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The quest for intrinsically ferromagnetic topological materials is a focal point in the study of topo-
logical phases of matter, as intrinsic ferromagnetism plays a vital role in realizing exotic properties
such as the anomalous Hall effect (AHE) in quasi-two-dimensional materials, and this stands out as
one of the most pressing concerns within the field. Here, we investigate a novel higher order mem-
ber of the MnSba, Tes, 41 family, MnSbi2Teyg, for the first time combining magnetotransport and
angle-resolved photoemission spectroscopy (ARPES) measurements. In MnSbi2Te1g, small hystere-
sis loop and large field saturation of the magnetization indicate weak ferromagnetism. Our magnetic
susceptibility experiments identify ferromagnetic transitions at temperature 7. = 18.7 K, consistent
with our heat capacity measurements (7=18.8 K). The AHE is observed for the field along the
c-axis below T,. Our study of Shubinikov-de-Haas (SdH) oscillations provides evidence for Dirac
fermions with 7 Berry phase. Our comprehensive investigation reveals that MnSbisTe19 exhibits a
weak FM ground state along with AHE, and hole-dominated transport properties consistent with

ARPES measurements.

I. INTRODUCTION

The magnetic topological materials provide extraordi-
nary opportunities not only for clarifying the exact rela-
tion between magnetism and nontrivial topological elec-
tronic states but also for discovering rich exotic uncon-
ventional topological quantum states such as the quan-
tum anomalous Hall (QAH) insulators [1-3], axion in-
sulators [4-6], and magnetic Weyl semimetals (WSMs)
[7, 8]. Investigations into antiferromagnetic axion insu-
lating phases have recently extended to compounds such
as MnBi;Tes and MnBisTe; [1, 9, 10]. In the MnBiyTey;
compound, magnetization-induced edge states are ob-
served at the step edge of a magnetic MnBiyTe, layer,
while they are absent at nonmagnetic BisTes layers be-
low the antiferromagnetic transition temperature T =
12.5 K. These edge states disappear as the temperature
surpasses Ty [11]. Additionally, Ding et al. reported
from neutron diffraction experiments that an adequate
fraction of Bi atoms occupy Mn sites in MnBis,, Tes, 11
(n=1, 2, 3, 4) compound, while Mn is not found at the
non-magnetic atomic sites. Moreover, the occupancy of
Mn monotonically decreases with the increase of n [12].

Utilizing density functional theory, Eremeev et al. pro-
posed that MnSbs,, Tes,,+1 compounds might harbor mul-
tiple topologically nontrivial magnetic phases. Accord-
ing to their calculations, the ground states of the ini-
tial three members of this family (n = 1, 2, 3) are 3D
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antiferromagnetic topological insulators [13]. However,
empirical findings contrast with this theoretical predic-
tion, as demonstrated by MnSbyTey and MnSbyTer, re-
vealing versatile topological phases modulated by both
carrier doping and magnetic field effects [14]. Particu-
larly intriguing is the induction of superconductivity in
the axion insulator MnSby Te; under pressure, which sup-
presses its antiferromagnetic order [15]. Meanwhile, the
compound MnBigTe 3 showcases an intrinsic ferromag-
netic axion insulating phase, unveiling a distinct half-
magnetic state [4, 16]. Additionally, Zhang et al. re-
ported strong magnetic competition in MnSbgTeq, real-
izing a fragile ferromagnetic ground state [17]. The study
of MnSbgTe 3 shows the weak ferromagnetism with dom-
inating hole carriers. An anomaly near 5 T in the Hall
data could be attributed to the Berry curvature-induced
AHE. Electronic band structure calculations consistent
with its ARPES measurements also confirmed the pres-
ence of an FM topological insulator phase in MnSbhgTe;3
[18]. MnSbg, Tes,+1 axion insulators are much less ex-
plored compared to their isostructural Bi compounds,
that’s why it is very important and exciting to study
first time the electronic, physical, and magnetic proper-
ties of MnShisTeg to understand the underlying physics,
which is not understood so far. However, to the best of
our knowledge, no report is available on the MnSb;5Teqg
compound.

Here, we are first time reporting the magnetotrans-
port properties along with the ARPES study of the new
member of MnXy,Tesz,+1 (X = Sb, Bi) family, with
the highest order, i.e., MnSby5Te;g. The comprehensive
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FIG. 1. (a) Single-crystal x-ray diffraction (XRD) results of
MnSbi2Teig at 300 K. The inset shows the typical size of
the single crystals. (b) Le Bail fit of the powder XRD of
MnSb12T619.

studies on the electronic and magnetotransport prop-
erties of MnShisTejg single crystals indicate the weak
FM ground state along the c-axis. The Hall resistivity
measurements reveal the anomalous Hall characteristic of
the sample. ARPES measurements on the stoichiometric
MnSb,Teg single crystals reveal the valance band elec-
tronic structure near the Fermi energy and indicate the
hole-dominated carriers consistent with our Hall resistiv-
ity calculations.

II. EXPERIMENTAL DETAILS AND METHODS

Using the self-flux method, we grew single crystals of
MnSbisTeg. For the synthesis of MnSbisTeg single
crystals, the Mn (lumps, 99.95%, Alfa Aesar), Sb (shots,
99.999%, Alfa Aesar), and Te (lumps, 99.999%, Alfa Ae-
sar) were weighted and mixed in the stoichiometry ratio.
The mixture of materials was sealed inside a quartz tube
under the one-third atmosphere of Ar. Then, the sam-
ple ampule was heated to 1000°C, stayed for 24 hours,
and slowly cooled to 720°C for 24 hours. We cooled
it further to 600°C for 48 hours before quenching the
ampule in the ice water. The typical size of the plate-
like crystals is 4.0x4.0x0.2 mm3, and the flat surface
corresponds to the ab plane as shown in the inset of
Figure 1(a). The grown crystals were characterized by
X-ray diffraction (XRD) in a PANalytical X’Pert PRO
diffractometer with Cu Kay radiation and energy disper-
sion X-ray spectroscopy (EDS) measurements in a JEOL
JSM-6010LA spectrometer to confirm the stoichiometry.
To verify the composition more accurately, we have also
performed the composition measurements using an elec-
tron probe micro-analyzer (EPMA) (Model: JXA-8230,
JEOL), which gives the exact stoichiometry of the ma-
terials. We have conducted Le Bail fitting to determine
the lattice parameters and crystal symmetry as shown in
Figure 1(b). Using the standard four-probe technique,
the electrical and magnetotransport measurements were
carried out in a 12 T physical property measurement sys-
tem (Quantum Design). Electrical contacts were made
using a thin platinum wire and conducting silver paste. A
sample rotator was used for the angle dependence of the

MR between 0° and 360°. ARPES measurements were
carried out at the ASPHERE III end-station at beamline
P04 of PETRA III, DESY. All the photoemission spec-
tra were recorded at 90 K using a photon energy of 260
eV. The total energy and angular resolutions were better
than 80 meV and 0.3°, respectively.

III. RESULTS AND DISCUSSIONS
A. Elemental analysis and Crystal structure

The elemental analysis was performed on flat sur-
faces cleaved in the air by EDS using two different
techniques: tungsten-scanning electron microscopy (W-
SEM) and EPMA. Multiple pieces from each batch were
checked, and no composition variation was observed from
the techniques. The measurements give a composition of
Mn (3.25): Sb (36.69): Te (60.06) for the MnSb;sTesg.
The elemental analyses by different measurements sug-
gest that MnSbi5Tejg crystals are grown in perfect sto-
ichiometry. The Mn concentration varies from 3 % to
3.25 % in the single crystals of MnSbiTejg. This could
happen because the Mn site might host the extra Sb and
create a little Mn vacancy. The crystallinity was exam-
ined using XRD measurements. The single crystal XRD
of MnSbi5Teqg is shown in Figure 1(a). Similar to the
previous members of the family, MnSbi,Teg is crystal-
lized in the R — 3m (No. 166) space group, identified
from phase matching by X’pert high score plus software
and also confirmed by the Le Bail fit as shown in Fig-
ure 1(b). The Le Bail fitting of powder XRD data for
MnSby,Teg, yielding a satisfactory fit with a x? value
of 1.3 and RF-factor of 2.6. The analysis indicates that
the crystal structure is trigonal with a space group of
R — 3m, grown in the c plane, similar to the other fam-
ily members. The lattice parameters are as follows: a =
b=43982 A, ¢ = 1429895 A, and o = 8 = 90°, and
v = 120°. These parameters are a solid foundation for
more advanced Rietveld refinement, allowing for further
fit optimization and deeper insights into the material’s
crystallographic properties.

From the EDS measurements with two different tech-
niques, and Le Bail fit, we can firmly consider this sample
as MnSbi2Teqg, the following member (n=6) of the fam-
ily MnSbs,, Tes,41.

B. Magnetic measurements

The temperature-dependent magnetic susceptibility
X(T) in the zero-field cooling (ZFC) and field-cooling
(FC) mode in the temperature range of 2 K to 300 K
at H = 100 Oe along the out-of-plane (H || ¢) direction
has been measured as shown in Figure 2(a). Along the
H || ¢, the x — T curve shows an FM transition at 7
= 18.7 K. The FM transition at 18.7 K is higher than



35
6\30-
O 25
204
154

10 ——7FC
51 ——FC

(a) H//c
/Tc=18.7 K =100 0e

18K
— H//c

— 14K

 (emu/mol.

0 T T T T T
0 50 100 150 200 250 300

T (K) ____—
14
(d) H//ab
—~ 121 T.=187K  H=1000e oK
8 _16
Sy _—
g 8- é;]z Fi//ab ——Fitting .
Nl =)
E 64 < 0" =204K —2K
E 4 = /
8 b 150 200
R 5] /
04 ~0.15 —0.10 —0.05 0.00 0.05 0.10 0.15

o

50 100 150 200 250 300

T (K) H (T)

FIG. 2. (a) The temperature dependence of susceptibility x at H = 100 Oe for H || ¢. (b) The isothermal magnetization
of MnSbi2Teig at various temperatures for H H ¢ axis. (c) The hysteresis loop of isothermal magnetizations at various
temperatures for H || ¢ axis. (d) The temperature dependence of susceptibility x at H = 100 Oe for H || ab. (e) The isothermal

magnetization at various temperatures for H || ab axis.

the other members of MnSby,, Tes,,+1 (n=1, 2, 3, 4) fam-
ily [14, 15, 17-19]. Thermal energy disrupts the aligned
magnetic moments at elevated temperatures, causing the
ferromagnetic properties to diminish beyond a specific
critical temperature. The x below 18.7 K for H || ¢ ex-
hibits a pronounced bifurcation, suggesting the formation
of FM domains.

We have performed the field-dependent magnetization
measurements at various temperatures to further investi-
gate the magnetic properties of MnSbysTe g single crys-
tals. Figure 2(b) displays the isothermal magnetization
with H || ¢ at different temperatures. The hysteresis
loops of isothermal magnetization demonstrate the fer-
romagnetic state as shown in Figure 2(c) at various tem-
peratures for H || ¢. The small hysteresis loop and large
field saturation of the magnetization indicate weak ferro-
magnetism in the sample similar to the previously studied
MHSbgTelg [18]

The in-plane susceptibility also shows an FM transition
at 18.7 K, as shown in Figure 2(d). The inset of Figure
2(d) shows the Curie-Weiss law fit of the reciprocal mag-
netic susceptibility (1/x) for H || ab between 100 K to 300
K measured with H = 100 Oe. The Weiss temperature
for MnSbyoTeyg is 62° = 20.4 K, near to the transition
temperature in the susceptibility curve for H || ¢. The
effective magnetic moment is pegr = 5.3 pp/Mn, which

is comparable to the magnetic moment of Mn*2. Figure
2(e) displays the isothermal magnetization with H || ab
at different temperatures. In MnSbqsTe g, the saturation
field for H || ¢ is slightly smaller than that for H || ab at
the same temperature, which indicates that the c-axis is
the magnetic easy axis for MnSbysTe;g, like the previous
study of the MnBigTe;3 and MnSbgTe3 [4, 18]. This also
indicates the magnetic anisotropy present in the sam-
ple, which occurs due to the strong spin-orbit coupling
in magnetic TIs. The magnetic moment at a very low
field is much less than the previous report of MnSbgTeq
[17] and MnSb,Te; [15]. The reduced magnetic moment
could be due to the Mn disorders and mixed location
of Mn and Sb atoms [19]. The positive Weiss tempera-
ture indicates the FM ground state of MnSbisTe;9 and
is consistent with the previous study of MnBigTe;3 and
Ml’legTelg [4, ].8]

C. Magnetotransport

The temperature dependence of longitudinal resistiv-
ity pzo at H =0T for I || ab plane is presented in Figure
3(a). Beyond 20 K, the resistivity p,. exhibits a nearly
linear behavior that decreases with decreasing tempera-
ture. However, a slight increase is observed below 20 K,
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FIG. 3. (a) The temperature-dependent transverse resistivity pz- at H = 0 T measured from 2 K to 300 K. The magnetic field
dependence of (b) TMR (H || ¢) and (¢) LMR (H || ab) of the MnSb;sTe1g crystal at different temperatures. (d) The magnetic
field-dependent Hall resistivity at different temperatures for H || ¢. The inset shows the linear fitting of Hall resistivity at 2 K.
(e) The magnetic field-dependent anomalous Hall resistivity at different temperatures for H || ¢. (f) Angle-dependent MR for

H|catT =2Kand H=12T.

likely due to enhanced scattering from spin fluctuations,
following a drop at 18.7 K, a common phenomenon in
low-dimensional magnetic materials. The parallel align-
ment of Mn moments eliminates spin-slip scattering [18],
thereby enhancing conductivity. The temperature depen-
dence of the longitudinal resistivity has a residual resis-
tance ratio p(300 K)/p(2 K) of around 3, which indicates
the possible presence of defects and disorders in the sam-
ple [18].

The magnetic field dependence of the transverse mag-
netoresistance (TMR) and longitudinal magnetoresis-
tance (LMR) of MnSbj>Teg at different temperatures
has been shown in Figures 3(b) and 3(c), respectively.
MR is calculated using the expression MR = (p,(H) —
P22(0))/ pze (0), where p.(H) and p,,(0) are the resis-
tivity in the presence and absence of the magnetic field,
respectively. To eliminate the Hall resistivity contribu-
tion in MR, all the MR data has been symmetrized using
the formula p:LiL(H) - [p11(+H) + Pmm(*H)]/z

In Figure 3(b), the negative TMR is the main feature
for all measured temperatures. The significant negative
TMR of about 5 % appears at 2 K for 9 T. Above 2 K,

it remains negative till 12 K. The negative TMR feature
can be understood in the framework of FM fluctuations
[17, 18]. After cooling, FM fluctuations become increas-
ingly stronger at low temperatures. As a result, the neg-
ative TMR arising from the FM fluctuations leads to a
progressively deeper TMR shape upon cooling. In Figure
3(c), the negative LMR is largest with ~3.6 % at 2 K for
9 T. However, it decreases gradually with the increase in
temperature and becomes ~1.8 % at 12 K for 9 T.

Figure 3(d) shows the measured data of experimen-
tal Hall resistivity. We have removed the MR contri-
bution using the formula py. = [py(H) — py=(—H)]/2.
The Hall resistivity data shows linear field dependence
at high temperatures. Below T., py.(H) deviates from
the linear dependence and shows a steep increase at low
fields, signifying an anomalous Hall response. In gen-
eral, the Hall resistivity in FM material has two parts:
Py = Pyz + P = RoH + R.M, where 0, and pf, are
the ordinary and anomalous Hall resistivity, respectively
[20, 21]. Ry is the ordinary Hall coefficient, and R, is
anomalous coefficient. The value of Ry and R, can be
estimated from the linear fit of p,.(H) at a high field



regime as shown in the inset of Figure 3(d), where the
slope and the y-axis intercept corresponds to the Ry and
R, respectively. The anomalous Hall resistivity has been
shown in Figure 3(e) for H || ¢. The positive and linear
behavior at the high field also indicates that the holes
are the majority carriers in the sample. The carrier den-
sity n and Hall mobility u have been estimated using the
relations n = 1/(eRy) and p = Ro/(pzz(H = 0)). The
estimated carrier density is of the order of 102° ¢m =3, and
the mobility is 27.10 em?V ~1S~! at 2 K, comparable to
the previous study of MnSbgTe;3 [18].

The anisotropic character of the charge conduction
mechanism linked to the electronic band structure can
be investigated by resistivity measurements along various
crystallographic orientations, but the size of the single
crystals can restrict these measurements. In this situa-
tion, analyzing the direction-dependent TMR by rotating
the magnetic field can provide some information on the
nature of charge conduction in the sample [22]. Figure
3(f) shows AMR measured at 2 K and 12 T as a func-
tion of . The magnetic field is maintained along the
rectangular crystal’s out-of-plane (c-axis) direction. The
rectangular crystal is slowly rotated about the magnetic
field direction from the in-plane (6 = 0°) to the out-of-
plane direction (f = 90°). The MR reaches the maxi-
mum when the field is perpendicular to the crystal plane
(0 ~ 0°) and the minimum when the field is along the
plane (0 ~ 90°) as seen from Figure 3(f). These results
probe the anisotropic nature of the charge conduction in
the MHSblgTelg.

D. Shubinikov-de-Haas oscillations

Figure 4(a) displays the SdH oscillations with magnetic
field dependence for MnSbi5Te 9 at 2 K where the mag-
netic field is applied perpendicular to the basal plane of
the crystal. Magnetoresistance curves are smoothed us-
ing a polynomial function to examine how the magnetic
field affects MnShiyTejg resistance [23]. The detailed
fluctuations are obtained by subtracting the actual sig-
nal’s smoothed background, shown in Figure 4(a). FFT
analysis of oscillations at 2 K shows that the frequency
314.65 T has the largest amplitude, as shown in the inset
of Figure 4(a). Onsager relation was used to calculate the
Fermi wave vectors for 2 K related to the prominent ob-
served frequency of 314.65 T. The estimated Fermi wave
vector Ky from the Onsager’s relation fsqg = (i)wa7

2me

is found to be ~ 0.09792A~1. The Fermi wave vector
corresponding to the parabolic maxima in the ARPES
plots of Figure 6(b) and 6(c) is ~ 0.12032A~!, near to
the Fermi wave vector Kr at 2 K. To investigate the
topological phase using the observed FFT frequency, i.e.,
whether they are trivial or non-trivial topological states,
we have fitted the B dependence of the AR,, with LK
factor as shown in Figure 4(b). The LK relation can be
written as [24-26],
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FIG. 4. (a) SdH oscillations with applied magnetic fields at
2 K and inset shows the FFT of the SdH oscillations at 2 K.
(b) The SAH fitting of the oscillations at 2 K.

fsam 1
(F=—-5+7
Where fsqn is the frequency of oscillations, B is the

applied magnetic field, y is the phase factor, T is Dingle

temperature, and o = 2”2% The fitting of the LK
factor yields the fsqm (313.72 T) frequency comparable
to the estimated from the FFT of the oscillations. The
value is related to the Berry phase as v = %‘f, where ¢p
is the Berry phase obtained by the carriers upon mov-
ing around the Dirac point. The calculated Berry phase
is ~ m, confirming the non-trivial nature of the Dirac
fermions of the topological surface states [27]. We have
also estimated the effective mass from equation 1 fitting,
which comes out 0.28m,., where m, is the free electron
mass. The related Fermi velocities, vp = hnfff ,at 2 K
is 4.05 x 10°ms~!. The fitting also provides the Dingle
temperature, which can be used to calculate the carrier
lifetime (7). The estimated Dingle temperature is 35 K
for the oscillations at 2 K. The calculated carrier lifetime
from Dingle temperature (Tp = ﬁ) is 3.47 x 10714
s for 2 K. The calculated mean free path lsqy = vpT
is 14.05 nm. The mobility psar (=:25) of the carri-

ers is 217.89 em?V ~1s!, which is one order higher than

AR, (B) x cos Yel=eTo/Bl (1)




SOO-D_Lll(;lgI)ezi_t Mt _apeaad®®

M 600 s
'g glz
3400- E 91 T=188K

A 5 6]
O 200 5 | |

0 L] L] ()I I20T(1I<)40 L]
0 50 100 150 200 250 300
T (K)
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(a) 24

ky (A1)

FIG. 6. (a) Isoenergy surface-map of the experimental
ARPES spectrum at the Fermi level with incident photon
energy, hv = 260 eV and temperature T = 90 K. (b-c) Experi-
mentally measured electronic band dispersion along K —T'— K,
and M —T — M high-symmetric directions as a function of the
binding energy, respectively. (d) A three-dimensional view of
the experimental valence band structure of MnSbi2Teig at 90
K.

the bulk carrier’s mobility. The estimated surface carrier

density at 2 K, ng (:%) is 7.63 x 102 em~2.

E. Heat capacity

The temperature dependence of the heat capacity (Cp)
at constant pressure is shown in Figure 5(a). The sig-
nature of the transition at T = 18.8 K is visible in

the temperature derivative of the heat capacity (see the
inset of Figure 5(a)). The Cp increases continuously
with the temperature and shows the saturation near
the room temperature. The saturation value (Cp =
796.28 Jmol~! K~1) is almost equal to the limit set by
the Dulong-Petit law (Cp = 3nR = 797.76 Jmol P K1,
where n is the number of atoms in the formula units, and
R is the universal gas constant).

F. Angle-resolved photoemission spectroscopy
study of bulk MnSb2Teig

We have investigated the valence band electronic struc-
ture of layered MnShbi5Te1g using soft x-ray ARPES ex-
periments. In Fig. 6(a), we observe the experimental
isoenergy surface map at the Fermi level, illustrating a
six-fold rotational symmetry within the k, — k, plane.
This measurement was conducted at a photon energy of
260 eV and a temperature of 90 K. A feature of the three-
dimensional valence bands close to the Fermi energy is
the hexagonal patterns on the Fermi surface that vary in
intensity throughout the k; —k, plane. Interestingly, the
Te-5p, orbitals, which are hole-like, are primarily respon-
sible for these hexagonal properties, while the electron-
like Sb-5p, orbitals contribute very little. Fig. 6(b-c)
demonstrate ARPES intensity plot along K — ' — K,
and M —TI' — M high-symmetric directions as a function
of the binding energy, respectively. The experimental
spectra closely resemble the bulk state continuum due to
high photon energy and do not provide information about
topological surface states near Fermi energy. These re-
sults revealed that MnSbi5Te1g is a p-doped topological
insulator, which explains the absence of band crossings
near the Fermi level at the I'-point consistent with the
previous study of MnSbgTeqs [18]. 3D plot of the ARPES
spectra has been depicted in Fig. 6(d) for better visual-
ization of the bands.

IV. SUMMARY

In summary, we studied the physical properties of
MnSby5Teqg single crystals with experimental measure-
ments, including magnetic susceptibility, heat capac-
ity, magnetoresistance, and the Hall effect, along with
ARPES analysis. The magnetic susceptibility measure-
ments showed the FM transition at 7. = 18.7 K for
the fields perpendicular to the crystallographic ¢ axis.
The small hysteresis loop and large field saturation of
the magnetization indicate weak ferromagnetism in the
sample. We report the SdH oscillations in topological
insulator MnSbi3Teg9. The SAH oscillations correspond
to two important transport signatures: first, it provides
evidence of the non-trivial nature of the bands with 7-
Berry phase, and second, the determined wave vector by
FFT analysis is closely related to our ARPES results of
the layered topological insulator MnSbysTeg. The heat



capacity data follows the Dulong-Petit law limit. The
electrical resistivity shows a change in the slope at the
FM transition temperature of 18.7 K. The negative TMR
strongly indicates the FM fluctuations along with the chi-
ral anomaly effect, which needs to be confirmed in further
studies. Hall resistivity data showed the AHE behavior
with the single-band character of the compound and hole
carrier domination, which is consistent with the ARPES
measurements.
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