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MAX phases (Mn+1AXn, where M is an early transition metal, A belongs to groups 13-15 

and X is either C or N, n = 1 - 3) have recently attracted much attention due to their possible 
application to the production of a new class of two-dimensional (2D) systems called MXenes 
[1]. However, the bulk electronic structure of MAX phases has been studied mostly through 
ab initio, DFT calculations, mainly due to a lack of single crystalline samples. We have 
performed angle-resolved photoemission spectroscopy (ARPES) on several MAX phase 
single crystals to directly investigate the electronic structure of these systems [2,3]. Among 
the MAX phases, V2AlC has been expected to be categorized as a high-symmetry point 
semi-metal with crossing point with some Dirac-like properties referred as “Dirac point (DP)” 
at the Fermi level (EF) along ΓM line together with “nodal-line (NL)” around 0.2 eV from 
DFT calculation [3, 4]. From the recent SARPES study of V2AlC with using a quasi - 
continuous - wave laser [5], the existence of the spin-polarized states has been elucidated [6]. 
Since the observed spin states show the anti-parallel spin splitting along the tangential axis to 
the larger electron pocket around the Γ point, Rashba effect [7] or the formation of the 
spin-polarized “drum-head surface states” have been expected to be possible origins of the 
spin states. To pursue the origin of the observed spin-states as well as the other spin-states if 
exists on V2AlC, we have performed SARPES study with using He I light source, which is 
available for the spin mapping at the wide momentum space. 

Figures 1(a) and (b) show the band structure near EF and the constant energy ARPES image 
at 0.2 eV, comparing with the DFT band structure along the ΓM (AL) line and the DFT Fermi 
surface of ΓKM (AHL) plane, respectively. While the large (small) electron pocket eL (es) 
seems to be in consistent with the previous ARPES studies [3,6], we have found an apparent 
dispersive feature (SS) appears between eL and es bands. Since the observed SS has not been 
reproduced by the bulk DFT calculation, and SS dispersive feature shows similarity with the 
es band with higher binding energy shift, we expect that the origin of SS to be a “surface 
state”. It should be noted that the observed SS has never been observed on the previous 
ARPES studies with using UV synchrotron from hν = 40 ~ 140 eV [4] or laser-source of hν ~ 
7 eV [6]. We expect possible origin of SS might be so called surface termination effect at the 
cleaved surface, which could be different from the other previous studies.  

In Fig. 1(c), the SARPES spectra at the momentum cut-m1 to m6 and p1 to p6 are shown 
with the spin polarization along y-axis (Sy). Here, y-axis corresponds to the tangential 
direction to the electron pockets around the Γ point as shown in Fig. 1(b). Around the eL 
pocket, Sy− (Sy+) polarization around 50 - 200 meV following a relatively small anti-parallel 
spin feature at the lower binding energy has clearly been observed around kx ~ ±0.5 Å-1. The 



observed spin-states around the eL pocket show a good consistency with the previous 
laser-SARPES study [6]. On the other hand, we have found a sizable spin polarization around 
SS. At the cut-m1 and m2 in Fig. 1(c), Sy− polarization has been observed. Though the strong 
polarization around NL (0.2 eV at the cut-m4) might be expected to affect to the polarization 
in the wide momentum/energy range, appearance of Sy− polarization below 0.1 eV at the 
cut-p1 and p2 should ensure the different origin of the spin-states around SS from the ones 
around NL (and/or eL pocket). From the detail comparison of the relative peak position of SS 
between Sy+ and Sy− SAPES spectra, Sy+ appears at the lower binding energy side at the cut 
m1(m2), while it appears at the higher side at p1(p2). Therefore it has been expected that the 
SS spin-polarized states might has spin-splitting which is inverted with respect to the Γ point. 
This result suggests that the size of spin-splitting at SS will be much smaller than one around 
eL. To understand whether the mechanisms of the formation of spin-states around eL pocket 
and SS are the same or not, further ARPES study choosing surface termination as well as 
DFT calculation of spin-texture will be performed in our future work.  
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Fig. 1: (a) Band structure along ΓM line of V2AlC. White solid (dashed) lines are obtained 
from DFT calculation along the ΓM (AL) line. (b) Constant energy ARPES image at 0.2 eV of 
V2AlC. Purple solid (dashed) lines are Fermi surface on the ΓKM (AHL) plane obtained by the 
DFT calculation. The definition of spin polarization axis (Sy) is indicated by black arrow. (c) 
SARPES spectra (Sy+:△; Sy−:▼) (left) and spin-polarization (right) of V2AlC at the momentum 
cut from m1 (p1) to m8 (p6) in Fig. 1 (a). 
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Surface electronic structure with helical-spin texture thanks to spin-orbit interaction (SOI) 

have been extensively studied not only for basic physics but also for applications to spintronic 

devices [1-3]. In order to describe such system, a simple spin texture, one band has only one 

spin polarization orientation and orbital character, has been widely used in the earlier studies. 

However, recent spin and angle-resolved photoelectron spectroscopy (SARPES) and first 

principles calculation studies have been revealed that the spin texture of these systems are 

actually not so simple, but strongly entangled with the orbital components of the surface band 

structure [4-6]. Spin inversion and gap opining due to hybridization between spin-polarized 

bands has also been reported about 2D Rashba system such as Bi/Ag quantum well [6, 7]. 

Although such studies have been carried out extensively for 2D systems, its extension to 

one-dimensional (1D) or quasi-1D (Q1D) systems were not achieved yet. In this project, we 

observed spin-orbital texture on a giant Rashba-type spin-splitting Q1D system 

Bi/InAs(110)-(2×1) [8] by using laser-based SARPES equipment [9].  

Figure 1 (a) shows spin-integrated ARPES band mapping of the Bi/InAs(110)-(2×1) surface 

along Q1D chain direction with p- polarized photons. Two parabolic bands, S1 and S2, with a 

top away from the center of the surface Brillouin zone (k = 0 Å-1) were observed near the 

Fermi level. ARPES constant energy contour (not shown) indicated the anisotropic, Q1D 

character of both S1 and S2. From the in-plane spin-resolved measurement as shown in figure 

1 (b), both parabolic bands show clear spin polarization, and the signs of the spin 

polarizations are the opposite to each other. These results are consistent with our previous 

data [7], suggests the spin splitting due to Rashba-type SOI. 

In order to clarify the hybridization effect of the two spin-polarized bands, we extracted the 

energy distribution curves (EDCs) from figure 1 (a) and show the results in figure 1 (d). The 

peak positions of the S1 (S2) band are indicated by a filled (open) triangles. Although the two 

bands are crossing each other at k = 0.21 Å-1, no energy gap was observed. Moreover, 

spin-resolved EDCs as shown in figure 1 (e) indicated no spin-inversion nor interference at 

the crossing point (k = 0.21 Å-1). These results suggest that there is no band modulation in 

Bi/InAs(110)-(2×1) surface, such as spin flipping or spin gaps opening , due to the 

hybridization between the spin-polarized bands. This behaviour is different from that of the 

known 2D Rashba systems such as Bi/Ag quantum wells [6,7]. 

We are currently tracking the detailed changes in orbital components and spin polarization 

at the initial state in combination with the density-functional-theory calculation, in order to 

understand this lack of hybridization between Rashba-type spin-polarized surface bands. 
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Figure1. Surface electronic structure of Bi/InAs(110)-(2×1) surface. 

(a) Spin-integrated and (b) spin-resolved ARPES band mapping along 

Bi chain direction. Spin-direction was set to in-plane chain normal 

(k//[001]) direction. (c) The 2D color code for (b). blue-red color 

corresponds to spin polarization and the contrast of the color to the 

intensity of photoelectrons.  (d) Spin- integrated and (e) 

spin-resolved EDCs. All data were measured at 45K. 
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Topological insulators (TIs) have attracted much attention in quantum matter physics. 

Topological surface states (TSS) have a helical-spin texture, in which the spin-locked 
electrons are topologically protected against the backscattering from nonmagnetic impurities 
due to time reversal symmetry1. This property of TSS will be important in next-generation 
spintronic devices because it will allow lower-energy electronic transport. Thus, controlling 
the TSS by creating topological interfaces with other materials is vital for using TIs in 
spintronic devices. In 2016, Tu et al. reported a topological p-n junction on the surface of 
Bi2-xSbxTe3-ySey, a three-dimensional TI fabricated by using electron-accepting organic 
molecule F4-tetracyanoquinodimethane (TCNQ), and they achieved on-off switching of 
charge current flow originating from TSS2, suggesting that electronic functional organic 
molecules are suitable for TI spintronic devices. Recently, there have been several studies of 
the TI interface with organic molecules toward using TIs in spintronic devices. Caputo et al. 
examined the cobalt phthalocyanine (CoPc)/Bi2Se3 interface3 and observed a slight shift in the 
Dirac point (DP) to higher binding energy by angle-resolved photoemission spectroscopy 
(ARPES) experiments, indicating charge transfer from CoPc to Bi2Se3. This means that the 
CoPc/Bi2Se3 interface is a chemisorption system. However, a negligible shift in the Bi 4f core 
levels was observed by X-ray photoemission spectroscopy (XPS), indicating little charge 
transfer at the interface. These experimental results contradict each other. The interface 
between TCNQ, a typical electron acceptor, and Bi2Se3 was studied by Pia et al.4 They 
observed a DP shift to higher binding energy by ARPES and a shift of the Bi 4f core level 
toward lower binding energy accompanied by TCNQ deposition by XPS measurements. 
These results indicate that there is a chemical interaction between adsorbed TCNQ and Bi2Se3. 
Therefore, studies of the interfacial electronic structure of the TCNQ/Bi2Se3 interface should 
consider chemical interactions, such as charge transfer. 

These earlier experimental studies of the interface between the organic molecules and the TI 
surface have led to contradictory interpretations of the interactions at the organic molecule/TI 
interfaces. Little attention has been paid to the electronic structure of molecular layers, 
although this is essential for properly evaluating the interfacial electronic structure. Also, it 
can be pointed out that there are few reports on the electron donating molecules (n-type 
dopant) although some researches on the electron-accepting molecules (p-type dopant) like 
TCNQ and its derivatives have been reported. 

In the present work, we directly observed the electronic structure both of the molecular 
layers and the TI surface to fully understand the influences on the TSS upon the adsorption of 
the molecules. We focused on the interface between tetrathianaphthacene (TTN) and Bi2Se3.  

Bi2Se3 has been extensively investigated as a prototypical TI. A Bi2Se3 single crystal 
comprises five-atom layers (Se-Bi-Se-Bi-Se) stacked along the [111] direction, which are 
known as quintuple layers (QLs). The QLs are attached to each other by weak van der Waals 
(vdW) forces and the interlayer gap between QLs is called the vdW gap. We chose Bi2Se3 
because it has a single Dirac cone at the Γ point in the (111) surface Brillouin zone and a wide 
band gap of ~ 0.3 eV. This simple electronic structure allows us to trace the DP shift 
accompanied by the molecular deposition easily. To create the organic molecular layer/TI 
interface, we vacuum deposited TTN onto Bi2Se3. TTN is a π-conjugated molecule containing 



four electron rich sulfur atoms and has a strong donor nature by a small ionization energy of ~ 
4.4 eV. TTN functions as a strong n-type dopant for Bi2Se3 because the Fermi level of Bi2Se3 
is lower than the highest occupied molecular orbital of TTN. The role of donor organic 
molecules on the TI surface has not been investigated thoroughly, in contrast to acceptor 
organic molecules or n-type dopants, like alkali metals and other inorganic materials. Organic 
molecules have the advantages of requiring lower-cost methods for creating the interface with 
TI and having a lower risk of intercalation into the bulk. Thus, organic molecules are good 
candidates for manipulating the TSS.  

In this work, we observed the entire electronic structure of the TTN/Bi2Se3 interface by 
examining the TTN thickness dependence of the interfacial electronic state using UPS, XPS, 
and ARPES.   

Figure 1 shows the Fermi surfaces and the energy band dispersions measured at the 
TTN/Bi2Se3 interface for various TTN thicknesses by ARPES. For the 5Å-thick TTN, the 
Dirac point (DP) shifted toward higher binding energy (E−EF = −0.42 ± 0.02 eV) and the 
Fermi surface area of TSS increased. The hexagonal warping of the Fermi surface was also 
observed. We also observed the emergence of a new state just below the Fermi level with a 
parabolic band dispersion and hexagonal Fermi surface upon TTN deposition. This new state 
was identified as the two-dimensional electron gas state (2DEG) originating from the bulk 
conduction band, which is induced by the band-bending derived from the increase in the 
number of TSS electrons. 

 

 
 
Fig. 1: Development of the electronic structure at the TTN/Bi2Se3 interface. a) ARPES 

spectra of Bi2Se3 and a TTN molecular layer of various thicknesses, showing the Fermi 
surface and the energy band dispersion of photoemission intensity. The dashed lines labeled 
DP represent the energy of DPs. These ARPES spectra are acquired along the momentum line 
slightly off the ΓK line in the surface Brillouin zone. b) Positions of the DP (EDP) and the 
bottom of 2DEG band dispersion (E2DEG) and c) the Fermi surface area of TSS (STSS) and 
2DEG (S2DEG). 
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In recent years, a great deal of research activities are associated with the quantum materials 

characterized by either the low dimensionality [1] or the electronic topology [2]. TaSe3 is 
known as a quasi-1D semimetal with layered chain-like structure [Fig. 1 (a)] and has been 
extensively discussed in the early ages for its superconducting properties and the absence of 
charge density wave (CDW) [3]. These characteristics make it distinct from other 
transition-metal trichalcogenides, which typically undergo multiple CDW transitions [3]. As 
shown in Fig. 1 (b), it is considered that the absence of CDW stems from the relatively poor 
nesting conditions in TaSe3 due to its more 3D-like electronic structure and CDW may be 
induced by Cu intercalation [4,5] or in mesowires [6], both of which are expected to reduce 
the dimensionality. A recent first-principle calculation indicate that TaSe3 actually belongs to 
a strong topological insulator (TI) phase and moreover predict intriguing topological phase 
transitions among strong TI, weak TI, Dirac semimetal, and normal insulator phases through a 
slight change of lattice parameters, as demonstrated in the topological phase diagram of Fig. 1 
(c) [7]. Therefore, TaSe3 offers a simple system to study the interplay between 
superconductivity and topological phases, and the possibility of selecting dirrennt topological 
phase by changing physical parameters (temperature, element substitution etc.).  

A direct investigation of the electronic structure of TaSe3 via angle-resolved photoemission 
spectroscopy (ARPES) is consequently indispensable to elucidate its novel topological 
properties. We have conducted laser-based spin-resolved ARPES (SARPES) measurements at 
the Institute for Solid State Physics, the University of Tokyo last year and reported the first 
unambiguously observation of the electronic structure of TaSe3 and the possible topological 
surface states (TSSs) [8]. In present study, we show the high-resolution band structure of the 
possible TSSs and confirm that these surface states are indeed spin-momentum locked. 
Therefore, our results reveal a well-established TI phase in quasi-1D TaSe3. 
 

 
Fig. 1 (a) Crystal structure and unit cell of TaSe3 [7]. (b) Superconductivity in pure and Cu-doped TaSe3 (left) 
[4], CDW signature in Cu-doped TaSe3 (middle) [5], and direct observation of CDW in mesowire TaSe3 with 



hundreds of nano-meters in width (right) [6]. (c) 
Topological phase diagram of TaSe3 including 
strong topological insulator (TI), weak TI, Dirac 
semimetal, and normal insulator phases [7]. 

Figures 2 (a,b) show the 3D Brillouin 
zone [7] and our recently calculated TSSs 
at the X point on (-101) surface. Figure 2 
(c) is the schematic of the experimental 
ARPES setup and the typical sample size. 
In Figs. 2 (d,e), we present the 
high-resolution Fermi surface and the 
band dispersion at the X point. The 
observed sharp and high-intense features 
near EF are nicely consistent with our 
calculations in Fig. 2 (b). To further 
confirm whether the sharp electronic 
states are spin-polarized, Fig. 2 (f) shows 
one typical spin-revolved energy 
distribution curves and the corresponding 
spin polarization at a momentum position 
indicated by the dash line in Fig. 2 (e). 
Taking advantage of our high-resolution 
SARPES, the spin splitting is clearly 
observed for the spin up and spin down 
states, uncovering a spin polarization of ~ 
20%. We confirmed a reversal of the spin 
polarization for an opposite momentum 
position. Therefore, our results elucidate 
the spin-momentum locked TSSs in TaSe3.  

To sum up, we performed 
high-resolution SARPES measurements on 
TaSe3 focusing on the surface states, the 
results confirm the spin-momentum locked 
TSSs and hence a TI state. 
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Fig. 2 (a) 3D Brillouin zone (BZ) of TaSe3 [7]. (b) 
Calculated topological surface states (TSSs) at the X 
points on (-101) surface [7]. (c) ARPES setup. Typical 
samples size is ~ 1×0.05×0.01 mm3. (d) Observed 
surface-state Fermi surface on (-101) surface near the 
X point at 10 K. (e) The corresponding high-resolution 
dispersion at the X point with momentum position 
indicated by the red arrow in (d). (f) Spin polarization 
at the momentum position indicated by a dash line in 
(e). Red and blue curves are energy distribution curves 
of spin up and spin down states, respectively. 
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Introduction 
So far, no example of Weyl fermions has been observed in particle physics research. On the 

other hand, some topological materials are expected to host electrons behaving as Weyl 
fermions. These materials, called Weyl semimetals, have spin-polarized bands with cone-like 
liner dispersions with zero-mass near Weyl points, which are generated when either time-
reversal or space-inversion symmetry is broken. The Weyl points are topologically protected, 
and intriguingly, topological surface states connect a pair of Weyl points with opposite chirality, 
forming arc-like Fermi surface (Fermi arc).  

In some Weyl semimetals, the hole- and electron-like pockets touch each other at several 
Weyl points. These kinds of Weyl semimetals are called type-II Weyl semimetals, and WTe2 we 
study here is one of such candidates. In WTe2, the 
space inversion symmetry along c-axis is broken, 
thus the top and bottom surfaces should be different 
[1-3]. Theoretical calculations predict distinct Fermi 
arc states for these two surfaces [4], which require 
detailed experimental investigation.  

 
 
Experiment 

The single crystals of WTe2 with large domains 
were grown via the iodine vapor transport method 
[4]. Comparing with previous studies, the single 
crystals have a much larger domain size. We 
developed a new method to obtain a pair of samples 
with opposite polar surfaces as shown in Fig. 1, 
namely “sandwich method”. A single crystal of 
sample was fixed on a metal substrate with silver 
paste as usual ARPES experiment. Then we applied 
silver paste on the top surface of the sample and 
covered it with another metal substrate. After heating 
the sample until the silver paste was hardened, we 
separated the two substrates to cleave the sample. The 
two pieces of sample would expose different surfaces.  

The experiment was carried out with the spin-
resolved laser ARPES (SARPES) at ISSP, the 
University of Tokyo. The light source is 7 eV laser 
from KBBF crystal. We measured two kinds of 

Fig.1 (a) The method to get a pair of 
samples with polar surfaces. (b) and (c) The 
Fermi surfaces on both the polar surfaces 
by laser ARPES. (d) and (e) Band 
dispersions along high symmetry cuts. 



surfaces of WTe2: surface A and B. We used the 7 eV laser ARPES to map the energy contours 
and measured the band structures. We found two kinds of ARPES results on the polar surfaces. 
SARPES measurements on candidate topological surface states were taken after the ARPES 
measurements. We distinguished surface states from bulk states.  

 
Results  

We measured two kinds of 
surfaces of WTe2: surfaces A and B 
with 7 eV laser-ARPES. In Fig. 1 
(b)-(e), we can see the arc-like 
surface states on both surface A and 
B. The surface states of the opposite 
surfaces are different because of the 
lack of inversion symmetry as 
expected. 

Figure 2 shows the SARPES 
results of the candidate topological 
surface states. The spin polarization 
of bulk bands inversed on the polar 
surfaces, while surface states keep 
the same direction. We also found a 
surface resonance state generated by 
the mixture of the surface state and 
the hole pocket, suggesting that the 
hole and electron pocket also 
connect below the Fermi level, 
which is not predicted by theoretical 
studies. The band structures are 
linear near the contact point with a 
Dirac-like cone. 

We observed two kinds of 
surfaces of type-II Weyl semimetal 
WTe2 with laser-ARPES. Clear 
surface states which connect the bulk 
hole- and electron-like pockets could 
be seen. By SARPES measurements, 
we found that the surface states are 
all spin-polarized, which are 
compatible with topological Fermi 
arcs. 
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Fig.2 (a) and (e) The ARPES images of cut 3 on surface A and 
B, respectively. The red (pink)/blue (light-blue) dashed lines 
indicate the band dispersions with sy-up/down polarization. 
(b),(c),(f) and (g) Laser-SARPES images for sy -up and 
down.(d) and (h) Energy distribution curves (EDCs) for up (red) 
and down(blue) along dashed line in (b), (c), (f), and (g). The 
marks indicated the positions of the peaks: light-blue and pink 
rounds for bulk states and blue and red for surfaces, which are 
also plotted on (b), (c), (f), and (g) . (i)-(p) Similar set for spin 
x component along cut 2 on surface A and B. 



 
Fig. 1: EDCs recorded by 10.7 eV laser on the 

polycrystalline gold plate at 17 K. Dashed curve 

is a fitting function to deduce the energy 

resolution of the laser pulse itself. 
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Spin- and angle-resolved photoemission spectroscopy (SARPES) is a powerful technique to 

directly access spin-polarized electronic structures [1]. In 2014, We have newly built the 

laser-SARPES machine at ISSP, which is based on the 6.994-eV laser generated by KBBF 

non-linear crystal and the double VLEED-type spin detector [2]. Thanks to the high-flux light 

source as well as the high-efficiency of the detectors, our SARPES machine enables us to 

reveal the various spin-polarized states and the related phenomena.  

Recently, we have started to a project to upgrade our laser-SAPRES machine by combining 

femtosecond laser pulses to perform pump-probe time-resolved SARPES (tr-SARPES). In 

contrast to the standard SARPES, this technique allows us to investigate the non-equilibrium 

spin-polarized electronic states and its spin dynamics disentangled from the charge dynamics. 

We have installed a new 10.7 eV-laser pulse developed by Kobayashi group of ISSP [3], 

which is based on the Yb-doped fiver with the high repetition rate (1 MHz). The 10.7 eV laser 

is generated by the third harmonic generation of the 347-nm driver in Xe gas. The 

high-energy probe pulse will cover the entire first Brillouin Zone (BZ), which is a great 

advantage compared to the conventional 6 eV-lasers based on Ti:sapphire laser.  

In this activity report, we report the status of the machine development. At this stage, we 

have detected the SARPES signals probed by 10.7 eV laser. We here will show its 

demonstrations on polycrystalline-Au, and Bi/Si (111) films. 

 

We characterize energy resolution by 

measuring polycrystalline gold plate 

(Fig. 1). By fitting analysis of the 

energy distribution curves (EDCs) by a 

Fermi-Dirac function convoluted by 

Gaussian, we estimate the energy 

broadening of the laser itself to be 20 

meV. This value is reasonable if we 

consider the band width of the 

fundamental laser generated by the 

Yb-doped fiber. We also find that there 

is no significant space charging effect, 

which is the best advantage of the 

high-repetition laser.  

Next, we mapped the band dispersions 

of Bi/Si (111) film. Fig. 2(a) shows the 

observed Fermi-surfaces covering the 



BZ. We also measured the clear band dispersions of Bi/Si (111) in wide energy-momentum 

windows [Fig. 2(b)]. This guarantees that our laser system is stable for SARPES and ability to 

investigate the spin-polarized band structure for entire first BZ. We are now installing the 

pump pulses to perform the pump-probe tr-SARPES measurement. 
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Fig. 2: (a) The Fermi surface of Bi/Si (111) films. 10.7 eV laser is p-polarization set up, 

and analyzer slit is along ΓM line. (b) Band dispersion image along Γ-M direction. 
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Two distinct topological insulators exist in three dimensions: strong topological insulator 
(STI) and weak topological insulator (WTI). Among them, STI have been widely studied in 
the past decades both in theories and experiments. There are 2D spin-momentum locked Dirac 
cones on all the surfaces, in which the perfect backscattering is prohibited, while general 
scattering away from 180 degree still exists. On other hand, there are many theory studies on 
WTI but experiments are still rare. WTI host surface states only on the side surfaces. They are 
thought to be weak since two adjacent layers in even-layer WTI may couple with each other, 
leading to a topologically trivial phase. However, it is found that WTI surface states are 
actually robust as a results of delocalization. Furthermore, surface bands of WTI generally 
have a quasi-1D dispersion. Similar to the quantum spin Hall edge states, there are less 
scattering channels than STI, and smaller scattering at the side surface is expected. However, 
experiments on surface states of WTI are rare, due to the difficulty to prepare a large and 
uniform side surface of layered materials. Cleavage is generally useful for top surface, and 
such techniques proved its power on STI. In nature, most materials can only be cleaved from 
top surface, and it is difficult to prepare a side surface. The only example is Bi4I4, which has 
two cleaved surface at the same time (specially) [1]. ZrTe5 is another candidate of WTI [2]. 
Although there are some spectroscopic studies on the top surface, there is no study on the side 
surface. The key evidence for WTI of ZrTe5, the results from side surface, is missing, and the 
properties of the surface band is absent. 

ZrTe5 has a quasi-1D crystal structure. The layer distance for the top surface is ∼ 7.3 Å, and it 
is ∼ 6.9 Å for the side surface. As a result of the large layer distances, in principle, it should be 
possible to cleave both surfaces. However, Te-Te bonding exists between adjacent layers for 
the side surface, making it much more difficulty to cleave than the top surface stacked by van 
der Waals forces. We successfully cleaved the side surface of WTe5, and measured its band 
structure with laser ARPES. We resolved a Fermi surface only dispersing along the chain 
direction (a), as displayed in Fig. 1a. The ARPES intensity plot along ka shows a hole-like 
band. By comparing with the calculations [2], we found this band should be the surface band. 
The spin polarization is expected for the surface band.  

We measured two pairs of EDCs (Fig.1a) by spin-resolved ARPES from three different 
samples. The ka locations are also shown in Fig.1b. The spin polarization curves along the b, a 
and c directions are displayed in Fig.1c - e. In each panel of Fig.1c - e, the five curves with 
the same color (blue or red) are taken at two different kb (kb ∼ 0 and 10, indicated in Fig.1a) 



from three samples (one sample at only kb ∼ 0, in total 6 - 1 = 5 curves). These five curves 
show no obvious difference, confirming the repeatability of the measurements. We notice that 
the spin polarization curves in the background range (< -0.15 eV) are not zero but have offsets. 
Such constant polarization in the background may come from the asymmetry of the spin + 
and spin - channels, or may come from the matrix-element effect in the photoemission process, 
which is often observed in spin-resolved ARPES. We averaged the five polarization curves 
with the same color in Fig.1c - e, and subtracted the resulting curves by a constant to remove 
the background polarization. The results are displayed in Fig.1f - h. It is clear that the spin is 
polarized along b direction, tangent with the Fermi surface, forming the quasi-1D 
spin-momentum locking pattern. Our results prove the existence of topological surface states 
on the side surface, and the weak topological insulator nature of ZrTe5.  
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Figure 1. Spin polarization calibration. (a) Fermi surface of the side surface. The red 
and blue dots indicate the locations in k-space of the spin-polarized EDCs in (c - h). (b) 
Intensity plot of the band structure along ka and its MDC curvature plot. The red and blue 
lines indicate the ka locations of the spin-polarized EDCs. Due to the quasi-1D feature of 
the Fermi surface, the band structure at kb ∼  0 and kb ∼  10 in (a) are basically the same. 
(c - e) Raw spin polarization curves along b, a and c directions measured at the indicated 
locations in (a) and from different samples. The polarization curves at the same ka are 
almost the same (independent of kb locations or samples). So the curves are just 
distinguished by their ka values with red and blue colors. (f - h) Spin polarization curves 
along b, a and c directions, obtained by averaging the same-color curves in (c - e), 
respectively. Since the background part (< -0.15 eV) should show no spin polarization, 
we subtracted a constant for all the curves to remove the background spin polarization.  
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The electronic structure in the low temperature phase of Td-MoTe2, which is theoretically predicted 

as a type-II Weyl semimetal, has been intensively investigated by angle-resolved photoelectron 

spectroscopy [1-6]. Until now, some segment-like band features resembling Fermi arcs are 
experimentally observed, which are indicative of the topological surface states connecting the bulk 

Weyl nodes [5,6]. However, since the complicated electronic structure near the Fermi level makes it 

difficult to be observed, the interpretations of ARPES results on the observed Fermi-arc-like bands are 

still controversial. Here we investigate the spin polarizations of the Fermi arc features for both polar 
terminations by utilizing the high-resolution spin and angle-resolved photoelectron spectroscopy 

(SARPES) [7].  

 Td-MoTe2 has the noncentrosymmetric crystal structure 
with polarization along the stacking direction (c-axis), so 

it has the “top” and “bottom” polar domains. The top 

surface is denoted by (001) and the bottom surface is 
denoted by (00-1). According to the band calculations, 

there are eight Weyl points in the first Brillouin zone of 

Td-MoTe2. Their energy levels and coordinates are 

predicted to be (E, kx, ky, kz) = (EF + 6.7 meV, ±0.185, 

±0.013,0) (W1s : near the Γ-X line) and (EF + 59 meV, ±
0.181, ±0.053, 0) (W2s : the far from Γ-X line) by the 
theoretical research[21]. Fig. 1(a) and (b) show the energy 

contours at EF + 6.7 meV for the (001) and (00-1) surfaces 

respectively. On the (001) surface, an arc-like surface state 

dispersing from the W1 can be seen between the hole 
pocket and the electron pocket. In addition, there is 

another surface state that crosses the Γ-X line near the 

electron pocket, indicated by “SS”. On the (00-1) surface, 
there is a sharp surface state that connects the pair of W1s 

with different chirality, indicated by the white arrow in 

Fig. 1(b). 
Fig. 2(a) shows the energy contour at EF on the (001) surface obtained by ARPES at 20 K. The two 

types of sharp photoelectron intensities are observed indicated by the pink solid brackets and the green 

curve. The pair of segments is the possible Fermi arcs connecting W1 and W2 from the comparison 

with the calculation shown in Fig. 1(a). The state indicated by the green curve is also a surface state 
but can be distinguished from the Fermi arc. 

Next, looking at the energy contours at EF + 20 meV for the (00-1) surface shown in Fig. 2(b), a short 

segment of the photoelectron intensity can be observed at kx ~ 0.20 Å-1 along the Γ-X line, as indicated 
by the pink marker. This segment is the possible Fermi arc connecting the pair of W1 across the Γ-X 

line, as shown in the calculation for the (00-1) surface (Fig. 1(b)). 

To investigate the spin structures of the topological surface states, we perform SARPES along Fermi 

arcs and the SS. On the (001) surface, the SARPES measurements were performed along the orange 
lines (#0~#7) shown in Fig 2(a). Figs. 2(c)~(e) show the spin-resolved spectrums along #0 ~ #7 for the 

Sx, Sy and Sz respectively. The measurement position (#0 ~ #7) in momentum space is calculated from 

Fig. 1 The calculated energy contour 

at EF + 6.7 meV for (001) (a) and 

(00-1) (b) surfaces. 



the detector angle shown on the horizontal axis of Figs. 2(c)-(e). The red and blue curves represent the 

photoelectron intensities of the up spins and down spins, respectively. From the ARPES results shown 

in Fig. 2(a), there are the Fermi arc and the SS, on #0, #2~#7. The peak positions shown in the spin 
resolved momentum distribution curves (MDCs) are the Fermi arc and SS peak positions obtained by 

fitting the MDCs by the normal ARPES measurement shown in Fig 2(a). In the spin-resolved 

spectrums for Sx shown in Fig. 2(c), the only one peak is observed on the #1, whereas two peak 
structures are observed on the #2 reflecting the two different surface states, so we can say that the Arc 

and the SS can be measured by SARPES. The spin resolved MDCs for Sy (Fig. 2(d))shows that the SS 

has Sy up polarization on the Γ-X line, the up-spin spectrums have the two-peak structure in the region 
slightly off the Γ-X line (#2-#5), so we can see that the Sy of the Fermi arc near W1 is up on the (001) 

surface. For Sz, the Arc and SS seem to have the opposite polarization near the Γ-X line, but they have 

large Sz-up polarization far from the Γ-X line. Next, we move on to the results of the (00-1) surface. 

Fig. 2(b) shows the energy contour at EF + 20 meV on the (00-1) surface. SARPES is performed along 
the orange line in Fig. 2(b), so the peak in the 3D spin-resolved MDCs shown in Fig. 2(f)-(h) 

corresponds to the peak of the Arc. There seem to be no difference in the photoelectron intensities of 

the up and down of Sx, but the MDC of Sy-down ARPES intensities shown in Fig. 2(g) has a sharp 
peak which is consistent with the peak position of the Arc observed by the normal ARPES. Finally, 

the MDC of Sz-up ARPES 

intensities shown in Fig. 2(h) has a 
peak structure at the same position 

with the result of the normal 

ARPES, so we can see the Arc 

have the small Sz-down 
polarization.  

We focus on the spin components 

along y of the Arc in the vicinity of 
the Γ-X line. The Arc of the (001) 

surface has Sy-up polarization (Py ~ 

0.4) just outside of the pair of W1 

at ky ~ ±0.01 Å-1. On the other 
hand, the Arc on the (00-1) surface 

at ky = 0 has Sy-down polarization 

(Py ~ -0.6). In other words, the sign 
of the spin polarizations of the 

Fermi arcs on the top and bottom 

surface reverse at the W1s, the 
junction point between the Arcs. 

This feature seems to reflect the 

Berry flux emerging from the 

Weyl points, as the source and sink 
of Berry flux in momentum space. 
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Fig.2 ARPES energy contour at EF for (001) (a) and at EF + 20 

meV for (00-1) (b). (c)-(e) 3D SARPES momentum distribution 

curves along the orange lines in (a). (f)-(h) 3D SARPES 

momentum distribution curves corresponding to the orange 

line in (b). 
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Strongly spin-orbit coupled materials, such as topological insulators and Rashba systems, are 

placed at a central research field in condensed matter physics not only because of fundamental 
interests but also spintronic applications. In the standard model of the strongly spin-orbit 
coupled systems, the spin direction is perpendicular to both the direction of surface normal and 
the momentum of an electron. Recently, in contrast to the scenario of the spin-momentum 
locking, the spin-orbital locking model was reported in several papers [1]. Also, in our previous 
studies [2,3], we demonstrated the spin-orbit coupling of surface states on Bi(111) and Bi2Se3 
with spin- and angle-resolved photoemission spectroscopy using a vacuum ultraviolet laser 
(laser-SARPES). Here we show the spin-orbit coupling of surface states of a monolayer Pb film 
on Ge(111) (Pb/Ge(111)-b) investigated by laser-SARPES. Moreover, we demonstrate the 
incident-light-angle dependence of SARPES.  

SARPES measurements were performed at E-building in the Institute for Solid State Physics 
[4]. The Pb/Ge(111) sample was in-situ prepared in a molecular beam epitaxy chamber which 
was directly connected to the analysis chamber. We used an n-type Ge(111) substrate. The clean 
surface was obtained with the several cycles of Ar+ ion sputtering with the ion energy of 0.5 
kV and subsequent annealing at 600 °C. Pb was evaporated from an aluminum crucible. The 
thickness of Pb and the orderliness of the monolayer film was judged from low-energy-electron-
diffraction pattern. The photoelectrons were excited by 6.994-eV photons and were analyzed 
with a ScientaOmicron DA30-L analyzer equipped with very-low-energy-electron-diffraction 
type spin detectors. The electron deflector function is useful for studying the light-incident-
angle dependence of SARPES. The effective Sherman function was 0.28. The sample 
temperature was kept at 40K during the 
measurements.  

Figure 1 shows an ARPES image recorded 
along GK in the surface Brillion zone of 
Pb/Ge(111)-b, being parallel to the mirror 
plane of the surface. We find several bands 
around G, which are ascribed to the 
subsurface states of Ge(111) [5]. The bands 
crossing the Fermi level (EF) around k ~ 0.40-
0.45 Å-1 are Pb-derived states, where the 
splitting is due to the Rashba effect [6]. The 
bands lying in the energy range of 0.3-0.8 eV 
below EF around k > 0.3 Å-1 are also Pb-
derived states and show semiconducting 
behavior. The overall shapes of the bands 
observed with hn = 6.994 eV well agree with 
those with hn = 21 eV reported in our 
previous study [7].  

The SARPES measurements were performed with p- and s-polarized lights [Fig. 2], which 
could be regarded as orbital-selective SARPES. Here, the light incident angles were set to 20° 
and 40°. We used the spin detector for resolving the y-spin component, which was perpendicular 

 
Fig. 1 The ARPES image of Pb/Ge(111)-b along 
GK recorded with the photon energy of 6.994 eV. 
The color arrangement gives the information of the 
photoelectron intensity.  



to the mirror plane of the surface. As shown 
in Fig. 2, we clearly demonstrate that the 
observed spin polarizations are inverted 
upon switching the light polarizations. This 
indicates that the symmetric and anti-
symmetric orbitals are independently 
coupled to mutually opposite spins as in 
other spin-orbit coupled systems such as 
Bi(111) and Bi2Se3. The total spin 
polarization is obtained from the integrations 
of the orbital-selective spin polarizations 
with p- and s-polarized lights. For the light 
incident angle of 20°, the spin-polarized 
branches show opposite spin directions each 
other, which is in agreement with the 
scenario of the Rashba effect. On the other 
hand, for the 40° incidence, the total spin 
polarizations are in the same directions, 
which is against the Rashba scenario and 
violates the time reversal symmetry. 
Besides, the theoretical calculation suggests 
that these branches exhibit the Rashba-type 
spin texture [7]. Therefore, we conclude that 
the spin polarization observed with SARPES 
with the incident angle of 40° is largely 
influenced by the final-state effect in 
photoemission process. It is likely that the 
photoionization cross sections between the 
p- and s-polarizations are different. We have to mind that the total spin polarization is not 
always derived from the integrations of the orbital-resolved ones.  
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Fig. 2 Laser-SARPES images for the Pb-derived 
surface states along GK recorded with the light 
incident angles of 20° (upper panels) and 40° (lower 
panels) with the p-polarized light (left panels) and the 
s-polarized light (center panels). The right panels 
represent the orbital-integrated SARPES image. 
White and black colors give the information of the 
negative-positive spin polarizations. The left-upper 
panel is a schematic drawing of the experimental 
geometry.  
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Ce-based intermetallic compounds have interesting physical properties that arise from the 

interplay between Ruderman-Kittel-Kasuya-Yoshida (RKKY) magnetic interaction, 
crystalline electric field and Fermi surface (FS) effects in connection to a strong 
hybridization between the Ce3+ 4f electrons and the conduction electrons. Ce-based materials 
often present non-trivial ground states, such as heavy fermion, unconventional 
superconductivity and non-Fermi-liquid behavior, which frequently appear in the vicinity of a 
magnetically ordered state. Interestingly, some of these properties, seem to be favored to 
occur in low symmetry systems such as tetragonal structure, well-known examples are the 
families of CeMIn5, Ce2MIn8 (M = Co, Rh, Ir, Pd), CePt2In7 and CeCuSi2.  

In this context, recent attention was given to the CeTX2 family (T = transition metal; X = 
pnictogen), which hosts both ferromagnetic (FM) and antiferromagnetic (AFM) members 
with complex magnetic behavior [1]. In particular, in this project we investigated, using 
laser-excited spin- and angle-resolved photoemission spectroscopy (Laser-SARPES), the 
compound CeCuBi2 that crystallizes in the tetragonal ZrCuSi2-type structure (P4/nmm [1]). 
Previous studies show that CeCuBi2 has an AFM ordering at TN = 16 K with a large magnetic 
anisotropy [1]. 

As shown in Figure 1, in the AFM phase we detected a dispersive hole-like state with a 
finite spin polarization. This state may arise from unpaired or incompletely paired moments 
near the material surface, as also observed in other AFM heavy-fermion systems [2]. Further 
data analyses and complementary spin-integrated ARPES measurements are currently being 
performed to clarify its origin. 

 

 
 

Figure 1. (a) laser-ARPES energy-momentum map showing a hole-like state right below the Fermi level in 
CeCuBi2. (b) Bottom panel: spin-resolved energy distribution curves along the momentum marked by the red 
line in (a); top panel: net spin polarization. 

 
REFERENCES 

[1] Cris Adriano et al., Phys. Rev. B 90, 235120 (2014). 
[2] A. Chikina et al., Nat. Commun. 5, 1-7 (2014). 



Study of spin structure in domain-regulated alloy of atomic layer 
 

Ting-Yu Chen1, Li-Cheun Yang2, Santosh Chiniwar1, H. -T. Jeng1, Woei Wu Pai3,  
S. -J. Tang1,2, 

1. Department of Physics, National Tsing Hua University, Hsinchu 30013, Taiwan 
2. National Synchrotron Radiation Research Center (NSRRC), Hsinchu 30076,  
 Taiwan  

3. Center for Condensed Matter Sciences, National Taiwan University, Taipei 106,  
Taiwan 
 

The enhanced Rashba effect of a 2-dimestional (2D) surface alloy has been a center 
of interest in surface-science community. A typical Rashba effect in a 2D system is 
mainly contributed by the out-of-plane electric field caused by the inversion –symmetry 
breaking perpendicular to the surface plane. Consequently, the k momentum of 
degenerate surface-state bands locked with opposite in-plane spin polarizations shift in 
positive and negative directions, respectively, forming a concentric 2D constant-energy 
contour (CEC). However, previous studies on 2D surface alloys revealed the enhanced 
Rashba effect correlated with possible in-plane electric field and thus out-of-plane spin 
polarizations. Such effect was attributed to the second-order warping term of spin-orbit 
interaction in addition to the first-order term for the typical Rashba effect.   

Our group found that the surface-state bands of GeAg2 surface alloy formed on 
Ag(111) exhibits anomalous splitting centered at surface zone center Γ  as shown in 
Fig. 1. The splitting is obvious in one symmetry direction 

2Ag GeMΓ  but negligible in 
another

2Ag GeKΓ . The corresponding 2D CECs centered at Γ is displayed in Fig. 2(a), 
exhibiting an entangled configuration of inner hexagon and outward snowflakes that 
rotate 30° with each other.   
 

            

 

 

 

 

 
 

 
 

 

(a) (b) 

Fig. 1: The measured energy band dispersions for Ag2Ge on Ag(111) in two symmetry directions 



 

 

 

 

 

 
 
 
 
 
 
 
We employed the spin-orbit interacting model of the first-order Rashba term and the 

second-order Warping term to simulate the measured CECs in Fig. 2(a); the match is 
very agreeable as shown by the orange fitting curve in Fig. 2(b). Moreover, the fitting 
result shows that the contribution to the splitting is dominantly from the Warping term, 
being in complete contrast to the behaviors in most surface alloys where the first-order 
Rashba term dominates. If it is the case, the spin polarizations of the surface-state bands 
of Ag2Ge surface alloy centered at Γ would be dominantly out-of-plane. This 
motivated us to come to the Synchrotron Radiation Laboratory in the Institute for Solid 
State Physics, The University of Tokyo, Japan to use the spin- and angle-resolved 
photoelectron spectroscopy (SARPES) to measure the spin texture of surface state 
bands of Ag2Ge surface alloy. Figure 3 shows the scanning-tunneling-microscopy 
(STM) image of Ag2Ge surface alloy coexisting with striped-phase germanene which 
form triangle arrays enclosing the Ag2Ge surface alloy. We believe the triangle arrays 
break the in-plane symmetry to cause the in-plane electric field.        

Figure 4 shows the preliminary results of our spin-resolved photoemission 
measurement carried out in SARPES machine time in Nov 2019. The applied magnetic 
field was along the out-of-plane direction (z direction). Indeed one can see the energy 
distribution curves (EDCs), taken at off-normal 8°, corresponding to two opposite 
directions (±z) of magnetic fields reveal difference in intensities for the two peaks of 
the split surface-state bands. However, it is a bit abnormal that the two peaks of red 
EDC are both higher than those of blue EDC. I think the surface normal of our sample 
was not completely aligned with the detector axis during measurment. In our next 
SARPES machine, we will be much more careful in those measurement details.      
 
 

Fig. 2: (a) The measured 2D constant energy contours at −1.0 eVfor surface-state bands of Ag2Ge  

surface alloy on Ag(111) centered at Γ  and (b) the corresponding fitting result.   



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: The STM image of Ag2Ge surface alloy coexisting with striped-phase germanene in the form of 

triangle arrays.   

Fig. 4: The preliminary result of spin-resolved photoemission measurement on the split surface-state 

bands of Ag2Ge surface alloy. Red and blue EDCs correspond to opposite directions (±z ) of magnetic 

fields. 
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Introduction 

Bulk, as well as low-dimensional, bismuth (Bi) have provided extremely rich platforms to 

advance our knowledge in condensed matter physics, ranging from high thermoelectric 

properties[1] to giant Rashba effect with highly spin-polarized electrons [2][3]. Moreover, 

there have recently been much interest in the topological classification of Bi, and it has been 

reported that pure Bi is topologically non-trivial in bulk [4][5], as well as in thin film[6]. 

More recently, it has also been reported that due to the higher-order topology, Bi also 

possesses topologically protected hinge (edge) states even in bulk form [7]. Such new 

identifications of Bi are expected to open up further possibilities for Bi-based structures, 

particularly when combined with other novel materials.  

In order to utilize the rich properties of Bi-based structures, both to explore further 

fundamental aspects and for future device applications, it is essential to understand the 

electronic interactions of low-dimensional Bi on various substrates, particularly at their 

interfaces (e.g., topological quantum computations when combined with superconductors [7]). 

Of special interest are two-dimensional (2D) layered van-der-Waals materials (vdW) which 

are known to host exceptional spin-related properties and have strong potential for spintronic 

applications [8].  

 

Thus, in our experiments, we aimed to investigate the electronic structures of ultra-thin Bi and 

its interfacial electronic states on a transition metal dichalcogenide (TMDC). In particular, 

2H-NbSe2 not only shows a phase transition from metallic state to charge density wave (CDW) 

state [9], but also towards superconducting state at one of the highest transition temperatures 

amongst the TMDCs [10]. In addition, NbSe2 was recently predicted to be topologically non-

trivial [11]. Thus, Bi/NbSe2 is an ideal playground to explore such interactions and an 

important step towards the investigation of topological superconductivity and Majorana 

fermions.  

 

Experimental details 

The NbSe2 samples were cleaved under UHV conditions and the surface quality was 

confirmed using LEED and He IIα. The Bi layers were grown in a separate chamber and 

coverage was determined using He IIα excitation. The high resolution ARPES and SARPES 

measurements were performed using a laser light source with a photon energy of 6.994 eV at 

the laser-SARPES machine developed at ISSP [12]. All photoemission experiments were 

carried out at sample temperatures below 35 K under UHV condition (about 1x10
-8

 Pa). 

 

 

 

 

 

 



Results and discussion 

By using high resolution ARPES we were able to distinguish the bands around the Γ point 

which not only shows the expected bands for freestanding few-layer Bi(111) but also 

additional bands that could not be clearly allocated and may resemble interface states (Figure 

1a). Spin dependent measurements reveal a strong spin texture (Figure 1b) for the TSS around 

EB=0.7 eV and especially for the surface state near the Fermi level, which was expected to be 

less strong polarized for few BL Bi films. More structural investigation and theoretical 

calculation will be required in order to determine the origins of the sub-bands.  

 

 
 

Fig. 1 a) Spin integrated measurement of Bi/NbSe2 along the ΓK direction; b) spin dependent EDC along the 

dashed line in a) with red (blue) corresponding to out of plane spin up (down) measurements and green the 

polarization  
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The topological classifications in condensed matter physics have led to a paradigm shift in 
our understanding of the properties of solids, where the fundamental characteristics of matters 
can be determined not only by their symmetries and many-body interactions but also by their 
topological orders [1]. Such new classification schemes, have allowed for the predictions and 
discoveries of various new types of materials, leading to the realizations of intriguing 
electronic properties [2-7]. Among them, the interplay between the topological order and 
magnetism (broken time-reversal symmetry) has garnered much attentions as it is expected to 
lead to various exotic phenomena, such as quantum anomalous Hall effect [8] and topological 
magnetoelectric effect [9], and have been extensively studied to date [10].  

Recently, a discovery of an intrinsic antiferromagnetic topological insulator MnBi2Te4 has 
been reported [11-13], followed by extensive investigations by various experimental and 
theoretical means on this material as well as its hetero-structural cousins 
(MnBi2Te4)n(Bi2Te3)m [14-17]. On the other hand, despite the expected broken time-reversal 
symmetry, the electronic band structures of these materials are variously reported with regard 
to the presence of the band gap in the Dirac cone [18-23], which is at the heart of topological 
electronic properties. While there are several proposed hypotheses to explain such 
discrepancies [20,22,23], the general consensus has not been reached.  

The keys to resolve such issue can be provided by high-resolution spin- and angle-resolved 
photoemission spectroscopy (SARPES), which allows us to simultaneously probe the 
topological surface Dirac band and their momentum-dependent spin textures. Since it is 
known for these materials that the microscopic domain sizes and the presence of bulk band 
projections, pronounced above the photon energies of hv ~10 eV [11], can obscure the 
unambiguous observation of the Dirac bands, utilizations of the micro-spot-sized, laser-based 
(hv = 7 eV) SARPES available at the Institute for Solid State Physics (ISSP) at the University 
of Tokyo would be an ideal experimental probe to tackle the present issue.   

In our experiments, we have performed laser-SARPES measurements on the pristine as well 
as Sb-doped (MnBi2Te4)n(Bi2Te3)m at the temperatures above and below the magnetic phase 
transition temperatures and have revealed their electronic structures as well as the 
corresponding spin textures near the Γ point in the surface Brillouin zone. Fig. 1 shows the 
ARPES intensity plots and the corresponding Fermi surface mapping for the pristine 
MnBi2Te4 and MnBi4Te7. It can be clearly seen that the both materials possess gapless Dirac 
cones centered at the Γ point with the Dirac point (ED) located at the binding energy of ~2.7 
eV with no clearly identifiable band gap. These observations are consistent with some of the 
earlier ARPES studies [20-23], and likely point to the possibility that near the surface, the 
magnetic configurations are different from that of the bulk (i.e., possible surface magnetic 



reconstructions), so as to provide the effective protection from gap-opening even in the 
absence of the time-reversal symmetry [15]. In order to identify the magnetic configurations 
near the surface and to identify the possible origin of the gapless Dirac cones, we have further 
obtained the spin-resolved ARPES data for the pristine as well as the Sb-doped samples. The 
spin-resolved data show unconventional spin textures for topological surface states and are 
currently under further investigation in conjunction with theoretical calculations as well as 
transport measurements.  

 

 
Figure 1: ARPES intensity maps for (a-c) MnBi2Te4 and (d-f) MnBi4Te7. (a) and (b) schematically show the 
layer-stacking sequences for each of the materials, where the topmost layers are determined to be both MnBi2Te4. 
(b) and (e) show the Fermi surface mappings and (c) and (f) show the band dispersions around the Γ point. The 
Dirac point ED, where the upper and lower Dirac cones meet in the gapless dispersions are indicated by the 
arrows for both materials. The data were obtained with the s-polarized 7-eV laser at the temperature of T = 10 K. 
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