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Electrical and thermal transport in van der Waals magnets 2H-M,TaS, (M = Mn, Co)
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We report a detailed study of electrical and thermal transport properties in 2H-M, TaS, (M = Mn, Co) magnets
where M atoms are intercalated in the van der Waals gap. The intercalation induces ferromagnetism (FM) with
an easy-plane anisotropy in 2H-Mn, TaS,, but FM with a strong uniaxial anisotropy in 2H-Co 2, TaS,, which
finally evolves into a three-dimensional antiferromagnetism (AFM) in 2H-Coy 34 TaS,. Temperature-dependent
electrical resistivity shows metallic behavior for all samples. Thermopower is negative in the whole temperature
range for 2H-Co, TaS,, whereas the sign changes from negative to positive with increasing Mn for 2H-Mn, TaS,.
The diffusive thermoelectric response dominates in both high- and low-temperature ranges for all samples.
A clear kink in electrical resistivity, a weak anomaly in thermal conductivity, as well as a slope change in
thermopower were observed at the magnetic transitions for 2H-Mng,3TaS, (7. = 82 K) and 2H-Coy 3,TaS,
(In = 36 K), respectively, albeit weaker for lower x crystals. Co-intercalation promoted FM to AFM transition
is further confirmed by Hall resistivity; the sign change of the ordinary Hall coefficient indicates a multiband

behavior in 2H-Co, TaS,.
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I. INTRODUCTION

The recent discovery of intrinsic long-range magnetic or-
der in ultrathin crystals of two-dimensional (2D) van der
Waals (vdW) magnets, for instance, FePS;, Cr,Ge,Teg, Crl3,
Fe;GeTe;, VSe,, and MnSe,, has motivated a significant
number of studies devoted to its physical mechanism and
tuning of functionalities in vdW heterostructures and devices
[1-8].

Intercalated transition metal dichalcogenides commonly
feature 3d atoms in the vdW gap and exhibit diverse magnetic
properties [9,10]. For example, 2H-M; ;3TaS, withM =V, Cr,
Mn is ferromagnetic (FM); 2H-Fe, TaS, is FM for 0.2 < x <
0.4 but is antiferromagnetic (AFM) for higher x, whereas
2H—M1/3Ta82 with M = Co, Ni is AFM [9]. 2H-Mn,Ta$S,
is a soft FM with an easy-plane anisotropy [11-17]; its
anisotropic magnetoresistance (MR) indicates a possible field-
induced novel magnetic structure [16,17]. The most widely
studied member in this family is 2H-Fe,/4TaS,, which ex-
hibits FM with a strong uniaxial anisotropy and shows large
magnetocrystalline anisotropy and MR, sharp switching in
magnetization, and anomalous Hall effect [18-22]. Recently
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discovered 2H-Coy 2, TaS, also shows FM with a strong uni-
axial anisotropy [23], in contrast to 2H-Coy,3TaS, exhibiting
AFM [24]. As we can see, magnetic order evolves from FM
in M =V, Cr, Mn through FM and AFM in M = Fe, Co to
AFM in M = Ni for 2H-M, TaS,. To unveil the physical origin
of magnetic order evolution, a detailed study on 2H-M, TaS,
with intermediate Mn, Fe, Co intercalations will be helpful.
In addition to its magnetism, the study of transport prop-
erties of 2H-M, TaS; is also required for further spintronic
applications.

In this work we fabricated a series of 2H-M,TaS, (M
= Mn, Co) single crystals and systematically studied their
magnetic, electrical, and thermal transport properties. Since
few-layer graphene/2H-TaS, heterostructures preserve 2D
Dirac states with a robust spin-helical structure of interest
for spin-logic circuits [25], the possibility of integration of
robust magnetism is of high interest for spintronic and calls
for nanofabrication of graphene/2H-M,TaS, (M = Mn, Co)
heterostructures and devices.

II. EXPERIMENTAL DETAILS

Single crystals of 2H-M, TaS, (M = Mn, Co) with typical
hexagonal shape were grown by chemical vapor transport
method with iodine. The raw materials of Mn, Co, Ta, and
S powders were sealed in an evacuated quartz tube and then
heated for a week in a two-zone furnace with a source tem-
perature of 1000 °C and a growth temperature of 900 °C.
The average stoichiometry was determined by examination
of multiple points on cleaved fresh surfaces and checked by
multiple samples from the same batch using energy-dispersive
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FIG. 1. Crystal structure of 2H-M,TaS, (M = Mn, Co) shown
from the (a) side view and (b) top view, respectively. (c) Single crys-
tal XRD patterns of 2H-M, TaS, (M = Mn, Co) and the evolution of
lattice parameter ¢ with intercalation content x. (d) STM topography
of the sample surface for 2H-Mn 53 TaS,. (e) Laue x-ray pattern on
the shown surface of 2H-Coy 34TaS; crystal with the sixfold symme-
try of the hexagon structure.

x-ray spectroscopy in a JEOL LSM-6500 scanning electron
microscope. X-ray diffraction (XRD) data were acquired on
a Rigaku Miniflex powder diffractometer with Cu K, (A =
0.15418 nm). Scanning tunneling microscope (STM) was car-
ried out using Scienta Omicron VT STM XA 650 with Matrix
SPM Control System in an UHV chamber with 2 x 10~!°
torr base pressure. STM topography is obtained in the con-
stant current mode with positive sample bias (unoccupied
state image) at room temperature. The SPIP software (Image
Metrology, Denmark) was used to process and analyze STM
images. The crystal was cleaved by scotch tape to obtain a
fresh surface and then transferred from air into a UHV-STM
chamber without any in-site cleaning treatment. The mag-
netization was measured in a quantum design MPMS-XL5
system. Electrical and thermal transports were measured by
a standard four-probe method in a quantum design PPMS-
9 system. In order to effectively eliminate the longitudinal
resistivity contribution due to voltage probe misalignment,
Hall resistivity was calculated by the difference of transverse
resistance measured at positive and negative fields, i.e., px, =

[p(+H) — p(-H)]/2.
III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) presents the crystal structure with
space group P6322 of 2H-M,TaS, (M = Mn, Co) from the

side and the top views, respectively. The sharp peaks in the
XRD 26 scans can be indexed with (001) planes [Fig. 1(c)],
indicating that the plate surface of a single crystal is normal
to the ¢ axis. With increasing x, the (001) peaks gradually shift
to lower angles, as clearly seen in the enlarged (002) peak,
indicating an expansion of lattice parameter c. The values of
¢ can be extracted by using Bragg’s law; it monotonically
increases with x, confirming that the M atoms are intercalated
and expand the vdW gap of 2H-TaS,. Figure 1(d) shows a
STM topography of a 2H-MngsTaS, crystal surface, from
which a triangular lattice can be observed. Figure 1(e) shows
the Laue XRD pattern of a 2H-Cog 34TaS, crystal, confirm-
ing the sixfold symmetry of the hexagon structure and well
orientation along the (001) direction.

Figures 2(a)-2(c) exhibit the temperature dependence of
magnetic susceptibility x (T) measured at H = 1 kOe applied
in the ab plane and along the ¢ axis with zero-field cool-
ing (ZFC) and field cooling (FC) modes for 2H-Mn, TaS,.
A sharp upturn in x(T) was observed with H || ab as the
temperature decreases, suggesting a paramagnetic (PM)-FM
transition. The transition temperatures 7. are defined by
the minima in dy/dT and are listed in Table I. The low-
temperature values of x(T) for H || ab are larger than those
for H || ¢ for 2H-Mn, TaS,, indicating that the magnetic mo-
ments of Mn tend to be arranged in the ab plane with an
easy-plane anisotropy. With further temperature decreasing,
the bifurcation between ZFC and FC curves below 4 K for
low Mn content [Figs. 2(a) and 2(b)] is due to a possible
spin-glass state, which was previously investigated by the ac
susceptibility measurement and is attributed to the inhomo-
geneity of Mn intercalation [14,16]. Between the freezing
temperature and 7., ZFC values are larger than FC val-
ues for low Mn content [Figs. 2(a) and 2(b)], indicating a
possible large magnetostriction. This phenomenon was also
observed in the phase-separated manganite [26]. The inverse
susceptibility 1/x from 100 to 300 K can be well fitted by
the Curie-Weiss law x = xo + C/(T — 0) [Fig. 2(d)], where
Xo is a temperature-independent term and C and 6 are the
Curie-Weiss constant and Weiss temperature, respectively.
The derived 6 is positive and increases with increasing Mn
content (Table I), indicating dominance of FM exchange in-
teractions. Further increasing Mn from x ~ 0.25 to 0.5 [11],
the value of 6 will decrease and be negative at x = 0.5,
i.e., the magnetic interactions change from FM to AFM in
Mn 5TaS,. This may originate from the shorter Mn-Mn dis-
tance in the vdW gap plane with the increase of Mn content
[27]. The derived effective moment Py (= +/8C/x) decreases
from 5.73(3) to 5.37(4) ug/Mn (Table I). The valence states
of Mn are estimated to be divalent (spin-only moment of
5.92 ug for Mn?"). Although the P value in the samples
with x = 0.4 ~ 0.5 decreases to 5.0 ug/Mn, which is close
to the spin-only Mn?*t value of 4.9 us [11], the electron
spin resonance measurement gives the signal corresponding
to the Mn** ion [11]. Polarized neutron study has confirmed
that the moment on Mn sites depressed by about 15% com-
pared with the expected value for Mn?* in Mng,5TaS, [28].
Then we estimated the Rhodes-Wohlfarth ratio (RWR) for
2H-Mn, TaS,, which is defined as P./Psy with P, calculated
from P.(P. +2) = eff, and the Py, is the saturation moment
estimated by using a linear fit of M(H) above a magnetic
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FIG. 2. (a—c) Temperature-dependent magnetic susceptibility x (T) in both ZFC and FC modes with the H || ab plane and the H | ¢ axis
at H =1 kOe for 2H-Mn, TaS,. (d) The inverse susceptibility 1/x(T) with the H || ab plane fitted by the Curie-Weiss law (solid lines)
for 2H-Mn, TaS,. (e) Field-dependent magnetization with both the H || ab plane and the H || ¢ axis at 7 = 2K for 2H-Mn,TaS,. (f-h)
Temperature-dependent magnetic susceptibility x (T) in both ZFC and FC modes with the H || ab plane and the H || ¢ axis at H = 1 kOe
for 2H-Co, TaS,. (i) The inverse susceptibility 1/x(T) with the H || ¢ axis fitted by the Curie-Weiss law (solid lines) for 2H-Co,TaS,. (j)
Field-dependent magnetization with both the H || ab plane and the H || ¢ axis at T = 2K for 2H-Co, TaS,.

field of 3 T [29,30]. The value of RWR (Table I) decreases
with increasing Mn content, from 4.2 for 2H-Mng g TaS,
to 1.0 for 2H-Mng,3TaS,, indicating a gradual evolution
from itinerant to localized character. Although the moment is
principally localized on Mn sites, there is a significant spin
polarization of the conduction electrons. The 3d-electron—
conduction—electron interaction will result in some loss of
magnetic moment, accounting for our observation of the
decreased effective moment as Mn content increases. Field-
dependent magnetization at 7 = 2 K [Fig. 2(e)] confirms the
easy-plane anisotropy in 2H-Mn, TaS, and an enhanced sat-
uration moment for higher x. A negligible hysteresis loop
(coercive field H. < 10 Oe) indicates a soft in-plane FM
character.

Figure 2(f) shows the temperature dependence of x (T) for
2H-Co¢ 2, TaS,, suggesting a FM ground state with strong

uniaxial anisotropy, similar to 2H-Fe;/4TaS, [18-20]. The
different tendencies between ZFC and FC curves at low
temperature is due to the magnetic domain creep effect
[23], which is expected for long-range FM states with mag-
netic anisotropy (hard FM and sizable coercive field) and/or
multidomain structure [31]. The FM exchange interaction
becomes weaker with increasing Co content, as well as the
parameter of magnetic anisotropy estimated by the value of
Xab/ Xc at T = 2 K (Table I). Then 2H-Coy ,¢TaS, features an
AFM-dominated peak in x(T) when H || ¢ while it shows
FM with a two-step feature when H || ab, indicating com-
peted FM and AFM interactions in 2H-Co 26 TaS;. An almost
isotropic 3D AFM order finally dominates in 2H-Cog 34TaS;
[Fig. 2(h)], in line with previous reports [24,32] where the
transition temperature 7y can be defined as the temperature of
the maximum in y (T). The Weiss temperature 6 evolves from

TABLE I. The actual chemical composition, lattice parameter c, the ratio of x.,/x. at T = 2 K in FC curves, and the parameters obtained
from the Curie-Weiss fit of the 1/ vs T data and isothermals at 7 = 2 K for 2H-M, TaS, (M = Mn, Co) single crystals. The values of 7; and
Ty are determined by the minima of the d x /dT curves and the maxima of the x(7") curves in FC mode along the easy ab plane for Mn and
the easy c axis for Co, respectively. The RWR represents the Rhodes-Wohlfarth ratio.

X c Xab/ Xc Field T. N 0 C Py Py RWR
A) (2K) K (K (X) (Kemumol™' Oe™")  (ug/M)  (up/M)
M = Mn 0.09 12.32(2) 4.03 Hj|lab 11 8(1) 0.369(2) 5.73(4) 1.15(7) 4.2
0.14 12.44(2) 9.71 Hj|ab 22 47(1) 0.541(2) 5.56(2) 2.76(3) 1.7
0.28 12.66(2) 6.06 Hj|ab 82 101(1) 1.01(1) 5.37(3) 4.40(1) 1.0
M = Co 0.22 11.89(2) 0.04 Hjc 26 39(2) 0.164(5) 2.4(2) 0.60(1) 2.7
0.26 11.91(2) 0.65 Hjc 26 6(1) 0.232(3) 2.7(1)
0.34 11.95(2) 1.08 Hjc 36 -88(9) 0.38(3) 3.0(1)
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FIG. 3. (a) Temperature dependence of in-plane resistivity po(T) for 2H-M, TaS, (M = Mn, Co) single crystals. Inset shows the dp/dT for
2H-Coy34TaS, around Ty. (b) The evolution of residual resistivity p, (left axis) at T = 4 K and RRR = p30 /04 k (right axis) for 2H-M, TaS,
(M = Mn, Co). (c) The temperature-dependent p — po for 2H-TaS,, 2H-Mn 23 TaS,, and 2H-Co, 34 TaS, with power-law fits from 30 to 4 K
(solid lines). (d) Temperature dependence of in-plane thermopower S(T) for 2H-M, TaS, (M = Mn, Co) and (e) 2H-TaS, single crystals with
linear fits from 150 to 300 K. Inset in (e) shows the S(T) for 2H-Coy 3, TaS,. (f) The S(T) at low temperatures for 2H-M, TaS, with linear fits.
Temperature dependence of (g) total thermal conductivity « (T), (h) electronic part k.(T), and (i) phonon part x(T) for 2H-M, TaS, (M = Mn,
Co). Inset in (g) shows the dk /dT curves for 2H-Mng s TaS, and 2H-Coy 34 TaS,.

positive 39(2) K for 2H-Co,,TaS, to negative -88(9) K for
2H-Cog 34TaS, (Table I). The derived P.g of 2.4(2) ~ 3.0(1)
ug/Co is smaller than the spin-only moment of 3.87 ug for
Co*". Here we propose to attribute the similar loss of Co mag-
netic moment to a 3d-electron—conduction—electron mixing
interaction. This was also observed in Cog 33NbS; by an unpo-
larized neutron single-crystal study [32]. Figure 2(j) shows the
field-dependent magnetization at 2 K for 2H-Co, TaS, where
a large coercivity H, of 14.3 kOe with H || ¢ was observed in
2H-COQ22T&SQ [23]

In 2H-M,TaS, charge transfer from 3d transition metal
to the Ta d band is evident; the remaining d electrons on
the M ions are localized and show magnetic moments. The
remarkable difference in 2H-M, TaS, with intermediate Mn,
Fe, Co intercalations is the magnetic anisotropy, i.e., FM
with an easy ab-plane anisotropy for 2H-Mn,TaS, [17],
however an easy c-axis anisotropy for 2H-Fe, TaS, [33] and
2H-Cog,TaS, [23]. The two main interactions responsible
for the magnetic anisotropy are the single-ion anisotropy
and the dipolar anisotropy. In 2H-Mn,TaS,, the Mn 34 |
band is unoccupied, while the Mn 3d 1 is nearly completed
occupied. The extra holes in the 3d 1 occupy the eg-type
state, which has no orbital momentum. Therefore the mag-
netic anisotropy in 2H-Mn,TaS, is dominated by dipolar
interactions, leading to an easy ab-plane anisotropy [34].
However, in 2H-Fe,TaS, it is a single-ion effect due to the
interaction of spin with orbital moment of the partially oc-
cupied Fe 3d | band. As a result of the trigonal distortion
of the octahedra of S atoms, the lowest-energetic e; states
(derived from f,, states without distortion) have an orbital
momentum parallel to the ¢ axis, and spin-orbital interaction
leads to an easy c-axis anisotropy. We propose a similar

mechanism for FM in 2H-Co,,TaS, due to large orbital
contributions.

Considering the anomalies in the electrical resistivity and
the thermopower at the ordering temperatures (see below), the
conduction electrons also play an important role in mediating
exchange interactions between the magnetic moments, i.e., the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction due to
the high carrier density in 2H-TaS, [35-39]. With higher inter-
calation in 2H-Mn 5TaS,, 2H-Fe( 4TaS,, and 2H-Cog 33TaS,
[11,24,40], the nearest-neighboring M atoms will be closer,
resulting in an AFM due to M-M interactions [41].

Having established the magnetic properties, we proceed
to investigate the effects of Mn and Co intercalation on the
electrical and thermal transport properties. Figure 3(a) shows
the temperature dependence of in-plane resistivity p(T) for
2H-M, TaS; (M = Mn, Co) single crystals. The M interca-
lation removes the charge density wave (CDW) transition at
78 K for 2H-TaS, [42]. The values of residual resistivity pg
at 4 K and the residual resistivity ratio (RRR = p300k/p4k)
are 2.76 x 107> Qcm and 5.4 for 2H-TaS,. All the M-
intercalated samples show a metallic behavior with a larger
po and a smaller RRR when compared to 2H-TaS; (Table II).
The evolution of py and RRR with intercalation content x for
2H-M, TaS, (M = Mn, Co) is plotted in Fig. 3(b). The pq
is fairly high, presumably due to the deficiency and incom-
plete ordering of the Mn or Co atoms. With increasing Mn
or Co content, the value of py gradually decreases, agreeing
with the increase of RRR. The mostly ordered 2H-Mng 53 TaS,
and 2H-Co 34TaS, might form a Mn or Co superstructure in
the vdW gap, calling for electron diffraction measurements,
and this ordering will minimize the electrical resistivity. The
slope of p(T) shows a sharp change in magnitude at 7. for
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TABLEII. A set of parameters derived from the temperature-dependent electrical resistivity p(T), thermopower S(T), thermal conductivity
k(T), and heat-capacity C,(T) for 2H-M,TaS, (M = Mn and Co) single crystals.

X 300 K RRR S300 K S/T 14 q Op K300 K Ke/KL
(10‘4 Qcm) (uVv K1 (uV K‘z) (mJ mol ™! K‘z) (K) (WK'm™ (300 K)

M=Mn 0.09 1.82 1.50 —6.8 —0.002(5) 6.9 1.35
0.14 1.78 1.32 —4.8 0.03(1) 7.8 1.10

0.28 2.04 3.53 2.2 0.09(1) 94 0.61

M =Co 0.22 9.8 0.96 —5.8 —0.26(3) 34.4(2) 0.72(7) 321(2) 4.0 0.19
0.26 5.5 1.29 —114 —0.38(1) 50.4(2) 0.72(2) 350(2) 6.0 0.28

0.34 3.7 1.70 —74 —0.05(1) 16.1(1) 0.30(6) 302(2) 5.5 0.49

2H-Mn »,5TaS,, while a clear kink was observed around Ty
for 2H-Coy 34TaS; as evidenced by the d p/dT plot in the inset
in Fig. 3(a), indicating that the coupling between transport
carriers in TaS, planes and local moments on intercalated-
M atoms is not negligible. This effect is weaker in lower x
samples.

All the samples show a nearly T-linear behavior in the
high-temperature PM regime, as shown in Fig. 3(a). On de-
creasing the temperature below the magnetic transitions for
2H-Mng 3 TaS; and 2H-Cog34TaS,, the slope of p(T) be-
comes steeper due to the decrease of spin disorder scattering
[43]. After subtracting the residual resistivity, the resistivity
p — po at low temperature of 2H-TaS,, 2H-Mng 3 TaS,, and
2H-Coy 34TaS; is plotted in Fig. 3(c). The power-law fit (cx
T%) below 30 K gives o = 3.7(1) for 2H-TaS,, 1.9(1) for
2H-Mn »3TaS,, and 2.8(1) for 2H-Cog 34TaS,, respectively.
For 2H-TaS,, the low-temperature p — py is dominated by
electron-phonon (7T'3) scattering and the contribution arising
from scattering of electrons by the collective excitations of
the CDW (T'?). For 2H-Mng »3TaS, and 2H-Cog 34TaS,, the
p — po at low temperature varies quasiquadratically probably
due to spin-wave scattering. Above T, and Ty, where the
spins are disordered, we expect the magnetic scattering to be
temperature independent and it gives a linear T dependence
due to electron-phonon scattering [Fig. 3(a)].

Figure 3(d) shows the temperature dependence of in-plane
thermopower S(T) for 2H-M,TaS, (M = Mn, Co) single
crystals. Above 150 K, the T'-linear behavior is observed in
S(T) similar to p(T). With decreasing temperature, the S(T)
of 2H-TaS, changes the slope below Tcpw, reflecting the
reconstruction of Fermi surface, and further changes its sign
from negative to positive inside the CDW state featuring two
peaks around 12 and 42 K [Fig. 3(e)]. Combined with the
sign change of Hall coefficient across the CDW transition
[44], multiple carriers coexist in 2H-TaS,. In general, the
S(T) is the sum of three different contributions including
the diffusion term Sgi, the spin-dependent scattering term,
and the phonon-drag term Sg;,¢ due to electron-phonon cou-
pling. The Sge term gives ~T3 for T « ®p, ~T~! for
T > Op, and a peak structure at ~@p/5, where Op is the
Debye temperature. The peak feature in pure 2H-TaS, may
be contributed by the phonon-drag effect, though the peak
temperature is somehow lower than ®p/5 ~ 53(2) K [45].
Low Mn-intercalation obviously removes the CDW transition
in S(T), and the sign of S(T) gradually changes from negative
to positive with increasing Mn content x. For 2H-Mn »3TaS,
the positive values of S(7") in the whole temperature range

indicate that hole-type carriers dominate; the thermopower
changes its slope at 7. and features a broad peak at 35(5)
K, reflecting the reconstruction of the Fermi surface passing
through T, and a possible phonon- or magnon-drag effect at
low temperature [17]. The thermopower values for M = Co
decrease on cooling from 300 K but increase at low tem-
peratures after passing through minima of —8.7, —15.6, and
—12.0 wV K~! for Co content of 0.22, 0.26, and 0.34, respec-
tively, at a nearly same temperature of 100 K. The intercept
of linear fit at high temperature is rather high for a metal,
which was also observed in 2H-Co,NbS, [46,47]. Further-
more, the S(T) is negative for the whole temperature range for
2H-Co,TaS,, in contrast to the sign of the ordinary Hall coef-
ficient (see below), indicating a possible multiband behavior.
2H-Cog 6 TaS, shows that the largest absolute minimum value
of S might due to an optimized carrier concentration, mobility,
and thermopower contribution from different carriers. It is vis-
ible that the S(T) changes its slope near Ty for 2H-Cog 34TaS;
[inset in Fig. 3(e)], which is absent in lower x samples, prob-
ably due to the fact that the Co ordered moment is small.

At low temperature, the diffusive Seebeck response of
Fermi liquid dominates and is also expected to be linear in
T [Fig. 3(f)]. Fundamentally, the thermopower is the entropy
per carrier. In a simple case of free electron gas, the S is given
by [48-50],

S 7% k3 N(eF)

— =4 , 1
T 3 e n M

where e is the electron charge, kg is the Boltzman constant,
N(ep) is the density of states at the Fermi energy, and »n is
the carrier concentration (the positive sign is for hole and the
negative sign is for electron). The derived S/T below 11 K is
summarized in Table II.

Figure 3(g) shows the temperature dependence of in-plane
thermal conductivity « (T) for 2H-M, TaS, (M = Mn, Co). The
separate contribution of electronic «. and phonon . thermal
conductivities can be estimated from the Wiedemann-Franz
law [51],

ke T k3
T 3 pe?’
where p is the measured resistivity. As depicted in Figs. 3(h)
and 3(i), the x. dominates in low Mn-intercalated samples,
and the ratio of «./«y decreases with increasing x. At room
temperature, the ./« is 0.61 for 2H-Mn »5TaS,, implying
that carriers carry about two-thirds of the heat. The weak
linear increase of «(T) above 100 K is essentially attributable

2
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FIG. 4. (a—c) Out-of-plane field dependence of Hall resistivity
pxy(H) for 2H-Co,TaS, at indicated temperatures with linear fits
from 6 to 9 T. (d-f) The estimated carrier concentration n from
ordinary Hall efficient (Ry = 1/ng) for 2H-Co,TaS,. Temperature
dependence of (g) heat-capacity C,(T), (h) the magnetic contribution
C,,(T) (left axis) and the derived magnetic entropy S,,(T) (right axis),
and (i) low-temperature C,/T vs T2 data fitted by C,/T =y + BT?
for 2H-Co, Ta$S,.

to the electronic part, while the phonon contribution is nearly
temperature independent. For 2H-Co, TaS,, the «;. dominates
in the whole temperature range, while the . contribution is
gradually enhanced by increasing Co concentration. The rise
of k1 is followed by a smooth saturation at ~ 3.9 W K~! m™!
above 100 K for 2H-Cog34TaS, [Fig. 3(1)]. The lack of the
classical Umklapp maximum in i, is probably related to a
rather low value of xi at high temperature, demonstrating a
significant scattering of acoustic phonons [47].

To shed more light on the Co-intercalation promoted FM
to AFM transition, we measured the field-dependent Hall
resistivity px,(H) for 2H-Co,TaS, at various temperatures
[Figs. 4(a)—4(c)]. In general, the p,,(H) in FMs is made up of
two parts, px, = ,0)8, + ,ofy [52-55], where pg, and pﬁ, are the
ordinary and anomalous Hall resistivity, respectively. Above
100 K, the negative slope of p,,(H) indicates the dominance
of electron-type carries, in agreement with the S(7") analy-
sis [Fig. 3(d)], which can be accounted for by the ordinary
Hall coefficient Ry = p?y /H in the high-field regime. With
decreasing temperature, the slope changes sign from negative
to positive for 2H-Cog,TaS; and 2H-Cog6TaS,, while it
keeps negative values for 2H-Cog 34TaS, with an AFM ground
state. The nonlinearity of the Hall effect at low temperatures
for 2H-Cog »,TaS, is a consequence of the interaction of the
conduction electrons with the spin system. It is dominated by
the extrinsic side-jump mechanism rather than by extrinsic
skew-scattering and intrinsic KL mechanisms [23], where the
potential field induced by impurities contributes to the anoma-
lous group velocity. A similar feature in the intermediate

Co-intercalated sample 2H-Coy 34 TaS, implies competition of
FM and AFM, in line with the x(T) analysis [Fig. 2(g)]. In
a multiband system including both electron- and hole-type
carriers, the Hall coefficient gives 1/e(n, — n,.) in the high-
field regime, where n;, and n, represent the hole and electron
density, respectively. The estimated n = n;, — n, is plotted in
Figs. 4(d)—4(f), and the value of 10> cm™> corresponds to ~
3.5 carriers per unit cell of 2H-M, TaS,.

Figure 4(g) shows the temperature dependence of heat-
capacity C,(T') for 2H-Co,TaS;. A clear anomaly seen at Ty
corresponds well to the 3D AFM ordering for 2H-Coy 34TaS;.
The high-temperature C,(T) approaches the Dulong Petit
value of 3NR ~ 78 J mol ™! K~! withR = 8.314 Jmol ' K.
The magnetic entropy S(7') = 0.37J mol~! K~ is calculated
from S(T) = fOT Cy(T,H)/TdT in a temperature range from
20 to 45 K [Fig. 4(h)]. The low-temperature data from 2 to
11 K can be well fitted by C,/T =y + BT?, where the first
term is the Sommerfeld electronic specific heat coefficient and
the second term is the low-temperature limit of lattice heat
capacity [Fig. 4(i)]. The derived values of y as well as the
Debye temperature ®p = (127*NR/58)!/3, where N is the
number of atoms per formula unit, are summarized in Table I1.

Another expression for the electronic specific heat is

2,2
kg

N(ep). 3

Combining Egs. (1) and (3) yields S/T = £y /ne, where the
units are V K~! for S, J K2 m~3 for y, and m~3 for n,
respectively. In order to compare different materials, it is
common to express y in unit J mol~! K~2. Then we define
a dimensionless quantity

y:

SN, A€
=77,
where N is the Avogadro number. The constant Nae =
9.6 x 10*C mol~! is also called the Faraday number. The ¢
gives the number of carriers per formula unit (proportional
to 1/n) [50]. The obtained g = 0.30(6) for 2H-Coy 34TaS,
indicates about 3.3(7) electrons per formula unit within the
Boltzmann framework, close to the value of 3.5 carriers es-
timated from the ordinary Hall coefficient. The g ~ 0.72 is
about two times larger for 2H-Cog 6 TaS, and 2H-Cog 2, TaS,,
which is consistent with the electronic doping produced by
Co-intercalation.

q ; 4)

IV. CONCLUSION

In summary, we systematically studied the evolution of
magnetic, electrical, and thermal transport properties for a
series of M-intercalated 2H-M,TaS, (M = Mn, Co) vdW
magnets. The magnetic transition corresponds well to a kink
in resistivity, a weak anomaly in thermal conductivity, as
well as a slope change in thermopower for 2H-Mng 3 TaS;
and 2H-Cog34TaS,, but is weaker for lower x crystals.
Thermopower at low temperatures can be well described
by a diffusive thermoelectric response model implying the
dominant electronic contribution and small electron-phonon
coupling. Carrier concentration analysis indicates that inter-
calated Co atoms produce electronic doping via hybridization
with atoms around the vdW gap. It is also of high interest
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to explore the thickness-dependent properties of 2H-M, TaS;
(M = Mn, Co) at the 2D limit down to a monolayer in
future studies as well as the intercalated metal monolayer
excitations for material properties and developing applications
[56].
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