16]. A crit-
ical behavior analysis in Fe;/4TaS;, around the paramagnetic
to ferromagnetic (PM-FM) transition revealed a Heisenberg
type spin interaction [17]. However, our recent comprehensive
magnetic study of Fe;,3TaS, single crystals realized the spin
interaction of a (2D)-Ising type. Therefore, the sensitivity of
the physical properties to composition (the nature of the inter-
calated 3d metal) and stoichiometry in this class of materials,
i.e., T.MX,, yields versatile magnetic systems. The magnetic
behavior of this family of compounds cannot be generalized
from the behavior of a single compound, and further research
is needed on these compounds. Understanding the magnetic
mechanisms in these systems is crucial for practical applica-
tion of these materials in device applications. The analysis of
the critical exponents associated with the PM-FM transition is
an effective method for identifying the magnetic mechanism
and properties.

The current study focuses on the magnetic characteristics
of Mn-inserted 2H-NbS, with a manganese concentration of
25%. In this specific concentration, the bulk inversion sym-
metry of the crystal remains intact, preventing the possibility
of asymmetric interaction (DM interaction). The nature of
the spin coupling, as experimentally investigated by a critical
behavior analysis in the vicinity of the PM-FM transition, was
found to be consistent with the theoretical prediction of the
(3D)-Ising model. To gain a deeper understanding of spin
interaction and to interpret the details of the experimental
observations, we used theoretical simulations based on den-
sity functional theory (DFT) calculations, which revealed that

coupling between further neighbor spins in Mn; 4NbS,, medi-
ated by long-range RKKY interaction, stabilizes FM ordering
in the Ising-spin state.

II. RESULTS AND DISCUSSION
A. Experimental details

Mn,/4NbS; single crystals were grown via the chemical
vapor transport method using iodine as the transport agent
[18]. Energy dispersive x-ray (EDX) spectrometry was used
to carefully investigate the chemical compositions. X-ray
diffraction (XRD) (Rigaku SmartLab) with Cu K, radia-
tion was used to study the structure and phase purity of
Mn, 4NbS,. Single-crystal x-ray diffraction measurements
were performed on crystalline samples of Mn;;4NbS, using
a Super Nova, Dual, Cu, AtlasS2 diffractometer. An inci-
dent x-ray beam with wavelength Mo K, (A = 0.71073 A)
was used. The measured samples had dimensions ~0.15 mm
x 0.12 mm x 0.11 mm. Reflections were collected at
room temperature over a 26 range of 7.05° to 58.6° with
a resolution of ~0.6 A. Using Olex2 [19], the structure
was solved with the SHELXS [20] structure solution pro-
gram using direct methods and refined with the SHELXL
[21] refinement package using least squares minimization.
A Quantum Design superconducting quantum interference
device with vibrating sample magnetometer was used to mea-
sure magnetization. To guarantee a precise magnetic field,
the no-overshoot mode was used. Before the data was col-
lected, the magnetic field was relaxed for two minutes. The
sample was heated to the target temperature above 7. for
10 min before being cooled to the target temperature un-
der a zero magnetic field to measure the initial isothermal
magnetization.

B. Structural properties

The crystal structure of Mn;;NbS, is illustrated in
Fig. 1(a). The NbS, is a quasi-two-dimensional system with
van der Waals interaction between the layers. Mn atoms are
intercalated in the octahedral gaps between the 2H-NDbS, trig-
onal prismatic layers [22]. Figure 1(b) gives the chemical ratio
obtained by the EDX spectrum. The chemical composition
was calculated and compared to the integrated intensity ra-
tios of individual elemental peaks. The average of the three
areas results in a Mng 5¢7yNbS 963y composition, which is
very close to the ideal Mn;,4NbS, composition. Figure 1(c)
depicts the XRD pattern of Mn;,4NbS, single crystal; only
(007) peaks were observed, indicating that the crystal surface
is normal to the ¢ axis and its plate-shaped surface is parallel
to the ab plane. A series of strong sharp diffraction peaks are
consistent with recent studies [23] and JCPDS No. 22-0360.
The single peak and narrow FWHM (0.077) of the rocking
curve depicted in the inset of Fig. 1(c) demonstrate the high
quality of the single crystal sample without any misoriented
blocks or twin crystal. To obtain the refined crystal structure
and related lattice parameters, single crystal XRD is per-
formed, and the diffraction pattern is refined. The results are
shown in Table I. The obtained structural parameters agree
with previous reports [23].
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FIG. 1. (a) Crystal structure of Mn;,4sNbS,, which consists of al-
ternate stacking of NbS, layers where the Mn atoms are intercalated
between NbS, layers [both top view (up) a side view (down)]. Filled
sphere black, gray, and yellow represent Mn, Nb, and S, respectively;
(b) a typical EDX spectrum for single-crystal Mn; 4NbS,; (c) single
crystal XRD pattern of Mn,4NbS, at room temperature. The ob-
served sharp (007) peaks imply the high quality of Mn; 4NbS, single
crystal [the x-ray rocking curves from the reflection of (002) peak].

C. Magnetization

Figure 2(a) illustrates the temperature dependent magne-
tization M(T') for applied magnetic fields H || ¢ and H L
¢ using zero field cooled (ZFC) and field cooled (FC) se-
quences. When the temperature increases, one can observe the
apparent FM-PM transitions from both field configurations.
However, the magnetization values of H L c are significantly
higher than those of H | c, indicating that the easy magne-
tization direction is within the ab plane. The FM-PM phase
transition temperature is estimated to be 105.7 K based on the
minimal point of the dM/dT of ZFC curve (H L ¢) shown
in the inset of Fig. 2(a). Figure 2(b) shows the isothermal
magnetization measured at 7 =5 K. The observed satura-
tion moment of Mn ions is approximately 3.99ug/f.u.. As
illustrated in the left insets of Fig. 2(b), the M(H) curve
obtained for H L c reflects a typical ferromagnetic character

TABLE I. Mn, 4NbS, structural information.

Composition References
Sample Mn1/4NbSZ
Temperature/K 293 K
Crystal system Hexagonal
Space group P65 /mmc
a/A 6.6662(10)
b/A 12.454(3)
a/A 90
v/A 120
Volume/A3 479.29(18)
Goodness of fit 1.085

R factor 1.71%
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FIG. 2. (a) Temperature dependence of magnetization M(T)
measured at 100 Oe for magnetic field H L ¢ and H || ¢. The inset
shows the derivative magnetization dM/dT vs T of ZFC mea-
surement for H L c; (b) isothermal magnetization as a function of
applied field M(H) at T = 5 K with H L c. The right and left inset
show the M (H) loop measured for H || ¢ and H L c, respectively.

with the saturation field (Hsl ~ 642 Oe). However, this be-
havior does not appear on the M(H) curve for H | ¢, where
the magnetization is not saturated until high magnetic field as
shown in Fig. 2(b). The M (H ) curves realized the significantly
high magnetic anisotropy between the ab plane and c¢ axis in
Mn1 /4Nsz.

To characterize the FM-PM transition in Mn,/4NbS,, a
series of magnetization isotherms [M (H )] are measured along
the H L ¢ and the H || ¢ as shown in Fig. 3(a) and Fig. 3(b),
respectively. The [M(H)] curves measured for H L ¢ show
a typical saturation behavior, whereas the [M(H)] curves for
H || ¢ do not saturate even at high fields; thus the critical
behavior analysis is performed for H L c¢. According to the
Landau theory of phase transition, the Gibbs free energy
G(T, M) for a magnetic system in the vicinity of the phase
transition can be expressed as [24]

r-T. » 4
G(T,M)=Gy+a T M- +bM" — MH, (1)
where a and b are the Landau coefficients. G(T, M) enables us
to determine the nature of the phase transition around 7. The
minimization of the thermodynamic potential (0G/0M = 0)
yields the equilibrium condition, resulting in

o LH_ 4 2)

4bM  2b

where ¢ = (T — T.)/T. is the reduced temperature. The M>
vs H/M curves around 7, form an Arrott plot. According
to the Landau mean field model, the M(H) curves plotted
as M? vs H/M should be a series of straight lines parallel
to each other in the high field region [25]. For lines below
T,, the intercept of the M? as a function of H/M on the y
axis should be positive, while, for lines above T, should be
negative (i.e., no spontaneous magnetization), whereas, at 7
= T, the line should pass through the origin. In addition, the
slopes of the straight line can be used to determine the order
of phase transition, according to Banerjee’s criterion [26]. A
positive slope indicates a second-order phase transition, while
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FIG. 3. (a) The magnetic isotherms M (H) around T, for H L ¢; (b) for H || ¢ for Min;;4NbS,; (c) Arrott plots of M 2 vs H/M around T, for
Mn,4sNbS;; (d) Temperature dependence of magnetic entropy change [ASy (T )] under different fields; The inset shows field dependence of
the maximum of magnetic entropy change |AS};**|, i.e. the peak of —ASy,(T') curve (the solid curve is fitted); (e) fitting of M (H) at T, (inset
shows that on log-log scale); (f) modified Arrott plot based on the obtained critical exponents § = 0.3251 and y = 1.2.

a negative slope implies a first-order phase transition. M? vs
H/M in Fig. 3(c) does not show a series of parallel straight
lines, implying that the Landau mean-field theory is invalid
for Mn4NbS,. However, the concave downward curvature of
the M? vs H/M curves clearly indicates the FM-PM transition
in Mn;,4NbS; is of second order.

More universally, M? versus H /M fulfills the Arrott-
Noakes equation of state in the asymptotic critical region
(le] < 0.1) [27]:

(H/M" = (T — T.)/T. + (M/M)"*, A3

where M is a constant. The parameters § [related with spon-
taneous magnetization Ms(7T )] and y [associated with initial
susceptibility ., 1(T)] are critical exponents that imply im-
portant hints about magnetic interactions, such as correlating
length, spin dimensionality, magnetic coupling decaying dis-
tance, etc. The M(H) curves plotted as M'/# vs (H/M)'/¥
form the modified Arrott plot (MAP).

In view of the correlation between critical exponents and
magnetic entropy change (AS)y,), the field-dependent (ASy,)
can be used to determine critical exponents 8 and y. The
ASy can be calculated from magnetization isotherms around

T, using Maxwell’s relation [28]:

ASy(T, H) = ASy (T, H) — ASy(T, 0)

o @
= / [OM(T, H)/dT 1udH.
0

Using the M(H) data in Fig. 3(a), a plot of ASy vs T at
various applied magnetic fields is constructed, as shown in
Fig. 3(d). Each ASy(T) curve has a peak corresponding
to T, suggesting that 7, = 106.5(5) K. The maximum of
[ASy (| ASH™|) follows the power law as the magnetic field
increases [29]:

|ASTX| oc H™,
n=1+21 ©)
B B+y’

where |AS}**| is regarded as the peak of the |ASy(T )| curve
and n depends on the magnetic state of the sample. The power
law fitting of |ASy*| with H gives n = 0.663(5), as can be
seen in the inset of Fig. 3(d).

The critical exponent §, which is associated with the criti-
cal temperature T, can be determined using critical isotherm
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FIG. 4. (a) Scaling plots of renormalized m versus renormalized
h around T, for M(H) at typical temperatures (inset shows the same
plot on log-log scale); (b) the renormalized magnetization and field
replotted in the form of m? vs h/m for Mn, 4NbS,.

analysis [30]:

M=DH" ¢=0, T=T.. (6)

Figure 3(e) shows the isothermal M (H) at T, with an inset
displaying the linear fit of the log-log scale in the higher field
region. The slope of the linear fit of the log-log plot deter-
mines 1/§ and hence § = 4.691(1) is obtained. Meanwhile,
the critical exponents (8, y, and §) should satisfy the Widom
scaling relation as follows [31]:

14
§=1+ <. 7
8 @)

By combining Eq. (5) and Eq. (7) with the obtained values
of § and n, it can be deduced that § = 0.3251(2) and y =
1.2(1). Using these critical exponent values of 8 and y, the
final modified Arrott plot is constructed as shown in Fig. 3(f).
The lines in Fig. 3(f) are all very straight to each other in the
high-field region, and the line at 7, = 105 K passes through
the origin, verifying the reliability of the critical exponents.
To confirm the reliability of these critical exponents as
well as T¢, it is necessary to determine whether these critical
exponents yield the magnetic equation of state for this system
in the asymptotic critical region, which is given below [30]:

M(H, &) = &P fL(H/ePHT), ®)

where f (T > T,.)and f_ (T < T.) are the regular functions.
By defining the renormalized magnetization m = M(H, € )e ?
and renormalized field h = He~#+7) Eq. (8) can be expressed
as follows:

m= fih. ©))

According to Eq. (9), assuming a proper scaling relation
and the correct choice of critical exponents, renormalized m
and & will create two separate branches above and below T¢,
respectively. Following Eq. (9), the magnetization isotherms
around 7 are replotted as m versus &, as shown in Fig. 4(a),
while the inset shows the same plot on a log-log scale. It
is remarkable that all data for 7 > T, and T < T, collapse
into two separate branches. Alternatively, the correctness of

critical exponents and 7 . is further verified with a more rigor-
ous method by plotting m? vs h/m. Figure 4(b) shows the m?
vs h/m plot, in which all of the data is observed to collapse
into two universal curves: one for T < T. and another for
T > T.. This obviously demonstrates that interactions are
properly renormalized in the critical regime using a scaling
state equation.

The universality class of a magnetic phase transition for
a homogeneous magnet is determined by the exchange in-
teraction J(r). Fisher et al. used a renormalization group
theory analysis to examine spin interactions. They considered
magnetic coupling as an attractive interaction of spins, which
results in the exchange distance J(r) decaying with spatial
distance r as [31,37]

J(r) ~ r=d+o), (10)

where d denotes spatial dimension and o is the range of in-
teraction. According to this model, spin interactions are either
long or short range, based on the values of ¢ <2 and o > 2,
respectively, and the susceptibility exponent y is predicted as

follows:
4/(n +2 8(n +2)(n' —4)
v +d<n’+8> Ot T A1)y

[1 2G(4) (T’ + 20)] s
(n' —4)(n' +8) '

where Ao = (0 — 9), G(%)=3— 1(£)%, and n’ represents
the spin dimensionality. In order to determine lattice di-
mensionality (d), spin dimensionality »’, and the range of
interactions in Mnj;4NbS,, a procedure similar to Ref. [38]
was used, where the parameter in the above expression is
adjusted for specific values of {d : n’} so that it provides a
value for close to that found experimentally, y = 1.2(1). The
resulting exponent was then used to derive the additional
exponents using the following relationships: v = y /o, o =
2—vd, B=Q2—-a—y)/2, andé =1+ y/B. The proce-
dure was carried out with different sets of {d : n’}. It was
found that, for {d : '} = {3 :1} and o = 1.84(6), we ob-
tained the experimentally estimated value of y = 1.2. It gives
the exponents 8 = 0.3748(1) and § = 4.22(6), both of which
are well consistent with our experimentally obtained values,
which are listed in Table II. Some other related compounds
are also listed for comparison. This calculation indicates that
the spin interaction in Mn;;4NbS, is of 3D-Ising type cou-
pled with long range (0 = 1.84) interaction. However, for
o = 1.84, the value of 8 = 0.3748, provided by scaling re-
lations, clearly deviated from the 3D Ising value towards the
mean-field value. The value of ¢ indicates the extended nature
of the exchange interaction, which might be attributed to the
interactions between spins involving itinerant electrons [39].
In principle, two types of exchange interactions, direct or
indirect, can be involved to establish macroscopic magnetiza-
tion in Mn; ,4NbS,. However, due to large in-plane separation
(~6.67 A) of the Mn-Mn ions in Mn;,4NbS,, the direct ex-
change interaction is less favorable, because the overlapping
of Mn 3d states referring to different atoms at such large
separation is less significant. In Mn;/4NbS,, the significant
interlayer coupling, in addition to the large Mn-Mn spa-
tial separation, favors the indirect exchange interaction. The

an
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TABLE II. Comparison of critical exponents of Mn, 4NbS, with different theoretical models and related materials.

Composition References Technique B y )
Mn, ;4NbS, This work MAP 0.325(1) 1.2(1) 4.691(1)
Fe, 4 TaS, [17] MAP 0.460(4) 1.216(11) 3.64(3)
Cry;3NbS, [10] MAP 0.370(4) 1.380(2) 4.853(6)
Mn, 3NbS, [12] MEC 0.3681(1) 1.3917(2) 4.7805(7)
2D Ising [32] KF 0.537(2) 1.255(3) 3.33(7)
Mean field [33] Theory 0.5 1.0 3.0

3D Heisenberg [26,34] Theory 0.365 1.386 4.8

3D XY [26,35] Theory 0.345 1.316 4.81

3D Ising [26,35] Theory 0.325 1.24 4.82
Tricritical mean field [36] Theory 0.25 1.0 5

indirect RKKY interaction, which is mediated by conduction
electrons associated with the d orbitals on the Nb or Ta
atoms, has previously been proposed as the origin of long
range ferromagnetism in transition metal intercalated Nb/Ta
chalcogenides. On the other hand, a superexchange interaction
via the orbitals on the chalcogen ions within the layers could
be a second exchange mechanism that may be relevant in
these systems. The type and concentration of intercalant in the
host dichalcogenides influence the nature and strength of the
indirect exchange interaction. To specify the form of indirect
magnetic coupling which is responsible for global magnetiza-
tion in the current system under investigation, Mn;4NbS,, we
used the first principle approach.

We performed the spin-polarized DFT calculations using
the Vienna ab initio simulation package [40]. For the expan-
sion of Hamiltonian in plane wave bases we use cutoff energy
450 eV and, for the integration over the BZ, the Gamma center
10 x 10 x 5 k-point mesh was adopted. We performed the
GGA+U calculations with a Hubbard U value (the Coulomb
energy U = 3 eV and Hund exchange parameter / = 0.7 eV)
for the Mn 3d electrons [40]. The D3;-Grimme correction is
also adopted to address the van der Waals interaction between
the layers [41]. The spin-orbit coupling (SOC) was considered
during the searching for the easy magnetization axis.

Specifically, we noticed the following from our spin-
polarized calculations. (i) The magnetic moments that reside
at each Mn site in the 2a x 2a Mn lattice (when there are
no NbS; layers in between the Mn layers) are around Sup
[see Fig. 5(a)], indicating a Mn+? valency state. (ii) After
inserting the NbS, layers between the Mn layers, the Mn
moment reduces to the value of 4.1up [see Fig. 5(b)], com-
pletely consistent with the experiment. This reduction in the
Mn magnetic moment is due to the charge transferring from
the Mn layers to the NbS, layers [see Fig. 5(c)], indicating a
strong coupling between the Mn and NbS, layers. The Mn-3d
majority spin states are filled while the minority spin states
are empty and are located away from the Fermi energy [see
Fig. 5(d)]. (iii) Interestingly, the Mn layers induce a negative
magnetic moment at the Nb (1) (~ —0.1up) and Nb (2)
(~ — 0.05up) sites [see Fig. 5(b)]. The difference in magnetic
moments at Nb(1) and Nb(2) sites are due to their different
locations with respect to the Mn atom. For instance, the Nb(1)
atom shows a high magnetic moment due to its tight coupling
with Mn as compared to Nb(2), which is located at an empty
site. The opposite magnetic moments at Nb and Mn sites

indicate an AFM coupling between them [see Figs. 5(g) and
5(h)]. The spin polarization of the conduction electrons is also
reflected in the density of states of Nb(1) and Nb(2) atoms
[see Figs. 5(d) and 5(e)]. The AFM coupling between the
Mn and Nb atoms is also evident from the spin-density ogpn
as shown in Fig. 5(g). The spin polarization of the itinerant
electrons appears to be one of the important parameters in
magnetic characteristic formations. The direction and size
of the induced magnetic moment or spin polarization of the
conduction electrons with respect to the local moment of the
magnetic atoms are key elements to analyzing and classifying
ferromagnets.

The spin-polarized free charge density associated with Nb
atoms (Nb 5d electrons) binds the Mn layers ferromagneti-
cally along the ¢ axis, suggesting an RKKY ferromagnetic
exchange interaction in the Mn;,4NbS, [see Figs. 5(g) and
5(h)]. The RKKY exchange term can be written as Jrgky ~
V4G(Er)/E?, where V represents the coupling between the
magnetic ion and the conduction electrons in the metal, G(Er)
represents the density of states (DOS) at the Fermi energy, and
E}, is the energy needed to promote an electron from the filled
3d level to the Fermi energy [42]. This shows that RKKY type
interaction strongly depends on the spin polarization of the
conduction electrons at the Fermi energy and the position of
unoccupied Mn 3d with respect to the Fermi level. Analyzing
the DOS of Mn and Nb, we can see that the spin polarization
of the Nb conduction electrons at the Fermi energy is large and
the unoccupied Mn 3d states lie well above the Fermi level,
thus a RKKY ferromagnetic interaction will be dominating.
The above all is completely consistent with our experimental
findings. RKKY type interaction has been previously reported
for the Fey/4TaS, system with an out-of-plane easy magneti-
zation axis [39].

Now we ask the following question. Is the easy-plane
magnetization, as observed in our experiment, possible to
reflect in our DFT calculations? For this, we performed the
noncollinear spin-orbit coupling calculations. By setting the
magnetic moments ferromagnetically along different angles
(measured from the c axis) we noticed that system energy goes
down by tilting the spin direction from out-of-plane (|| ¢) to
the in-plane direction (ab) [see Fig. 5(i)]. This indicates the
in-plane easy magnetization (ab) is the ground state and is
in complete agreement with the experiment. Using MAE =
E@@)— E(|| ¢), where MAE is the magnetic anisotropy, we
estimated the size of MAE ~ —600 peV per unit cell. The
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FIG. 5. (a) Magnetic moments of Mn and Nb atoms in a separate 2a x 2a lattice (when there is no coupling between them), where
a represents the lattice parameter of mother lattice NbS,. (b) Magnetic moments of Mn and Nb atom after insertion of Mn layers in the
2a x 2a lattice of NbS; lattice. (c) In plane view of the differential charge density p. = p(Mn;;sNbS,) — p(Mn) — p(NbS;) at the isosurface
~0.0032 e/f‘ﬁ. The orange and dark-green colors represent the charge accumulation and charge depletion, respectively. (d) The total spin-up
and spin-down charge densities of Mn;,;4sNbS, together with partial DOS for Mn atom (scaled by the factor of 2). (e),(f) Spin polarized partial
DOS projected over the m, = 0 at Nb(1) and Nb(2) sites. (g) Side view of the real space spin density pgp, at the isosurface e/A3, which
visualizes the AFM coupling between Mn and Nb spin moments. (h) Schematic representation showing the AFM coupling between Nb and
Mn atoms and FM coupling mediated through the spin polarized conduction electrons. (i) The MAE at different angles 6 measured from the ¢

axis. The easy in-plane (ab) magnetization can be noticed.

value of MAE is higher than that of Mnl;,3NbS,, which is
around —480 weV per unit cell [43]. This increase in MAE
is due to the suppression or weakness of the positive MAE
term in Mn;;4NbS,, which competes with the negative term
(in-plane MAE) in the total MAE. The reason involved behind
the in-plane easy magnetization can be explained: the DOS
of Mn 3d states [see Fig. 5(d)] shows that the Fermi level
is located between the spin-up and spin-down Mn-d states
resulting in a significant SOC induced energy gain associ-
ated with the states having opposite spin directions, which
competes with the spin diagonal part of the energy (support
positive MAE). Due to the considerable value of MAE, the
spins in Mn; /4NbS, behave like Ising type as observed in our
experiment. Thus Mn;4NbS, is an RKKY ferromagnet with
Ising-type spin states.

III. CONCLUSION

An in-depth investigation of critical phenomena in the
quasi-two-dimensional ferromagnet Mn;,4NbS, revealed that
the compound undergoes a continuous PM to FM phase tran-

sition at 7, = 105 K. The critical exponents 8 = 0.3251(2),
y = 1.2(1), and § = 4.691(1) determined using magnetic en-
tropy and critical isotherm analysis obey the scaling equation,
indicating that the exponents are unambiguous and intrinsic
to the material. The obtained critical exponents match well
with those determined from the results of the renormalization
group theory analysis for a 3D Ising {d : n} = {3 : 1} system
coupled with a long-range spin interaction decaying as J(r) =~
r~@+9) with 0 = 1.84. The indirect exchange interaction of
the RKKY type was noticed to be a dominant contribution
and ultimately responsible for the long-range spin interac-
tion in Mn/4NbS,. The appearance of large spin polarization
of the Nb conduction electrons and the existence of Mn-3d
empty states well above the Fermi level are the two main
causes accountable for the RKKY-type dominant contribution
in Mn;;4NbS;. The easy-plane magnetization was observed
as a ground magnetic state while performing both experiment
and theoretical DFT calculation. The easy in-plane MAE in
Mn,/4NbS; is attributed to the position of the Fermi level
which lies in between the opposite spin states of Mn. The
larger size of the in-plane MAE, which is responsible for
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the Ising spin state in Mn;4NbS,, is due to the weakness or
suppression of the positive term in overall MAE.
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