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Co, sFe(5Sn,S; single crystal was grown by a flux method, and its magnetocaloric effect and critical behavior
were systematically investigated. Significant changes in magnetic properties and critical behavior were observed
in Fe-doped Co3;Sn,S,, compared with undoped Cos;Sn,S,. Specifically, the magnetization of Co,sFeysSn,S,
measured at a low magnetic field (H < 500 Oe, H||c axis) does not show the thermal hysteresis phenomenon,
whereas it was observed in Co3Sn, S, near T, which is characteristic of a typical second-order phase transition.
Previous reports usually attribute the suppression of ferromagnetism by the substitution of Fe for Co to the
decrease in the number of 3d electrons. Herein, according to the first-principles calculation, the magnetic
moments of dopant Fe align antiparallelly to those of Co atoms, which is also the possible reason for the decrease
in magnetization. The critical behavior analysis shows that the critical exponents of the Fe-doped sample around
magnetic transition are very close to theoretical values of the mean-field model. Furthermore, the exchange
interaction distance J(r) &~ r~*% and the Rhodes-Wolfarth ratio (RWR) (RWR > 1) prove the long-range
itinerant ferromagnetism. The hybridization between the 3d orbitals of Fe/Co and the orbitals of Sn-5p/S-3 p may
be an important factor for long-range itinerant ferromagnetism. The zero-field cooling magnetization (H = 100
Oe, H|| ab plane) undergoes the spin reorientation around 76 K, maybe because the magnetic moments of Fe,
aligning antiparallelly to moments of Co atoms, reorient from out of plane to in plane. The critical behavior

(Received 22 September 2022; revised 29 November 2022; accepted 2 February 2023; published 7 March 2023)

analysis shows that the first-order phase transition may occur below 7 in the case of the H || ab plane.
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I. INTRODUCTION

As a topological Weyl semimetal, the shandite-structured
Co3Sn,S; crystal with a kagome lattice exhibits many novel
physical properties, such as the giant anomalous Hall effect
[1-3], the zero-field Nernst effect [4], the giant magneto-
optical response [5], and the thermoelectric effect [6,7]. With
regard to magnetic properties, the kagome crystal has at-
tracted great attention due to the frustrated magnetism, which
possibly produces the quantum spin liquid [8] and magnetic
skyrmion phases [9-11].

Inelastic neutron scattering indicated there exists quasi-
three-dimensional ferromagnetic interactions in Co3Sn,S;
with the coupling strength in intralayer being twice larger than
that of interlayer [12]. Using the muon spin rotation method,
Guguchia et al. revealed that the out-of-plane ferromagnetic
ground state coexists with the in-plane antiferromagnetic state
above 90 K in CozSn,S, [13], whereas, Lachman et al. ob-
served the spin glass behavior and exchange bias phenomenon
in Co3Sn, S, below T [14]. Moreover, the effects of doping at
Co, Sn, and S sites on the magnetic properties of CoszSn,S,
have been widely investigated for the purpose of deep insight
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into the magnetism of Co3Sn,S; and in order to find novel
physical phenomena.

Ni and Fe are usually selected to replace Co [15,16]. For
the Co3_,Ni,Sn,S; single crystals [15], the Ni doping reduces
the saturation magnetic moment to the lowest value of 0.03
up/fu. at 2 K (x = 0.6) (H||c), much lower than that (0.9
pp/fu.) for Co3Sn,S, but greatly increases the coercivity
(He = 1.2 T at x = 0.2). The reduced moment due to the Ni
doping is attributed to the increase in the spacing (dco—co) be-
tween the nearest-neighboring Co atoms and to the change in
the energy band. Importantly, the significant anomalous Hall
conductance appears at the moderate Ni content, experimen-
tally confirming that the topological properties of Co3Sn,S,
are preserved under the Ni doping. For the (Co;_,Ni,)3Sn,S,
polycrystalline sample, the magnetic susceptibility decreases
with the increase in Ni content, and the ferromagnetism was
completely destroyed at x = 0.2 without the appearance of the
antiferromagnetic phase in all Ni-doped samples; the decrease
in susceptibility due to the Ni doping is attributed to the
increase in the number of 3d electrons [17]. For CosIn,S,, the
substitution of Fe for Co induces the antiferromagnetic tran-
sition in (Co;_,Fe,)3;In,S, at low temperature [18], and the
antiferromagnetic transition temperature 7y increases from
11 to 17 K as the Fe content increases from x = 0.025 to
x = 0.046. According to the analysis of neutron diffraction
and fitting data, it is concluded that the magnetic moments

©2023 American Physical Society


https://orcid.org/0000-0002-0500-505X
https://orcid.org/0000-0002-4022-184X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.094104&domain=pdf&date_stamp=2023-03-07
https://doi.org/10.1103/PhysRevB.107.094104

JIYU HU et al.

PHYSICAL REVIEW B 107, 094104 (2023)

arrange antiferromagnetically with the 120 °-like structure in
the kagome layer and the 45 ° canting out of the plane, re-
sulting in a net magnetic moment of about 0.14 ng/Co(Fe) in
the c-axis direction. Meanwhile, a large, linear, nonsaturated
magnetoresistance is also observed in the Fe-doped samples.
Kassem et al. found that both Fe- and In-doped (hole-doped)
Co3Sn,S; exhibited almost the same magnetic phase diagram,
which means that the number of electrons plays a decisive role
in the magnetic properties of CoszSn,S; crystals [16].

The In element is usually chosen as the dopant at the Sn
site [19]. The In doping results in the distortion of lattice
and electronic structures, whereas the lattice distortion caused
by Fe replacing Co is smaller [20]. The cell parameter a
decreases, and ¢ increases with increasing the In content for
Co3Sn,_,In, S, single crystals [21]. The dopant In inhibits
the ferromagnetic order; the ferromagnetic order disappears at
x = 0.8, and the sample changes from a ferromagnetic Weyl
semimetal to a nonmagnetic insulator [22]. The magnetization
for the sample with x = 0.84 exhibits a divergent behavior
with the temperature approaching 0 K, attributed to the fer-
romagnetic quantum criticality. The samples with x > 0.84
exhibit the Pauli paramagnetic behavior. The suppression of
the ferromagnetic order by the In doping was attributed to
the decrease in the number of electrons because the out-shell
electronic configuration is 5525 p1 for the In element, whereas,
it is 5s*5p* for the Sn element. For Co3Sn,_,In, S (0 <
x < 2) and Cos_,Fe,Sn,S; (0 < y < 0.5) single crystals, the
Curie temperature, effective magnetic moment, and sponta-
neous magnetization change with the increase in the In and Fe
contents almost in the same trend, indicating that the number
of electrons play an important role in magnetism [23].

The S element occupies the interlayer of the kagome lattice
in Co3Sn,S;. The substitution Se for S reduces the magnetic
transition temperature 7. and the magnetization but does not
cause the magnetic phase transition in the whole doping range.
The effect of Se doping on magnetic properties is not as
significant as that for In and Ni dopings [24,25].

According to the above results, it can be found that both
electron and hole doping at Co or Sn sites suppresses the ferro-
magnetism of Co3Sn;S;, and it is considered that the number
of electrons plays an important role in magnetism in this itin-
erant system. Besides the number of electrons, the magnetism
of Co3Sn,S, is also sensitive to other factors, such as the
occupied positions of the dopant (within or between kagome
layers) and the distortion of the crystal/electronic structure
caused by dopant, which affect the interaction of magnetic
ions intra- or interkagome layers and, hence, the magnetism.
The usual magnetization measurements can only observe the
changes in 7. and magnetization magnitude caused by the
dopant. Herein, the magnetocaloric effect and critical behav-
ior near the magnetic transition for the Fe-doped Co3Sn,S;
were investigated in order to explore the essence of magnetic
ground state [26-30].

The magnetocaloric effect and critical behavior have been
widely used to investigate molecular nanomagnets [31], al-
loys [32,33], perovskite manganese oxides, spinel ferrites,
and quantum spin liquid substances [34,35]. Recently, we
investigated the critical behavior and magnetocaloric effect
of undoped Co3Sn,S, and provided the possible magnetic
phase diagram [36]. The results of critical behavior show

that the magnetic order state along the ¢ axis conforms to
the three-dimensional Ising model. So far, the critical behav-
ior and magnetocaloric effect of Fe-doped Co3Sn,S; (hole
doping) have not been investigated. In this paper, we inves-
tigated the critical behavior and magnetocaloric effects of
Co, 5Feq5Sn,S,. Besides the decrease in magnetization and
T. caused by the Fe doping, it is also observed that the critical
behavior of Co,sFeys5Sn;,S, is obviously different from that
of CO3SH2 Sz.

II. EXPERIMENTAL DETAILS

A. Sample preparation

The single crystal of Co, sFeg sSn,S, was synthesized by a
flux method. The high-purity powders of Co (99.99% purity,
China New Metal Materials Technology), Fe (99.99% purity,
China New Metal Materials Technology), Sn (99.99% purity,
China New Metal Materials Technology), and S (99.99% pu-
rity, Aladdin) were uniformly mixed with the Co:Fe:Sn:S =
6.7:1.4:86:6 ratio and sealed in a quartz tube, heated to
1000 °C and held for 10 h. The flux Sn was removed by
centrifugation at 1600 r/min after another 7 days of slow
cooling to 700 °C, and finally the single crystal was obtained.

B. Sample Characterization

The crystal structure of Co, sFe 5Sn, S, single crystal was
characterized by x-ray diffraction [(XRD), Rigaku D/max-
2550 V/PC] at room temperature with Cu Ko (A = 1.5406 A)
radiation. To determine the composition of the sample,
the energy-dispersive x-ray spectroscopy was measured six
times, and the atomic ratio of Co:Fe:Sn:S is approximately
2.5:0.5:2:2.

The Quantum Design superconducting quantum interfer-
ence device magnetic property measurement system 3 is used
to measure the temperature-dependent magnetization M(T )
and magnetic field-dependent magnetization M(H ). The sam-
ple is cooled from room temperature to 5 K without the
applied magnetic field and then warmed up to 400 K under
the applied magnetic field. The magnetization was collected
during the warming process, i.e., the zero-field-cooling (ZFC)
magnetization. The magnetization, recorded during cooling
the sample from 400 to 5 K under the magnetic field, is
denoted as fcc magnetization, and the magnetization col-
lected during warming from 5 to 400 K is referred to as
field-cooled warming (FCW) magnetization. The initial mag-
netization M(H ) is measured as the magnetic field H increases
from 0 to 50 kOe at different temperatures. The magnetic
hysteresis loop is measured in the range of —50—+50 kOe at
temperatures of 5 and 300 K, respectively. The resistivity was
tested by physical property measurement system-9T.

II1I. RESULTS AND DISCUSSION
A. The crystal structure of Co, sFe sSn,S,

Figure 1(a) shows the XRD pattern of the Co, sFeqsSn,S,
single crystal. The three diffraction peaks correspond to the
diffraction of (003), (006), and (009) crystal planes, consistent
with the results reported in the literature [36-38], indicating
that Co, sFepsSn,S, crystallizes the rhombohedral system
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FIG. 1. (a) XRD patterns of the Co,sFe;sSn,S, single crystal.
(b) The crystal cell of Co, sFeg5Sn,S,.

with the R-3m (No.166) space group [1,15,39]. Figure 1(b)
shows the crystal cell of the Co,sFeqsSn,S; single crystal.
The kagome layer is a regular hexagonal kagome unit com-
posed of Co(Fe) atoms and Sn atoms in which the Co(Fe)
atoms are located at the apex of the regular hexagon. The spe-
cial crystal structure makes the magnetic moments of Co(Fe)
in the kagome layer form a frustrated state. The Sn atom is
distributed between the kagome layer and the kagome layer,
whereas, the S atom is located between the kagome layers.

B. The magnetic properties of Co, sFe sSn,S,

Figures 2(a)-2(e) show the relationship between mag-
netization (M) and temperature (7)) with the H|c axis.
Figure 2(a) shows the M(T') curve measured under H = 100
Oe, exhibiting a steep transition with decreasing tempera-
ture. Accordingly, the derivative curve of ZFC magnetization
shows a minimum at a certain temperature, which is defined
as the paramagnetic-ferromagnetic transition temperature 7.
The T. value of Co,sFeps5Sn;S; is 104 K as H = 100 Oe,
close to that reported in the literature [16]; this 7. value is
lower than that (7, = 174 K) of undoped Co3Sn; S, indicating
that the Fe doping significantly suppresses ferromagnetism
[16,36]. The bifurcation between the ZFC and the fcc curves
below 7. and the local maximum around 87 K in the ZFC
curve were also observed previously [14,39]. For CosSn;S,,
there exhibits the thermal hysteresis behavior between the fcc
and the FCW curves below T, which generally does not occur
for the normal second-order phase transition [12,36,39]. Such
hysteresis behavior results from the phase-separation state due
to the coexistence of ferromagnetic and antiferromagnetic (or
spin glass) phases [13,14]. However, the fcc and FCW curves
of Co, 5Fe5Sn,S, do not show the hysteresis, characteristic
of the second-order phase transition [29].
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FIG. 2. The temperature-dependent magnetization M(T) with
the ZFC (black empty squares), fcc (red empty circles), and FCW
(blue empty triangles) processes measured at different applied mag-
netic fields (H) [(a)—(e)] together with the inverse susceptibility
(empty triangles) and its fitting curves (solid lines). The H-dependent
magnetization M(H ) curves, i.e., magnetic hysteresis loops recorded
at 5 and 300 K (f) for H |c axis.

The ZFC and fcc curves almost overlap as H > 1 kOe
[Figs. 2(d) and 2(e)], which is due to the fully polarized
state in the temperature region below 7; [13]. In Fig. 2(f),
M(H) measured at 5 K rapidly saturates with increasing
the magnetic field because the ¢ axis is the magnetic easy
axis. The saturation magnetization My is 5.43 emu/g, i.e.,
the saturation moment i is 0.16 pp/Co(Fe), much smaller
than that of Co3Sn,S; (0.3 pp/Co) [1], further indicating
that Fe (hole) doping suppresses ferromagnetism [16]. The
Ni (electron) doping can also suppress ferromagnetism, i.e.,
both hole and electron dopings suppress ferromagnetism [15].
So, the conclusion, attributing the suppressed ferromagnetism
to the 3d electron number of the doped element, is open
to deliberation, deserving further investigation. According to
M(H) at 5 K in Fig. 2(f), the ratio of remanent magnetization
M, to saturation magnetization My, i.e. M/M; is 0.99, close
to the theoretical remanent magnetization ratio of a uniaxial
anisotropic magnet (M;/M; = 1), indicative of the uniaxial
anisotropy for Co;sFepsSn,S,. M(H) at 300 K shows the
paramagnetic characteristic due to the random orientation of
moments caused by the thermal fluctuation.

Based on the ZFC curve in the paramagnetic region in
Figs. 2(a)-2(e), we can obtain the temperature-dependent in-
verse susceptibility x, Y(T). The modified Curie-Weiss law is
expressed as

—1
xo (T) = ( +X0> (1)

The Curie-Weiss constant C is obtained after the fit-
ting of x; 1(T) above T. [29]. The effective magnetic

T—Tp
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TABLE 1. Parameters from the fitting according to equation x, ' (T) = (T%Te + %0) " and calculated i and . for Hlc.

H ||l ¢ (Oe) T. (K) C (emu K/Oe mol) Ty (K) Herr [1g/Co(Fe)] pe [pg/Co(Fe)]
100 104 0.161 104 0.656 0.196
200 92 0.183 103 0.699 0.220
500 91 0.191 105 0.714 0.229
1000 91 0.192 105 0.716 0.230
10000 97 0.137 114 0.605 0.169

moment of Co,sFepsSnyS, can be calculated from peg =
2.83(C/n)%>up, where 7 is the number of magnetic atoms in
the unit cell. The fitted parameters C and 6 and calculated
Hege under different magnetic fields are listed in Table 1. The
value of p., which is related to the number of moving carriers
[29], can be calculated from ugff = (Ke + 2).. Furthermore,
the Rhodes-Wolfarth ratio (RWR) can be obtained according
to RWR = p./u, [40,41]. RWR = 1 indicates that magnetiza-
tion comes from the contribution of local magnetic moment,
whereas RWR > 1 is the evidence of itinerant ferromag-
netism. It can be seen from Table I that Co, sFegsSn,S, is
characteristic of the itinerant ferromagnetism along the c axis.

Figures 3(a)-3(c) show the M(T) curves measured under
the H || ab plane. The ZFC curve as H = 100 Oe first shows
a maximum at 104 K. Then, it shows a minimum at 73 K
and a flat in the low-temperature region; this phenomenon
may originate from the reorientation of Fe magnetic moments,
which will be further understood in the first-principles cal-
culation section. The bifurcation between ZFC and fcc still
exists as H > 1 kOe because the complete polarization cannot
be reached as H || ab due to the spin frustration behavior in
the kagome layer. As shown in Fig. 3(d), the M(H) curve
measured at 5 K does not saturate as H = 50 kOe due to the
magnetic frustration behavior. The inverse susceptibility in the
temperature region above T; can still be well fitted by Eq. (1),
and the fitted parameters are listed in Table II. It can be seen
from Tables I and II that the effective magnetic moment g
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FIG. 3. The temperature-dependent magnetization M(7) with
the ZFC (black empty squares) and fcc (red empty circles) processes
measured at different applied magnetic field (H) [(a)—(c)] together
with the inverse susceptibility (empty triangle) and its fitting curves
(solid lines); the H-dependent magnetization M(H ) curves recorded
at 5 and 300 K (d) for the H || ab plane.

and Y. as H|| ab is larger than those as H ||c under the same
applied magnetic field, even though the magnetic moments
in the ab plane are frustrated. The possible reasons are as
follows. On one hand, the number of magnetic atoms within
unit area on the ab plane is larger than that along the ¢ axis
due to the larger cell parameter ¢ than a and b. On the other
hand, in the direction of the ¢ axis, the moment of Fe atoms
may align antiparallelly to that of Co atoms and reorientate
towards the ab plane as the magnetic field is applied on the ab
plane, which will be further discussed below.

C. The magnetocaloric effect for Co, sFe( sSn,S;

Figures 4(a) and 4(b) show the isothermal magnetization
curves in the temperature range of 80—130 K for magnetic-
fields H||c and H || ab, respectively. In the case of H|c with
increasing the magnetic field, the magnetization rapidly tends
to saturate below T, but it increases linearly above T;. In the
case of H| ab, the magnetization is not saturated when H
increases to 50 kOe due to the spin frustration on the ab plane.

Essentially, the magnetocaloric effect (MCE) results from
the entropy change caused by the coupling between the mag-
netic spin system and the magnetic field [30]. Using the
Maxwell relation and classical thermodynamic theory, the

4 (@ 5K (b) A
3 AT=2K g
80K —- 130K

M (emu/g)
~
M (emu/g)
~

80K —= 130K

0 10 20 30 40 50 0 10 20 30 40 50
H (kOe)

¥ © @

AH =10 kOe

50 kOe
Q

-AS,, (kg K)
>
~
-

-AS,, (kg K)

10 kOe

7‘2 9‘0 14‘)8 126 1“14 72 92 108 126 144
T(K) T(K)

FIG. 4. Isotherm magnetization M as a function of the magnetic-
field H measured in a temperature range of 80-130 K (a) and (b) and
the magnetic entropy change —AS), as a function of temperature 7
at different magnetic fields (c) and (d) with the magnetic-field H||c
axis (left) and H || ab plane (right).
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TABLE II. Parameters from the fitting according to equation x; ' (T) = (T%Ta + %0) " and calculated ¢ and . for H|| ab.

H || ab (Oe) T. (K) C (emu K/Oe mol) Ty (K) Herr [1g/Co(Fe)] He [1g/Co(Fe)]
100 105.7 0.185 105.2 0.703 0.222
1000 106.3 0.236 106.5 0.794 0.277
10000 106.7 0.239 107.4 0.799 0.280

magnetic entropy change —AS), curve can be given from [42]

" oM
ASy(T,H) =Syu(T,H) — Syu(T,0) = / (—) dH.
o \dT /)y,
2
And, the magnetic entropy change curve with temperature
in a discrete form can be approximately described as [43]
M —M;

ASu(T,H) =Y ﬁAHi. 3)
; i+1 — 14

Here, M; and M, represent the magnetization values at
temperatures 7; and 7;;; under the applied magnetic-field H;.
According to Eq. (3), the temperature-dependent —AS), can
be calculated from the M(H) curves in Figs. 4(a) and 4(b).
The calculated —AS), curves are shown in Fig. 4(c) and 4(d)
for the H||c axis and the H || ab plane.

In the case of the Hlc axis, the maximum value of
—ASy appears around 7; = 106 K because the magnetiza-
tion M changes sharpest around 7;. The maximum magnetic
entropy change —ASH™ increases monotonically with the
increase in magnetic field and reaches the maximum value of
0.46Jkg ' K~! as AH = 50 kOe, common for many MCE
materials with the second-order phase transition, such as
Pd,CoCrFeNi [28,44].

In the case of the H|| ab plane, —ASy™ = 0.26] kg 'K~!
appears at 7. = 106 K as AH = 50 kOe, less than the value
with Hl|c due to the anisotropy of the magnetic ordering.
Noticeably, —AS), exhibits a weak local maximum around
77 K and a negative value below 77 K, which is related to
spin reorientation (H || ab). The sign of magnetic entropy
change reflects the change in the magnetically ordered state,
for instance, the ferromagnetic (FM) and antiferromagnetic
(AFM) states correspond to ASy, < 0 and ASy, > 0, respec-
tively. [39].

The relative cooling power (RCP) [45] can be determined
by the equation,

RCP = —AS™™ 8 Trwim- )

Here, § Trwum represents the full peak width at half of the
maximum value of the magnetic entropy change curve. The
results of RCP at the H ||c axis and the H || ab plane are shown
in Fig. 5(a). The maximum values of RCP are 17.26 and
5.06 J/kg as the H||c axis and the H || ab plane. Figure 5(b)
shows the value of the RMCE —ASg [26],

ASR(T,H) = —ASy(T. H || ¢) — [-ASy(T, H || ab)].
o)

The maximum value of —ASk increases, and the width of
the peak broadens with increasing the magnetic field. This
result shows that the magnetic entropy change can be obtained

by rotating the sample from the ¢ axis to the ab plane. The
conventional magnetic entropy change is obtained by chang-
ing the magnetic field, which is difficult to apply in practice.
Here, the magnetic entropy change is obtained by rotating the
sample, which has certain advantages in practical applications
[26].

Another important parameter of the MCE is the adiabatic
temperature change AT, [46]. The AT, can be estimated by
Eq. (6) [47,48],

AT,y = —lASM(T, H). 6)
Cp
Figure 5(c) shows the relationship between AT, and tem-
perature 7. The maximum values of AT,,; are 0.48 K (H||c)
and 0.27 K (H || ab) at 50 kOe. These values are much
smaller than the maximum AT,; (5.33 K) at 50 kOe for a
Lag7Cap3MnO; single crystal with first-order phase transi-
tion, which is common for the second-order phase-transition
material [49].
The value of n can be obtained by calculating the magnetic
entropy change at 7. for the H||c axis and the H| ab plane
according to Eq. (7),

n(T,H) =dln|ASy|/dInH @)

Generally, the value of n should approach 1 below T
and 2 above T, respectively. n depends on the critical expo-
nent of the material at the transition temperature, and n > 2
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FIG. 5. (a) The magnetic-field-dependent RCP with the H ||c axis
and the H|| ab plane. (b) Temperature dependence of the rotating
magnetocaloric effect (RMCE): magnetic entropy change —ASg in
various magnetic fields. (c) Temperature dependence of AT, as
AH = 50 kOe with the H||c axis and the H| ab plane. (d) The
temperature dependence of n curves with the H || ¢ axis and the H|| ab
plane.
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FIG. 6. (a) and (b)Arrott plots deduced from the isotherm mag-
netization M(H) curves in the 80-130 K temperature range for the
H|c axis and the H || ab plane with the magnetic-field H-dependent
—ASy™ (empty squares) and the fitted data (solid line) according to
—ASy™ = aH" (the inset). (c) and (d) The reduced temperature 6
dependence of the entropy ASy /ASH™.

is the evidence of the first-order phase transition [50]. For
Co, 5Fe(5Sn,S,, the n values are 0.79, 0.77, 0.75, 0.73, and
0.72 as the H]||c axis, and 1.57, 1.54, 1.42, 1.27, and 1.22
as the H| ab plane as H = 10, 20, 30, 40, and 50 kOe,
respectively. Figure 5(d) shows that the n value decreases
monotonically with the increase in the magnetic field. How-
ever, the n value is larger as H || ab, implying that the magnetic
moment arrangement on the ab plane is more significantly
affected by the magnetic field.

According to the isotherm magnetization M(H) curves in
Figs. 4(a) and 4(b), the Arrott diagrams (M? ~ H/M) as H||c
and H || ab can be obtained as shown in Figs. 6(a) and 6(b).
The M? ~ H/M curve in the high-field region has a positive
slope, corresponding to the second-order phase-transition be-
havior [29]. The Arrott diagram is based on the state with the
mean-field criticality. If the magnetic transition conforms to
the mean-field model, the corresponding M> ~ H/M curves
should be parallel straight lines at high fields. It can be seen
from Fig. 6(a) that the Arrott curves are parallel above and
below T, conforming to the mean-field model.

The relationship between the maximum magnetic entropy
change —AS™ near T; and the magnetic field H can be
expressed as

—ASIX = gH". ®)

The values of —ASy™ at H||c and H || ab can be obtained
from Figs. 4(c) and 4(d) as shown in the insets of Figs. 6(a)
and 6(b), respectively. The values of n for H|c and H| ab
are 0.73 and 1.60 based on the fit of Eq. (8), consistent with
the results obtained in Fig. 5(d). The value of n obtained as
H||c is close to the value of 0.66 for the usual second-order
phase-transition material [32], and the value of 7 is also close
to 2/3, expected for the mean-field model [51]. These results
show that the magnetic transition along the c axis is a second-
order phase transition, and the critical behavior near the phase
transition is consistent with the mean-field model. The n value
of 1.60 as H|| ab indicates that the magnetic transition may

be accompanied by the first-order phase transition, consistent
with the result of Fig. 6(d).

The magnetic entropy change in Figs. 4(c) and 4(d) is
normalized according to ASy/ASy™. The curve of —ASy
versus temperature at the half height corresponds to two tem-
peratures: One is below 7; (denoted as T,;), and the other
is above T; (denoted as 7T,;). The reduced temperature 6 is
defined according to Egs. (9) and (10),

T-T.
0 =— for T <T, ©)]
Trl - Tc
T-T,
0= for T >T,. (10)
Tr2 - TC

The dependence of ASy/ASy* on 6 is shown in Figs. 6(c)
and 6(d). The magnetic entropy change curves at different
magnetic fields almost overlap as the H ||c axis, further indi-
cating that the magnetic transition at 7; is the second-order
phase transition [26]. The ASy/ASH* curves do not over-
lap in the temperature region below 100 K as H| ab, not
consistent with the characteristics of the second-order phase
transition, implying the possible existence of a first-order
phase transition [52].

D. The critical behavior analysis of Co, sFe( sSn,S,

The spontaneous magnetization M, and initial magnetic
susceptibility xo are obtained by linear fitting of the high-field
part from the Arrott curve (H||c) in Fig. 6 [29]. They were
fitted according to the modified Arrott (MA) equations,

M((T) =My(—¢)’, ¢ <0, T <T, (11)
X (T) = (ho/Mo)e”, & >0, T >T, (12)
M=DH'Y? ¢=0, T=T.. (13)

Here, ¢ = (T — T;)/T;, and the fitting results and ob-
tained parameters are shown in Figs. 7(a) and 7(b). No-
ticeably, the asymptotic critical regime (ACR) is |e¢| =
(T —T;)/T.| = 1072 for homogeneous magnets and slightly
larger for disordered and amorphous systems [53]. The T;
for Co, 5Fep5Sn,S, is close to 107 K. Therefore, the ACR
regime is limited to 107 &= 5.35 K if we consider an acceptable
(T —T.)/T.| =5 x 1072. We reduce the temperature win-
dow in the region of 100-114 K. Then, M, and yx, were fitted
according to Egs. (11) and (12) (not shown here). The ob-
tained critical exponents are 8 = 0.506(1) and y = 1.015(0),
almost the same as those obtained in the temperature window
of 80 K < T < 130 K and closer to those predicted by the
mean-field model (8 = 0.5 and y = 1.0), indicating that these
critical exponents are intrinsic values.

Another method to obtain critical parameters 8 and y is the
Kouvel-Fisher (KF) plot [54],

M(T)[dAM(T)/dT1™" = (T —T.)p~" for T <T,,
(14)

xg (Dldyg \(T)/dT1 " = (T =Ty~ for T >T..
(15)

The M, and y, are fitted, and the fitting results and pa-
rameters are shown in Fig. 7(c). The values of the critical
parameters obtained by different methods, and the theoretical
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FIG. 7. (a)The temperature-dependent spontaneous magnetiza-
tion M, and inverse initial susceptibility x, ! with the fitting solid
curves according to the MA equations. (b) The critical isotherm (CI)
analysis at 7. with the inset presenting the plot on the log 10-log
10 scale with a fitted solid line. (c) KF plots (empty symbols) for
M(T) and x, Y(T) and the fitted data (solid lines) according to the
KF equations. (d) Scaling plots around T using the values of 8 and
y determined by the MA.

values of the critical parameters for several major theoretical
models are given in Table III. In contrast, the critical expo-
nents of CoszSn,S, are also listed in Table III, and they are
closer to the 3D-Ising model, mainly due to the coexistence
of the antiferromagnetic phase, the spin-glass phase, and the
ferromagnetic phase [36]. Herein, the critical parameters of
Co,.sFeo.5Sn,S, are closer to the mean-field model, indicating
the existence of long-range magnetic interactions, and the spin
fluctuation phenomenon can be ignored. The fact that there is
no thermal hysteresis in the fcc and FCW curves below T also
confirms the existence of a homogeneous ferromagnetic order.

Stanley pointed out that the magnetization in the asymptot-
ically critical region can be expressed by the following scaling

equation [55]:
M(H, ) = &’ fL(H/eP17), (16)

where f. is a regular function with f for T > T and f_ for
T < T.. Therefore, the relationship between the renormalized
magnetization [m = e PM(H, ¢)] and the renormalized field
(h=He By is m = f & (h). The m(h) curves near the
T. based on the scalar equation are shown in Fig. 7(d), and
all the magnetization curves are collapsed onto two universal
curves. The critical exponents 8 and y in Eq. (16) adopt
those obtained by the MA method. These parameters are in
good agreement with the scaling equation, confirming their
reliability.

The critical exponents y, 8, and § satisfy the Widom scal-
ing relation according to the statistical theory [56],

s=1+y/B. (17)

The B and y values obtained by the MA and KF methods
are calculated according to Eq. (17), and the obtained § values
are 3.328(6) and 3.719(3), and the absolute errors of the §
values are 0.0258 and 0.4165, compared with § = 3.302(8)
derived from the critical isotherm analysis in Fig. 7(b). In
comparison, the critical exponents obtained by MA are more
consistent with the Widom scalar relation and closer to the
critical parameter values (8 = 0.5, y = 1.0, and § = 3) of the
mean-field model.

Finally, the essence of magnetic interaction is further ana-
lyzed according to the critical exponents obtained by the MA
method. According to the Arrott-Noakes equation of state,
the relationship between H/M and M follows (H/M)'" =
(T -T.)/T. + (M/Ml)l/’g. Here M, is a constant, and this
equation is strictly true only as the temperature approaches 7
[57]. In general, H/M and M satisfy the following relationship:

H/M)' =C) + CM"YP, (18)

where C; and C, are temperature-dependent coefficients [58].
The relationship curve between (H/M)'/? and M'? is shown
in Fig. 8, which can be obtained from Fig. 4(a) based on
Eq. (18). All the curves in the high field are almost parallel

TABLE III. The critical exponents obtained by different theoretical models for Co, sFeysSn,S, with H||c and the critical exponents of
several main theoretical models. LR: long range; RG-€’: renormalization-group epsilon (¢’ = 20 — d).

Composition Technique T. (K) B y 8
C02_5F60_5SH252 MA 107.5 0.473 1.102

CosSn, S, 175.5 0.337 1.178

COZ.SFCO‘SSnst KF 106.5 0.439 1.196

Co3Sn, S, 175.6 0.275 1.156

C02.5F30A5sn252 CI 106.0 3.302
CO3SI’12S2 176.0 4.594
Mean-field model Theory 0.5 1.0 3.0
Tricritical mean-field model Theory 0.25 1.0 5.0
Three-dimensional (3D)-Heisenberg model Theory 0.365 1.386 4.8
3D-Ising model Theory 0.325 1.24 4.82
LR exchange: J(r) = 1/r?+

d=3,n=3,0 =1.6469 RG-¢’ 0.7190 1.1026 2.5335
d=2,n=3,0 =1.093 RG-¢’ 0.7217 1.1026 2.5278
d=2,n=2,0 =1.1086 RG-¢’ 0.7015 1.1026 2.5718
d=2,n=1,0=1.1290 RG-¢ 0.6689 1.1026 2.6484
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FIG. 10. The temperature-dependent resistivity of

FIG. 8. The (H/M)'” versus M'/? using the critical exponents
obtained by the MA fitting.

to each other, which indicates that the magnetization along
the ¢ axis is in good agreement with the mean-field model.

The magnetic phase transition depends on the exchange
interaction J(r) for a homogeneous magnet [59,60]. The
renormalization-group theory gives J(r) ~ r~ @+ where y,
n, d, and o satisfy the following equations:

_]+4(n+2) 8(n+2)(n—4)
Y T A+ ) d*(n + 8’
2G(4)(Tn+20) | .,
X |:1 + m Ao s (19)
Ao = (0 - %’), (20)
Gd/2)=3 - (d/2)2/4. 21

Here, y, n, d, and o are the critical exponent, the spin
dimensionality, the spatial dimension, and a constant, respec-
tively [29,61]. A three-dimensional system with d = 3 gives
J(r) ~ r=379. o < 3/2 corresponds to the mean-field model
(8=0.5, y =1.0,and § = 3.0), giving J(r) & r 3. 0 > 2
corresponds to the 3D-Heisenberg (8 = 0.365, y = 1.386,
and § = 4.8), giving J(r) o > [62]. The critical parameter
y = 1.1026 in Table III is calculated by Eqs. (19) to obtain o
= 1.6469, and, hence, J(r) ~ r~+%4%_This is very close to the
J(r) ~ r~*7 for the antiperovskite ferromagnetic AICMns,

Hilc
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FIG. 9. The M* versus H/M plot for the Co, sFeysSn,S, single
crystal at 7, = 107 K for the H||c.

C02'5 FCQ‘S Sl’lez and CO3S1’12$2.

further indicating that the sample has the long-range ferro-
magnetic interaction along the ¢ axis [58]. Using Eq. (19)
together with different scaling relations predicted by the scal-
ing hypothesis, suchas o =2 —vd, 8 = (2 — o — y), and
8 =1+ y/B, the values of d, n, and o, which yield values
of critical exponents close to that found experimentally for
Co, 5Fe(5Sn,S,, can be calculated [63]. To do so, the value
of o is initially adjusted in Eq. (19) for several sets of {d:n}
to obtain a proper value of y that matches well with the
experimental value of y = 1.1026. The obtained o is, then,
used to calculate other critical exponents from the scaling
relations mentioned before. The calculated critical exponents
for several sets of d:n and obtained o values are compiled in
Table III. From Table III, we can see that for {d:n} = 3:3,
2:3, and 2:2, the calculated values of the critical exponents
B and § are significantly larger than the experimental value.
Relatively, the critical exponents 8 and 6 with {d:n} = 2:1
are closer to the experimental ones, indicating the magnetism
in Co, 5Fe( 5Sn,S; is quasione dimensional (n = 1) in nature,

spin up

DOS (states/eV/f.u.)

DOS (states/eV/f.u.)

-2 0 2 -2 0 2
Energy (eV) Energy (eV)

FIG. 11. The Fermi level is set to be 0 eV. The positive and
negative values represent the density of states of up and down spins,
respectively. (a) Total and (b) atom-orbital-projected density of states
(DOS) of Co3Sn,S;. (c) Total and (d) atom-orbital-projected DOS of
Co,.5Feq5Sn,S; under spin-up and spin-down states.
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TABLE IV. Calculated N(Er), AE. (eV), m, I, and N(Er)I for Co3Sn,S, and Co, sFe(5Sn,S,.

N(EF) (states/eV/f.u./spin) AE (eV) m (pg/atom) 1(eV) N(Ep)I
Co3Sn, S, 3.57 0.28 0.36 0.78 2.78
Co,.5Feq5Sn,S; 4.12 0.18 0.18 1.00 4.12

and the difference of § and § between the calculated and the
experimental values may result from the kagome lattice of
Co, sFep5Sn,S,. which results in the noncollinear moments
along the c axis.

For more insights into the nature of the itinerant character
of CoysFepsSn;,S,, the magnetic isotherm at 7¢ is analyzed
based on the Takahashi’s self-consistent renormalization the-
ory for itinerant systems, which obeys the equation [63,64],

T2\ (H
M*=1.17 x 1018<T—C3) (1\7) (22)
A

where M and H are in units of emu/mol and Oe, respec-
tively. Ty (in K) is the dispersion of the spin fluctuation
spectrum in wave-vector space. The M* versus H/M plot for
the Co, sFeg sSn,S; single crystal at T, = 107 K for the H||c
as shown in Fig. 9, exhibits the concave behavior. As reported
in Refs. [65-67]. The M* versus H/M curve exhibits the linear
behavior for SmCoAsO and LaCo,P,, and the convex one
for pure Co and LaCoAsO. These facts indicate that the FM
state of Co, 5Fe(5Sn,S, is different from that for SmCoAsO,
LaCo,P,, Co, and LaCoAsO may be due to its unique kagome
lattice and frustrated magnetism.

The electrical resistivity of Co,sFepsSn,S, increases
as a function of temperature, indicating metallic behav-
ior (Fig. 10). As a comparison, the resistivity of undoped
Co3Sn,S; was also measured. Obviously, the Fe doping in-
creases the resistivity, maybe due to the small increase in
the separation between the kagome layers and the disorder
induced by the Fe doping [68].

To further investigate the origin of the long-range magnetic
ordering of Co,sFepsSn,S,, the first-principles calculations
(Vienna ab initio simulation package) are performed, and the
results are shown in Fig. 11. For comparison, the results of
Co3Sn,S,; are also shown in Fig. 11. The significant results
obtained from the calculations are presented in Tables IV and
V, respectively. The Stoner criterion of magnetic ordering
can be expressed as N(Er)l > 1, where N(Efp) represents
the DOS at the Fermi level, and I is the Stoner exchange
parameter. It can be estimated according to AE.x = ml, where
AE., and m are exchange splitting energy and magnetic mo-
ment, respectively [69]. The AE between the spin-up and
the spin-down energy bands of Co3Sn,S; and Co, sFe 5Sn, S,
can be calculated from the results in Figs. 11(a) and 11(c).
The collinear ferromagnetic configuration is considered in the

calculation. It can be seen from Table IV that both Co3Sn,S,
and Co, sFe( 5Sn,S; satisfy the Stoner criterion N(Ep)I > 1,
which further confirms the existence of the long-range ferro-
magnetism. It can be seen from Table V that the magnetic
moment of Fe in the Co,sFepsSn,S, sample is negative
(—0.265 pp/atom), which means that the magnetic moment
of Fe may be arranged antiparallel to that of Co. As shown
in Fig. 3(a), the magnetization of ZFC measured under a
magnetic field of 100 Oe increases with the decrease of tem-
perature around 76 K, maybe because the magnetic moment
of Fe aligned antiparallel to Co reorients from the c-axis direc-
tion toward the ab plane. In addition, the magnetic moments
of Fe and Co are aligned antiparallel to each other, which may
be the other reason for the weakened magnetism caused by the
Fe doping.

The atom-orbital-projected density of states for Cos;Sn;S,
and Co,sFepsSn,S, are shown in Figs. 11(b) and 11(d).
The DOS near the Fermi level of CoszSn,S, is dominated by
Co-3d orbitals with the contribution from a small amount
of Sn-5p and S-3p orbitals. The contribution of Fe-3d or-
bitals to the density of states appears near the Fermi level
for Co, sFeqs5Sn,;S,. Meanwhile, Fe doping also causes the
change of energy band structure near the Fermi level. The
hybridization between the 3d orbitals of Fe and Co with
Sn-5p and S-3p orbitals opens up a channel for the itinerant
ferromagnetism and may also be an important factor for the
long-range J(r) of Co, sFep5Sn, S, [29].

IV. CONCLUSIONS

The magnetic properties, the magnetocaloric effect, and
the critical behavior of the Co,sFepsSn,S, single crystal
were studied, and the related mechanism was revealed by the
first-principles calculation. This paper provides an important
indication to understanding the itinerant ferromagnetism of
magnetic Weyl semimetal Co3Sn,S,.

In the case of H||c, the saturation magnetic moment M;
at T =5 K is 0.16 pug/Co(Fe), close to that from the theo-
retical calculation (0.18 pg/atom). The Rhodes-Wolfarth ratio
proves the itinerant ferromagnetic characteristics below T..
The remanence ratio (M,/M; = 0.99) confirms the uniax-
ial anisotropy. The magnetization below 7. is completely
polarized into ferromagnetic order when H > 1 kOe. The
Arrott and n(T) plots especially the critical behavior analysis
provide the evidence for the second-order magnetic phase

TABLE V. The magnetic moments of Co3;Sn,S; and Co, sFe(sSn,S, are obtained by calculation.

m (up/atom) Co, Co, Cos Coy Cos Co6/Fe
Co3Sn,S; 0.434 0.434 0.356 0.356 0.274 0.274 (Co)
Co,.5Fe(5Sn,S;3 0.333 0.231 0.237 0.237 0.319 —0.265 (Fe)
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transition near T; as H ||c. The critical exponents (8 = 0.473,
y = 1.102, and § = 3.302) show that the magnetization
below T accords with the mean-field model, indicative of the
long-range ferromagnetic interaction in Co, sFeg 5Sn,S;. The
exchange interaction distance J(r) ~ r~+%4% is basically con-
sistent with that for the mean-field model, i.e., J(r) =~ r=*3,
further confirming the long-range ferromagnetic interaction of
Co,.5Fe(.5Sn,S,. The hybridization between the 3d orbitals of
Fe and Co with Sn-5p and S-3p orbitals may be an important
factor for the long-range itinerant ferromagnetism.

In the case of H| ab, the ZFC magnetization under-
goes the spin reorientation near 76 K as H = 100 Oe,
i.e., the out-of-plane magnetic moment of Fe turns to-
ward in plane. Correspondingly, the local maximum of
magnetic entropy change —ASy appears at 77 K. The

reduced temperature 0-dependent ASy/ASH*™ curves do
not overlap below T7;, revealing the magnetic transition
on the ab plane is accompanied by the first-order phase
transition.
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