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Abstract — Compared with BixSes with its Dirac point in the bulk gap, the Dirac point of
BisTes is in the valence band, then it is generally considered that it is difficult to observe the
topological phase transition course in the BisTes system via nonmagnetic lighter element doping.
Here, we report the phase transition of Bis_;In,Tes, from a topological insulator to a trivial band
insulator observed by angle-resolved photoemission spectroscopy. The robust surface state exists
in the range of z ~ 0.1. At x = 0.3, the surface state completely disappears and only the bulk
gap exists, suggesting a sudden gap closure and topological phase transition around z = 0.1-0.3.
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Introduction. — Induced by spin-orbit coupling
(SOC), topological insulators (TIs) have insulating energy
gaps in the bulk, and gapless edge or surface states on
the sample boundary that are protected by time-reversal
symmetry [1,2]. A three-dimensional (3D) TI has gap-
less surface state with Dirac cone-shaped band dispersion
around time-reversal invariant points of surface Brillouin
zone [3,4]. However, the topological character of topo-
logical insulators is determined by the nature of their
valence-band wave functions, which can be quantified by
Zs invariant [5]. As one of the important 3D topological
insulators, BisTes owns a bandgap of 165 meV, which is
larger than the thermal energy at room temperature [6].
Compared to BisSez with Dirac point in the bulk gap,
the Dirac point of BisTes is located at the top of the
bulk valence band, which makes it more difficult to sep-
arate the contribution to transport of the hole part of
the Dirac surface states, from that due to the bulk va-
lence band [7]. However, the location of the Dirac point
of BisTez makes it possess an advantage over BisSes in
terms of tunability of the Dirac point energy [8,9]. On
the aspect of application, BisTes can be utilized to fabri-
cate a BigTe3/NbSey heterostructure to realize topological
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superconductivity [10] according to the proximity effect,
then to investigate the Majorana zero mode [11]. BipTes
could also be as the substrate to grow the single-bilayer
Bi(111) ultrathin film, which shows two-dimensional quan-
tum spin Hall state [12].

For topological phase transition, the alloying of known
topological insulators with lighter elements, by tuning
SOC or lattice constant can cause the bulk bandgap to
close and invert at a critical point where the topologi-
cal class changes [5]. Until now, 3D topological phase
transition induced by nonmagnetic lighter element doping
has been realized in experiment, mainly in T1Bi(S;_,Se, )2
and Bis_,In,Ses systems. For TIBi(S;_,Se; )2, the exis-
tence of a critical point between the topological insulator
TIBiSes and the trivial metal TIBiS, is observed [13-17].
For Biy_,In,Ses, Brahlek et al. [18] reported its transfor-
mation from a topologically nontrivial metal into a topo-
logically trivial band insulator by combining transport and
photoemission measurements on Bis_,In,Sesz thin films.
Lou et al. [19] studied the phase transition of Biy_,In,Ses
from a topological insulator to a trivial band insulator us-
ing angle-resolved photoemission spectroscopy (ARPES)
on Biy_,In,Ses single crystals. They reported the com-
plete evolution of the bulk band structures throughout
the transition and discussed the mechanism of the phase
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Fig. 1: The crystal morphology of the Bis_,In,;Tes. The scale
is in millimeters.

transition, proposing that it was governed by the com-
bined effect of spin-orbit coupling and interactions upon
band hybridization. For BisTes, as its Dirac point is lo-
cated at the top of bulk valence band, then it is generally
considered that it is difficult to observe its phase transition
process by nonmagnetic lighter element doping. Here, we
report the phase transition of Biy_,In,Tez, from a topo-
logical insulator to a trivial band insulator observed by
ARPES on Biy_,In,Tes single crystals. Meanwhile, we
have observed the moving of its Dirac point.

Methods. — Similar to the growth of Bis_,In,Ses,
high-quality single crystals of Bis_,In,Tes were grown by
slowly cooling a stoichiometric mixture of high-purity el-
ements of bismuth, indium, and tellurium in an evacu-
ated quartz tube [20]. The ARPES measurements were
performed using 70-100eV photons at Advanced Light
Source beamline 4.0.3 using Scienta R4000 analyzer with
base pressure better than 5x 107! torr. Energy resolution
was better than 15meV and angular resolution was bet-
ter than 0.02 A—!. Different polarization light was used to
reduce the matrix element effect in the ARPES measure-
ment [21]. The position of the Fermi level was referenced
to a copper plate in electrical contact with the samples.
No charging effect was observed during measurements at
low temperatures.

Results and discussion. — As shown in fig. 1, all
samples are easily cleaved along the basal plane, leav-
ing a silvery shining mirror-like surface. First, we utilize
peak area sensitive factor method to investigate the in-
dium doping amount roughly. According to the method,
the generalized expression for determination of the atom
fraction of any constituent in a sample can be written
as an expression [Alatom% = (Ia/Fa)/ > (I/F) x 100%.
Here, “A” is the name of the element investigated; “F”
is defined as atomic sensitivity factor; “I” denotes the
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Fig. 2: (a) The normalized core-level photoemission spectrum
of Big_;In,Tes with z = 0.1, 0.3, 0.4, respectively. The peak of
indium element is present in the spectra, suggesting that the
indium element has been doped into BizTes. The excitation
energy is 94 eV for all samples. (b) The powder XRD pattern
of Bis_,In,Tes.

peak area in the spectrum; > means to do summa-
tion for all elements in the sample [22]. Therefore, the
atom number ratio of In to Bi, could be expressed as
Rin i = (Urn/Fin)/(UBi/FBi) = (Itn/1Bi)/(F1n/FBi) =
(Irn/Ip;) x C, in which both FJ,, and Fg; could be con-
sidered as constants. Therefore, we could investigate the
indium doping amount by comparing the peak area of in-
dium and bismuth in the spectrum, directly. Here, we
utilize the peak area of In 4ds,, and Bi 5d5/, to reflect
the indium doping amount. According to fig. 2(a), we
find that the peak area ratio of In 4ds/; to Bi 5ds5/5 in-
creases with the increase of nominal doped amount of
x = 0.1,0.3,0.4. Figure 2(b) shows the XRD pattern
of all four samples. It is evident that all the samples
are isostructural to the parent compound BisTes, which
has rhombohedral structure belonging to D3,(R3m) space
group, t.e., there exists no impurity phase in Bis_,In,Tes
samples. It suggests that In atoms have substituted Bi
atoms completely.
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Fig. 3: Panels (a)—(d) show the band dispersions of a series of doped samples along the I'-M direction. Panels (e)-(h) show
the corresponding second-derivative plots of panels (a)—(d). The ARPES kj maps of BioTes and Biz_, In, Tez are obtained
using incident photon energy of 74eV and 86 eV, respectively. For Bia_, In; Tes, the nominal composition values are noted on
the samples. Owing to the k. dispersion of the bulk bands, the true gap is likely to be smaller than these estimates. The bulk
states and surface states are marked out. BS denotes the bulk states, while SS corresponds to surface states.

As shown in fig. 3, the bands evolution of Bis_,In, Tes is
illustrated by its in-plane electronic structure (Ep vs. k)
at varying compositions (x). It is evident that the two end
compounds (z = 0 and 0.4) are in clear contrast, namely,
x = 0 has surface states connecting the bulk conduction
and valence bands, while z = 0.4 has no surface states,
which clearly reveals the difference between the conven-
tional semiconductor phase and the Zs topological band
insulator phase. The topological state is clearly observed
from z = 0.0 to 0.1, where the bulk conduction and valence
bands are separated by an observable bulk gap, which is
traversed by the gapless topological surface states. Thus,
our data show that the system belongs to the topological
insulator regime for compositions of x < 0.1. However,
when x > 0.3, there exists no surface state anymore.

As the surface state of BisTes is two-dimensional, even
the photoemission spectra of pure BisTes collected with
different excitation light from that of indium-doped sam-
ples, it could still help us to understand the band evolu-
tion process. For the topologically nontrivial region, the
bulk gap is defined as the difference between the conduc-
tion band minimum (CBM) and the valley of valence band
(VB) at the T' point. For the topologically trivial region,
the bulk gap corresponds to the difference between the
CBM and valence band maximum (VBM). In the topo-
logically nontrivial region, the magnitude of bulk gap is
0.21eV for x = 0. The valley structure in VB, caused by

the band inversion, gradually weakens along with the in-
creasing doping. As marked out by arrows in fig. 3(e), the
absolute values of 6k’s is 0.113 A~ for pure Bi;Tes. When
x reaches the value of 0.1 in Bis_,TesIn, system, it is dif-
ficult to distinguish the valley structure of VB. The weak-
ening of valley structure in VB with the increasing doping
demonstrates the decrease of SOC strength [19]. Based on
that, here, we think the gap of Bij ¢TesIng is equal to
the value of difference between CBM and VBM directly,
which is 159meV. In the topologically trivial region, the
band inversion disappears and the valley structure van-
ishes too. A bulk bandgap of E; = 38meV is observed for
x = 0.31in fig. 3(g), indicating that the system starts to be-
come the conventional semiconductor phase. For z = 0.4,
the energy gap reaches up to 63meV. The increase of
the direct band gap indicates the further decrease of SOC
strength [23-25].

Based on the evolution of band structures of
Bis_,In,Tes, a local phase transition characterized with
a sudden gap closure happens around x ~ 0.1-0.3. Mean-
while, the movement of Dirac point (DP) toward the CBM
with the increasing doping is observed too. It should be
pointed out that, different from that of Bis_,In,Ses, the
location of Dirac point of Bis_,In, Tes has moved from the
valence band to the top of the valence band. A schematic
drawing depicting the evolution of the bulk gap is shown
in fig. 4. As shown in the shadow region of fig. 4(c), the
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Fig. 4: A schematic picture of the band structure evolution of Bis_,In,Tes as a function of In concentration. The different
colors of the bulk bands represent different orbital characters and parities.
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Fig. 5: Panels (a) and (b) show the incident photon energy-dependence spectra for Bis_;In,Tes, with x = 0.3 and 0.4,
respectively. The incident photon energy is from 70 to 100eV for all samples. Panels (c) and (d) show the k. dependence
spectra of Bia_,In,Tes, with 2 = 0.3 and 0.4, respectively. The k. range shown for 6k = 0.78 A~1 corresponds to the incident

photon energy from 70 to 100eV.

gap size has a dramatic transformation between z = 0.1
and 0.3, which means that a critical transition has hap-
pened. Striding across the critical point, a strong increase
of the band gap from = = 0.3 to 0.4 is observed. It is well
accepted that the band inversion is induced by SOC for
a 3D topological insulator [26]. When SOC is turned on,
it will induce the conduction band (CB) and VB shifting
downward and upward, respectively, resulting in the band
inversion in the topologically nontrivial region. Then, ow-
ing to the interactions within the overlap, the bulk gap
would reopen. In summary, the combined effect of SOC
and interactions upon band hybridization together tune
the band gap involution, leading the topological phase
transition.

As shown in fig. 5, to better understand the nature of
the band structure of Bis_,In,Tes, we perform ARPES
measurements as a function of incident photon energy
on Bis_,In,Tes with = 0.3 and 0.4, respectively.
For Bij 7Ing 3Tes, within the incident photon energy of
70-94 eV, it could be observed that the gap is open. How-
ever, within the incident photon energy of 94-100eV the
gap seems closed. To verify whether the gap is open or
not, we investigate pictures one by one with increasing in-
cident photon energy from 94-100eV. Corresponding to
the incident photon energy of 94eV, 96eV, 98eV, 100eV,
the bulk gap of Bij 7Ing 3Tes is about 38, 63, 43, 49 meV,

respectively, according to the second-order derivative re-
sults (see figures included in the Supplementary Material
Supplementarymaterial.pdf (SM)!). For Bij gIng 4Tes,
it could be observed clearly that the gap is open in the
full range. Furthermore, to confirm the photon-energy
range (70-100eV) is broad enough to cover one unit Bril-
louin zone at least, the k, dependence spectra are gotten
after conversion. According to k, dependence spectra of
fig. 5(c) and (d), 6k, is about 0.78 A=, while the period
of k. for one Brillouin zone is about 0.617 A=!, then the
range of the excitation photon energy we have taken cor-
responds to 1.2 unit Brillouin zone. Thus, to sum up the
points which we have just raised, when doping amount
reaches up to z = 0.3 nominally, the gap has opened
and surface state has disappeared, i.e., Bis_,In,Tes has
translated into topologically trivial insulator completely.
We think the band evolution mechanism of Bis_,In,Tes
is similar with that of Bis_,In,Ses [19]. Figure 4 shows
schematic drawing of the band structure evolution in the
topological phase transition process. In the topologically
nontrivial region (r < z.), there exists band inversion,
and thus the band hybridization and SOC together mod-
ulate the bulk-gap size, causing the bulk gap not to change

1See the SM for the incident photon energy-dependence spectra
of Bij 7Ing 3Tez. The photon energy is marked on the top of the
spectra.
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significantly. With the increase of In doping, the overlap
between the CB and VB becomes weak. At the critical
point (z = z.), the band inversion vanishes, as does the
band hybridization, and the bulk gap collapses, accompa-
nied by the vanishing of the surface state. In the topolog-
ically trivial region (x > z.), the further decreasing SOC
strength makes the CB and VB separated, giving rise to
the increase of bulk gap.
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