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In this paper, we successfully grow layered single-crystal K79Co0,S, and systematically investigate its
crystal structure, magnetic properties, electrical transport, specific heat, and even magnetic critical behavior.
Single-crystal x-ray diffraction measurements indicate that K;79Co,S, crystallizes into a tetragonal structure
with space group [4/mmm (No. 139) and lattice parameters of a = b = 3.711(4) A and ¢ = 13.140(2) A.
Physical properties measurements demonstrate that K, 7¢Co,S, displays a metallic behavior with a ferromagnetic
phase transition at 7c &~ 113 K, which was confirmed by the anomaly in the vicinity of 7 that occurs in
electrical transport and specific heat curves. The calculated Rhodes-Wolfarth ratio (*1.56) reveals the itinerant
ferromagnetic characteristic of K(79C0,S,. A set of critical exponents was generated to be § = 0.3006(4) with
Te ~ 113.3(6) K and y = 1.1802(4) with Tc = 113.2(5) K based on the modified Arrott plot and § = 5.18(7)
is yielded using a critical isotherm analysis at T, revealing a three-dimensional critical behavior. The magnetic
interaction is determined to be a three-dimensional long-range coupling with the magnetic exchange distance
decaying as J(r) ~ r~*°!. Furthermore, a maximum of the magnetic entropy change —AS&™ for the applied
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field parallel to the ab plane is estimated to be ~2.51 Tkg™! K~ around 7¢.
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I. INTRODUCTION

Layered materials with the ThCr,Si, structure (space
group I4/mmm) exhibit very abundant and fascinating phys-
ical properties, such as superconductivity, heavy fermion
behavior, and various magnetic ground states, and thus have
attracted extensive attention in past decades [1-8]. The tran-
sition metal dichalcogenides AM»X,, where A denotes alkali
metal or Tl element, M stands for Fe, Co, or Ni, and X
represents S or Se, are one of the typical examples of the
ThCr,Si, structural compounds [9-11]. For example, the
iron chalcogenides A,Fe,_,Se,, where numbers of vacan-
cies usually happen in the A and Fe sites, transform from
antiferromagnetic insulators into superconductors by tuning
the iron content [12—-13]. When substituting Fe by Ni com-
pletely, ANi,Se, without Ni vacancy displays heavy fermion
or superconducting behaviors, such as in KNi,Se, and
TINi,Se; [14-15].

For the Co-based chalcogenides AC0,X>, it is reported
that all the magnetic moments of them are ferromagnet-
ically arranged in the Co-X layers, but the various types
of interlayer interaction result in a diversity of magnetic
ground states [16-19]. For example, TICo,Se, exhibits an
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antiferromagnetic transition at 7y ~ 150 K with an incom-
mensurate helical magnetic structure along the ¢ axis, and
the replacement of Se by S yields a collinear ferromag-
netic state in the series of TlCo,Se,_,S, for 1.75 < x <2
[20-21]. When pressure is applied on single-crystal T1C0,S,,
the ferromagnetic transition temperature Ty gradually in-
creases and a structural phase transition occurs at 5.2 GPa
[22]. Furthermore, CsCo,Se, is reported to exhibit an A-
type antiferromagnetic state, while KCo,Se, and RbCo,Se;
undergo a ferromagnetic transition with 7o = 74 and 76 K
[19], respectively. It seems that the intercalating A ions
and interlayer distance of Co-X layers play a crucial part
in the magnetic properties of the Co-based chalcogenides
AC02X2 [21,23]

However, for the series of AC0,S; (A = K, Rb, Cs), only
polycrystalline samples of them have been synthesized up
to now and the comprehensive understanding of their mag-
netic properties still remains elusive [19,24]. Here, we report
on the crystal growth, crystal structure, magnetic properties,
electrical transport, specific heat, and even magnetic criti-
cal behavior of single-crystal Ky79C0,S,, a member of the
AM, X, family with two-dimensional Co-S layers. K479C0,S,
exhibits a ferromagnetic metallic behavior with an itinerant
characteristic. The critical exponents (8, y, and §) derived
through various methods are consistent, revealing a three-
dimensional critical behavior, and the exchange distance
follows a decay as J(r) ~ r~*°2 with long-range spin inter-
action.

©2025 American Physical Society
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TABLE I. Crystallographic data for Ky 79C0,S,.

Formula, K 79Co,S,

Space group 14/mmm (No. 139); temperature, 302(2) K
a=b=37114) A, c=13.1402) A;a = B = y = 90°
V =1800.9(66) A*; Z =2

Goodness of fit on F2: 1.36(4)

Final R indexes (all data): R, = 0.042(1), wR, = 0.102(1)

Site Wyckoff X y
K 2b 0 0
Co 4d 172 0
S 4e 12 12

z Occupancy UA)

172 0.79(4) 0.030(4)
3/4 1 0.014(9)
0.6511(8) 1 0.014(5)

II. EXPERIMENTS

High-quality single-crystal Ky 79C0,S, was grown by the
self-flux method. High-purity lumps of K and powders of Co
and S were used as the starting materials and mixed in a
molar ratio of 1:5:5. Then, the mixture with a total mass of
approximately 2 g was placed into an Al,O3 tube and then
sealed in an evacuated quartz tube, heated to 673 K at the rate
of 1 K/min and held for 5 h, and then warmed to 973 K at the
rate of 2 K/min and held for 10 h. After that, it was heated
up to 1423 K and maintained for 20 h. Before shutting down
the furnace, the mixtures were slowly cooled to 973 K at a
rate of 3 K/h to obtain good-quality single crystals. To protect
the samples from reacting with air or water, all the synthesis
processes were carried out in a high-purity Ar atmosphere.
The single crystal is relatively air sensitive and its metallic
luster would gradually darken when exposed to air for a few
minutes.

The x-ray diffraction of single-crystal Kg79C0,S, was
measured at room temperature by Mo Ko« radiation (A =
0.71073 A) generated on a Bruker D8 VENTURE diffrac-
tometer. The powder x-ray diffraction of single crystals was
measured by Cu Ko radiation (A = 1.541 A) generated on a
Rigaku Ultima VI (3 kW) diffractometer at 40 kV and 20 mA.
Energy-dispersive x-ray spectroscopy (EDX) measurements
were performed to confirm the chemical composition of the
single crystals. Magnetic properties were measured using a
superconducting quantum interferometer (MPMS 3, Quantum
Design Inc.) in the Hl|lab and H_lab planes, respectively.
The isothermal magnetization curves from 0 to 50 kOe were
measured from 103 to 123 K. The electronic resistivity and
specific heat measurements were performed on a physical
property measurement system (PPMS-16T, Quantum Design
Inc.).

III. RESULTS AND DISCUSSIONS
A. Crystal structure and physical properties

The crystal structure of our obtained single crystal was
confirmed by the single-crystal x-ray diffraction measure-
ments. Detailed refinement results and crystallographic data
are listed in Table I. The results indicate that the chemical
formula of the single crystal is K79C0,S;, suggesting that the
K sites exhibited deficiencies of 21%, and K 79C0, S, exhibits
a tetragonal structure with space group I4/mmm and lat-
tice parameters of a = b = 3.711(4) A and ¢ = 13.140(2) A,
which is consistent with the reported polycrystalline sample

[23]. Figure 1(a) exhibits the crystal structure of Ky 79C0,S,.
It consists of the Co-S layers along the ab plane, which
is formed by edge-sharing CoS, tetrahedra and separated
by nonmagnetic K ions, thus exhibiting a strong quasi-two-
dimensional structure. The x-ray diffraction (XRD) spectrum
for the single-crystal Kg79Co0,S, is displayed in Fig. 1(b) and
the diffraction peaks are indexed. Only the diffraction peaks
(0 0 1) are found and then suggest that the crystal surface is
parallel to the ab plane. A picture of platelike single crystals
with a size of 2 x 2 x 0.2 mm® is shown in the inset of
Fig. 1(b). Furthermore, the chemical composition of the single
crystal was characterized using EDX at several different areas
on the surface, as presented in Fig. 1(c). The average atomic
ratio of K:Co:S is estimated to be 0.82:2.00:2.01, which is
close to that obtained by single-crystal x-ray diffraction. An
accompanying scanning electron microscopy (SEM) image of
a Ko79C0,S, single crystal is provided in the inset of Fig. 1(c),
exhibiting an obvious layered structure.

The magnetic susceptibility x(7) as a function of temper-
ature for single-crystal Ky79Co0,S, was measured with the
magnetic field (H) parallel or perpendicular to the ab plane,
which is exhibited in Figs. 2(a) and 2(b), respectively. For
the H || ab plane, x(7) measured in both the field-cooling
and zero-field-cooling models is overlapped in the entire
measured range of temperature. With decreasing temperature,

Instensity (a.u.)

Energy (keV)

FIG. 1. (a) Crystal structure of Kg79C0,S,. (b) XRD of the
single-crystal Ky79C0,S,; the inset shows a picture of Ky 79C0,S,.
(c) Energy-dispersive x-ray spectrum collected on the single-crystal
Ko.79C0,S,.
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FIG. 2. Temperature dependence of the magnetization x(7) of
single-crystal KCo,S, measured for the (a) H || ab plane and (b)
H 1ab plane. The inverse susceptibility 1/(x —xo) is shown in the
right-hand axis. (c) Isothermal magnetization at 5 K.

x(T) quickly increases at 7o &~ 113 K, which is determined
by the temperature derivative of x (7)), displayed in the inset of
Fig. 2(a), and tends to be saturated at low temperatures with
the value of about 0.60 emu/mol Co, indicating a ferromag-
netic transition. The x(7) at high temperatures can be fitted
well by the modified Curie-Weiss law x = xo + C/(T — ©),
where yo is the susceptibility independent of temperature,
® denotes the Weiss temperature, and C presents the Curie
constant. By fitting x(7) from 150 to 300 K, the values
of xo, Weiss temperature ®,,, and Curie constant C can
be estimated to be 1.01 x 10™* emu/mol Co, 126.01 K, and
0.3918 emu K/mol Co, respectively. The inverse of magnetic
susceptibility, 1/(x —xo), is also presented in Fig. 2(a). Ac-
cording to the formula peg = /8C g, the effective moment
Uerr per Co atom can be calculated to be 1.77ug/Co. As
shown in Fig. 2(b), the x(T) for the H Lab plane displays
similar behavior to those for the H || ab plane, with a quick in-
crease at 113 K and the saturated value of 0.067 emu mol !,

which is almost ten times smaller than that for the H | ab
plane. A fit for x(7) by modified Curie-Weiss law from 150
to 300 K gives rise to yo ~ 7.32 x 10~* emu mol~! Co™ !,
Weiss temperature ©, &~ 76.52 K, and Curie constant C =
0.5322 emu K mol~! Co~!, respectively. Figure 2(b) also
exhibits the inverse of magnetic susceptibility, 1/(x —xo), for
the H Lab plane. The effective moment . is estimated to
be ~2.065/Co. The positive values of ®,, and ®, indicate
that the dominant interactions both between the adjacent Co-S
layers and within the same layer are ferromagnetic. The value
of ®. is obviously derived from the Tx and ©,,/0, ~ 2,
suggesting the strength of intralayer interaction between Co
atoms is stronger than that of interlayer interaction. Further-
more, the effective moments g for both H || ab and H Lab
planes are smaller than the theoretical value (~3.87ug) of
a free Co’* ion with § = 3/2, indicating the itinerant char-
acter of the Co ion in K¢ 79C0,S,. Figure 2(c) displays the
isothermal magnetization measured at 5 K with H parallel
and perpendicular to the ab plane, respectively. The magne-
tization for H || ab exhibits a sharp increase above 1000 Oe
and then tends to be saturated with the saturated moment
us ~ 0.66up/Co, suggesting the ferromagnetic nature, while
for H Lab, it does not saturate even at H = 7 T, which sug-
gests a high anisotropy of Ky 79C0,S, and that the ab plane
is more easily magnetized. Moreover, with the obtained (i.s
and g, we can calculate the Rhodes-Wolfarth ratio (RWR),
quantified as the ratio of p¢ and us, where e is associated
with the number of moving carriers and calculated from the
formula ,ugff = pc(pe + 2). For a localized system with fer-
romagnetic behavior, the RWR should be equal to 1, whereas
RWR > 1 indicates the existence of itinerant ferromagnetism.
Here, the value of RWR is calculated to be 1.56 for H | ab,
indicating the itinerant ferromagnetism in K4 79Co,S,.

Figure 3(a) presents the temperature dependence of the
electrical resistivity of single-crystal Ky 79C0,S,, measured
with the applied current (/) parallel to the ab plane. The
electrical resistivity displays a metallic behavior with the
resistivity about 0.36 mS2 cm at room temperature. As the tem-
perature decreases, a rapid decrease of the resistivity occurs
at 113 K, which is determined by the temperature deriva-
tive of electrical resistivity, which is shown in left inset of
Fig. 3(a). The anomaly in the resistivity curve agrees with the
magnetic susceptibility curve, confirming the ferromagnetic
transition. Furthermore, the resistivity p versus T? (K?) from
2 to 80 K is presented in the right-hand inset of Fig. 3(a)
and exhibits a linear behavior, indicating that the resistivity
can be fitted using the equation p = py + AT? [25], where
po denotes the residual resistivity, resulting from the lattice
defects of the material, and the second term comes from
the electron-phonon scattering. After fitting the resistiv-
ity in the low-temperature region, the parameters pp and
A can be obtained to be 0.0397(3) mQ2cm and 8.44 x
107 mQcm K2, respectively. These results indicate that
Ko.79C0,S, follows Fermi liquid behavior in the low-
temperature region.

Figure 3(b) presents the specific heat Cp(7T) curve for
Ko.79C0,S, measured from 2 to 200 K. An obviously small
peak occurs at T¢ &~ 113 K, suggesting a magnetic phase
transition at this temperature. To extract the magnetic contri-
bution C,, related to the phase transition, we first fitted the
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FIG. 3. (a) Temperature dependence of electrical resistivity for
KCo,S,. The left-hand inset shows dp/dT versus temperature; the
right-hand inset shows p versus T2 at low temperatures (2-80 K).
(b) Specific heat versus temperature for KCo,S, from 2 to 200 K.
The blue curve represents the fitting using the Thirring model. The
inset exhibits the magnetic contribution to the specific heat and the
magnetic entropy.

Cp(T) curve using the Thirring model to obtain the lattice
contribution [26]. According to this model, the lattice con-
tribution is expressed as Gy = 3NR(+X°2 b,u.™"), where N
denotes the number of atoms in the crystal cell, R is the ideal
gas constant, and u = 2T /19]3)2 + 1, with 6p being the De-
bye temperature. Sack et al. show that for a Debye solid with
T = 6p/4, the model achieves an accuracy of ~0.03% using
only four terms [27,28]. Hence, we used n = 4 and gained
a reasonable fitting as shown in Fig. 3(b). After subtracting
the lattice contribution, the Cp, is obtained and displayed in
the inset of Fig. 3(b). A sharp peak occurs in the Cy, curve
at Tc =~ 113 K. The inset of Fig. 3(b) also exhibits the mag-
netic entropy estimated by integrating C,,/T, and the total
magnetic entropy change AS resulting from the long-range
magnetic ordering is obtained to be ~21.35 Jmol~! K~!, which
is small and only 23.43% of RIn(2S + 1) = 5.76 Jmol ' K~!
with the spin S = 1/2 and R being the gas constant. The
results indicate that the strong short-range order above T¢ of
Ko.79C0,S, is formed and then results in the release of most

2000 3000
H/M (Oe g/emu)

FIG. 4. (a) Isothermal magnetization curves of KCo,S, mea-
sured from 103 to 123 K. (b) Arrott plots M? vs H/M.

of the magnetic entropy, which is a common phenomenon in
two-dimensional layered systems such as CrGeTe; [29] and
Mn3Si2Te6 [30]

B. Critical behavior

For a ferromagnetic material with a second-order phase
transition, investigating its magnetic critical behavior is con-
sidered a powerful method to understand the nature of its
magnetism. Different magnetic critical behaviors usually are
expressed by sets of various interrelated critical exponents
(B, v, and 8) [31,32], for example, 8 = 0.364 and y = 1.386
for the three-dimensional (3D) Heisenberg model. Isothermal
magnetization curves for Ky 79Co0,S, near T were measured
in the range 103-123 K with a temperature interval AT = 1 K
along the ab plane and the results are exhibited in Fig. 4(a).
Based on the isothermal magnetization data, we plotted the
Arrott plots M 2 yvs H/M, as shown in Fig. 4(b). All the slopes
of Arrott plots are found to be positive, which suggests the
nature of a second-order ferromagnetic phase transition near
Te of Kp79C0,S,, according to the criterion proposed by
Banerjee [33]. Furthermore, according to the mean-field the-
ory, the M? vs H/M curves should be a series of parallel
straight lines in the high-field region. However, as shown in
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FIG. 5. The modified Arrott plots for different models: (a) 3D Heisenberg model, (b) 3D XY model, (c) 3D Ising model, and (d) tricritical

mean-field model.

Fig. 4(b), in the Arrott plots, all the curves are observed to
be nonlinear, which rules out the possibility of a mean-field
model and so a modification of Arrott plots should be per-
formed [32].

Figures 5(a)-5(d) display the modified Arrott plots M'/#
vs (H/M W7 of Ko79C0,S, with the critical exponents of
the 3D Heisenberg model (8 = 0.365, y = 1.386), 3D XY
model (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). In the high-field region, the curves of the four models
present quasistraight lines. In order to obtain the most ap-
propriate model to describe the magnetic critical behavior of
Ko.79C0,S,, the temperature dependence of normalized slopes
(NS), defined as NS = S(T)/S(T¢) [31,32], where S(T) is the
slope of the modified Arrott plots M'/# vs (H/M)'" and
S(Tc) the slope when T = T =~ 113 K, are plotted in Fig. 6
for the above modes. The values of NS should be equal to 1.0
when the critical exponents are accurate. However, deviation
of the four models occurs and indicates that any universal
class of model is not suitable to describe the critical behavior
of K0.79C02S2.

To determine more accurate critical exponents (8, y, and
8), a rigorous iterative method was employed; the process
has been described in detail in Ref. [34]. According to the

—o— 3D Heisenberg
—0—3D XY

—— 3D Ising

—@— Tricritical mean field

12

Il L | L | L |
105 110 115 120
TX)

FIG. 6. The normalized slopes NS = S(T")/S(T¢) as a function
of temperature for different modes.
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scaling hypothesis, the critical exponents (8, y, and §) can be
mathematically expressed as

M(T)=My(—e)! (<0, T <Tp), 6))

Xo (T) = (ho/Mo)(—e) (¢ >0, T>Tc), (2

M(H)=DH'"? (¢=0, T =T¢), (3)

where ¢ = (T — T¢)/Tc represents the reduced temperature;
My, hyo/My, and D denote the critical amplitudes; My (T) is
the spontaneous magnetization, determined by the intersec-
tion of the linear extrapolation line in high-magnetic-field
parts of the M'VE s (H/M)l/V curves for T < T¢ and the
M/ axis; and the inverse of initial magnetic susceptibil-
ity, x, 1(T), is the intersection of the linear extrapolation
line of the M'/# vs (H/M)"" curves for T > Tp and the
(H/M)"7 axis. After fitting My(T) and x,'(T) by Egs. (1)
and (2), new critical exponents 8 and y can be obtained and
then used to construct new modified Arrott plots M'/# vs
(H/M)'” . The above procedures were iteratively performed
until these critical exponents are converged. It should be noted
that these final critical exponents acquired by this method are
independent of the initial values of 8 and y. Here, the 3D
Ising model was used for the initial parameters, which then
gave rise to the critical exponents 8 = 0.3006(4) with T, ~
113.3(6) K and y = 1.1802(4) with T;" ~ 113.2(5) K, af-
ter several of the above processes, which is displayed in
Fig. 7(a).

Furthermore, the critical exponents and ferromagnetic tran-
sition temperature 7¢ can also be determined using the
Kouvel-Fisher method [34]:

My(T)/[dM(T)/dT] = (T —Tc)/B, “

xo {(T)/ldxy (T)/dT1 = (T — Tc)/y. ®)

Figure 7(b) exhibits the temperature dependence of
M,/(dM,/dT) and x,'/(dx;"'/dT), and the linear fitting
gives rise to B = 0.3022(3) with 7 ~ 113.3(5) K and y =
1.1621(6) with TCJr ~ 113.3(1) K, which is well consistent
with those values obtained from the iterative method.

Figure 8 displays the isothermal magnetization at 113 K
with the inset plotted on logarithmic scale. Based on Eq. (3),
8 can be obtained. By the linear fit on the In(M) vs In(H)
curve in the high-field region, which is exhibited in the inset
of Fig. 8, the critical exponent § is obtained to be 5.18(7).
Furthermore, the critical exponent é can also be estimated by
the Widom scaling relation § = 1 + y /8. Using the obtained
values of B and y through the Kouvel-Fisher method, § is
calculated to be 4.84(5), in agreement with the value obtained
from Fig. 8.

In order to further evaluate the accuracy of the above analy-
sis, we examine whether the critical exponents and 7¢ follow
the scaling equation, which in the asymptotic critical region
can be written as [35]

H
M(H, ¢) = s”fi(gﬁw), ©)

where f represents the scaling function with f, for T > T,
and f_ for T < T¢. Based on the above equation, if 7¢ and

16
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FIG. 7. Temperature dependence of the spontaneous magne-
tization M (T) (left) and inverse initial susceptibility y, Y1)
(right) of KCo,S,. The fitting results are displayed by the red
curves. (b) Kouvel-Fisher plot for M,(T)(dM(T)/dT)™" (left) and
X (T)(d XO’I(T)/dT)_l (right) with solid fit lines.

the critical exponents are reasonable, the curves of the renor-
malized magnetization m = e M (H, €) vs the renormalized
field h = e~ #"" H should yield two generalized curves, one
for T > T¢ and the other for T < T [32,34]. Here, the crit-
ical exponents and 7¢ obtained by the Kouvel-Fisher method
were used to plot m vs h. The results are shown in Fig. 9(a)
and we can see that all the isothermal magnetization data
converge into two universal curves. The corresponding In-In
plot is displayed in the inset of Fig. 9(a), where all the curves
also split into two separate branches below T and above T¢.
Moreover, the m> vs h/m plot is a more rigorous method to
further verify the critical exponents and 7¢, which is plotted
in Fig. 9(b). All the curves also collapse into two divided
branches. Thus, the above scaling analyses further clarify that
the critical exponents and 7¢ obtained from different methods
are reliable.

Furthermore, it is crucial to study the nature of the mag-
netic interaction range in K¢ 79C0,S;. The universal classes of
the magnetic transition are dependent on the exchange inter-
action J(r). According to the renormalization group theory,
the long-range exchange interaction decays with distance r as
J(r) ~ r=1*% where d presents the dimensionality and o is
a positive constant associated with the range of the interaction.
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FIG. 8. Isothermal magnetization curve at 113 K with a red fit-
ting curve. The inset shows the plot on In-In scale with a solid red
fitting line.
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FIG. 9. (a) Scaling plots of renormalized magnetization m vs
renormalized field & around 7¢ for KCo,S,. The inset displays the
plot in In-In scale. (b) The m? vs h/m plot.

The value of o can be determined from the formula

1_{_4 n+2 A
= — o
Y d\n+s

8(n+2)n—4) |
d?(n+ 8)°

2G(%)(7n + 20)

)Aoz, (7
(n—4)(n+38)

where n is the spin dimension, Ao = o—d/2, and G(%) =

3-— %(%)2. The system for o > 2 can be described by the
short-range Heisenberg model, where the magnetic interac-
tions J(r) decrease faster than r—>, while for o < 3/2, the
long-range mean-field model is valid with J(r) decaying
slower than r~%3. To estimate the values of d, n, and o
in this system, which give rise to a value of y close to
that (y =~ 1.18) obtained from the experiments, the proce-
dure reported in Ref. [36] was performed. The other critical
exponents can be estimated from the following scaling equa-
tions: v=y/o,a=2—vd, =2 —-a—y)/2, and § =
14 y/B, where v and o denotes the critical exponents of
correlation length. We repeated the process for a various
series of {d, n} and found that {d, n} = {3,2} and 0 = 1.92
yield the critical exponents (8 = 0.369, y = 1.315, and § =
4.56), close to the experimental values determined from vari-
ous methods. Thus, in the case of K(79C0,S,, the exchange
interaction decays as J(r) ~ r~*°? with long-range spin
interaction.

C. Magnetic entropy change

The magnetic entropy change ASy (T, H) induced by
the external field, which is an effective method to
study phase transition, can be obtained by the following
formula [31]:

ASM(T,H)=7 ) dH:? MY m, (8)
9H ), aT ),

0 0

where (%)T = (%)H is derived from Maxwell’s equations
[31]. Owing to the magnetization strength measured at small
discrete temperature and magnetic field intervals, ASy (T, H)

can be approximately determined as

Jo M(T;, H)dH — [ M(T;y,, H)dH
T, — Tiyy '

ASy(T,H) = ©)

Figure 10(a) exhibits the temperature dependence of the
magnetic entropy change under various fields with the H || ab
plane. All the curves display obviously broad peaks around
Tc and the peaks shift toward higher temperature as the mag-
netic field increases, which rules out the mean-field model.
Furthermore, the maximum of the magnetic entropy change,
—ASy™, also increases with increasing magnetic field and
reaches 2.51 Jkg~!' K~! with the H || ab plane at 50 kOe,
which is comparable with common two-dimensional ferro-
magnetic materials, such as 2.5 J kg’1 K~! in Mn3Si, Teg [37]
and 3.28 Jkg’1 K~! in AICMn; [38]. For a second-order
ferromagnetic material, the maximum of the magnetic en-
tropy change, —ASy™, obeys a power-law dependence on the
field as the following equation: —ASy™ oc H", where n at T
is associated with the critical exponents and can be calcu-
lated by the equation n(T¢) =14 (6—1)/B8 + y. As shown
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FIG. 10. (a) Temperature dependence of magnetic entropy
change —ASy at various magnetic fields. (b) Field dependence of
—ASy™ with the red fitting curve.

in Fig. 10(b), the value of n is calculated to be 0.461 by
fitting the data, which is close to that (*0.527) obtained by
the modified Arrott plot.

D. Discussion

Layered ACo,X, exhibits various magnetic ground states
related to its interlayer coupling. TICo,Se, undergoes a
helical magnetic structure, where the intralayer spins are
ferromagnetically coupled while the interlayer spins spiral
with an angle of 2121° [20]. When TICo,Se, is doped with

S at Se sites, it has been revealed that, in TlCo,Se,_,S,,
the interlayer spin spiral angle gradually decreases with in-
creasing S doping level x, and a collinear ferromagnetic
structure can be reached when x > 1.75 [21]. The mag-
netic critical behavior in TICo0,S, has been studied, which
indicates that TlCo,S, displays a robust tricritical behav-
ior [17]. When TICo,S, is slightly doped with Ni at Co
sites, the ferromagnetic ground state of T1(Cog.95Nig.05),S2
changes to an antiferromagnetic one. In addition, a metam-
agnetic transition can be induced by magnetic field H < 1.5
T at 20 K, further indicating the possibility of the existence
of a tricritical point in TI(Cog95Niggs),S> [17]. Also, for
CsCo,Se,, an antiferromagnetic-ferromagnetic-paramagnetic
tricritical point has been observed in the 7-H phase dia-
gram [39]. In our case of K(79C0,S,, the critical exponents
estimated from different methods and the theoretical val-
ues of some universal models are summarized in Table II.
A comprehensive study by Taroni et al. suggests that for
two-dimensional (2D) ferromagnetic materials, the critical
exponent 8 should be located in a window 0.1 < 8 < 0.25
[40]. The obtained value of B (= 0.3006(4)) reveals that
Ko.79C0,S, clearly displays a 3D critical behavior, indicat-
ing that the interlayer interaction cannot be neglected. By
comparison, the obtained critical exponents 8 = 0.3006(4)
and y &~ 1.1802(4) are small and far from that expected for
the 3D Heisenberg model or 3D XY model. Although these
values are close to that for the 3D Ising model, it does not
suggest that there would exist strong easy-axis anisotropy
with moments directed out of the plane expected by the
3D Ising model due to the fact that easy-plane magnetiza-
tion has been observed in K 79C0,S,. It is noted that the
obtained critical exponents are closer to the values of the
tricritical mean-field model relative to that for the 3D Heisen-
berg or 3D XY model. Considering that the tricritical point
has been observed in both T1C0,S; and CsCo,Se,, it is pro-
posed that the tricritical point could emerge in the K¢ 790Co, S,
system when changing the interlayer coupling by chemical
doping. The critical behavior in K¢ 79Co,S; could be compli-
cated and needs to be understood by combining both the 3D
Heisenberg and 3D XY models and the tricritical mean-field
model.

IV. CONCLUSION

Layered single-crystal Kg79Co0,S, with ThCr,Si;-type
structure has been successfully grown and its crystal structure,

TABLE II. Critical exponents of K(79Co0,S, derived from various methods (modified Arrott plot, Kouvel-Fisher method, and critical

isotherm analysis) and some theoretical models.

Technique Ref. Tc (K) B y )

Ko.79C0,S, Modified Arrott plot This work 113.2(6) 0.3006(4) 1.1802(4) 4.92(5)%"

Kouvel-Fisher method This work 113.3(5) 0.3022(3) 1.1621(2) 4.84(5)

Critical isotherm analysis This work 113.0 5.18(7)

Mean-field model Theory [35] 0.5 1.0 3.0
3D Heisenberg model Theory [35] 0.365 1.386 4.8
3D Ising model Theory [35] 0.325 1.24 4.82
3D XY model Theory [35] 0.345 1.316 4.81
Tricritical mean-field model Theory [17] 0.25 1.0 5.0
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transport, and magnetic properties have been systematically
investigated. K¢ 79C0,S, demonstrates a metallic behavior
with Fermi liquid behavior and undergoes a ferromagnetic
transition at 7¢ &~ 113 K with an itinerant character. Analysis
of the critical behavior through different methods gener-
ates a series of critical exponents 8 = 0.3006(4) with T ~
113.3(6) K, y = 1.1802(4) with T¢ ~ 113.2(5) K, and § =
5.18(7), and the scaling analysis confirms the reliability
of these exponents. Renormalization group theory reveals a
three-dimensional magnetic interaction of K¢ 79Co0,S, decay-
ing as J(r) ~ r~*%2. The tricritical mean-field model is used
to explain the deviation of the critical exponents from the
expected values for the 3D Heisenberg or 3D XY model. Our
results provide more ingredients to understand the magnetism
and critical behavior in layered ACo, X, materials. It is desired
to look for the tricritical point in the K¢ 79C0,S, system by
chemical doping in the future.
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