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Topological insulators are emerging materials with insulating bulk and symmetry protected nontrivial surface
states. One of the most fascinating transport behaviors in a topological insulator is the quantized anomalous Hall
insulator, which has been observed in magnetic-topological-insulator-based devices. In this work, we report a
successful doping of rare earth element Tb into Bi; gsSbgoTe,S topological insulator single crystals, in which
the Tb moments are antiferromagnetically ordered below ~10 K. Benefiting from the in-bulk-gap Fermi level,
transport behavior dominant by the topological surface states is observed below ~150 K. At low temperatures,
strong Shubnikov—de Haas oscillations are observed, which exhibit 2D-like behavior. The topological insulator
with long range magnetic ordering in rare earth doped Bi; gsSbg¢Te,S single crystal provides an ideal platform

for quantum transport studies and potential applications.

DOLI: 10.1103/PhysRevB.107.125125

I. INTRODUCTION

The concept of topological classification in condensed
matter physics has led to the discovery of various exotic
topological materials with nontrivial electronic band structure.
Among these topological materials, the topological insulator
(TD), which has gapped bulk states and gapless boundary
states, has attracted research interest on its band structure,
electronic transport, and magnetic and optical properties. The
most known TIs in three-dimensional (3D) form are the
Bi,Se; family of compounds (Sb,Tes, BiySes, BiyTes, and
their alloys), predicted [1] and verified [2] in 2009, which
have a single Dirac-cone shape topological surface state (TSS)
in their bulk gap. The TSS in these compounds is protected
by the bulk symmetry, and therefore is robust against non-
magnetic bulk defects. Therefore, the 3D TI crystals are an
ideal platform to study the Dirac fermion related physics,
e.g., the nontrivial Berry phase [2-5], leading to the half
integer quantum Hall effect [6], Majorana zero modes [7,8],
and quantum anomalous Hall (QAH) insulating states [9,10].
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These phenomena are the foundation to support non-Abelian
statistics for quantum computing, as well as dissipationless
edge modes for low-energy and high-efficiency electronics.
Since the quantum transport behavior is related to the
linear-dispersed TSS, it is very important to tune the Fermi
level into bulk gap, to reduce the nonrelativistic bulk car-
rier density. The BiySes; family of compounds shares the
same tetradymite crystal structure, which belongs to the
R3m space group, with quintuple (Se/Te-Sb/Bi-Se/Te-Sb/Bi-
Se/Te) layers stacked along the ¢ axis via the van der
Waals interaction. As a result, the defect engineering strat-
egy (alloying p-type Sb,Tes; with n-type BiySe; or BiyTes)
was popular, which leads to good bulk-insulating TI candi-
dates like Bir_xSbyTe;_ySey [11,12]. In 2016, an alternative
bulk-insulating TI compound, Sn doped Bi; ;Sbg¢Te,S, with
excellent properties was reported [13], in which the sulfur
atoms occupy the middle of quintuple layers, and successfully
reduced the Bi-Te antisite defect density. The bulk-insulating
TIs benefit electronic transport studies significantly, in which
the quantum Hall effect of 2D Dirac TSSs was observed with-
out any leakage through bulk channels [6,14,15]. Moreover, it
is reported that magnetic dopants will open a gap at the Dirac
point on the gapless TSSs, which is the key of realizing QAH
effect in a 3D TI [16]. Motivated by this, ferromagnetism was
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introduced into the TI system, either by magnetically doped
TI compound, or by constructing TI/ferromagnet heterostruc-
tures [17,18]. In the magnetic doped TIs, the angle-resolved
photoemission spectroscopy (ARPES) experiments show the
gap opening at Dirac point, which further verifies the QAH
insulating states [19,20]. Recently, the QAH effect was also
reported in intrinsic antiferromagnetic TI MnBi,Te, based de-
vices, in which the odd-layer thin flakes show ferromagnetism
due to the interlayer antiferromagnetic coupling [21].

Although the crystal growth studies of either a bulk-
insulating TI, or a magnetically doped TI are very popular
in the literature, studies of the successful magnetic doping
of a bulk-insulating TI are rare. A good example is the
Fe-doped BiSbTe,Se, in which the scanning tunneling mi-
croscopy and spectroscopy measurements revealed the TSS
with a ~12 meV gap opened at the Dirac point [22]. On
the other hand, rare earth elements possess larger magnetic
moments, which could open a larger band gap on the TSS,
and potentially increase the survival temperature of QAH
insulating states; e.g., in Dy doped Bi,Te; thin films the
Dirac gap is ~85 meV at room temperature [23]. Here we
report the growth of a rare earth Tb doped bulk-insulating TI
Bi; 1SbgoTe,S (TbBSTS) single crystal by modified Bridge-
man method. The Tb dopants are uniformly distributed in the
single crystal and antiferromagnetically ordered at ~10 K.
With Tb dopants, the single crystal still shows bulk-insulating
TI behavior, which has an insulator-to-metal transition upon
cooling, illustrating the TSSs’ dominance at low temperatures.
The Shubnikov—de Haas oscillations with nontrivial Berry
phase are observed at low temperatures, which shows 2D be-
havior in angular dependent measurements. All the evidence
demonstrates that TbBSTS is an excellent bulk-insulating TI
with antiferromagnetic ordering, which will be an ideal plat-
form for TI-based device designs.

II. EXPERIMENT

The single crystals of TbBSTS were grown using a
slow-cooling method [4,24]. Briefly, (1) the high impurity
powders of Tb, Bi, Sb, Te, and S in a stoichiometric ratio
(Tbg 2Bi; 0gSbg o Te,S) are sealed in a silica tube under vac-
uum; (2) the mixture was heated to 1100° C, then cooled to
500° C with 2°C/h speed; (3) large pieces of single crys-
tal (5 x 5 x 1 mm?) were obtained in the ingot, in which
one piece with a shiny surface is employed in the magnetic
and transport study. The orientation of the single crystal is
verified by x-ray diffraction (XRD) patterns which were mea-
sured using a Rigaku SmartLab X-ray diffractometer. The
chemical compositions and element mapping were measured
using an energy dispersive x-ray spectrometer (EDS, Oxford
Aztec X-Max80) installed on a Zeiss Supra 55 scanning elec-
tron microscope. Electronic transport and magnetic properties
were measured using a physical property measurement system
(PPMS, DynaCool-14, Quantum Design).

III. RESULTS AND DISCUSSION

After single crystal growth, shiny single crystal flakes with
large in-plane size can be exfoliated from the ingot. With 1/3
S doped at the Te site, the S prefers the center of the quin-

tuple layer [25] [as shown in Fig. 1(a)], which significantly
reduces the Te-Bi antisite defects [13]. The sharp comblike
XRD patterns of (00/) peaks are obtained from the XRD
experiments. The XRD w scan around the (0018) peak yields
a rocking curve with a full width at half maximum (FWHM)
value of ~0.01°. The EDS mapping of different elements was
conducted on a fresh-cleaved single crystal surface. Over a
sufficiently large area, both major elements and Tb dopants
show a uniform distribution without segregation. Moreover,
the EDS shows the Tb doping level ~0.3%, which is slightly
lower than the nominal doping level. Due to the low doping
concentration, it is very important to further confirm the phase
purity before further transport study. As shown in Supplemen-
tal Material [26] Figs. S1 and S2, the x-ray diffraction of fine
powder ground from multiple high quality crystal pieces, and
the zoom-in energy-dispersive spectra suggest that the Tb are
probably doped into crystal lattice. The Bi; ; Sby ¢ Te, S related
compound show an excellent bulk-insulating TI property, e.g.,
the transport band gap obtained from thermal activation fit-
ting is 0.1-0.3 eV [4,13], and sharp surface bands with a
clear Dirac point are observed in ARPES [13]. Therefore,
the transition from insulating-to-metallic behavior can be ob-
served in the temperature dependent resistivity curve upon
cooling, due to the gapless TSS being more pronounced at low
temperatures. As shown in Fig. 1(e), the resistivity increases
exponentially with cooling, and it reaches a maximum value
(13.12cm) at ~100 K. The exponentially increasing part
at high temperatures can be fitted with Arrhenius equation
Inp(T) =Inpy + E;/2kgT, in which the py is residual re-
sistance at 0 K, E, is the band gap, kg is the Boltzmann’s
constant, and T is the temperature, shown in Fig. 1(f). The ob-
tained bulk band gap in transport measurements is ~236 meV.
Upon further cooling, the resistivity decreases (to ~10.7€2 cm
at 2 K), which implies the dominance of a gapless TSS.

To explore the magnetic ordering of the Tb dopants in the
TI crystal, temperature dependent magnetization was mea-
sured via a vibrating sample magnetometer (VSM) equipped
on a PPMS, as shown in Fig. 1(g). During the measurements,
the magnetization data were taken in the heating process with
a small magnetic field (0.02 T) applied along the ¢ axis in
both zero-field-cooling (ZFC; no fields applied during cool-
ing) and field-cooling (FC; a 0.02 T field was also applied
during cooling from room temperature) mode. With cooling,
the magnetic susceptibility increases exponentially first, and
reaches a maximum value at ~10 K. then decreases. The
temperature dependent magnetic susceptibility x(7') shows

a clear antiferromagnetic feature with a Neel temperature
Tn~10 K, which is a result of the Tb doping. The anti-
ferromagnetic ordering was also reported in Ho, Gd doped
TI crystals, or thin films [27-29]. Note that the ZFC curve
and FC curve coincide with each other, which demonstrates
no ferromagnetic coupling between Tb dopants, nor ferro-
magnetic impurities in the obtained single crystals. The high
temperature x (7) curve follows the Curie-Weiss law, x =
C/(T +6,), in which the C is the Curie constant, and 6, is
the Weiss constant. The fitting of the x (7") data is shown in
Fig. 1(h), and the magnetic moment (converted to each Tb
using the nominated ratio) calculated from the Curie constant
is wtp ~ 7.8 up, employing C = (NAMZTb)/3kB, and N, is the
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FIG. 1. The physical properties of TbBSTS single crystal sample. (a) The schematics of the crystal structure, in which the terbium’s
substitution of Bi/Sb site is assumed. (b) The XRD patterns of (00/). The x-ray rocking curve of (0018) peak is shown in (c). (d) The
EDS element maps were taken on a fresh-cleaved smooth area and demonstrate the uniform distribution of all elements. The temperature
dependence of resistivity (e) and magnetic susceptibility (g) are plotted as a function of temperature. To emphasize the low-temperature
feature, the logarithm scale is employed here. (f) The thermal activation fitting of the insulating part of (e). (h) The Curie-Weiss fitting of the
paramagnetic part of (g). (i) The M (H ) curves at different temperatures from 2 to 50 K.

Avogadro number. Further, the magnetization vs magnetic
field [M(H)] measurement is also conducted in the 2-50 K
range, with applied magnetic fields up to 14 T. At 2 K, the
magnetization increases with applied field linearly below 2 T,
which is the typical response of an antiferromagnetic material.
However, in the 2-3 T region, the system shows a spin-
flop-like transition, after which the magnetization increases
with magnetic field faster than the low-field region. Above
10 T, the magnetization shows a sign of saturation, with the
magnetization values reaching ~8 g /Tb. The spin-flop tran-
sition occurs when magnetic field is applied parallel to the
antiferromagnetic axis (which is the hard axis), and above the
transition field; the antiferromagnetic axis rotates to perpen-
dicular to the field (easy axis). Therefore, we deduce that the
Tb moments are aligned along the ¢ axis of the TI crystals,
which is sketched in Fig. 1(a). The similar M (H) curve can
be observed at 5 K, which agrees with the plateaulike x (7)
behavior below ~5 K in Fig. 1(g). At 7.5 K, the spin-flop-like
transition was suppressed, which suggests the antiferromag-
netic coupling is relatively soft at this temperature, which is in
the x fast-decreasing region below Ty. Near Ty, the spin-flop
transition disappears, and the M(H) curve shows easy-axis
behavior. Above Ty, the sample shows linear a M (H) curve,
as expected in the paramagnetic phase. It is worth mentioning
that a similar M (H) behavior antiferromagnetic phase can

be found with terbium antimonide crystals. In Supplemental
Material [26] (see also Refs. [30] and [31] therein) Fig. S4,
a dM/dB plot of the M(H) curve at 2 K demonstrates the
difference between TbBSTS and Tb antimonide. Even with
several positive evidences, the accurate Tb position in BSTS
lattice remains a mystery, which is essentially important to the
magnetic and electronic structure of the TbBSTS crystals.
The magnetotransport measurements of the TbBSTS crys-
tal are important to understand the electronic band structure
of this antiferromagnetic TI material, shown in Fig. 2. In
Fig. 2(a), the magnetoresistance (MR = %70‘;(0) x 100%) at
different temperatures are stacked with constants as offset,
to better demonstrate the details of each curve. At 2 K, the
MR increases with applied fields first, then shows significant
oscillation behavior above 2 T. The oscillations are denoted
as Shubnikov—de Haas (SdH) oscillations, which describes
the Landau quantization effect of the Fermi surface [32].
To obtain oscillation patterns, the negative second derivative
curves were calculated to remove the background and plotted
in Fig. 2(b) [— cos”(x) = cos(x)]. The SdH oscillation ampli-
tude damps with heating, and is still observable at ~50 K,
which is similar to the report in similar compounds [4]. With
further heating, the quantum oscillation vanishes. Below 75
K, the background MR (without oscillation patterns) increases
with magnetic field monotonically. In the low-field region,
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FIG. 2. The magnetotransport results of TbBSTS crystal sample. (a) The temperature dependent magnetoresistance curves are plotted in
stacking mode with constants bias between different curves. (b) The SdH oscillation patterns obtained from (a) are plotted with 1/B, the FFT
patterns are shown in (c). The inset of (c) shows the Landau index fitting of oscillation patterns at 2 K. (d) The Hall effect is also measured at
different temperatures. At ~150 K, the Hall curve shows clear two-carrier sign, which is fitted using multicarrier model and shown in (e). The
carrier’s concentration and mobility of electron and holes are plotted in (f) and (g), respectively.

the MR increases rapidly with applied field, showing a cusp
shape curve near 0 T, which is due to the weak antilocaliza-
tion behavior in TI materials [33,34]. Above ~1 T, the MR
increases linearly with magnetic field, which is possibly due
to the mobility fluctuation [35,36] induced by the defects.
Above ~7 T, the MR show further linear increase beyond the
last oscillation peak, consistent with the quantum linear MR
model [37]. Based on the temperature dependent resistivity
(RT) curve in Fig. 1(e), the TSS dominates the transport be-
havior below 100 K, where the SdH oscillations and linearlike
MR are observed. At 100 K and above, the bulk conducting
channels are more pronounced, which provide the negative
MR due to paramagnetic Tb impurities.

Since the TSS’s contribution to transport property de-
creases with heating, one may expect the competition of
dominance at a certain temperature in both MR and the Hall
effect. The Hall effect curves at different temperatures are
shown in Fig. 2(d), in which the curves nearly coincide with
each other at and below 50 K, and evolve with heating signifi-

cantly above 100 K. It is worth revisiting the band structure of
the Bij 1 SbpgTe,S crystal, which possesses a bulk band gap
of ~0.34 eV, and a Dirac point of the TSS located 0.12 eV
above the valence bands [13]. Due to the RT fitting in Fig. 1(f),
the thermal activation energy E, ~ Ey/2 ~ 0.12eV, which
means the Ey is in the bulk band gap, and located ~0.12 eV
away from bulk bands. In Fig. 2(d), the low temperature Hall
curve shows an electron-dominant shape, and an “S” shape,
indicating the multiband contribution, at 150 K. The multi-
band fitting model can be written as

B (nnpj, = nept) + (ny = ne)pz B2
e (nppn — nepe)® + (ny — ne)*u2puB?’

Pxy = ey

where e is the elemental charge, and ny, n., @y, (. are the
density and mobility of hole carriers and electron carriers,
respectively. The fitting curve is shown in Fig. 2(e), from
which the ny, n, are 1.28 x 10'® and 0.69 x 10" cm~—3; w,,,
e are 1.1 x 10% and 29 cm?/V's. The same fitting model is
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FIG. 3. The rotation angle measurements of MR curves at 2 K. (a) The MR curves are plotted in stacking mode with constant offset values
among different rotation angles, in which the inset sketch shows the geometry of rotation angle. (b) The background-subtracted oscillation
patterns. (c) The FFT spectra of oscillation patterns in (b). (d) A summary of the obtained FFT frequencies from (c). Note that the F, is plotted

in five times larger value, to demonstrate the details.

employed to calculate the carrier density and Hall mobility
at all temperatures, which are shown in Figs. 1(f) and 1(g).
Since the TbBSTS shows electron dominant behavior at low
temperatures, and hole dominant behavior near room temper-
ature, the Fermi level is thus deduced to be ~0.12 eV above
the bulk valence bands.

The SdH patterns shown in Fig. 2(b) are plotted in two
separated parts, to emphasize the high-field patterns (left part
on the 1/B axis). The multifrequency SdH oscillations imply
multiple Fermi pockets in the measured specimen, which in-
dicates the Dirac cone is offset in the top and bottom surface
TSSs in a bulk-insulating 3D TI [14,38]. The Landau quan-
tization modulates the conductivity (oxx) in magnetic fields,
which shows a peak when the Fermi level is located in the
Landau levels. Further, one may learn the fermiology from
the SdH oscillations using the using Lifshitz-Kosevich (LK)
formula, with the Berry phase being considered:

Ap _ 5(B I/ZRRR w(Eiy—s)] @
p(O)_Z oF TRKpKg COS | 27T B Y )

where Ry=aTm*/Bsinh(aTm*/B), Rp=exp(—alpm*/B),
and Ry = cos(agm*/2). Here, m* is the ratio of effective cy-
clotron mass to the free electron mass m,; g is the g factor; Tp
is the Dingle temperature; and o = 27 2kgm,) /he, where kg
is the Boltzmann constant, 7 is the reduced Planck constant,
and e is the elementary charge. The frequency of oscillation

patterns in Fig. 2(b) can be obtained from their fast Fourier
transform (FFT) spectra, as shown in Fig. 2(c): F, = 5T,
Fg = 44.4 T. According to the Onsager-Lifshitz equation, the
frequency of quantum oscillations F = (gy/2m2)Ar, where
Apr is the extremal cross-sectional area of the Fermi surface
perpendicular to the magnetic field, and ¢y is the magnetic
flux quantum. Therefore, the cross-section areas A related
to the two Fermi pockets are 4.8 x 10™* and 4.2 x 107> A2,
respectively. Using Ap = k2, the Fermi wave vectors kr are
0.012 and 0.037 A~! for F, and Fg, respectively. In Figs. 2(b)
and 2(c), one can see that the SdH oscillation patterns are
shifting with temperature change, e.g., the patterns are identi-
cal in the 2—-10-K region, however they shift to low frequency
at 25 K and higher temperatures. The frequency redshifting
means the Fermi pockets are shrinking with heating above 10
K, which is possibly related to the magnetic ordering of the
Tb dopants. Another interesting piece of information one can
obtain from the SdH oscillations is the Berry phase, which is
the phase shift in the cosine term of the LK formula. The phase
factor is y — §, in which § = 0 for 2D Fermi pockets, and
+1/8 for 3D Fermi pockets, y = 1/2 — ®g/27, where ®p is
the Berry phase. In the TbBSTS system, the Berry phase of
SdH oscillations can be obtained by extrapolating the Landau
level (LL) index # to the extreme field limit (1/B — 0) in the
Landau fan diagram, as shown in the Inset of Fig. 2(c). Our
resistivity measurements show that p,, < px, in the crystals,
which means that oy is in phase with p,,; we assigned the
maximum of the oscillations as half integer Landau index,

125125-5



LEI GUO et al.

PHYSICAL REVIEW B 107, 125125 (2023)

the minimum of the oscillations as integer Landau index,
respectively, and linearly fitted the data. In this case, the 1/2
phase shift in y has been considered in the Landau indices
assignment, which means that with = Berry phase, the inter-
cept is 0.5. The LL index fittings show 0.32 £ 0.21 for F,
and 0.41 £ 0.18 for Fg, which relates to 0.64 £0.42 7 and
0.82 £ 0.36 Berry phase for each pocket. The Berry phase in a
massive Dirac fermion system can be tuned continuously from
7 to 0 with Fermi surface shifting from far away to into the
massive gap [20]. The off-7 Berry phase values may indicate
the massive Dirac fermion model, however, due to the large
error bar, further evidence is desired to confirm this point. In
Supplemental Material [26] Fig. S3, an ARPES image taken at
~7 K along the G-K direction near the Fermi level also shows
evidence of the gapped Dirac bands, which further supports
this point.

Further, we conducted rotation angle measurements in
TbBSTS crystal, as demonstrated in Fig. 3. Note that, dur-
ing rotation from the ¢ axis (0°) to the ab plane (90°), the
magnetic field is always perpendicular to the current direction,
to eliminate the influence of Lorenz force. In Fig. 3(a), the
linearlike MR effect is robust against rotation, however, the
SdH oscillation patterns on the MR curve shifts and weakens
obviously. Therefore, the oscillation patterns were subtracted
by calculating the negative second derivative, as shown in
Fig. 3(b), in which the pattern shifting is better demonstrated.
The FFT spectra of these oscillation patterns are also calcu-
lated and shown in Fig. 3(c), in which the Fg region is plotted
in zoom-in mode. The frequencies in the FFT spectra are
summarized in Fig. 3(d). For a 2D Fermi surface, the angular-
dependent SdH frequency F (0) increases in an inverse cosine
rule: F(0) = F(0)/cos(8), which is shown as fitting lines in
Fig. 3(d). As expected, the oscillations in TbBSTS follows the
2D rotation rule during rotation, which confirms that the 2D
TSSs contribute to the SAH oscillations.

IV. CONCLUSION

In the view of single crystal growth, rare earth elements
are better dopants than transition metals, for similar radii and

the same valence state. Therefore, high quality single crystal
with large size, high carrier mobility, and various magnetic
ordering can be expected in rare earth doped TI samples
[24,28,39,40]. Here, we show the successful doping of Tb in
a bulk-insulating 3D TI Bi; 1Sbg¢Te,S, which shows antifer-
romagnetic ordering between layers below Ty ~ 10 K. The
topological insulating behavior with the Fermi level located in
the bulk gap is preserved with Tb doping, e.g., the bulk band
gap in transport measurements is ~0.236 eV; an insulator-to-
metal transition occurs near 100 K, below which the metallic
topological surface states dominate the transport behavior.
The strong SdH oscillations are observed at low temperatures,
which arise from the 2D topological surface states. Due to the
local impurity level difference, the Dirac cone offset between
the top and bottom surface exists, and contributes to multifre-
quency SdH oscillations. The low-frequency oscillation shows
a quantum limit of 5 T, which suggest the quantized Hall con-
ductance could be observed in thin-flake-based devices. The
intrinsic antiferromagnetic TI MnBi,Te4 has attracted great
attention for the QAH effect [21] and axion insulating states
[41,42], which suggests the importance of antiferromagnetism
in TT study. The bulk-insulating antiferromagnetic TI phase
in TbBSTS will encourage more research on exploring the
local chemical environment of doping elements, the magnetic
structure, and their relationship to electronic band structure in
the rare earth doped TI system.
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