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Using high-resolution angle-resolved and time-resolved photoemission spectroscopy, we have studied the low-energy
band structures in occupied and unoccupied states of three ternary compounds GeBi;Tes, SnBi; Tes and Sng 571 Bis 286Se4
near the Fermi level. In previously confirmed topological insulator GeBirTes compounds, we confirmed the existence
of the Dirac surface state and found that the bulk energy gap is much larger than that in the first-principles calculations.
In SnBi;Te4 compounds, the Dirac surface state was observed, consistent with the first-principles calculations, indicating
that it is a topological insulator. The experimental detected bulk gap is a little bit larger than that in calculations. In
Sng 571Bip.086Se4 compounds, our measurements suggest that this nonstoichiometric compound is a topological insulator
although the stoichiometric SnBi;Se4 compound was proposed to be topological trivial.

Keywords: angle-resolved photoemission spectroscopy, band structure, topological insulator, ternary com-

pounds
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1. Introduction

Topological insulators have inspired enormous interests
in the last decade.!'""'?! The novel electronic state of TIs with
strong spin—orbit coupling is characterized by the bulk band
gap and spin-split helical Dirac surface state that is protected
from backscattering on defects by the time reversal symmetry.
Topological insulator was first realized in the Bij_,Sb, alloy
with the very complicated topological surface state observed
by angle-resolved photoemission spectroscopy (ARPES).!!3]
Later on, the novel surface state with a single helical Dirac
cone was observed in some layered binary compounds, such as
Bi,Te; and Bi>Ses by ARPES,!*-161 which makes topological
insulator’s surface state be potentially useful in the topological
quantum computation, spintronics and so on.['’-?31 Searching
for new topological insulators is still of interests for future ap-
plications.

Besides the binary compounds, a large homologous fam-
ily of ternary compounds AIVBVI—mA;’ByI (AIV = Ge, Sn, Pb;
AV =Bi, Sb; BYI = Te, Se) have been theoretically studied by
the first-principles calculations based on the density functional
theory (DFT) on their topological properties. Most of them
were predicted to be topological insulators.>*231 Tt is well-
known that standard DFT calculations underestimate the band
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gap for fundamental reasons. *%! Sometimes this deficiency of
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DFT causes incorrect predictions of the topological phase and
additional perturbation theory needs to be applied.>’! There-
fore, the direct measurement of the band structure by ARPES
is also crucial to determine the topological phase as well as the
bulk energy gap in the ternary compounds. Recently, some of
those ternary compounds have been studied by ARPES, such
as PbBisTes,*! GeBiyTeq!?3?) and BiyTe,Se.[?8! With the
observation of the Dirac surface state, they were verified to be
topological insulators.

In this work, we studied the low-energy electronic struc-
ture both in occupied and unoccupied states near Fermi level
of three ternary compounds GeBiyTeq, 2% SnBiyTes P and
Sng.s571Bij 2g6Se4 31321 single crystals by ARPES and time-
resolved (pump—probe) ARPES (tr-ARPES). GeBi,Tes has
already confirmed to be a topological insulator.[?8! Its bulk
energy gap was accessed by surface alkali deposition (sur-
face electron doping). However, sometimes the surface al-
kali deposition could change the band structure due to the
electric field effect,l3?! we carried out tr-ARPES to directly
probe the unoccupied state in GeBi;Te4 without any surface
doping. Our experiments find that its bulk energy gap is
much larger than that in calculations. So far, SnBi;Te4 and
Sng 571 Bis 2g6Se4 compounds have not been studied. In our
experiments, surface Dirac cone is observed both in SnBi,Tey
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and Sng 571 Bis2g6Ses, suggesting that they are both topologi-
cal insulators.

2. Methods

Single crystals of SnBi;Tes compound were grown by
self-flux method with stoichiometric mixtures of high-purity
(99.99%) elements Sn, Bi, and Te. Mixtures sealed in a quartz
tube were heated to 600 °C and then cooled to room temper-
ature at a rate of ~ 10 °C/h after two days. Single crystals of
GeBi,Tes and Sng 571 Bis 2865€4 compounds were synthesized
by chemical vapor transport method with transport agent I5.
High-purity (99.99%) powders of pure elements (Ge:Bi:Te =
1:2:4 and Sn:Bi:Se = 1:4:7) and a spot of iodine were mixed
and sealed into a quartz tube. Temperature gradient was set
from 900 °C to 800 °C and 550 °C to 450 °C in a two-zone
furnace for GeBiyTe4 and Sng s571Bis 286Seq, respectively.

Synchrotron-ARPES measurements were performed at
the ARPES beamline in National Synchrotron Radiation Lab-
oratory (Hefei) and the Dreamline in Shanghai Synchrotron
Radiation Facility. The tr-ARPES measurements were car-
ried out using a 6.05 eV probe laser and an infrared 1.77 eV
pump laser (30 fs and 500 kHz).3*31 Energy resolution is
better than 10 meV for normal ARPES and 20 meV for tr-
ARPES. Angular resolution is better than 2% of the Brillouin
zone. Time resolution of tr-ARPES is about 130 fs. All sam-
ples were cleaved in sifu. Spectra were collected at 20 K for
normal ARPES and 4 K for tr-ARPES with chamber pressure
better than 1 x 107! Torr.

3. Results and discussion

3.1. GeBizTe4

Figure 1(a) presents the crystal structures of Bi;Tes and
GeBi,Tes. In BiyTes, the unit cell is composed of three quin-
tuple layers. Similar to BipTes, the unit cell of GeBiyTe4 can
be represented by the stacking of three septuple layers along
c-axis.[?8] The difference between GeBiyTes and BirTes is
that the middle Te-layer in the Bi;Tes’s quintuple layer is re-
placed by a Te-Ge—Te sandwich. Single crystal x-ray diffrac-
tion (XRD) spectra of GeBiyTey shows sharp (00/) peaks in
Fig. 1(b), indicating good crystallinity.

Figure 1(c) shows the calculated band structures of

GeBi;Te, in previous work.?¥

According to calculations,
Shaded area and red

curves in Fig. 1(c) are the bulk band projections and the sur-

GeBi;Tes is topologically nontrivial.

face states, respectively. Above the Fermi level, the bulk con-
duction band projection divides into two branches that are sep-
arated in momentum. At I” point, the energy gap between two
branches is about 0.05 eV. The surface Dirac cone is within
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Fig. 1. (a) Crystal structure of Bi;Te; and GeBiyTes. (b) Single crys-
tal XRD of GeBi,Tes compound. Sharp (00!/) diffraction peaks were de-
tected. (c) Calculated band structure of GeBiyTe4 from Ref. [24]. Akp_g =
1.03 A=!. Shaded area is the bulk band projection. Red curves are the
surface states. Dirac point well separates from the bulk band projection.
(d) ARPES spectra along K —I" — K direction. Incident photon energy is
6.05 eV. (e) Tr-ARPES spectra at a delay time of ~ 0.4 ps. Conduction band
above the Fermi level is observed. (f) Tr-ARPES spectra for GeBi,Tey at
different delay times. The decay of the bottom part of the conduction bands
and the surface band is very slow.

the bulk band gap and the Dirac point separates from the bulk
band projection. The calculated bulk gap is ~ 0.06 eV. Fig-
ure 1(d) presents ARPES spectra along K—I'—K direction us-
ing incident photons of 6.05 eV. Topological surface state with
linear band dispersion is observed, consistent with the pre-
vious results!?®21 except that the Dirac point in our sample
is much closer to the Fermi level. The tr-ARPES measure-
ments can be used to probe the unoccupied states to check
the bulk band gap.*-38 The tr-ARPES spectra at the delay
time 0.4 ps is presented in Fig. 1(e). Spectra weight above the
Fermi level is observed. There are two branches of spectral

127901-2



Chin. Phys. B Vol. 30, No. 12 (2021) 127901

weight. The lower branch locates roughly between ~ 0.15 eV
and ~ 0.25 eV, and the upper branch locates above ~ 0.25 eV.
The energy separation between the two branches at I” point is
close to 0.05 eV. Qualitatively, the observed spectral weight
above the Fermi level in Fig. 1(e) is consistent with the bulk
conduction band.

Furthermore, in Fig. 1(f), we present six tr-ARPES spec-
tra with various pump-probe delays. At the negative delay time
(before pumping), there is no spectral weight above the Fermi
level. At a delay time of 0.1 ps, there appears spectral weight
above the Fermi level. At a delay time of 0.4 ps, the V-shaped
surface band as well as two branches of spectral weight be-
comes clearly visible. At a delay time of 5 ps, the intensity of
the higher branch significantly decays. The decay of the lower
branch and the surface state populations is much slower, per-
sisting for more than 10 ps. Similar dynamics was observed
in the tr-ARPES study on Bi;Ses and was comprehensively
discussed considering the spectral weight besides the surface
band is the bulk conduction band.!*¢! In our sample, the elec-
trons in the upper branch can energetically relax towards the
lower branch, but the electrons in the lower branch cannot
rapidly relax to low energy bulk conduction state because it
is already at the bottom of the conduction band. The very long
persisting time of the lower branch and the surface state popu-

[36] The slow re-

lation follows the same mechanism in Bi;Ses.
combination of the lower branch (bulk conduction state) pop-
ulation is due to the existence of the bulk band gap, which is
much larger than the phonon energy. The long-lived popula-
tion of the surface state is attributed to the continuous electron
filling to the surface state from the bulk conduction band pop-
ulation. The similarity between GeBi,Tes and BiSes in elec-
tron dynamics in tr-ARPES supports that our observed spectra
weight above the Fermi level comes from the bulk conduction
band.

In Fig. 1(e), itis ~ 0.25 eV between the detected conduc-
tion band bottom and the Dirac point. It is worth noting that
the observed conduction band bottom is not necessarily the ex-
act conduction band minimum because the corresponding k, in
our tr-ARPES measurement may not reach the right momen-
tum position where the conduction band minimum locates. So
the experimental observed energy gap could be larger than the
real bulk energy gap. Therefore, to compare with calculations,
we only consider the extreme condition. We call the lower
branch of the bulk conduction band projection in Fig. 1(c)
the first bulk conduction projection. Marked in Fig. 1(c), the
largest energy difference between the Dirac point and the first
bulk conduction band projection at I" point is about 0.1 eV.
Even in this condition, the experimental energy gap is still
about three times of the calculated value. Although the size of
bulk gap is not directly related to the topological property of a
material, information of the bulk gap size is useful because a

small bulk band gap will bring undesired thermal excited bulk
carrier that will hinder the novel property of the surface state.
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Fig. 2. (a) Crystal structure of SnBi,Tes. (b) Single crystal XRD of
SnBipTeq compound. Sharp (00/) diffraction peaks are detected. (c) Cal-
culated band structures of SnBipTey from Ref. [24]. Akp_g = 1.01 A~1.
Dirac point overlaps with the bulk band projection in energy although they
separate in momentum. Green arrow indicates the slightly downward disper-
sion. (d) ARPES spectra near Fermi level along K-I'-K direction. Incident
photon energy is 6.05 eV. (e) Tr-ARPES spetra at a delay time of ~ 0.4 ps.
Conduction band above the Fermi level is observed.

3.2. SnBi2 Te4

Substituting Sn for Ge atoms, SnBi,Tey is isostructural
with GeBi; Te4, shown in Fig. 2(a). Figure 2(b) shows the sin-
gle crystal XRD spectra with (00/) diffraction peaks of sin-
gle crystalline SnBiyTes. The calculated band structure of
SnBi, Tey in previous work!>*! is shown in Fig. 2(c). Accord-
ing to the calculations, SnBi;Tey4 is topologically nontrivial.
Unlike GeBi,Tey, SnBiyTes is an indirect band-gap semicon-
ductor and most of its topological surface state including the
Dirac point is overlapped with the bulk valance band projec-
tion in energy although they separate in momentum. The cal-
culated bulk gap is ~ 0.01 eV.

Band dispersion along K—I"—K is plotted in Fig. 2(d). Ex-
perimentally, it is unclear whether there is Dirac surface state
or not. To clarify, we carried out tr-ARPES to probe the un-
occupied bands above the Fermi level. The tr-ARPES spectra
at a delay time of 0.4 ps is shown in Fig. 2(e). Now Dirac
surface state is clearly observed, consistent with the DFT cal-
culations. The Dirac point in SnBiyTe4 is very close to the
Fermi level. Therefore, our SnBi;Tes compound is heavily
p-doped. Bulk conduction band was also detected in the tr-
ARPES measurements. Consistent with the calculations, two
branches of spectral weight above the Fermi level were de-
tected. In Fig. 2(e), the lower branch shows slightly down-
ward dispersion. In calculations, in Fig. 2(c), near the r point,

127901-3



Chin. Phys. B Vol. 30, No. 12 (2021) 127901

the top of the first bulk conduction band projection also shows
slightly downward dispersion (indicated by the green arrow).
The observation of the downward dispersion clearly indicates
that our experimental accessed &, in SnBi,Te4 is not at the po-
sition where the real conduction band minimum locates. The
bottom of the detected bulk conduction band is about 0.3 eV
above the Dirac point, which is comparable with the direct gap
at the I point in calculations. Marked in Fig. 2(c), the largest
energy difference between the Dirac point and the first bulk
conduction band projection at I is about 0.2 eV.

3.3. Sng 571Biz.2865€4

According to the calculations, stoichiometric compound
SnBi,Sey is a trivial insulator.!**! However, experimentally,
instead of the stoichiometric ratio, previous work reported
that a nonstoichimetric compound Sng 571 Bis 2365€4 is much
more stable.31:32] Sketched in Fig. 3(a), for the nonstoichio-
metric compound Sng 57;Bi 2865¢€4, the middle Ge-layer of
the GeBiyTes septuple layer is replaced by a mixed layer
(0.45 Bi/0.41 Sn/0.14 vacancies).!?132] Because of the mixed
Bi/Sn/vacancies layer in Sng 571 Biz.286S€4, no first-principles
calculation is available. Its topological property is unclear.
We carried out ARPES measurements to check its topologi-

—0.1 0 0.1—=0.10 0.1—0.1 0 0.1-0.10 0.1
kg (A1

cal property. Single crystal XRD spectra of single crystalline
Sng 571Biz 286Ses with sharp (00/) diffraction peaks is shown
in Fig. 3(b), consistent with previous report.31-3]

ARPES spectra near the Fermi level using three different
photon energies (82 eV, 14 eV and 6.05 eV) are presented in
Figs. 3(c), 3(e), and 3(g), respectively. Corresponding curva-
ture plots®*! are presented in Figs. 3(d), 3(f), and 3(h) to vi-
sualize the dispersive feature more clearly. A V-shaped band
pair is observed to cross the Fermi level. Although the inten-
sity varies, the dispersion of the observed band is very similar
using different photon energies, which implies that the bands
come from the surface state. The characteristics of the sur-
face band are obtained based on the ARPES spectra using the
incident photon of 6.05 eV. In Fig. 3(h), we observed a band
crossing point or Dirac point (zero energy gap, indicated by
the white arrow) similar to that in the typical topological insu-
lator Bi;Ses.!'®! Near this crossing point, the band dispersion
is linear-like according to the curvature image in Fig. 3(h).
In addition, we also extracted the band dispersion near the
crossing point using momentum distribution curves (MDCs)
in Fig. 3(i). Black dots in Fig. 3(i) mark the peak positions
by MDC fitting. The band crossing point locates at ~ 0.13 eV
below the Fermi level.
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Fig. 3. (a) Crystal structure of Sng 571Biz.286Se4. (b) Single crystal XRD of Sng s7,Bi; 286Ses compound. Sharp (007) diffraction peaks are detected. (c),
(e) and (g) ARPES spectra near the Fermi level of Sng 57;Bis.236Se4 using incident photon energies of 82 eV, 14 eV and 6.05 eV, respectively. (d), (f) and
(h) Corresponding curvature plots of (c), (e) and (g). (i) MDCs of (g). Black dots mark the peak positions from fitting. (j) Schematics of experimental
geometry used for CD-ARPES measurements. The detector slit is vertical. The incident angle of the light is 45°. (k), (1) Surface Dirac band probed by right
circularly polarized and left circularly polarized lights, respectively. (m) Intensity difference between ARPES spectra using right circularly polarized and
left circularly polarized incident lights. Clear circular dichroism is observed. (n) Tr-ARPES spectra at a delay time of ~ 0.4 ps. No conduction band above

the Fermi level is observed.

We dichroism

experiments

(CD)
1 on this material using the incident photon

also carried out circular

[40-44
of 6.05 eV. Schematics of the experimental geometry is plotted
in Fig. 3(j), which is similar to that in previous CD experiment
on BiySes.[*3 The detector slit in our experiment is vertical.
The incident angle of the light is about 45°. Figures 3(k) and

3(1) present ARPES spectra taken with right and left circularly
polarized (RCP and LCP) lights, respectively. In Fig. 3(m),
the intensity difference between ARPES spectra using RCP
and LCP demonstrates the CD effect. Although the CD effect
in ARPES is a complicated and developing method,#*>~] the
CD effect in Sng s571Biz.286Se4 could be a consequence when
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this material is a topological insulator. Therefore, by com-
bining the zero energy gap, linear-like band dispersion and
CD effect, we suggest that Sng 571Biz.2865€4 is a topological
insulator. We also tried to detect the unoccupied bulk state
above the Fermi level by the tr-ARPES experiments, shown
in Fig. 3(n). Unlike GeBi;Te4 or SnBi;Tes, no bulk conduc-
tion band is observed. Maybe Sngs71Bis286Se4 has much
larger bulk gap or the ARPES matrix element effect hinders
the signal of the bulk conduction band. It will be studied in
the future.

4. Conclusion

In summary, we carried out ARPES and tr-ARPES mea-
surements on three ternary compounds GeBi;Tes, SnBiyTey

and Sngs71Bizog6Ses. Through the detection of Dirac-like

surface state, we found that two Sn-based ternary compounds
are both topological insulators besides the already known
topological insulator GeBi; Te4. The unoccupied bulk conduc-
tion bands were checked directly by tr-ARPES. The observed
bulk energy gap of GeBisTes is much larger than the calcula-
tions, while that in SnBi>Tey4 is close to the calculations. To
obtain larger bulk energy gap in calculations, first-principles
calculation involving GW or HSE method maybe needed. Un-
fortunately, we did not observed the bulk conduction band in
Sng 571 Bis 2865€e4. Our experiments enrich the topological ma-
terial families and may provide more choices for future appli-
cations based on topological insulators.
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