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a b s t r a c t

The topological insulators Bi2-xFexSe3exSx have been investigated by the dc-magnetization, magneto-
transport and angle resolved photoemission spectroscopy (ARPES) techniques. With doping of Fe and S, a
negative giant magneto-resistance (MR) is observed for parallel electric and magnetic fields (H||E). The
MR behavior at lower magnetic field can be explained with the semi-classical theory whereas the MR
behavior at higher field has been attributed to the axial anomaly. Interestingly, the system reached to the
quantum limit at low magnetic field (~ 4.5T). The magnetic ordering can be explained with the presence
of both the RKKY (surface) and van-Vleck (bulk) interaction. The ARPES study reveals that a surface gap is
suppressed when the magnetic ordering changes from ferromagnetic to anti-ferromagnetic ordering. The
ARPES study and the appearance of quantum oscillations (SdH) in the resistivity pattern reveal that the
topological surface property is preserved with the co-doping of Fe and S.

© 2022 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The observation of negative magnetoresistance (MR) in topo-
logical semi-metals and topological insulators(TIs), when a mag-
netic field is applied parallel to an electric field (called longitudinal
geometry), has recently attracted lots of attention [1e8]. For the
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topological semi-metals, the observed negative longitudinal MR
has been ascribed to the presence of chiral anomaly, where the
conservation of chiral current is violated due to the quantization
[3,7,8]. In view of this, the observation of negative longitudinal MR
in the epitaxial thin film of stoichiometric Bi2Se3 [9] canonical 3D
topological insulator, where chirality is not well defined, has
attracted a renewed interest [9e11]. The observed negative longi-
tudinal MR was attributed to an axial symmetry and it was argued
that the axial symmetry may give rise to far more generic phe-
nomenon in a topological insulator [9]. In a recent study [12], a very
small (<1 %) negative MR was reported for the S doped bulk Bi2Se3.
The low negative MR (NMR) has also been reported in the
TlBi0.15Sb0.85Te2 system where at low temperature the resistivity is
thermally activated [13]. Recently, it was theoretically proposed
that the NMR is a generic property of semiconductors and metals,
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rather than limited to the topological semi-metals [14]. By using the
semi-classical equations of motion, Dai et al. [15] recently ascribed
the NMR of a TI to the Berry curvature induced anomalous velocity
and orbital moment. As per their calculation, the NMR is temper-
ature independent, and it increases with the movement of the
Fermi energy towards the band edge.

Furthermore, the induced magnetic ordering with doping of
magnetic ions in a topological insulator may create exotic topo-
logical effects in the MR by breaking the time reversal symmetry,
provided the dominant charge carriers are from the topological
surface states (TSS). Investigation of the role of TSS in MR in these
systems is of paramount interest, however, has not been explored
in details, probably due to a hindrance in the analysis and inter-
pretation of transport data due to large carrier density of the bulk.
In the literature, it has been reported that the Cr-doped Bi2Se3is
paramagnetic [16]. The doped Sb2Te3[Sb2-xVxTe3, Sb2�xCrxTe3]
shows a ferromagnetic (FM) order with the domination of the bulk
transport of charge carriers [17,18]. Doping transition metal impu-
rities (i.e., Fe, Mn, Cr) in a TI can give rise to a well-defined FM order
with perpendicular magnetic anisotropy, which provides an easiest
method to open the gap of the surface state of the TI and tune the
transport properties [19]. Moreover, there are controversies
regarding the gap openings with the doping of the transition-metal
in TI. For instance, with Fe adsorption on the surface of topological
insulator the gap opening is not observed [20], whereas it is found
in the Fe-doped TIs [21,22]. The most interesting observation in the
Fe doped case is the decrement of the band-gap size of topological
surface state (TSS) at high Fe concentrations [23]. We aim to un-
derstand how does the breaking of time reversal symmetry (via.
long-range magnetic ordering effects) create exotic topological ef-
fects which in turn affects the MR. With this view, we present here
the results of magnetic, magneto-transport and angle resolved
photoemission spectroscopy (ARPES) studies forthe Bi2-xFexSe3exSx
[with x ¼ 0.06, 0.09 and 0.12; denoted as BiFeS-L, BiFeS-M and
BiFeSeH respectively]. The appearance of the surface state in the
present ARPES spectra and the quantum oscillation in the resistivity
pattern reveal that the topological surface property is preserved
with the co-doping of Fe and S. The appearance of the quantum
oscillations at low field combined with the ARPES measurements
clearly suggests a change in the Fermi surface with the doping.
Moreover, for the BiFeS-M, we have observed a large negative MR
even at room temperature, for the first time, in the transverse ge-
ometry (with electric field transverse tomagnetic field). Our results
suggest that the bulk ferromagnetic ordering is responsible for the
observed NMR in the BiFeS-M in the transverse geometry of
measurements.

2. Material and method

2.1. Synthesis

The single crystal Bi2-xFexSe3-xSxwere grown by melting a stoi-
chiometric mixture of high purity Bi, Se, Fe and S, sealed in evac-
uated ampoules. The ampoules were heated up to 900 �C (rate:
200 �C/h) and kept at 900 �C for 10 h and then cooled slowly to
620 �C (rate: 3 �C/h). After that it was cooled down to 550 �C (rate:
5 �C/h) and then it was naturally cooled down to room temperature.
The orientation of grown crystals was checked by X-ray Laue back
reflection diffraction technique.

2.2. Structural characterization

For phase confirmation, the X-ray powder diffraction (XRD)
measurement were carried out using a Rigaku (mini flex II DEXTOP)
Powder diffractometer with Cu Ka radiation. Fig. 1 shows the
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Rietveld refined x-ray diffraction patterns for BiFeS-L, BiFeS-M, and
BiFeSeH using the Fullprof software. The refinement confirms the
single-phase formation of these compounds in the rhombohedral
structure space group (Re3m). The variation of lattice parameters
with the doping concentration is shown in the inset Fig. 1 which
follows the Vegard's law. The linear nature of the curve confirms
that the Fe and S are successfully substituted Bi and S. The refined
unit cell parameter and other structural parameters are given in
Table 1. The elemental compositional analysis of all samples were
obtained by energy dispersive X-ray (EDS), using Nova Nano SEM
450 (FEI, U.S.A.). The EDS graph is shown in the inset of Fig. 1.

2.3. Dc magnetization and electrical transport measurements

The electrical transport properties of all the measured samples
[with dimension 5mm � 1mm � 0.16 mm(l � w � t)] were
measured using a Quantum Design physical properties measure-
ment system (9T PPMS), and the magnetic properties measure-
ments were carried out by a superconducting quantum
interference device-vibrating sample magnetometer (SQUID-VSM)
of the QuantumDesignmake. The electrical transport andmagnetic
properties were also measured using a CRYOGENIC make Vibrating
Sample Magnetometer (9T, VSM).

2.4. ARPES study

To probe the electronic structure of our samples, we have per-
formed Angle Resolved photo emission Spectroscopy (ARPES)
measurement. The measurement has been carried out with a m-
Laser ARPES system with photon energy of 6.3 eV at HISOR, Hir-
oshima University, Japan. All the measurements were done at 20K
which confirmed the existence of topological surface state in the
samples. All the samples were cleaved in-situ at 30K along the c-
axis un an ultrahigh vacuum. A very clean mirror-like surface was
seen after cleaving and found to stable more than 2 days in UHV
chamber.

3. Results

3.1. Hall study

We havemeasured themagnetic field (H||C) variation of the Hall
resistivity at different temperatures for the Bi2-xFexSe3exSx single
crystals. In Fig. 2(a) the Hall effect data at a particular temperature
(2K) has been shown. The slopes of all the curves are negative
indicating that the carriers are of the n-type. The temperature
variations of the mobility and carrier concentration have also been
derived from the Hall data and particularly for BiFeS-M are plotted
in the inset of Fig. 2(a). For all the samples, except for the BiFeS-L,
the carrier concentration remains flat at low temperatures, and
then increases with increasing the temperature. This reveals that
the bulk insulating character becomes significant at higher tem-
perature, while at low temperatures the surface metallic character
dominates [12]. For all the samples, the mobility decreases with
increasing the temperature, which may be due to the increased
phonon scattering at high temperature. Moreover, generally
ferromagnetism shows the existence of Analomous Hall effect
(AHE). But, here, we did not observe any signature of AHE, which is
consistent with already reported results [24e27]where the AHE is
absent despite of existence of ferromagnetism. Fig. 2(b) shows the
resistivity as a function of temperature for the Bi2-
xFexSe3exSxsamples. The graph shows a positive slope indicating
their metallic behaviour. It is observed that the resistivity value of
the Bi2-xFexSe3-xSx system first increases with increasing the doping
concentration of Fe and S (undoped to BiFeS-L) and then decreases



Fig. 1. Rietveld refined x-ray powder diffraction patterns at 300 K for BiFeSeH, BiFeS-M and BiFeS-L (top to and bottom). The open symbols and line represent experimental data
and calculated results, respectively. The vertical bars indicate the calculated positions of nuclear Bragg reflections and the bottom line is a residual.

Table 1
Structural parameters obtained from Rietveld refinement of BiFeS-L, BiFeS-M and BiFeS-H samples.

Sample Atom Wyckoff position x y z Occupancy

BiFeS-L
Bi1.94Fe0.06Se2.94S0.06

Bi 6c 0 0 0.40281(4) 0.161667
Fe 6c 0 0 0.40281(4) 0.005
Se1 3a 0 0 0 0.08333
Se2 6c 0 0 0.20619(3) 0.161667
S 6c 0 0 0.20619(3) 0.005

a ¼ b ¼ 4.135(9) Å, c ¼ 28.594(7) Å
BiFeS-M
Bi1.91Fe0.09Se2.91S0.09

Bi 6c 0 0 0.40364(1) 0.159167
Fe 6c 0 0 0.40364(1) 0.0075
Se1 3a 0 0 0 0.08333
Se2 6c 0 0 0.20385(4) 0.159167
S 6c 0 0 0.20385(4) 0.0075

a ¼ b ¼ 4.1318(7) Å, c ¼ 28.576(6) Å
BiFeSeH
Bi1.88Fe0.12Se2.88S0.12

Bi 6c 0 0 0.40267(1) 0.156667
Fe 6c 0 0 0.40267(1) 0.01
Se1 3a 0 0 0 0.08333
Se2 6c 0 0 0.2049(3) 0.156667
S 6c 0 0 0.2049(3) 0.01

a ¼ b ¼ 4.1316(7) Å, c ¼ 28.575(6) Å
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(BiFeS-L to BiFeS-M). When the doping concentration is increased
further (BiFeS-M to BiFeSeH), the resistivity value increases. The
Hall data confirm that the bulk insulating character dominates over
the surface metallic character at higher temperature (Fig. 2(a)).
Therefore, the lower resistivity of the BiFeS-M, as compared to the
Bi2Se3, might be due to the bulk ferromagnetism (discussed later)
in BiFeS-M. However, the crossover at low temperature is due to the
surface impurity doping in BiFeS-M because at low temperature
surface state dominates over the bulk state [12]. But compared to
BiFeS-L the lower resistivity value throughout the whole
671
temperature range in BiFeS-M might be due to the dominant
ferromagnetic behavior.

3.2. DC-magnetization study

In order to investigate the effect of Fe doping on the magnetic
ordering and hence on the magneto-transport properties we have
measured the magnetization (M) as a function magnetic field (H)
(H||c) (Fig. 3). A strong diamagnetic behaviour is evident for the
BiFeS-L at 300 K fromM(H) behavior. For the BiFeSeH single crystal,



Fig. 2. (a) Hall resistivity as a function of magnetic field at 2K for Bi2Se3, BiFeS-L, BiFeS-
M, and BiFeSeH. Insets: Temperature variation of mobility and carrier cancentration
estimated from Hall data for BiFeS-M. (b) Resistivity as a function of temperature for
Bi2Se3, BiFeS-L, BiFeS-M, and BiFeSeH.

Fig. 3. Magnetization as a function of magnetic field under H ¼ 1000 Oe for BiFeS-L,
BiFeS-M, and BiFeSeH at 5K (upper panel) and 300K (lower panel).
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a sharp field-induced transition to a ferromagnetic-like state is also
evident at 5 K, indicating that the antiferromagnetic (AFM) ground
state is fragile. The important observation in our study is that as the
Fe-doping content varies magnetic ordering changes from FM
(BiFeS-M) to AFM (BiFeSeH). If we assume that part of the Fe goes
to surface, then the transition from FM to AFM ordering with in-
crease of Fe concentration is consistent with the predictions of first-
principles calculations [23], where it was reported that an antifer-
romagnetic phase mediated by the superexchange interaction was
stabilized for a higher Fe-concentration. It was also reported that
anti-ferromagnetically aligned neighboring Fe spins behave like
nonmagnetic scattering centers preserving the time reversal sym-
metry. In the available reports it has been shown that the Fe doping
induces magnetic ordering at low temperature [22,23]. But in the
present co-doped (S and Fe) Bi2Se3, the magnetic ordering is
observed even at 300K (for BiFeS-M). Therefore, the observed
magnetic ordering might be due to the presence of both electron
mediated-RKKY interaction [23] on the surface, and the bulk van
Vleckmechanism. This is the reason of obtaining the FM ordering at
higher temperature (room temperature) for the BiFeS-M. For the
BiFeSeH sample, due to an excess doping, the formation of n-type
antisite defect is promoted, which in effect forces the Fermi level EF
“pinned” far away the valence band and therefore, the van-Vleck
mechanism disappears. As a matter of fact, the observed AFM in
BiFeSeH is due to the surface RKKY interaction.

For FeSeH, no hysteresis indicate at AFM-like state. For FeSeH
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compound, an increase in the magnetization along with hysteresis
loop of isothermal magnetization curves M at low temperatures
confirms a FM-like state. The observed M-T curves (not shown)
seemingly do not follow a usual trend as expected for an ideal FM
and AFM, which could be due to a small diamagnetic contribution
and/or some fraction of the magnetic impurity may open up a local
gap and suppresses the local density of states. Further microscopic
measurements are necessary to investigate the nature of spin-spin
correlations in these compounds.
3.3. ARPES study

To investigate the topological surface states and changes in the
electronic behavior of the system on Fe/S co-doping, we have car-
ried out ARPES measurements on the Bi2-xFexSe3-xSx samples at
20 K (Fig. 4). It is observed, for the BiFeS-L, BiFeS-M, and BiFeSeH
samples, the Dirac point of the Fermi surface is located at 175 ± 2,
250 ± 3 and 225 ± 5 meV, respectively. The bright intensity is
markedly suppressed for the BiFeS-M sample, suggesting that the
Kramers degeneracy is lifted in BiFeS-M but the surface state still
exists. Fig. 4 (b, e, h) shows the energy-distribution curve (EDCs) at
kx ¼ 0. We have fitted the EDC curve using two Lorentzian function.
The X-shaped surface band is split into lower and upper branches,
with an energy gap of 32 ± 2, 56 ± 2, 25 ± 2 meV at the G-point for
BiFeS-L, BiFeS-M and BiFeSeH samples respectively. The observed
gap at the Dirac point might be due to the Fe doping. Previously,
some controversial results were reported about the gap opening at
the Dirac point with Fe doping in Topological Insulator. In some of
the reports [19], the gap opening was reported whereas in some
other studies [20,29] it was claimed that no gap opening was



Fig. 4. ARPES of BiFeS-L, BiFeS-M, and BiFeSeH: (a, d, g) Binding energy vs. wave
vector; (b, e, h): energy distribution curves; (c, f, i) constant-energy contours of the
band structure show the surface states evolution from the Dirac point to the Fermi
level.
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observed with the magnetic ion doping. In the present investiga-
tion, both from magneto-transport (discussed below) and ARPES
studies, we have observed bandgap opening at the Dirac point with
the Fe-doping in the host material. However, with further
increasing the doping concentration of Fe and S (BiFeSeH sample),
the surface bandgap is reduced significantly. From the magnetic
data it is clear that BiFeSeH is AFM in nature. Therefore, the surface
gap closing is likely to correlate with the AFM ordering which is in
agreement with the reported results [23]. Fig. 4 (c, f, i) shows
constant-energy contours for all samples. It should be noted that all
of Fe and S doped samples show hexagonally warped Fermi sur-
faces, which is much pronounced compared to the Fermi surface of
Bi2Se3 [30] suggesting the modification of energy packet of
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conduction band at the Fermi surface. Based on the kF values
0.05 Å�1-0.08 Å�1 of these samples, the estimated carrier density of
the topological surface state lies in the range of 2 � 1012-
5 � 1012 cm�2.

3.4. Magnetoresistance study

In order to study the effect of magnetic ordering and topological
surface states on the MR, we have measured out of plane (H⊥E) and
in plane (H||E) magnetoresistance (MR)as a function of magnetic
field at different temperatures for Bi2-xFexSe3-xSx (shown in Fig. 5).
We have defined MR as [{r(H)-r(0)}/r(0)]*100 %. The MR value
decreases with an increase of the doping concentration. It is
observed that for BiFeS-L, a quantum oscillation appears at a
magnetic field (H⊥E) as low as ~4.5T. At low temperature, the MR
value decreases with increasing magnetic field (upto ~2T), sug-
gesting that the MR is negative. With further increasing the doping
concentration (BiFeS-M), the large negative MR with the SdH os-
cillations are observed throughout the whole temperature and
magnetic field (H⊥E) range of measurements as shown in Fig. 5(b).
However, if the doping content is further increased (BiFeSeH), the
positive MR (for H⊥E) reappears (Fig. 5(c)). In-plane MR (H||E) is
shown in Fig. 5(def). The observedMR is strongly anisotropic for all
the samples. In Fig. 5(d), it is found that the BiFeS-L sample shows a
negative linear MR at low temperature (below 50K). The in-plane
MR(H) behavior for the BiFeS-M is non-monotonic. Up to 10K it
shows a negative MR. Initially the MR decreases with increasing
magnetic field, and with further increase of magnetic field the MR
increases. Above 10K, the MR becomes positive and linear. For the
BiFeSeH sample, the MR(H) behaviour is similar to that for the
BiFeS-L. As discussed above (ARPES), the obtained surface gap for
BiFeS-L is very low but for BiFeS-M it is significantly large whereas,
for BiFeSeH gap is negligibly small. Therefore, the surface gap plays
a significant role in the behaviour of MR.

For the H⊥E configuration, the quantum oscillations appear for
all three samples, suggesting that the quantum oscillations appear
for the surface states. However, for BiFeSe-L, we observe a quantum
oscillation at the lowest temperature of measurement even for H||E,
suggesting that the quantum oscillations appear both for bulk and
surface states [31]. The variation of the amplitude of the quantum
oscillation with the inverse magnetic field for the H⊥E configura-
tion is shown in Fig. 6(a-c). The amplitude of oscillation decreases
with increase of temperature. Moreover, the oscillation amplitude
gradually decreases with the doping content, suggesting the pres-
ence of doping induced additional defects that contribute to the
charge-carrier scattering. To analyze the oscillations, we have car-
ried out the fast Fourier transform as shown in the inset of Fig. 6(a-
c). It is observed from the inset of Fig. 6(a-c) that there exists a
single frequency for all the doped samples which is in sharp
contrast to the undoped sample [14] where three frequencies are
found. The existence of single frequency suggests that there might
be a single packet (for the surface states) at the Fermi surface which
agrees with the ARPES data where it is observed that with doping a
hexagonal warping appears in the Fermi surface (Fig. 4). The
amplitude of frequency decreases with increasing the temperature,
but the frequencies remain same at all the temperatures. Further-
more, the oscillation depends only on normal component of H
which suggests that the Fermi surface is of two-dimensional. The
observed small oscillation in the in-planeMR for the BiFeSe-L could
be due to the hexagonal warping of the Fermi surface. With the
help of the Onsager's relation the calculated relative Fermi wave
vector kF, are 4.36� 108, 4.56� 108 and 3.87� 108 m-1,respectively
for BiFeS-L, BiFeS-M, and BiFeSeH samples. These values are
consistent with the values calculated from the ARPES results.
Moreover, the obtained effective mass m* from the SdH oscillation



Fig. 5. MR as a function of magnetic field at different temperatures for BiFeS-L, BiFeS-M, and BiFeSeH for out-of-plane magnetic field (aec); for in-plane magnetic field (def).
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amplitude [32]found to be 0.17, 0.18 and 0.12 me, respectively for
BiFeS-L, BiFeS-M and BiFeSeH indicating that inthe FM state the
Dirac Fermion becomes massive. Using the linear dispersion rela-
tion for the surface state VF ¼ ħkF/m*, the estimated Fermi veloc-
ities of BiFeS-L, BiFeS-M and BiFeSeH are 2.97� 105, 3.52� 105 and
4.07 � 105 m/s respectively. These values are consistent with the
Dirac surface state, and the largest value for BiFeSeH suggests the
presence of a robust surface state with the narrow Dirac cone. The
above discussion clearly suggests that the quantum limit is reached
in the present case at very low magnetic field (~4.5T).

Furthermore, it is clear from the magnetization measurement
that, BiFeS-Mshows a ferromagnetic ordering throughout the
whole temperature range of measurement (2e300K), which might
be responsible forthe NMR in the BiFeS-M. For the compounds
BiFeS-L and BiFeSeH, we observe a positive MR in the perpendic-
ular magnetic field configuration, and a negative MR (NMR) in the
H||E configuration. A NMR has also been reported in low-
dimensional (1D and 2D) charge ordered systems for H||E config-
uration [33,34]. However, the observation of a large MR (either
positive or negative) cannot be explained with the classical theory
as it suggests the vanishing MR, due to the absence of Lorentz force
for H||E configuration [31], and the experiments also suggest the
presence of a quantum-mechanical effect. It is also worthwhile to
mention that the negative longitudinal magnetoresistance (LMR)
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for BiFeS-L and BiFeSeH is not due to the field induced suppression
of the scattering from the ferromagnetic spins as same is not
observed for the transverse MR in the present investigation.
Furthermore, a classical origin, attributed to the macroscopic in-
homogeneities [36], can be excluded as this cannot be the case in
the present investigation [see Ref. 12 for sample characterization].
However, a negative LMR was predicted by Argyres and Adam in
non-degenerate semiconductors with the presence of an ionized
impurity scattering [37]. There are reports that Bi1�xSbx and ZrTe5
show a large negative LMR [38,39]. On the other hand, when E and
H are perpendicular, these materials show positive transverse
magnetoresistance (TMR) similar to the present investigation. The
sharp negative LMR [38,39] at low field is associated with the WAL
which arises from the strong spin-orbit coupling in these materials
[40]. In the present case the TMR data showed weak antilocaliza-
tion (WAL). On the other hand, in the longitudinal MR existence of
WAL is not observed indicating the weak antilocalization is due to
2D Dirac fermions. The negative longitudinal magnetoresistance
(positive magneto-conductivity (MC)) at low magnetic field can be
described by the semiclassical theory by considering the Berry
curvature [5]. In this case the most important observation is the
variation of longitudinal MC as H2, which originates due to the
topological E.H term. This E.H term has an additional contribution
to the momentum along perpendicular to the plane, driven by the



Fig. 6. (a-c)The variation of the amplitude of the quantum oscillation with the inverse
magnetic field for the H⊥E configuration. Insets: First Fourier Transform of SdH os-
cillations of data shown for BiFeS-L, BiFeS-M, and BiFeSeH.

Fig. 7. For H||Econfiguration Longitudinal Magneto Conductivity (MC) (a) fitted as a
function of H2 up to 1T, (b) LMC dependency on both H and H2 above 4T forBiFeS-
L,BiFeS-M, and BiFeSeH. Inset: Transverse Magneto Conductivity fitted as sT(H) ¼ 1/
rwal þ1/rnfor BiFeSeH at 3K for H⊥Econfiguration. For all the cases solid red line is the
fitted curve.
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in plane parallel electric and magnetic fields under the influence of
Berry curvature. The momentum transfer causes the enhancement
of the longitudinal conductivity proportional to the applied mag-
netic field. On the other hand, the transverse MC (in absence of E.H)
is expressed as sT(H) ¼ 1/rwal þ1/rn where rn ¼ r0þAH2 (with r0
and A are constants)[Fig. 7]. WAL and normal contributions have
been added as they originate from different bands [5]. We have
seen that in our case upto 2T magnetic field the LMC varies as H2.
Above 2T the fitting is not well[Fig. 7(a)]. Therefore, upto 2T the MR
behaviour can be explained with the semiclassical theory.
4. Discussion

Recently it has been proposed that in topological materials, the
axial anomaly, a quantummechanical phenomenon can give rise to
a longitudinal NMR [41e44]. However, the axial anomaly can also
give rise to a very large longitudinal NMR for certain gapless
semiconductors [45], where conduction and valence bands linearly
intersect each other at the Brillouin zone. Under the application of a
magnetic field, the charge carriers are quantized into the Landau
levels with a 1D dispersion along the magnetic field direction and
in addition to this for H||E configuration, a uniform acceleration of
the center of mass in this field-induced 1D system produces the
axial anomaly effect. This reduced dimensionality of the electronic
dispersion has also been proposed as the origin of the observed
NMR in the interplanar resistivity of 2D correlated metals [46]. In
the present investigation the estimated quantum limit is at a field
strength ~10T for all the samples with the carrier concentration of
~1018 cm�3 [Fig. 1]. However, from the MR data it is observed that
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the quantum limit is reached ~4.5 T as quantum oscillations appear
at this field only. It is observed [Fig. 7(b)] that in the longitudinal
configuration above 5T LMC can be expressed as function of both H2

and H (s(H) ¼ A1H þ A2H2). The H2 dependency is due to the long-
range ionic impurity scattering which gives rise to a large positive
LMC in the quantum limit. On the other hand, H dependency is due
to the short-range neutral impurity scattering. This indicates that
the generic axial anomaly induced LMC and LMR in the quantum
limit is due to the presence of short-range neutral impurities and
long-range ionic impurities [44]. Because of the neutral short-range
impurities, the slope in the LMC decreases which is dependent on
the underlying band structure. Therefore, the axial anomaly is the
driving mechanism behind the observed negative LMR in the pre-
sent BiFeS-L and BiFeSeH samples in the quantum limit. Further,
the MR for BiFeS-M for in-plane magnetic field is quite different
than those of BiFeS-L and BiFeSeH. This might be due to the
combined effect of ferromagnetic ordering and axial anomaly. In
BiFeS-M the MR passes through a minimumwhich further support
the existence of axial anomaly. In this material the FM ordering
suppresses the H2 dependency (long range ionic scattering) and in
effect of which the impurity scattering dominates. Therefore, in the
quantum limit, in the presence of FM ordering, the combined ef-
fects of neutral and ionic impurities initially lead to a negative LMR,
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which ultimately becomes positive after passing through a mini-
mum. Furthermore, for H⊥E configuration interestingly it is
observed that for BiFeS-L and BiFeSeH samples at lowest temper-
ature the MR is minimum and with increase of temperature it in-
creases up to 50K and then start decreasing. It is observed that
above 50K quantum oscillation disappears indicating that system is
no more in the quantum limit. Therefore, the axial anomaly effect
does not exist above 50K and normal MR behaviour is observed.

5. Conclusion

The magnetic, magneto-transport and ARPES studies have been
carried out for the Bi2-xFexSe3-xSxTopological insulators. The mag-
netic ordering induced by Fe and S co-doping can be explained by
the RKKY interaction. For x¼ 9 % (BiFeS-M), a FM is induced and the
surface band gap is opened at Dirac point. With further doping (for
x ¼ 12 %, BiFeSeH), magnetic ordering changes to AFM and the
surface band gap is suppressed as compared to BiFeS-L and BiFeS-
M. The low doped (x ¼ 6 %) and high doped (x ¼ 12 %) samples
show a positive MR for H⊥E and a NMR for H||Ewhereas the x¼ 9 %
doped sample shows NMR for both the field configurations. The
NMR behaviour of the x ¼ 9 % sample has been attributed to the
strong FM ordering whereas, the MR behaviour for the x ¼ 6 % and
x ¼ 12 % at lower magnetic field have been explained with the semi
classical theory whereas at higher field the MR have been attrib-
uted to the axial anomaly. The BiFeSeH appears to be a promising
candidate for antiferromagnetic topological insulators with non-
trivial topological surface states. The appearance of Shubnikov-de
Haas oscillations (SdH) in resistivity pattern reveals that the to-
pological surface state is preserved with the co-doping of Fe and S.
The results presented in this work would draw the attention of
scientific community to investigate the magnetroseistance of other
magnetically doped topological insulators.
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