
Visualization of spin-polarized 
surface resonances in Pb-based 
ternary topological insulators
Koichiro Yaji1,2, Yuya Hattori3, Shunsuke Yoshizawa3, Shunsuke Tsuda1, Fumio Komori1,4, 
Youhei Yamaji5, Yuto Fukushima6, Kaishu Kawaguchi6, Takeshi Kondo6,7, Yuki Tokumoto4, 
Keiichi Edagawa4 & Taichi Terashima8

The formation of the topological surface state originates from bulk band inversion at the top of the 
valence band and the bottom of the conduction band. The transition between normal and topological 
insulators is known as a topological phase transition. Here we show spin-polarized electronic states 
of Pb-based ternary topological insulators Pb(Bi1-xSbx)2Te4 (x = 0.55, 0.70, 0.79) investigated by spin- 
and angle-resolved photoemission spectroscopy and first-principles calculations. We visualize a pair of 
spin-polarized surface resonances dispersing along the upper edge of projected bulk bands in occupied 
states. Interestingly, a branch of the spin-polarized surface resonances continuously connects to the 
topological surface state. The coexistence of the topological surface state and the spin-polarized 
surface resonances can be explained by considering the topological phase transition.
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Recent progress in science and technology based on spin-polarized electrons in solid surfaces/interfaces is 
remarkable. To develop novel functions, it is essential to utilize the spin-polarized electrons and control them 
by engineering techniques. In this context, a topological surface state (TSS) holds enormous potential because 
of prohibited spin-dependent backscattering. Tuning the band bending in the topological insulator is one of the 
useful routes to control the spin-polarized electrons and pure spin currents1,2. Another distinct way is to utilize 
the topological phase transition. The formation mechanism of TSS is well established theoretically3–6, where the 
bulk band inversion with different parities between the top of the valence band and the bottom of the conduction 
band is required. The phase transition from a trivial insulator to a topological insulator due to the bulk band 
inversion is known as the topological phase transition. Accordingly, elucidating the modification of electronic 
states driven by the topological phase transition is not only of interest as fundamental research but is also crucial 
in technological aspects, such as topological electronics, photonics, and thermoelectrics7–10.

The evolution of the TSS due to the topological phase transition has been demonstrated in several systems, 
where the bulk band inversion is artificially controlled by changing the composition11–15, varying the film 
thickness16,17, and modulating the lattice constant by strain 18,19. The spin-polarized electronic states for pristine 
topological materials can also be understood by considering topological phase transition. For instance, Jozwiak 
et al. found spin-polarized trivial unoccupied surface resonances accompanied by the TSS in a prototypical 
topological insulator, Bi2Se3, and concluded that the topological phase transition resulted in the coevolution 
of the TSS and the spin-polarized unoccupied surface resonances 20. Here, we point out that the coexistence of 
the spin-polarized surface resonance and the TSS reflecting the topological phase transition can also exist in 
the occupied state. The rich variety of spin-polarized surface states near the Fermi level is crucial for spintronic 
applications.
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Pb-based ternary compounds, Pb(Bi1-xSbx)2Te4, have been theoretically and experimentally revealed to be 
topological insulators21–26. The emergence of the TSS of Pb(Bi1-xSbx)2Te4 originates from the bulk band inversion 
at the Z point in a three-dimensional bulk Brillouin zone21. Thus, the (111) surface possesses the TSS at Γ̄ point 
in the surface Brillouin zone [Fig.  1(a)]. In the previous ARPES studies, the TSS above a Dirac point (DP) 
has been investigated intensively24,25. In contrast, the dispersive feature below the DP is unclear. This might 
be caused by the bulk electronic states in the vicinity of the surface states, making it difficult to identify the 
dispersion shape of the surface states. The investigation of the spin-polarized electronic states around the TSS 
can provide deep insight into the formation mechanism of the TSS. In addition, the spin texture of the bands 
around the DP is significant in band engineering using topological materials.

In this article, we perform a systematic study of the spin-polarized surface-derived states of Pb(Bi1-xSbx)2Te4 
(x = 0.55, 0.70, 0.79), investigated by spin- and angle-resolved photoemission spectroscopy with a laser (laser-
SARPES)27. We reveal several spin-polarized surface resonances in addition to the TSS. Interestingly, a branch of 
the occupied spin-split surface resonances continuously connects to the TSS. Theoretical calculations also show 
the spin-polarized surface resonance accompanying the TSS. The coexistence of the TSS and the adjacent surface 
resonance with opposite spin helicity is explained by the topological phase transition from a trivial insulator 
with Rashba-type spin-polarized surface bands. Appropriate tuning of the Fermi level is essential to control the 
performance of the material since the oppositely spin-polarized surface resonance near the TSS significantly 
affects material properties.

Results
Figures 1(b)−(d) show the ARPES intensity maps for x = 0.55, 0.70 and 0.79 recorded along Γ̄M̄, respectively. 
The bulk valence (conduction) band maximum (minimum) is identified from the calculated bulk bands. We 
note that the shape of the projected bulk band edge is based on the calculation results of PbSb2Te4 (i.e., x = 1.0) 
[Supplementary Fig. S1]. According to the previous theoretical study, the wavenumber and energy of the valence 
band maximum (VBM) depend on x, where the VBM for x = 0.0 is located at a wave number |k|~ 0.3 Å−1 in 
the Γ̄M̄ axis at the binding energy comparable to that of the DP, whereas the VBM for x = 1.0 is located at Γ̄ at 
the energy of 40 meV below the DP 23. Thus, the actual bulk valence band edges around |k|~ 0.3 Å−1 for x = 0.55, 
0.70, and 0.79 are found in the lower binding energy side slightly.

Fig. 1.  Electronic band structures for Pb(Bi1-xSbx)2Te4 (x = 0.55, 0.70, 0.79). (a) Bulk Brillouin zone and (111) 
surface Brillouin zone. (b−d) ARPES intensity images along Γ̄M̄ for x = 0.55, 0.70, 0.79, respectively. Dashed 
curves represent the projected bulk band edges determined from the calculated bulk bands shown in Fig. 3(a). 
(e) Constant energy contours of the ARPES intensity x = 0.70 recorded with h ν= 6.994 eV photons.
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Dispersive features of the TSSs around Γ̄ are similar to reported band structures for PbBi2Te4 (i.e., x = 0.0) 
in the previous ARPES studies except for the band energy because of the difference in composition ratio24,25. 
Here, we point out that the precise band structure near the DP has been demonstrated in the present study 
thanks to our high-resolution laser-ARPES. For x = 0.55 (x = 0.70), we find the TSS with the Fermi wavenumbers 
of ± 0.13 Å-1 (± 0.10 Å−1). The DPs for x = 0.55 and 0.70 are observed at the binding energies EB = 280 meV and 
190 meV, respectively, meaning that the Dirac carriers for x = 0.55 and 0.70 are n-type. Meanwhile, the bands 
for x = 0.79 are shifted to 0.2 eV lower binding energy side than those for x = 0.70. Thus, the DP for x = 0.79 is 
located above the Fermi level, meaning that the Dirac carriers for x = 0.79 are p-type. The energy shifts of the 
bands upon changing the composition of Bi and Sb agree with the results reported in reference24.

The TSSs merge into the projected bulk valence bands around |k|~ 0.1 Å−1, indicating that the surface states 
change to surface resonances. Hereafter, we call these states lower surface resonances (LSRs). The LSRs for 
x = 0.55, x = 0.70, and x = 0.79 disperse in the binding energy range of 0.4–0.6 eV, 0.3–0.5 eV, and 0.1–0.3 eV, 
respectively. The spectral widths of the LSRs are broadened compared with those of pure surface states in the 
band gap. The photoemission intensities from the pure surface states are prominent, while those from the surface 
resonances are weakened drastically. One can find electron pockets in conduction bands located inside the TSSs 
with an energy minimum of 180 meV above the DP. A similar two-dimensional state in the conduction band 
for x = 0.0 has been observed in the previous ARPES study25. Our DFT calculation (shown later) suggests that 
the corresponding bands disperse along the upper edges of the projected bulk conduction bands. Therefore, we 
attribute these electron pockets in the conduction bands to upper surface resonances (USRs). We note that spin 
resolution plays an important role in identifying the dispersive features of the bands.

Figure 1(e) shows constant energy contours for x = 0.70. The photoelectron intensity distribution is symmetric 
(asymmetric) in the direction perpendicular (parallel) to the mirror plane with respect to ky = 0 (kx = 0), which 
reflects the experimental geometry in the photoemission process. On the lower binding energy side above 
the DP, the constant energy contours gradually change from circular to hexagonal shapes with decreasing the 
binding energy: the constant energy contours at EB = 110 meV and 150 meV are circular, at EB = 70 meV, a single 
hexagon, and at EB = 30 meV the USR appears at Γ̄ in addition to the hexagonal TSS. On the other hand, the 
constant energy contours on the higher binding energy side below the DP show a strong warping effect. The 
constant energy contours at EB = 260 meV and 330 meV are elongated in Γ̄M̄ while they are significantly curved 
inward in Γ̄K̄.

Figures 2(a) and (b) display SARPES images for x = 0.55 and 0.70 recorded along Γ̄M̄ with a p-polarized light. 
The spin polarization of the TSS is inverted with respect to Γ̄, resulting in a spin-helical texture. More interestingly, 
the spin polarization in the opposite direction to the TSS is observed in the wavenumber region |k|~ 0.08 – 
0.18 Å-1 below the DP. It will be shown later that this is due to the existence of another band. Furthermore, we 
find the spin polarization of the USR in the conduction band, which is also inverted with respect to Γ̄ [Figs. 2(a), 
(c)]. The precise analysis of momentum distribution curves (MDCs) reveals that the spin degeneracy of the USR 
is lifted [Fig. 2(d)], resulting in the Rashba-like spin splitting. Here, the photoelectron intensities from inner 
spin-polarized branches are prominent compared with those from outer spin-polarized branches. We also note 
that the photoelectron intensity from the TSS in the negative wavenumber side is rather weak. The modulations 
of the photoelectron intensities are due to the matrix element effect in photoemission.

To obtain a whole picture of the spin-polarized bands in the valence band around Γ̄, we have performed 
SARPES measurements for x = 0.79 over wide ranges of both the energy and momentum [Fig. 2(e)]. As the 
ARPES result shown in Fig. 1(d), the DP for x = 0.79 is located above the Fermi level. The spin-polarized LSRs 
disperse downward from the Fermi level near Γ̄ and lie around EB = 0.2–0.3 eV. In addition, surprisingly, the spin 
polarization is observed even outside of the bulk band gap region away from Γ̄, |k|> 0.2 Å-1 at least. According 
to the previous theoretical calculations25, the parity inversion of the bulk bands occurs in the wavenumber range 
of about ± 0.1 Å-1. Therefore, the topological origin cannot explain the spin polarization at the high k points. 
Furthermore, the spin-polarized bands that are inverted with respect to  Γ̄ are found on the higher binding 
energy side EB = 0.5–0.8 eV and are also attributed to the surface-derived states.

The spin-resolved energy distribution curves (EDCs) provide precise information about the dispersive 
feature of the LSRs [Fig.  2(f)], and reveal the existence of a spin-split pair of the LSRs. The upper branch 
of the LSRs has the same spin orientation as the TSS and is continuously connected to the TSS. The lower 
branch with the spin polarization opposite to the TSS appears around |k|~ 0.1–0.2 Å-1 with peak positions of 
EB = 0.2–0.3 eV. The energy difference between the upper and lower branches is estimated to be 100 meV. We 
note that the photoemission intensity from the lower branch is much higher than that from the upper one. 
Therefore, we conclude that the TSS switches to the LSRs away from Γ̄, where the upper branch of the LSRs 
continuously connects to the TSS while the lower branch merges into the bulk states near Γ̄. We notice here 
that the wavenumber at which the TSS changes to the spin-split surface resonances roughly corresponds to 
the wavenumber at which bulk band inversion occurs 25. We represent the schematic drawing of the surface 
resonances and the TSS in Fig. 2(g).

In our DFT calculations, we start by examining which of the theoretical bands, PbBi2Te4 (x = 0.0) or PbSb2Te4 
(x = 1.0), is more likely to reproduce the experimental results (Fig. S1). From the comparison of the calculated 
band structures, we find that the TSSs and the surface resonances appear for both x = 0.0 and x = 1.0 around Γ̄. 
In contrast, the wavenumber positions of the valence band maxima are different. Eventually, we judged that the 
calculations for x = 1.0 more closely reproduce the experimental results [Fig. 3(a)].

In addition to the spin-polarized TSSs in the fundamental gap, spin-polarized surface-derived states are 
found in the first local gap between the first and second bulk valence bands, which agrees with the SARPES 
results shown in Fig. 2(e). Besides, X-shaped spin-polarized states also appear in the second local band gap at the 
energy of 1.2 eV. These surface-derived states might also be non-trivial, suggesting the coexistence of multiple 
topological states in this material. The existence of the TSSs in the local gaps has been suggested in the previous 
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theoretical study 28,29. More recently, the multiple TSSs have been demonstrated in iron-based superconductors 
30. It is intriguing to note that the spin textures in the first and second local gaps are the same as the TSS in the 
fundamental gap, while the third local gap is reversed.

Next, we focus on the band structure near the Fermi level around Γ̄ [Fig. 3(b)]. The pair of the spin-polarized 
LSRs exists just below the DP. The upper branch of the LSRs is continuously connected to the TSS. The lower 
branch of the LSRs merges into the bulk electronic states in the close vicinity of Γ̄. In contrast, the contribution 
from the surface increases away from Γ̄. Besides, the spin polarization of the lower branch is rapidly diminishing 
away from Γ̄. This feature agrees with the SARPES results shown in Fig. 2, where the lower branch of the LSRs 
emerges only in the wavenumber range of 0.08–0.18 Å-1. Above the DP, the TSS merges into the bulk bands 
around EB ~−0.2  eV. The Rashba-like spin-polarized surface resonances, corresponding to the USRs, appear 
along the upper edge of the first bulk conduction bands around Γ̄, corresponding to the USRs, appear along the 
upper edge of the first bulk conduction bands around Γ̄. 

Discussion
The spin-polarized band structure near the top of the valence band for Pb(Bi1-xSbx)2Te4 can be understood 
phenomenologically by considering the topological phase transition from the normal insulator to the topological 
insulator by increasing spin-orbit coupling (SOC). In the normal insulator phase, the truncation of the bulk 
Bloch states at the surface forms the surface resonance along the upper edge of the bulk valence bands [Fig. 4(a)]. 
This state exhibits a two-dimensional nature, partially retaining the character of the bulk electronic states. The 
surface state formed with this mechanism is known as a Shockley state31. Besides, the surface resonance in 

Fig. 2.  Spin-resolved band structures for x = 0.55, 0.70, 0.79. (a, b) SARPES images recorded with the p-
polarized light along Γ̄M̄ for x = 0.55, 0.70, respectively. The color scale displays both spin polarization and 
photoemission intensity. (c) An enlarged SARPES image and (d) the MDCs for x = 0.55 at 20, 40, 60 meV. Each 
MDC is obtained by summing the photoemission intensity within an energy window of 20 meV. Symbols in 
(d) represent the peak positions of MDCs for the guide to the eye. (e) A SARPES image for x = 0. 79 along Γ̄M̄
. (f) EDCs obtained from (e) at the photoelectron emission angles of θe . Symbols represent the peak positions. 
(g) Schematic drawing of the band structure of the TSS and the spin-polarized surface resonances.
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the normal insulator phase is capable of the Rashba spin splitting due to the SOC. Subsequently, the touching 
between the bulk valence and conduction bands results in a gapless Dirac semimetal phase [Fig. 4(b)], where 
the SOC induces the energy modulation of the bulk bands. Further increase of the SOC results in the bulk 
band inversion near  Γ̄ [Fig.  4(c)]. At this stage, one branch of the surface resonances evolves into the TSS. 
Therefore, the coexistence of the spin-polarized surface resonance connected to the TSS and adjacent surface 
resonance with opposite spin helicity indicates that the system has hypothetically undergone the topological 
phase transition. Here, we point out that the trivial spin-polarized surface resonances are found in various 
systems32–35. In this context, the formation of the surface resonance is general, while the evolution into the TSS 
requiring band inversion is additional.

The spin-polarized surface resonances accompanied by the TSS have been reported in the unoccupied states 
of Bi2Se3

20. In the case of Bi2Se3, giant Rashba spin-split surface resonances across the first bulk conduction 
bands are assumed even in the trivial insulator phase, of which a lower branch evolves into the TSS resulting 

Fig. 3.  Calculated band structures. DFT calculations for PbSb2Te4 (x = 1.0) along Γ̄M̄ over the wide region (a) 
and focused around the TSS (b), respectively. The red (blue) circles represent the spin polarization in the + y 
(−y) direction. The red-white-blue color of the circles is proportional to the absolute value of the net spin 
polarization. The size of the circles is proportional to the net contribution from the total orbitals of Pb, Sb, and 
Te in three septuple layers from the surface. The shaded area represents the projected bulk bands.
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from the topological phase transition. In contrast, we demonstrate that the spin-split surface resonances along 
the upper edge of the projected bulk valence bands evolve into the TSSs. Importantly, the surface resonances 
along the upper edge of the bulk conduction bands are not involved in the topological phase transition. In 
addition, in our scenario, we can start from the tiny spin-split band model in the trivial insulator phase, which is 
reasonable because the size of the spin splitting should be small in this phase. Thus, the formation mechanism of 
the TSSs for Pb(Bi1-xSbx)2Te4 is qualitatively different from that for Bi2Se3. In fact, a similar model is theoretically 
proposed in the Supplementary Fig. 6 of reference20 as another possible case of the topological phase transition.

One of the surprising results in the present study is the existence of the surface resonances with opposite 
spins adjacent to the TSS. This means that the spin polarization of the conducting electrons changes with 
electron filling. In Pb(Bi1-xSbx)2Te4, only the spin-helical TSS exists above the DP, allowing manipulation of 
highly spin-polarized electrons. Below the DP, in contrast, the polarization of the spin current is largely reduced 
due to the LSR with the opposite spin to the TSS. The coexistence of the TSS and the adjacent surface resonance 
with opposite spin helicity is a general consequence that the system undergoes the topological phase transition. 
Therefore, the oppositely spin-polarized surface-derived states near the TSSs are possible in other topological 
insulators and, thus, considerably affect the material properties. It is essential to optimize the performance of the 
materials and devices by considering the existence of the adjacent band with the opposite spin to the TSS when 
applied to spintronics.

Methods
Sample preparation methods
Single phase samples of Pb(Bi1-xSbx)2Te4 were synthesized by vertical Bridgman method36. A stoichiometric 
mixture of high-purity (6N) elements was first sealed into an evacuated conical-bottom quartz ampoule. The 
mixture was first melted at 800 ºC and was shaken in a furnace, followed by air cooling. Afterward, the mixture 
was placed in a Bridgman furnace and was melted at 800 ºC for 24 h. The melt was then cooled down at a rate 
of approximately 6 ºC/h down to 200 ºC. The grown crystals were characterized by powder X-ray diffraction 
and an electron probe microanalyzer (EPMA). Single-phased Pb(Bi1-xSbx)2Te4 was obtained in the middle 
part of the ingot, while PbTe and (Bi,Sb)2Te3 impurity phases were included at the initial and end stages of the 
crystallization process, respectively. From EPMA analyses, the Bi:Sb ratio in Pb(Bi1-xSbx)2Te4 single phase region 
was almost identical to the nominal composition, except a slight concentration gradient of Δx = 0.01 along the 
growth direction with higher Sb concentration at the end stage of crystallization.

ARPES and SARPES
ARPES and SARPES have been performed at the Institute for Solid State Physics, The University of Tokyo27. 
The samples were cleaved with scotch tape in an ultra-high vacuum chamber below the base pressure of 
1.0 × 10–8 Pa. We used a 6.994-eV laser as a light source for photoemission 37. The photoelectrons were analyzed 
by a ScientaOmicron DA30L analyzer and the spin information was obtained by the very-low-energy-electron-
diffraction-type spin detector. The light incident plane was parallel to the  Γ̄M̄ mirror plane of the sample. 
We used a p-polarized light, for which the electric-field vector is parallel to the light incident plane. The spin 
polarization perpendicular to the Γ̄M̄ mirror plane was detected in SARPES38. The ARPES and SARPES spectra 
were recorded with 5 and 10 meV instrument energy resolutions, respectively. The sample temperature was set 
to be 35 K during the measurements.

Fig. 4.  Conceptual model for the topological phase transition. (a-c) The schematic illustration for the band 
evolution from the normal insulator phase (a) to the topological insular phase (c) via the Dirac semimetal 
phase (b).
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DFT calculations
The DFT calculations were performed using the OpenMX code, which is based on the norm-conserving 
relativistic pseudopotentials and optimized pseudo-atomic basis functions39,40. The generalized gradient 
approximation (GGA) of Perdew-Burke-Ernzerhof form was employed for exchange–correlation energy41. The 
basis functions of s3p2d2f1 were allocated for each atom, and the cutoff radius was chosen to be 7.0, 7.0, and 
8.0 Bohr for Te, Sb, and Pb, respectively. The crystal structure of the bulk PbSb2Te4 was obtained by geometrical 
optimization without the SOC until the force on each atom was relaxed to be less than 1 × 10–5 Hartree/Bohr. We 
used a 12 × 12 × 3 k-point mesh and an energy cutoff of 300 Ry for this calculation. Then, we constructed a slab 
model consisting of five bulk unit cells and a vacuum layer of 3.0 nm and carried out noncolinear calculations 
with the SOC turned on. A 9 × 9 × 1 k-point mesh and an energy cutoff of 300 Ry were used. The spin texture and 
the contribution from each atom were analyzed using the kSpin code distributed with the OpenMX package42.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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