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Chapter 6 

Spin‐Dependent Magnetotransport in Layered 
Magnetic Mn1/4TaS2 Thin Film 

 
n ferromagnetic materials, the electrical transport properties 

depend on both itinerant electron and localized magnetic 

moments. Mn1/4TaS2 displays a variety of intriguing magnetic 

properties, such as giant magnetocrystalline anisotropy, 

anisotropic magnetoresistance and anomalous Hall effect. In 

this chapter, atomically thin Mn1/4TaS2 film was achieved by 

mechanical exfoliation of bulk single crystal. Electrical 

transport experiments show spin-dependent magnetoresistance 

and anomalous Hall effect. Negative magnetoresistance was 

observed due to spin-alignment with external B field while a 

parabolic increased magnetoresistance is observed after M 

saturates. A giant magnetoresistance-like theory was 

proposed to interpret the observed phenomena.  

 

I
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6.1 Introduction 

6.1.1 Physical properties of TaS2 

Since the emergency of the new physics on graphene, layered materials have 
attracted enormous interests in the condensed matter physics society. One of the 
most studied groups of materials is the transition metal dichalcogenide (TMD), with 
the chemical formula MX2 (M = transition metal and X = S, Se, Te). The layered 
structure allows the intercalation of ions and molecules in between the lattices, 
which is accompany with significant changes in physical properties. 

The search for the coexistence of two distinct physical phenomena promoted 
the discovery of novel states of matter in many instances. Among all TMDs, TaS2 
is regarded as an interesting material mainly from two perspectives. One of the 
most striking features is that 1T-TaS2 is known to be the only one to develop the 
Mott phase. With increasing of carrier density [1] or under higher pressure [2], the 
Mott phase melts into a textured charge density wave (CDW) phase and eventually 
develops into the superconductivity phase.  

Another interesting aspect is its intercalation properties. Because of the weak 
interlayer bonding is of the van der Waals interaction, ions and molecules are 
capable chemically to wedge the layers apart and eventually reside between each 
layer in an ordered manner.  It has been known that only those strong electron 
donors with very small electronegativity, such as alkali metals, can be intercalated 
into VIB group TMD (e.g. MoS2 and WS2), whereas a large variety of transitional 
metal element as well as organic molecules can in fact intercalated into VB group 
TMD (e.g. NbS2 and TaS2), indicating that the oxidation states of the M elements 
have a significant influence on their electronic structure and physical properties. 

 

Figure 6.1 Work functions Φ of possible intercalated elements and the band diagram of the 
transitional metal dichalcogenide-vacuum interface showing electron affinity EEA defined as the 
difference between near-surface vacuum energy Evac and near-surface conduction band edge Ec. 
The Fermi level and valence band edge are denoted as EF, EV, respectively. 
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Figure 6.1 illustrates the selection rule of the intercalation elements. The left 
panel shows the work function of intercalation-possible metals. Two dash lines 
denote the electron affinity (EEA) of two transitional metal dichalcogenides TaS2 
and MoS2 from the photoemission measurement and calculated band structures. 
The estimated EEA of TaS2 dz2-band is 4.8 eV, which is larger than the work 
function of most of metals. Therefore, TaS2 (as well as V, Nb dichalcogenides) can 
be the matrix used for intercalation of magnetic elements. In contrast, in terms of 
VIB group, such as MoS2, the EEA of TaS2 dz2-band is only 3.4 eV since it is fully 
occupied. This would only allow alkali metals that have work functions lower than 
that to be intercalated. EEA varies periodically with the transition metal elements 
from IVB to VIIB groups. 

6.1.2 Magnetism of transitional metal intercalated TaS2 

Transition metal (M) intercalated tantalum disulfide MxTaS2 is a unique system 
exhibiting rich electrical and magnetic phenomena that attracts many interests. 
The host TaS2 matrix exists in 2H phase. Depending on the intercalant element, 
the resulted materials can be ferromagnetic with in-plane magnetization such as 
MnxTaS2 [3, 4] and CrxTaS2 [5]; and also ferromagnetic with out-of-plane 
magnetization, such as FexTaS2 [6-10]. It can also be superconducting (diamagnetic) 
when small amounts of Ni [11, 12] or Cu [13] are intercalated into TaS2. In case of 
FexTaS2, with increasing of intercalation concentration x, the material becomes 
ferromagnetic and TC reaches to maximum value of 160 K at x = 1/4 and decrease 
to 35 K at x = 1/3. A ferromagnetic to antiferromagnetic transition happens at x > 
0.4.  

The mechanism causing the ferromagnetism in Fe1/4TaS2 has not reached 
agreement yet. Ising-type of RKKY interaction was proposed for explaining the 
large unquenched magnetic moment (~1.0 μB) in vicinity of the Fe2+ intercalant 
that is responsible for the gigantic magnetocrystalline anisotropy (HA=60 T). This 
mechanism is strongly supported by the observation that the measured saturation 
magnetic moment of Mn (~4.0 μB) is 20% smaller than the expected value based on 
spin-only localized magnetic moment calculation [14]. This statement is supported 
by the fact that TC of Mn1/4TaS2 is higher than Mn1/3TaS2. Because the Fermi 
level in the host TaS2 lies in the middle of the dz2 band, charge transfer from Mn 
into TaS2 leads to higher carrier concentration for the former one due to the half-
filled dz2 sub-band of TaS2. 

On the other hand, the estimation of RKKY mechanism is questioned by 
the inelastic neutron scattering measurement, which shows the magnon dispersion 
along the c-axis is much stronger than that in the ab-plane. Despite the 
magnetization density distribution is mainly localized on the Mn sites, there is 
significant spin polarization on the Ta sites. Band calculation reveals that the 
Mn 3d electron should be treated as itinerant rather than localized [4]. 
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6.2 Concepts 

6.2.1 Giant magnetoresistance 

In chapter 4, we reviewed the history of the discovery of different 
magnetoresistances. Among them, we mentioned the giant magnetoresistance (GMR) 
that electrical resistance changes significantly in magnetic superlattice comprise of 
a non-magnetic (NM) layer sandwiched by two ferromagnetic (FM) layers. For its 
great impact on the information storage technology, Albert Fert and Peter 
Grünberg were awarded Nobel Prize in physics in 2007 for their discovery of GMR.  

There are two geometries for electric current to pass through the magnetic 
superlattices, which are current in plane (CIP) and current perpendicular to plane 
(CPP). In CIP case, electric current flows along the layers, where electrical leads 
are placed on the same side of the superlattice, separated by a distance (Fig. 6.2a). 
In the CPP case, electric current is passed through the layers with electrodes 
locates on the opposite sides of the superlattice (Fig. 6.2b). 

A theory to explain the experiment result of GMR came in 1993 by Thierry 
Valet and Albert Fert, which was later called as the two-channel model. This model 
is based on diffusive picture, where the electrical transport of the majority and 
minority spins (referred as spin-up and spin-down, respectively) are treated 
independently. 

The classical diffusion equation was first proposed by Adolf Fick in 1855. 
Fick's first law relates the diffusive flux to the concentration under the steady state, 
where the magnitude of the flux is proportional to the concentration gradient: 
 	 	– 	  (6.1) 

where J is the diffusion flux that measures the amount of substance flowing 
through a unit area during a unit time interval. D is the diffusion coefficient and Φ 
is the concentration of the substance per unit volume. The change of concentration 
with time can be further described by Fick's second law, which is 
 

	 	. (6.2) 

 

Figure 6.2 (a) and (b) represent the current in plane (CIP) and current perpendicular to plane 
(CPP) geometry. FM, NM stand for ferromagnetic and non-magnetic layers. CPP results in 
larger GMR signal, but is more difficult to realize in practice than the CIP configuration. 
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Transforming the Ohm's law in a diffusive form based on Eq. 6.1, we will 
have 
 

↑,↓
↑,↓ 	 ↑,↓	, (6.3) 

where J↑,↓ is the current density, σ↑,↓ the spin-dependent conductivity and μ↑,↓ the 
electrochemical potential for spin-up and spin-down, respectively. 

Considering a parallel electric circuit with up and down spins, the overall 
conductivity is defined as 
 		 ↑ 	 ↓	, (6.4) 

and the difference between spin-up and spin-down electrons defined as spin 
polarization is given by 
 		 ↑ 	 ↓

↑ 	 ↓
	, (6.5) 

so that 
 

↑,↓ 	 2
1 	. (6.6) 

Now if we send an electrical current through the FM/NM/FM stack, two 
states with high and low resistances can be reached by simply tuning the 
magnetization direction of the two FM layers with external B field (Fig. 6.3a,b).  

The mechanism is as following. Because of the difference in conductivity for 
spin-up and spin-down electrons in ferromagnet layer, when they reach the 
FM/NM interface, there will be more spin-up electrons than spin-down. However, 
the non-magnetic layer only allows non-polarized current to pass through 
(otherwise they are not non-magnetic anymore), there will be excess numbers of 
spin-up electrons at the interface, waiting for spin-down electrons to come and 
converted back to non-polarized current in order to pass through the non-magnetic 
layer.  

 

Figure 6.3 FM, NM represent ferromagnetic and non-magnetic layers. Electrons with spin-up and 
spin-down scatter differently  
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Therefore, the excess spin-up electrons are accumulated at the interface and 
the process is called spin accumulation. This is equal to a higher resistance of the 
spin-up electrons at the FM/NM interface. 

If the magnetization directions of the two FM layers are in parallel, then the 
spin-up electrons have to wait two times at the FM/NM interfaces for the spin-
down electrons, which results in a high-resistance channel. On the other hands, the 
spin-down electrons travel with no delay, leading to a low-resistance channel. 
Overall, the FM/NM/FM superlattice is in the low-resistance state (Fig. 6.3c). 

In contrast, if the magnetization directions of the two FM layers are opposite, 
either spin-up electrons or spin-down electrons will encounter the same conditions, 
which are one higher resistance in series with one lower resistance state. It forms 
two identical conducting channels, where no low-resistance channel exists. 
Therefore, the whole superlattice is in the high-resistance state (Fig. 6.3d). 

6.2.2 Band structure of the intercalated transitional metal 
dichalcogenide 

As we have discussed in chapter 5, TMDs exhibit two polymorphs for the 
transition metal and chalcogen elements, which are trigonal prismatic and 
octahedral phases (Fig. 5.3b). The electronic structure of TMDs strongly depends 
on the coordination environment and this gives rise to distinct electronic and 
magnetic properties between different groups of elements. The diversity of the 
electronic properties of TMDs arises from progressive filling of the non-bonding d 
bands from IVB to VIIB groups (Fig. 6.4).  

When the d band is partially filled, such as VB, the materials exhibit 
metallic conduction. However, when the d band is fully filled or non-filled, 
depending on the position of the Fermi energy with respect to the band gap, the 
materials can be either insulating or semiconducting. 

 
Figure 6.4 Schematic diagram of the band-filling picture of d-band in transition metal 
dichalcogenides (TMDs). (a)-(d) show the transition metal element IVB to VIIB group. Based on 
the number of valence electron i.e. oxidation state of the formed covalent compounds, the 
corresponding TMDs vary from insulator to metal till semiconductor and metal again. The bands 
that are occupied by electrons are illustrated in dart color. Fermi energy is denoted as EF. 
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In addition, the polytypes of the coordination also plays a role in the 
conductivity of TMDs. Octahedrally coordinated transition metal centers of TMDs 
form degenerate eg (dz2, dx2-y2) and t2g (dxy, dyz, dxz) orbitals that accommodate 
the d band; whereas trigonal prismatic coordinated d orbitals split into three 
groups a1 (dz2), e (dx2-y2, dxy) and e' (dxz, dyz) with energy gap (1 eV) between 
first two [15]. For example, although 2H-MoS2 is semiconducting with Eg = 1.5 eV, 
the 1T-MoS2 shows metallic behavior. 

 

6.3 Experiments 
6.3.1 Mechanical cleavage of atomically thin films 

It has been a long history before people can really enter two-dimensional world [16]. 
The tremendous success of the so-called “Scotch tape” method has allowed people, 
for the first time, to eventually separate a monolayer of atoms with the crystal 
lattices preserved from their bulk structures.  

 

Figure 6.5 Thin films of Mn1/4TaS2 obtained by mechanical cleavage. (a)-(c) Optical microscope 
images of three typical flakes with various dimensionality. (d)-(f) Atomic force microscope images 
of the corresponding flakes. (g)-(i). The height profiles of the films where the yellow lines 
indicate. 
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The first triumph was graphene. Although monolayer graphite was proposed 
by theoretician half century ago [17, 18], experimentally, it was not long time 
believed to be unstable and does not exist in nature. The “re-discovery” of graphene, 
namely by mechanical cleavage method is a perfect combination of inspiration, 
experience, luck and hard working. K. S. Novoselov, Andrei K. Geim and co-
workers were the first group succeeded in isolating a monolayer of carbon atoms. 

The initial success was based on the usage of Scotch tape (not necessary this 
brand, other tapes work as well). Starting with 1-mm-thick platelets of highly 
oriented pyrolytic graphite (HOPG), the surface was cleaned by dry oxygen plasma 
etching. The structured surface was then pressed against a 1-μm-thick layer of a 
fresh wet photoresist spun over a glass substrate. After baking, the mesas became 
attached to the photoresist layer, which allowed them to cleave them off the rest of 
the HOPG sample. Then, using scotch tape we started repeatedly peeling flakes of 
graphite off the mesas. Thin flakes left in the photoresist were released in acetone. 
When a Si wafer was dipped in the solution and then washed in plenty of water 
and propanol, some flakes became captured on the wafer’s surface. 

This method was later developed into another way without involving 
solution treatment. The bulk crystal was directly attached to the scotch tape and 
peeled off many times. Later, the tape with relatively thin flakes was pressed on a 
substrate and there is a chance that some very thin films even monolayer will be 
left on the substrate, which are later made into devices. 

The single crystal of Mn1/4TaS2 prepared by chemical vapor transport growth 
is generally in a size of 0.2 mm2 with hexagonal shape (see chapter 5). We first 
attach the crystal in the quarter of the tape stripe, fold the tape and press gently. 
After separating the tape, there will be some thin sheets glued on the other side of 
the crystal. However, up to now these sheets are in the order of 100 μm thick and 
not thin enough. We repeat this fold-separate step several times. In principle, after 
each step, the thickness of the sheets will be decreased by half. Most of the time, 
the sheets are separated unbalanced, ended up with one half thinner. This will 
accelerate this step. Eventually, on the tape, there will be some sheets thinner than 
1 μm, even 100 nm. Afterward comes the trickiest step. We press the tape with 
thin sheets on top of the pre-marked substrate. Due to the van der Waals force 
between the wafer is stronger than the inter-layer van der Waals force, the top-
most few layers of the Mn1/4TaS2 will be isolated from the bulk. 

Figure 6.5 shows the microscope, atomic force microscope images and height 
profiles of several cleaved thin films. The thickness of the films is normally 
proportional to their sizes, which means the thinnest samples close to the two-
dimensional limit are relatively smaller. This increases difficulty to device 
fabrication.    
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6.3.2 Device fabrication 

Atomically flat Mn1/4TaS2 film with thickness of ~10 nm was cleaved on pre-
marked SiO2/Si substrate (see Appendix for details). We used AutoCAD software 
to design the electrical circuit structure. Afterwards, the structure was exposed 
with electron beam lithography technique. Later, electrical contacts comprising 
bilayer Ti/Au (5/45 nm) were deposited using e-beam evaporation (Temescal FC-
2000) below 1.0×10-6 mbar. Figure 6.6 shows electrical measurement configuration 
of the device.  

 

Figure 6.6 Optical microscope image of the Mn1/4TaS2 thin film device. I-, I+ denote the current 
low and high terminals. V-, V+, VH-, VH+ are the voltage probes for measuring the four terminal 
longitudinal resistance and Hall signal. 

6.4 Results and discussion 
6.4.1 Temperature dependence of longitudinal resistance 

Figure 6.7 shows the temperature dependence of the longitudinal resistance of the 
device (Fig. 6.6) without and with out-of-plane B field, respectively. It is clear to 
see that above the Curie temperature of this material TC = 100 K, there is a shift 
of the Rxx slope respect to T. The similar derivative dR/dT has also been observed 
in Fe1/4TaS2, which is attributed to the large magnetic anisotropy.  

The diversion in the resistivity naturally reflects the change of magnetization. 
For ferromagnets that comprise of both s and d conduction electrons, the 
conductivity is given by 
 

		 ∗ 	 ∗ 		, (6.7) 

where ns (nd), τs (τd) and ms (md) are the number of conduction electrons, 
scattering time and effective mass of the electrons in s (d) band, respectively. The 
d band of ferromagnets is much narrower than s band satisfying the Stoner 
criterion, hence md

* ≫	 ms
*. Therefore, the electrical conduction is mainly carried 

out by the s-electrons. Nevill Mott explained the conductivity of ferromagnets with 
two-current model (note: not the same as two-channel model). The resistance is 
contributed by the transitions of s-electron to the d-shell.  
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Below TC, all spins in d-orbitals are self-aligned and those unoccupied d-
orbitals (holes) are anti-parallel to the spontaneous magnetization direction. 
Therefore, only half of s-electrons with spin direction the same as those holes can 
fulfill the transition criteria. Above TC, all spins are randomly distributed, so that 
holes with both spin directions are present. This will lead to double the number of 
modes for s-d transitions [19]. By decreasing temperature or applying B field, 
degree of the spontaneous magnetization increases, which results in lower resistance. 

 
Figure 6.7 Longitudinal resistances of Mn1/4TaS2 as a function of temperature with out-of-plane 
B field at B = 0 (a) and B = 5 T (b). The differential resistance dR/dT shows discontinuity at 
magnetic phase transition temperature TC = 100 K and TN = 75 K. The right axes show the 
scale of the normalized magnetization.  

 
Figure 6.8 (a) Temperature dependence of longitudinal resistances under various B fields. (b) The 
evolution of the field-dependent longitudinal resistance changes compared to the value without B 
field as a function of temperature: ∆Rxx = Rxx(B) – Rxx(0). The reduction of the ∆Rxx 
corresponds to the ferromagnetic ordering and the increases of ∆Rxx for the field-induced 
antiferromagnetic ordering. The black lines are imaginary blend lines between two adjacent 
measurements (in color) for better illustration. 
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To further study the magnetic phase transition in Mn1/4TaS2, especially the 
transition temperature, we performed the temperature dependence of resistance 
measurement under various B fields. In Figure 6.8a, we overplot the R-T curves in 
the same figure. It can be seen that the resistance shifts downwards with increase 
of B. We took Rxx at B = 0 T as reference and subtracted Rxx at other B fields 
with Rxx(0). The resulted differences are shown in Figure 6.8b.  

We noted that there are two features. At T = 100 K, we observed a valley 
indicating the ferromagnetic transition causing by the alignment of the spins. 
Another ridge-like feature shifts from 100 K to lower temperature with increasing B 
field. In chapter 5, we have discussed the magnetic field-induced antiferromagnetic 
transition with out-of-plane B field in Mn1/4TaS2. Usually positive 
magnetoresistance originates from the Lorentz contribution that leads to more 
scatterings. In antiferromagnetic metals with oscillatory spin orderings, B field can 
act as external force to enhance and suppress spin fluctuation in one of the 
magnetic sublattices, which may result in overall positive magnetoresistance [20].  

 

6.4.2 Field-dependent anisotropic magnetoresistance with 
perpendicular B field 

We analyze the magnetic anisotropy of the Mn1/4TaS2 thin film at 20 K as a 
function of the angle θ between the B field and the crystal ab-plane, i.e. θ	= 90° for 
B and θ = 180° for B || c.  

Figure 6.9 maps the change of Rxx as a function of θ from 12 T to -12 T, 
where the red and blue color represent increase and decrease of the Rxx respect to 
the value at θ = 0° and/or 180°. Mn1/4TaS2 has magnetic easy plane (we discussed 
in chapter 5), so that it is much easier to fully saturate the magnetization for θ = 
180° than θ = 90°. Consistently, the change of Rxx at θ = 180° with increasing B 
cannot represent the spin-dependent magnetoresistance because all spins have 
already been aligned with small B. We marked the reference resistance value at 
each B field on the left side of the figure.  

However, it is much more complicated for B acting on spins at θ = 90°. Very 
little change is observed for small B field. When |B| > 2 T, ∆Rxx = Rxx(θ) – 
Rxx(180°) starts to increase. While ∆Rxx keeps increasing, a small feature with 
opposite trend emerges from the center of the red domains. The effect grows even 
larger at higher |B| and eventually ∆Rxx becomes negative at |B| > 9 T. In the 
same time, the red region shrinks accompanying with enhancement of the blue 
region. 
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Figure 6.9 The Field-dependent magnetoresistance as a function of angle θ. The scale bar 
denotes the differences between Rxx at each field compared to Rxx(180°).  

6.4.3 Temperature-dependent magnetoresistance  

At T = 160 K, comparing to the value at B = 0 T, almost no change was observed 
for B || c and B  c. With decreasing of T, the anisotropy in Rxx between B || c 
and B  c starts appearing, which is due to the enhanced paramagnetic 
susceptibility. Below critical temperature TN = 100 K (Fig. 5.14), we saw the 
appearance of the splitting of Rxx peak at small B field into two bombs for B || c. 
The splitting field increases with decreasing temperature. However, for B  c, we 
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did not see the similar spitting. This effect is related to the change of spin 
configuration, where the interplay between the exchange energy and Zeeman energy 
leads to two distinct situations. 

According to the Sommerfeld model of metals, the magnetoresistance is 
determined by scattering,  
 

∗

1
	, (6.8) 

where n, e, τ, m* denote the number of electrons, elementary charge, scattering 
time and effective mass of electrons. σ0, ρ0 represent the zero-field conductivity and 
resistivity, respectively. 

The Fermi surface of Mn1/4TaS2 has several parts, which are the spin-
dependent d band comprise of hybrid orbitals of Ta and Mn, as well as sp band of 
S.  

 

Figure 6.10 The temperature-dependent magnetoresistance as a function of magnetic field. The 
red and blue lines show the behaviors with B || c and B  c, respectively. 
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We assume that the conduction electrons have different scattering 
possibilities in the presence of magnetic moments from Mn. So that the scattering 
rate become the sum of the normal cyclotron frequency related plus the spin-
dependent terms, 
 	. (6.9) 

where n and s denote the normal and spin-dependent contributions, respectively. 
Before the tipping point of a sudden decrease at higher B, Rxx increases 

quadratically, which reconciles with the magnetoresistance behavior of metals with 
closed Fermi surfaces (section 4.2.1). We fitted the low B field region where the 
increases of Rxx is proportional to the B2, described by 
 a 	 b	, (6.10) 

where a and b are some temperature-dependent fitting parameters.  

 
Figure 6.11 (a) The field dependence of magnetoresistance at several temperatures. The black 
and red lines represent the raw and fitted data, respectively. (b) The data after extrapolation, 
where light black lines are imaginary blend lines between two adjacent measurements (in dark 
black) for better illustration. The red, green lines are the linear fits to two regions of Rxx. The 
blue line is the reference line indicating Rxx(0T). 
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Figure 6.12 The summary of temperature dependence of Bc1 (blue rectangle) and Bc2 (red circle). 
The red dash and blue solid lines indicate the fitting to (T/Tc)

3/2 and linear function, 
respectively. 

We extrapolated it to the high B field and the difference between the raw 
data and the fitting function gives the field-dependent contribution that is related 
to the response of the spin configuration reorientation.  

We plotted the data after extrapolation in Figure 6.11b. In the region close 
to B = 0 T, Rxx is insensitive to B field. After Rxx starts changing with B field, it 
first gradually decreases then reaches the linear region. A sudden change of the 
slope appears and Rxx goes into another linear region. It is worth noting that there 
are two characteristic critical fields (Bc). The existence of a critical temperature 
and critical B field implies a phase transition. This can be understood as an energy 
gap before spins show some response to the external field. The first one (Bc1) is the 
on-set field that Rxx starts to decrease. The second Bc (Bc2) is determined by the 
cross-point of the two linear regions. 

We summarized the temperature dependence of Bc1 and Bc2 in Figure 6.12. 
The lessening of critical fields towards the critical temperature suggests the 
weakened antiferromagnetic exchange energy between spins of two adjacent Mn2+. 
Bc1 is related with the energy that is required to trigger the spin-flip transition to 
the magnetic field direction due to the Zeeman energy. Bc2 characterizes the 
strength of the antiferromagnetic interaction when spin-flip transitions of all layers 
have finished. It also defines how large an applied field should be for the system to 
initiate the spin-flop transition and to eventually reach a field-induced 
ferromagnetic state.  

6.4.4 Theory of the spin-dependent magnetoresistance 

Now we discuss the theory of the spin-dependent magnetoresistance. The Zeeman 
energy of a ferromagnet under magnetic field B is given by  
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 cos  (6.11) 
where φ is the angle between external magnetic field B and magnetization M.  

Below TC, Mn1/4TaS2 becomes ferromagnetic with easy plane normal to the 
direction of B. Thanks to its layered structure; the magnetization is mostly 
confined to the intercalated Mn layer. Initially, the magnetic moments of two 
adjacent planes are slightly canted, resulting in zero magnetization along the field 
direction (Fig. 6.13a). With an out-of-plane B field, because of large in-plane 
anisotropy, the spin cannot be aligned immediately to the field direction. Instead, 
spins with the magnetic moments direction that are energetically unfavorable will 
flip 180° in the plane and couple antiparallel to the spins of neighboring Mn plane 
(Fig. 6.13b).  

With elevated temperature, the thermal fluctuation (kBT) perturbs the spin-
flip transition, which is proportional to T. Therefore; we observed the linear 
dependence of the critical field Bc1 as a function of temperature. 

Bc2 characterizes the energy barrier for phase transition from a spontaneous 
in-plane ferromagnetic phase into a field-induced out-of-plane spin-flop phase. From 
the magnetic susceptibility measurement (Fig. 5.12a), the magnetization increases 
rapidly close to TC, implying the spontaneous breaking of the global symmetry. 
Below TC, the increase of magnetization can be formulated by the Bloch 3/2 law, 
where describes the excitation of the spin waves at higher temperature. For a 
second-order phase transition between ferromagnetic state to antiferromagnetic 
state happens, we have 

 0 1 ⁄ / 	, (6.12) 
where Bc2(0) is the critical field for the antiferromagnetic ground state. 

 

Figure 6.13 Schematic illustrations for initial state with spin canting (a) and after spin flip 
transition (b). The schemes are analogous to the giant magnetoresistance current in the plane 
geometry with low (c) and high (d) resistances.  
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From the fitting, we derived that the ground state critical field Bc2(0) for 
this intercalation concentration (x = 0.25) is 10.8 T and the critical temperature Tc 
is 101 K, which is almost identical to the Curie temperature we measured from the 
magnetic susceptibility measurement. 

 

6.4.5 Angle-dependent magnetoresistance 

To illustrate the energy gap of Bc1 is a temperature-dependent parameter that does 
not depend on the angle between the external magnetic field and magnetization, we 
performed the angle-dependent longitudinal magnetoresistance measurement.  

Figure 6.14a summarizes the Rxx data for a series of angles θ between B and 
sample ab plane. It clearly shows that there is a significant anisotropy in terms of 
Rxx response to the field. For θ = 90°, with increasing B field, Rxx increases 
parabolically before decreasing dramatically. Changing θ gradually from 90° to 75° 
weakens this effect. For θ < 70°, the negative MR at large B diminishes, while a 
little decrease at small field emerges. This weak-localization-like MR behavior is 
linked to the alignment of spins. As we discussed before, there are excitation of spin 
waves at finite temperature that can be treated as spin canting off the field 
direction. Increasing B field, in turns, diminishes the spin waves as the canted angle 
approaching to zero. 

We applied the same method to extract the spin-dependent signals from the 
raw data (Fig. S6.1). The results are shown in Figure 6.14b. We find that the 
energy gap corresponding to the Bc1 is angle dependent. With increase of θ, ∆Rxx 
first decreases then increases. This is because of the competition between the 
exchange interaction of two spins and the Zeeman energy of each spin.  

Consider the energy of the whole system, 

 
∙ ∙ 2 	 ∙  

cos
2

cos
2

2 cos	 , 
(6.13) 

where ϑ and ϕ are the angle between B and ab-plane and angle between two spins, 
respectively. When the free energy is minimized, we have 

 sin
2

	
2
sin

2
. (6.14) 

Clearly, θ depends on both ϕ and B. Therefore, it further demonstrates that the 
energy gap related to Bc1 is due to the spin-flip transition as a function of 
temperature and spin canting angle ϕ.  
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Figure 6.14 The angle-dependent magnetoresistance (a) and after subtracting the parabolic 
background (b) as a function of magnetic field. 

 

6.5 Supplementary information 

6.5.1 Determination of the spin-dependent longitudinal resistance 

For θ = 90° and	 θ = 0° , we derived the parabolic magnetoresistance behavior 
based on the high and low field regimes, respectively. The reason behind is due to 
the magnetocrystalline anisotropy that spins are easier to be aligned to the field 
direction when B  c (θ = 90°). After all spins are in parallel, electrical conduction 
becomes indifferent to the B.  

For B || c (θ = 0°), the in-plane ferromagnetic exchange interaction act as an 
energy barrier to prevent spins from showing response to the external B field. After 
the Zeeman energy bypassing the energy gap, the spin-dependent scattering 
diminishes with increasing B field, resulting in the decrease of Rxx. 

 

Figure S6.1 The parabolic fitting of B2 to the longitudinal magnetoresistance for B  c (a) and B 
|| c (b) at 20 K. 
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6.5.2 Band structure of the Mn intercalated TaS2 

In transition metal intercalated complexes, there has been ample evidence for 
charge transfer from the intercalated metal atoms to the matrix element (Nb, Ta), 
resulting in the change of oxidation state to +2 (or +3) for the intercalants. For 
example, when V or Cr is used as intercalant, the associated electrostatic coupling 
with the layers leads to a change in valence state of +3; whereas +2 for other 
elements, such as Mn and Fe. The remarkable difference between the 
magnetocrystalline anisotropy between Fe and Mn intercalated TaS2 is a result of 
orbital contributions. 

 

Figure S6.2 Band structure of the manganese intercalated TaS2. (a) The 3d-band of Mn is 
overlapped with the 5d-band of Ta. The hybridized new d-band initiates the itinerant 
ferromagnetism in this material. 

Mn1/4TaS2 originates from the 2H-TaS2 matrix, where the Ta atoms form 
trigonal prismatic with S atoms, resulting in a crystal field splitting of the Ta d-
orbitals. Band calculation shows that only the lowest Ta d-band crosses the Fermi 
energy, providing metallic conductivity. For example, a unit cell of 2H-TaS2 has 
been known to exhibit charge-density-wave (CDW) phase [1]. The 5d-conduction 
band of TaS2 is half full and can accept maximum one more electron per Ta atom. 
The intercalated Mn atoms donate electrons to the TaS2 dz2 band, which is formed 
by the hybridization of dz2 and dx2-y2 [21] (Fig. S6.2).  

There has been a long-lasting discussion about the magnetism mechanism of 
transition metal intercalated TMDs.  X-ray circular dichoism (XMCD) and angle 
resolved photoemission spectroscopy (ARPES) measurement reveal that the 
magnetism of sister material Fe1/4TaS2 is due to the RKKY interaction [22]. There 
are also ample evidences from inelastic neutron scattering measurements showing 
that the magnon dispersion along the c-axis is much stronger than in the ab-plane, 
which contradicts the estimation based on RKKY assumption [23]. The present 
study successfully formulates the observed spin-dependent magnetoresistance with 
GMR-like theory, which implies that Mn 3d electrons should be treated as itinerant 
electrons.  
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6.5.3 Anomalous Hall effect of Mn1/4TaS2 

Measurement of the transverse signal shows the anomalous Hall effect (AHE) below 
the critical temperature (160 K), which is a non-linear function of the applied B 
field. Empirically, AHE can be described by the formula: 

 	 , (6.15) 

where B is the magnetic field, M the magnetization and R0, RA the ordinary and 
anomalous Hall coefficients, respectively. The first term denotes the ordinary Hall 
effect, the second term represents the effect from the magnetization and the third 
term considers the influence of the spin-texture. 

From 160 K to 100 K (that is the TC of the material), the anomalous part 
increases with decreasing temperature, which is caused by the increase of 
paramagnetic magnetization. Below 100 K, the AHE becomes even more 
complicated. The influence of the M is not monotonic and there are two effects 
acting on Rxy with opposite signs (Fig. S6.3). On the other hand, no signal could be 
obtained for B  c. This is because the sample was placed with the current 
direction I || B, so that no planar Hall effect could be measured (see chapter 4). 

.  

Figure S6.3 The temperature-dependent anomalous Hall effect as a function of magnetic field. 
The red and blue lines show the behaviors with B || c and B  c, respectively. 
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6.6 Summary 
Mn1/4TaS2 has a magnetic easy plane, where magnetic moments of Mn form 
ordered state parallel to the crystal layer simultaneously. When an out-of-plane 
magnetic field is applied, the spins are difficult to be aligned to the field direction 
directly. Instead, two spin-dependent processes happen with increase of field. From 
the temperature-dependent magnetoresistance measurement, we derived two 
critical fields that correspond to spin-flip (Bc1) and spin-flop (Bc2) transitions. This 
significantly spin-dependent process is due to the magnetocrystalline anisotropy. 
From the angle-dependent magnetoresistance measurement, we found that the Bc1 

is a function of both B and spin canting angle ϕ.	 The appearance of anomalous Hall 
effect further demonstrates the emergence of magnetic ordering. 
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