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Magnetic transition element doping in topological insulators, which breaks the time-reversal symmetry, gives
rise to the diverse range of exotic consequences, though proper understanding of the magnetic order has rarely
been attempted by using any microscopic experiments. We report the occurrence of the magnetic order in
(Sbo.95Cro.05)2Tes using the muon spin relaxation studies. The asymmetry curve at low temperature (7') shows
an evidence of a damped oscillation, providing a clue about the internal magnetic field (Hj,), which follows
Hi (T) = Hiy (0)[1 — T /T¢]? with ordering temperature T &~ 6.1 K and critical exponent 8 A 0.22. The critical
exponent is close to the two-dimensional XY-type interaction. The magnetization curves at low 7' exhibit a
ferromagnetic behavior at low field (/) and the de Haas—van Alphen (dHvA) effect at high H. The analysis
of the dHVA oscillation proposes the charge carrier that acts like a massive Dirac fermion. The Berry phase,
as obtained from the Landau-level fan diagram, suggests a surface state gap at the Dirac point. The complex
electronic structure is discussed by correlating the magnetic order attributed to the Cr doping in Sb,Tes.
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I. INTRODUCTION

Magnetic topological insulator (TI) has recently attracted
special attention for tremendous potentials in the next gen-
eration of the spintronic applications having low-energy
consumption, dissipationless electronic devices, and quantum
information processing [1-5]. Integration of magnetic order
with the topological insulating state in a crystal leads to a
breaking of time-reversal symmetry (TRS), which has been
proposed to open a gap at the Dirac point of the topological
surface state [2]. By tuning the Fermi energy level between
the gap, a quantum Hall effect at zero magnetic field, i.e,
quantum anomalous Hall effect (QAHE), has been realized
in the magnetic TIs [3-6]. Thus, the TRS breaking in TI pro-
vokes huge fundamental interests for the exotic consequences,
like narrow-gap massive Dirac fermions [2], chiral Majorana
fermions [7], in addition to QAHE. The magnetic TIs have
been experimentally explored by doping the 3d transition
elements in the TIs [8—12], although exploring the nature of
magnetic order has been rarely attempted microscopically in
diluted TIs [10].

The binary Sb,Tes crystallizes in the tetradymite structure,
which has been observed for Bi,Tes [13]. The Sb,Te; drew
special attention, when this compound was identified as a
robust three-dimensional (3D) TI [14,15]. The antisite defects,
where the significant fractions of Sb and Te exchange their
lattice positions, are inherent to this compound, leading to
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a p-type electric conduction [16,17]. Recent studies of the
3d transition element doping in Sb,Tes proposed the QAHE,
although microscopic understanding is far from the proper
comprehension [6]. The combined studies of the density func-
tional theory and the complementary microscopic experiment
proposed that the dopants not only integrated the magnetic
order, but also significantly modified the electronic structures
depending upon the dopant 3d elements. The Fe doping has
been suggested to modify the band structure with the multiple
Fermi pockets, in contrast to the single frequency as detected
for pure Sb,Te; [18]. The antiferromagnetic (AFM) exchange
interaction has been suggested for Fe [19] and Co [20] doping
in Sb,Tes;. In contrast, the ferromagnetic (FM) order has been
suggested for the Mn [21,22] and V [23-27] doping in Sb, Tes.
The narrow-band-gap semiconducting properties have been
realized from the infrared spectroscopy due to V and Cr
doping in Sb,Tes; [28], suggesting a possible occurrence of
QAHE [29].

The Cr doping in Sb,Te; has been identified as one of
the most exciting consequences. The strain-driven band-gap
engineering, leading to QAHE, was suggested from the first-
principles calculations in Cr-doped Sb,Te; [30], which was,
in fact, realized in the films, grown by the molecular-beam
epitaxy [31]. The Cr doping tunes the defect-induced carrier
concentration in Sb,_,Cr,Tes films [32]. The ferromagnetic
order has been suggested for the Sb,_,Cr,Tes; films [33-35]
and crystals [36,37]. Intriguingly, the topological surface state
of Crpo5SbigsTes was found spin polarized in the surface
plane while the bulk exhibited a ferromagnetism with an out-
of-plane easy axis [38]. Thus, Cr doping in Sb,Te; provides a
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fertile ground for testing fundamental aspects of the electronic
and magnetic structure. Until now, the possible FM behavior
at low temperature has been proposed from the bulk mag-
netization study for Sb,_,Cr,Tes, although the nature of the
magnetic order has not been verified by using any microscopic
experiments.

In this paper we propose a magnetic order with an or-
dering temperature (T¢) of 6.1(4) K, as obtained from the
muon spin relaxation («SR) studies in (Sbg.95Crp.05)2Tes. The
internal magnetic field Hj,, follows as Hi, (T') = Hin (0)[1 —
T/Tc1? with Hyp (0) = 37.1(4) Oe and B ~ 0.22(1), which
is close to the theoretically calculated value (0.23) for the
two-dimensional (2D) XY model [39-41]. At low field (H),
the FM behavior is indicated by the nonlinear magnetization
curve for both the measurements along the ¢ axis and per-
pendicular to the ¢ axis. At higher H, an apparent signature
of the de Haas—van Alphen (dHvA) oscillations is evident at
low T. The Berry phase is determined from the Landau-level
fan diagram, which indicates the opening of a surface gap at
the Dirac point. Furthermore, the charge carriers resemble as
the massive Dirac fermions. The significant changes in the
electronic structure have been discussed due to the 5% Cr
doping in Sb,Tes.

II. EXPERIMENTAL DETAILS

Single crystal of (Sbg.95Sbg.05)2Tes was grown by the mod-
ified Bridgman method. The Sb granules (99.999%, Sigma
Aldrich), Cr powder (99.99%, Sigma Aldrich), and Te pow-
der (99.999%, Sigma Aldrich) were mixed homogeneously
in a stoichiometric ratio of 1.9:0.1:3. The mixture kept in
a quartz tube was sealed in a vacuum of ~107% torr. The
crystal growth involved the heating at 900 °C for 48 h, fol-
lowed by a slow cooling of 3°C/h down to 500°C. The
shiny silver colored single crystals were obtained with a max-
imum area of ~5 x 4 mm?. The grown crystals, cleaved from
the smooth and shiny surfaces, were used for the measure-
ments. The phase purity and crystal structure were checked
by the powder x-ray diffraction technique by using Cu-Ko
radiation in a PANalytical X’Pert PRO diffractometer. High-
resolution transmission electron microscopy (HRTEM) was
performed by using a JEOL TEM 2010. Energy dispersive
x-ray spectroscopy (EDS) measurement was performed in
a JEOL JSM-6010LA scanning electron microscope (SEM)
to confirm the composition and the homogeneity of the sin-
gle crystals. X-ray photoemission spectroscopy (XPS) was
recorded with a spectrometer of Omicron Nanotechnology.
The electrical transport measurements were carried out by
using a physical property measurement system (PPMS II,
Quantum Design) by using a standard four-probe technique.
The magnetic measurements were done in a Vibrating Sample
Magnetometer of a PPMS, Quantum Design.

The crystals were cleaved at room temperature in ultra-
high vacuum and angle-resolved photoemission spectroscopy
(ARPES) measurements were performed by using a com-
bination of SCIENTA-R4000WAL electron energy analyzer
with a 2D-CCD detector and a high-flux monochromatic
SPECS UVS 300 helium discharge lamp. All the photoe-
mission experiments were performed at 70 K by using a He
I (21.218 eV) resonance line to excite the photoelectrons

from the sample surface and at a base pressure lower than
10~° mbar. The energy and angular resolution were better than
30 meV and 0.2°, respectively. Zero binding energy (E — Er)
was by using a Fermi edge from a polycrystalline gold foil.

The 1SR studies were performed using the HIFI spectrom-
eter at the ISIS facility, Rutherford Appleton Laboratory, UK,
both in zero field. The small pieces of the crystals with thick-
ness larger than 1.5 mm were covered on the sample holder
of diameter ~50 mm. Thus, the crystallographic ¢ axis was
perpendicular to the sample holder and, therefore, the longi-
tudinal magnetic field was applied along the ¢ axis. The uSR
experiment involves implanting an ensemble of spin-polarized
positive muons into the sample that come to rest at interstitial
sites. Each muon precesses in the sum of the local magnetic
field from the local environment and decays into a positron
and two neutrinos, with a mean lifetime (z,) of 2.2 us. If
the internal field is homogeneously distributed, a coherent
precession of the muon spin is expected with w = y, H, where
H is the local magnetic field, y, (=27 x 13.55 MHz kOe™)
is the gyromagnetic ratio of the muon, and w is the precession
frequency of the muon spin. The positron is emitted preferen-
tially in the direction of the muon spin at the time of decay.
Therefore, the detection of the decay of positrons allows to
determine the time evolution of the muon spin polarization.
The asymmetry of the muon decay is calculated by A(f) =
[Ne(r) — aNg(1)]/[Np(t) + aNg(1)], where Np(t) and Ng(1)
are the number of counts of the detectors in the forward and
backward positions, and « is a constant, as determined from
the calibration measurements made in the normal state with
a small 20-Oe transverse applied magnetic field. The data are
analyzed using the MANTID software package [42].

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

The element mapping of the crystals is performed by using
SEM. The compositions are found quite uniformly through-
out the crystal with the ratio 1.90:0.10:3.08 for Sb:Cr:Te,
respectively, which are close to the desired composition. The
x-ray diffraction studies at 300 K are performed for both
the crystal and powdered samples. The crystals are crushed
into fine powder, which have been considered for the powder
diffraction studies. Figure 1(a) depicts the powder diffrac-
tion pattern at 300 K. The continuous curve demonstrates
the Rietveld refinement by using R3m space group with the
refined positional coordinates Sb/Cr (0, 0, 0.3989(5)), Tel
(0, 0,0.2100(5)), and Te2 (0,0,0). The refined lattice con-
stants are obtained as a = 4.2695(1) A and ¢ = 30.4825(9) A,
which is consistent with the previous reports [43,44], with the
reliability parameters Ry, (%) = 3.13, Reyp (%) = 2.52, and
x2 = 1.67. The vertical lines and the curve below the diffrac-
tion pattern show the diffraction peaks and the difference plot,
respectively, pointing towards a high purity of the sample
without any impurity phase. Figure 1(b) depicts the diffraction
pattern of the crystal with the planes parallel to the (003)
plane [44].

The HRTEM image of a portion of a particle is shown in
Fig. 1(c). The image confirms the undistorted plane, which
exists until the edge of the particle, as shown by an arrow.
The results indicate absence of the secondary phase, atom
clustering, or disorder in the crystal. An example of a more
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FIG. 1. (a) X-ray powder diffraction patterns (symbols) with Rietveld refinement (solid curves) of diffraction pattern and (b) diffraction
pattern of the single crystal along the planes parallel to the (003) at 300 K. TEM image of (c) a portion of a particle and the planes identified as
(015) in (d). The (e) SAD pattern with the assigned Miller indices. The core-level XPS of (f) Sb, (g) Cr, and (h) Te with the fitted continuous

curves and backgrounds.

clear picture of a plane is further highlighted in Fig. 1(d). The
spacing between the plane [d(o15)] is 3.20 A, which matches
the do15) value, as obtained from the x-ray diffraction studies.
Figure 1(e) shows the selected area electron diffraction (SAD)
pattern with the assigned Miller indices. The periodic pattern
of the spots in the SAD pattern implies the high quality of
the crystal. The XPS results are shown in Figs. 1(f)-1(h),
where the continuous curves show the fits. The 2p3/, and
2p1 /> components are obtained for the Cr and the 3ds/,, and
3ds > contributions are obtained for the Sb and Te. The XPS
is useful for determining the composition using ps./pp; =
(Ise/Sse)/(Igi/SBi). Here, p is the atomic density, I is the
integrated peak intensity, as obtained from the area under the
deconvoluted curve, and S the atomic sensitivity factor [45].
Considering the available values of Sc;, Ssp, and St from
literature [46], the values of pc;/pPsb, Ocr/Pres and Psb/Pre
are 0.0691, 0.0421, and 0.608, respectively. These values pro-
vide the ratio of Sb:Cr:Te, which is close to that observed as
1.88:0.13:3.09, respectively, as obtained from the SEM EDS.

The temperature (7') variations of resistivity are recorded in
zero field and magnetic field, H parallel (||) and perpendicular
(L) to the crystallographic ¢ axis. Thermal variations of the
resistivity (py,) for selected H, | to c¢ axis are shown in
Fig. 2(a), where the subscript “xx” points to the direction of
current and the measured voltage in the same direction. The
residual resistivity ratio, as obtained from the value of p,, at
2 and 300 K, primarily determines the quality of the crystal.
The ratio is ~9.5, which is reasonably large, suggesting a
good crystalline nature of the crystal [47,48]. The values of
P (T) increase with H. The percentage of magnetoresistance
(MR), defined as [0y (H) — 0xx(0)]/0x:(0)x 100, is recorded
with H. The || component of the MR-H curves is depicted
in Fig. 2(b) at selected T. The value of MR(%) at 2.3 K is

~178 for 90 kOe, which is comparable to the Sn doping [44].
It is, however, higher than the value of the pristine Sb,Tes
[43,47]. We note that the MR increases with increasing T
until ~20 K, above which it decreases with further increase
in T. The MR(%) at 20 K is ~210 for H = 90 kOe. The
semiclassical approach of the Kohler’s rule, defined as MR
o (H/po)? [49], has been tested for the different systems such
as, quasi-two-dimensional metal [50], graphite and bismuth
[51], Weyl semimetal [52], topological semimetals [53]. This
rule was also found to hold for the topological semimetals
having two types of carriers [54]. We test the Kohler’s rule
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FIG. 2. The (a) p,, with T at selected H, (b) MR(%) with H at
selected T', and (c) MR(%) with scaled H/ p, for different T, for the
|| component. (d) MR(%) with H at selected T for the L component.
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FIG. 3. (a) Hall resistivity p,, with H at selected T. (b) Example
of the global fitting of thermal variation of conductivities using
Egs. (1) and (2) at 2.4 K. The T variations of (c¢) n, and n,, and
(d) pe and .

using MR = a(H/po)™ with m = 1.3 and @ = 5.3 x1071°
(Qcm/kOe)'3, where py is the resistivity in zero field.
Figure 2(c) illustrates the satisfactory fit of the Kohler’s rule,
where all the plots collapse into a single curve below 20 K.
Figure 2(d) exhibits the L component of the MR-H curves at
two selected T'.

The resistivity is measured in the Hall geometry to probe
the carrier concentration and mobility. For the Hall geometry,
the py, is defined as p,, = (V,/I;)t, where t is the thickness
of the sample, and V, is the transverse voltage in the presence
of a magnetic field recorded along the | direction to the
direction of the current /. To avoid the resistivity contribution
from the small unavoidable mismatch in the Hall resistiv-
ity contacts, the p,,(H) is obtained considering p,.(H) =
[oyx(+H) + pyc(—H)]/2. The values of p,(H) are depicted
with H at selected T in Fig. 3(a). The nonlinear p,, — H
plots primarily indicate the dominant contributions from both
the electrons and holes [54,55]. The semiclassical two-band
model [56] has been used to determine electron (n,), hole
(n,) densities, electron (u.), and hole (i) mobilities from the
poyx — H curves at different T for different systems [54,55]
following

1 1
2 2
= —n, H 1
Oy ["h“h1+(uhH)2 ”“61+(,L2H)2}e M

and
|: 1 n 1 ] @
Oxxy = €| n 75 THeleT————F75 |
T G T G
with oy, = p; fﬂfx and o, = Pfffﬁfx' The global fittings of o,

and oy, are performed using Egs. (1) and (2), which is shown
in Fig. 3(b) by the continuous curve. As obtained from the
reasonable fit, the values of n, and n, with T are depicted
in Fig. 3(c). The values of n, and n, are ~2.1 x 10" and
~0.75 x 10" cm™3 at 2 K, respectively, pointing towards
a dominant hole carrier. Temperature variations of ., and
wy, are depicted in Fig. 3(d). The u, and p, are strongly
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FIG. 4. Magnetic hysteresis loop at selected temperatures for
the (a) || and (c) L components, showing the dHVA effects. The
oscillatory component (AM) with 1/H at selected T for the (b) || and
(d) L components. Inset depicts the amplitude of FFT component
with frequency (Fyuva ), showing a peak around 550 and 660 kOe for
the || and L component, respectively.

temperature dependent. The ., and w;, increase, showing a
broadened maximum in the range of ~20—45 K, above which
they decrease with increasing 7.

The magnetization curves are recorded at low temperature
for H || and L to the c axis, which are shown in Figs. 4(a) and
4(c), respectively. In both the || and L components, a clear
signature of oscillation is observed, suggesting towards the
de Haas—van Alphen (dHvA) effect [S7]. A strong magnetic
anisotropy is observed between the | and L components.
At low H, the nonlinearity of the magnetization curves is
observed. In the high-H regime, the diamagnetic component
starts to dominate associated with the oscillation in the mag-
netization curve for the || component, whereas it shows a
paramagneticlike linear dependence along with the oscillation
with the relatively smaller amplitude for the 1 component.
The results indicate that the dHvA is dominant in the high-H
regime and a nonlinear FM component is evident in the low
H. After subtracting a smooth background, the oscillatory
component exhibiting the maxima and minima in the AM
versus 1/H curves is shown in Figs. 4(b) and 4(d) for the || and
1 components, respectively. The amplitude of the oscillation
at 140 kOe decreases rapidly with increasing 7 and disappears
above ~25 and ~15 K for the || and L, respectively.

The Fast Fourier transform (FFT) of AM is depicted in
the insets of Figs. 4(b) and 4(d). The FFT analysis provides
a single temperature-independent frequency (Fygya) around
550 and 660 kOe for the || and L components, respectively.
The oscillation frequency correlates the extremal area of cross
section (Ar) of the Fermi surface (FS), which is given by
the Onsager relation Fygya = (fi/2me)Ap, with Ap = mwk}.
Thus, the differences in Fygya point to an anisotropic FS,
which is analogous to that observed for the parent Sb,Tes
[58]. The values of Ar and K are given in Table I for
both the || and L components. Temperature dependence
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TABLE I. Parameters of the Fermi surface, as obtained from the analysis of the dHVA oscillation.

Component Finva Ar Kr m* VF Tp g [ T
(kOe) (1073 A2 (107241 (mgp) (10° m/s) K (103 ecm?V~ls™ (nm) 1073 s

I 550 54 4.2 0.23 2.1 10.7 0.87 23.5 1.1

1 660 6.4 4.5 0.25 2.1 3.9 2.1 66.8 3.1

of the amplitude of the oscillations, following the standard
Lifshitz-Kosevich (LK) expression, can be expressed as Ry =
(2n2kgT/B)/ sinh(27*kpT / B), where B = eliH /m* [59,60].
Here, m* is the effective cyclotron mass. The values of m* are
determined as 0.23mg and 0.25my from the fit of the T depen-
dence of the oscillation amplitude, as depicted in Figs. 5(a)
and 5(b) for the || and L component, respectively. Here, my is
the rest mass of a free electron. The value of m* is significant,
which is found to be massive compared to the pristine Sb,Tes
[61-63] and nonmagnetic element doped Sb,Te; [64—66].
The H  dependence of oscillation amplitude
is  verified further using LK formula AM =
—HY2R, exp[—ankBm*TD/heH] at 2 K [59,60] which
are shown in Figs. 5(c) and 5(d) for both the | and L
component, respectively. Here, Tp is the Dingle temperature,
which is obtained to be 10.7 and 3.9 K, respectively. Thus,
the values of the quantum mobility u, = (efi/2mkgm*Tp),
the mean-free path (/), and lifetime 7 = ii/(2mwkpTp) of
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FIG. 5. Amplitude of the oscillatory component with temper-
ature (7)) for the (a) || and (b) L components. The plot of
In[AMH"? sinh(¢)], where ¢ = 2%kgm* Ty /lieH, with 1/H for the
(c) || and (d) L components. The continuous curves are LK fit in
(a)—(d). Landau-level fan diagram with the plot of n with 1/H for
the (e) || and (f) L components. (g) Schematic diagram of a gapped
surface state with the possible Fermi energy level. (h) Experimental
band structure along the MI'M symmetry direction at 70 K, as
obtained from ARPES. Topological surface state (TSS) is indicated
by an arrow.

the charge carriers are further estimated, which are given
in Table I. Although the 1| component is comparable, the
| component of w, is smaller than the classical Drude
mobility, as obtained from the Hall measurement. This
discrepancy may be attributed to the scattering, where the 1,
is sensitive to both the small- and large-angle scatterings. In
contrast, the Drude mobility is influenced by the large-angle
scattering [67]. The dHvVA oscillation is explained by the
Lifshitz-Onsager formula, considering the nth maxima to
occur with 1/H using, n+y = Q‘:—%)Z(AF/H), where y is
a phase and ¢o = h/e [60]. Thus, the plot n with 1/H is
linear following the Lifshitz-Onsagar formula. We calculate
the Berry phase (y) from the Landau-level fan diagram. The
value of y is crucial and it should be close to 0.5 for the
Dirac particles and zero for the normal fermions [68,69].
The Landau-level fan diagrams are plotted from the dHvA
oscillation, considering the maximum and minimum positions
as integers and half-integers, respectively, which are shown in
Figs. 5(e) and 5(f) for the || and L components, respectively.
The extrapolation of the plots at 1/H = 0 meet at a particular
point for both the components and provide the value of
y = 0=x0.01. Thus, the fan diagram confirms that the Cr
doping does not show the Dirac nature of the topological
surface carriers, as established for the pristine Sb, Tes. Rather,
a massive fermionic behavior with a parabolic nature of the
dispersion curve is suggested having a surface exchange gap
at the Dirac point. The possible nature of the gapped surface
state is proposed in Fig. 5(g).

The ARPES is a widely used and powerful experimental
technique capable of mapping the occupied valence band
structure of crystalline solid surfaces with high energy and
wave-vector (k) resolution [70]. The valence band structure,
as addressed by the ARPES, is depicted in Fig. 5(h). The
topological surface state (TSS) is evident near the Fermi en-
ergy, as indicated by an arrow in the figure. Here, the band
crosses the Fermi energy with the Dirac point located above
it, in agreement with the reports for the pristine Sb,Tes [71]
as well as in the Cr-doped Sb,Te; [72]. The result indicates
that the Cr doping still keeps the material surface intrinsically
p type. Here, the direct spectroscopic signature of the TRS
breaking, attributed to the Cr magnetic moment, at the Dirac
point is inaccessible from the ARPES study. At higher bind-
ing energy, an intense “M”-shaped band is visible which has
been identified as a surface state in Sb,Te; with Rashba spin
splitting [73].

In order to understand possible magnetic order microscop-
ically, we perform uSR measurements in zero field at low
temperature. The zero-field (ZF) uSR measurements are car-
ried out at different temperatures in the range of 2-40 K. The
ZF asymmetry data at selected temperatures for 7 < 10 K
are depicted in Fig. 6(a). At 2 K, a signature of a heavily
damped oscillation, attributed to a magnetic order, is observed
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FIG. 6. Muon asymmetry data A(t) with time (¢) at selected tem-
perature (T') in therange of (a) 2 < T < 10K, (c) 12.5K, (d) 37.5 K.
Inset of (a) amplifies the damped oscillation component further in
the low-# region. (b) The internal magnetic field (H,) with 7. The
continuous curves show the fit. (e) Spin-lattice relaxation rate ()
with T'. (f) The log-log plot of A versus (T'/T¢ — 1). Straight line
shows the fit, as described in the text.

below 1.5 us in A(¢), which is further amplified in the inset
of the figure. The oscillatory component rapidly decreases
with increasing T and nearly vanishes close to 7 K. In case
of heavily damped oscillation the muon asymmetry data have
been modeled using the Kubo-Toyabe function, which is con-
sistent with the static moment associated with the disordered
electronic moments [74]. We note that the fit is not satisfactory
with the Kubo-Toyabe function. The asymmetry A(#) curve is
further fitted with the following equation:

A(t) = Apase + A COS(V/LI{intt + @) exp(—Aqt)
+ A exp(—Aat), 3)

where Hi, is the internal magnetic field corresponding to
the magnetic order, ¢ is a phase factor, while A’s are the
spin-lattice relaxation rates. Here, the base line, represented
by Apase, 1s found significantly high, which is attributed to
the mounting of the crystals. The crystals with different size,
shape, and thickness were mounted on the sample holder.
Therefore, it would have been difficult to fix up the exper-
imental condition, so that, all the muons would stop within
the sample. The second and third terms in Eq. (3) express the
muon spin precession and exponentially depolarized compo-

nents with the initial asymmetries of A; and A, respectively.
The second term is applied, when the muon spin precession
exists. The satisfactory fit of the low-f muon decay at 2 K
is shown in the inset of Fig. 6(a). The other fitted param-
eters are Apge = 0.163(6), A; = 0.061(8), A; = 0.067(4),
A1 = 0.46(0) (us)~!, Ay = 0.294(0) (us)~!, ¢ = 1.14, and
x2 ~ 1.092. The values of Hi,(T), as obtained from the fit at
low temperature, are shown in Fig. 6(b). With increasing T,
the Hi, decreases following Hiy(T) = Hip (0)[1 — T/T¢1P,
where Hi(0) is the extrapolated internal magnetic field at
0 K, T¢ is the magnetic ordering temperature, and 8 is a
critical exponent [74—76]. The continuous curves in Fig. 6(b)
provide the satisfactory fit with H;,(0) = 37.1(4) Oe, which
are nearly one order of magnitude lower than the value for
the insulating pyrochlore iridates [75] and spin-glasses [76].
However, the current value is nearly one order magnitude
higher than the quasi-one-dimensional heavy-fermion system
[74], as obtained from the SR studies. Here, the value of 8 is
close to that calculated value (0.23), reported for the 2D XY
interaction [39,40].

Figures 6(c) and 6(d) exhibit the asymmetry curves above
the magnetic order at 12.5 and 37.5 K, which are fitted to the
first and last terms in Eq. (3), as shown by the continuous
curves in the figures. The values of A are depicted with T in
Fig. 6(e). With decreasing T the A(T) exhibits a nearly T'-
independent behavior until ~22 K. The T -independent A(T)
is often observed in a system with the localized moments,
when the thermal fluctuation energy dominates over the ex-
change energy between the spins. Below ~22 K, the A(T")
starts to increase slowly and a sharp increase of A(T') is ob-
served with a further decrease in temperature, which appears
due to the critical slowing down of the fluctuating moments
while temperature approaches the magnetic order [77]. The
slowing down of the critical fluctuations link to the divergence
of spin-spin correlation as A(T') o [T /T — 1]7“, where wis a
dynamic exponent [78,79]. The linear log-log plot of A against
[T /Tc — 1] is depicted in Fig. 6(f). The slope of the linear fit,
using Te = 6.1 K, provides w = 0.30(6), proposing XY-type
interaction [79].

A recent paper proposed that the nature of magnetic or-
der was strongly influenced by the crystal structure and the
surface electrons in case of magnetic-doped TI [5]. The first-
principles calculations on the series of 3d transition metal
(TM) dopants in Bi,Tes, BiySes, and Sb,Te; have been pro-
posed that the structural difference associated with the role
of surface electrons was found crucial for determining the
magnetic structure [80]. Because of the low doping of TM
in these series of chalcogenides, nature of the magnetic order
has been rarely tested using any microscopic experiments.
The spin dynamics and nature of magnetic interaction due to
Mn doping in Bi,Tes; has been investigated using electron-
spin resonance (ESR) technique, proposing a possible 2D
character of the magnetic exchange interaction between the
Mn dopants [81]. The 2D magnetic order was recently con-
firmed in (BipgsMngs),Te; using the neutron scattering
techniques, where layered R3m structure has been correlated
for the 2D magnetic order [10]. Analogous to that proposed in
Bi, Te; and Sb,Tes having R3m structure, the Sb(Cr) atoms in
(Sbg.95Cro.05)2Tes occupy in a layered structure stacked along
the ¢ axis. We note that the intralayer nearest-neighboring
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distance is 4.27 A at 300 K, as obtained from our refined
x-ray diffraction results. The distance between the quintuple
layer is 6.16, whereas the distance within the quintuple layer
is 4.70 A along the ¢ axis. Anticipating the same structure
at low temperature, as suggested for the parent compound
[82], the large interquintuple layer distance along the ¢ axis
may correlate the 2D character of the magnetic interaction. In
the current investigation, trapping muon sites is very crucial,
which leads to the character of the magnetic interactions.

The TIs have been originally proposed as the time-reversal
invariant systems, where the onset of a spontaneous magneti-
zation leads to the broken time-reversal symmetry and creates
an exchange gap at the Dirac point [2,4]. In such magnetic
TIs, tuning of the Fermi level in the exchange gap is one of
the key parameters, which gives rise to an emergence of the
quantum Hall effect at zero magnetic field. Magnetic doping
turns out to be an efficient approach to break the TRS in
3D TIs to date. The current studies on the magnetic-doped
TIs are still in a fledgling stage. Importantly, the nominal
doping in TIs show a diversity in the electronic states, mag-
netic transition temperatures, anisotropies, and nature of the
magnetic order even for the identical doping [2,4]. Thus,
microscopic characterization of the magnetic properties of
the doped materials needs to be carried out together with the
comprehensive studies of the electronic states for the doped
materials. In the current investigation, the heavily damped
oscillations observed in the asymmetry curve below T¢ further
propose that the signal arises from the small magnetic phases,
where the rest of the sample are magnetically disordered.
However, these small magnetic phases are exchange coupled
to account for a reasonable value of 7. We note that this small
static moment, attributed to the bulk 5% Cr doping in Sb,Tes,
significantly influences the conducting surface electrons. The
semimetallic conductivity of the dominant surface electrons
associated with the improved magnetoresistance compared to
the pristine compound is observed involving the reasonable
Cr doping. The magnetization results clearly demonstrate the
dHvA effect, which has been attributed to the surface effect.
The Berry phase calculation, as estimated from the Landau-

level fan diagram, proposes a gap at the Dirac point. The
analysis of the uSR results suggests that a weak internal of
~35 Qe close to 2 K is adequate for opening an exchange gap
at the Dirac point. The analysis of the dHVA oscillation further
designates that the effective mass significantly enhances com-
pared to the pristine Sb,Tes, pointing that the charge carriers
behave like a massive fermion. In the current observation, the
Fermi level is proposed to be close to the top of the valence
band, as indicated by an ARPES study. Tuning of the Fermi
level within the exchange gap has been recognized as one of
the promising studies in case of magnetic TIs, which might be
involved with the possible occurrence of QAHE. The electron
doping in (Sby.95Crg 05)>Tes may influence the shifting of the
Fermi level towards the direction of the exchange gap, which
has been considered as our future extended work.

In conclusion, the 5% Cr doping in Sb,Te; integrates a
magnetic order, which significantly influences the electronic
structure at the surface. The uSR studies confirm a magnetic
order with a T¢ of ~6.1 K. The heavily damped oscillations
in the muon signal below T suggest the small static moments
associated with the magnetically disordered background. The
critical exponents indicate a 2D XY-type magnetic interaction.
The magnetization curves exhibit the dHvA effect. Analysis
of the dHvA effect infers that the charge carrier behaves like a
massive fermion. The Berry phase suggests a possible opening
of the surface state gap at the Dirac point.
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