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ABSTRACT 
 

We report on the establishment of a new lab-scale experimental capability for Spin and 

Angular Resolved Photoemission Spectroscopy (SARPES) for the study of valleytronics related 

materials. The capabilities of the system are demonstrated by SARPES performed on gold 

[Au(111)] and molybdenum disulphide (MoS2) single crystals. Experimental results are 

compared with theoretical modeling by ab-initio band structure calculations. We discuss the 

potential scope of measurement that this experimental setup affords for investigating spin-related 

properties (e.g. spin-orbit coupling, valley transport, etc.) in layered materials.  

 

INTRODUCTION 

 

Transition-metal dichalcogenides (TMDCs; MX2 where M = Mo or W and X = S, Se, or 

Te, [see Figure 1(a)] are layered semiconducting materials with promising applications in 

emerging spintronic and valleytronics technology [1]. In the monolayer limit, TMDCs have a 

split valence band that is nearly fully spin polarized [2] near the K and -K points of the 

hexagonal Surface Brillouin Zone (SBZ) [Figure 1(b)]. The spin polarization is reversed between 

the K and -K points, implying the existence of a spin-valley coupling in the TMDCs.  A detailed 

understanding of the electronic and spin properties on TMDCs is therefore required in order to 

truly harness the technological potentiality of these new class of materials. In this context, 

Angular Resolved Photoemission Spectroscopy (ARPES) represents as a powerful experimental 

technique for the direct determination of the electronic band structure of single crystalline 

materials, i.e. the dependence of the electron energy (E) on the electron momentum (k) [3]. Spin-

resolved ARPES (SARPES) represents a further advancement in the field allowing a complete 

characterization of electron states in a solid. In particular, it would serve as an effective tool for 

investigating a new class of exotic quantum properties related to the spin state of electrons as 

those relevant in valleytronics related materials. 

 

 
Figure 1. Schematic of TMDCs (MX2) layered structure (left) and spin splitting at valley K (-K) 

point of the SBZ of MX2 monolayer (right). Up (down) spin polarization is indicated by blue 

(red) arrow.   



 

In this short communication, we report on the installation and testing of a new lab-scale 

experimental facility for Spin and Angular Resolved Photoemission Spectroscopy (SARPES) for 

the study of valleytronics 2D materials at the Institute of Materials Research and Engineering 

(IMRE), Singapore. The SARPES capability was demonstrated by measurements on single 

crystalline gold [Au(111)] and molybdenum disulphide (MoS2). Experimental results were 

compared with theoretical modeling by ab-initio band structure calculations.  

 

EXPERIMENTAL 
 

Description of the Equipment  

 

Fig. 2 (a) shows a full picture of the installed SARPES facilities in IMRE. A schematic of 

the SARPES working principle and experimental geometry is illustrated in Fig. 2(b). 

The SARPES system consists of mainly five parts:  (1) Helium lamp, which provides a 

monochromatized HeI(h=21.22 eV)/HeII(h=40.8 eV) UV light source (VUV 5K 

SCIENTA) for electron excitation from the sample and positioned as indicated in Fig. 2(b) 

(beam spot diameter on the sample ~0.8mm) (2) Hemispherical electron analyzer (SCIENTA 

DA30L) for photoelectron collection and measuring of their kinetic energy and angular 

distribution, (3) Spin (Mott) 2D detector (SCIENTA), to measure the electron spin polarization 

(4) an ultrahigh-vacuum (P<10-10 mbar) analysis chamber with a 5 axis manipulator for sample 

receiving and positioning and an helium cryostat (close cycled) to cool down the sample to 11 K, 

(5) ancillary chambers for the introduction (load lock), distribution (UFO chamber) and cleaning 

(preparation chamber) of the samples in ultrahigh-vacuum condition (P<10-9 mbar) (see Fig. 

2(a)). 

 Thanks to a the special analyzer lens system design, ARPES data acquisition is possible 

in (i) “normal” ARPES mode, where measured photoemission angle (x) is defined by the long 

direction of the entrance slit and (ii) deflection ARPES mode, where full photoemission cone is 

accessible [i.e. both x and y are simultaneously measured (see Fig. 2b)] within a range of ±15o 

(angular resolution <0.2o) with respect to normal emission condition (x =00, y =00). Higher 

values of emission angles for a full mapping of the SBZ can be reached by proper adjusting the 

R1 and R3 sample angle with respect to the entrance lens axes of the analyzer (0o<R1<360o, 

 -20o<R3<40o) as shown in Fig. 2(b). 

According to the present experimental geometry, two spin components can be 

simultaneously measured: (i) Sx, along the direction perpendicular to the long axis of the 

entrance slit and (ii) Sz perpendicular to the entrance slit plane (see Fig. 2b). 

 
Figure 2 (a). Overview of the UHV system at IMRE for SARPES measurements: (1) UFO radial 

distribution chamber, (2) sample preparation chamber and (3) SARPES analysis chamber. The 



load lock chamber is shown in the inset (b) Schematic description of the SARPES detection 

system (see main text for more details) 

 

Sample Preparation 

 

Au(111) single crystal (MATECK) clean surface was prepared by a series of sputtering 

and annealing cycle (3 keV/400oC). The quality of the as-prepared surface was evaluated by 

measuring the Au(111) valence band spectra and surface state in ARPES. 

Natural and synthetic (2D semiconductor) MoS2 single crystals were cleaved in air before 

fast introduction in the vacuum system. Before SARPES measurements the MoS2 samples were 

annealed in UHV at 180o C for ~12 h to remove surface contaminants resulting from air exposure 

after cleaving 

 

DISCUSSION 

 

ARPES energy and resolution test. 

 

Energy resolution. In ARPES measurements an ultimate energy/angular resolution limit 

is generally required to allow better evaluation of the electronic band structure (i.e. spin orbit 

splitting, peak width, etc.) of the investigated system. In this context, the energy resolution of our 

SARPES system was evaluated by measuring the ARPES spectra of a gold Au(111) near the 

Fermi level (EF) position. The photoemission data were acquired at normal emission at 11 K to 

reduce the thermal broadening contribution, with HeI (=21.22 eV) photon energy source. The 

resolution test was conducted at various analyzer setting condition (slit size, pass energy). The 

ARPES data were ±1o integrated with respect to normal emission to rule out the contribution of 

the surface state peak to the width at EF (see next). The as-obtained step-like spectra were fitted 

with the Fermi–Dirac distribution function at T=11 K convoluted with a Gaussian function 

representing the instrumental resolution and an energy resolution limit of ~12 meV was found 

[Fig. 3(a)]. 

 
Figure 3. (a) HeI-ARPES spectrum of Au (111) single crystal (as integrated ±1o around  

point) in the near EF binding energy region. The data were acquired at 11 K with pass energy=5 

eV (PE5). (b) HeI-ARPES data of Au(111) surface states as acquired at 11 K (PE5).  (c) HeI-

PES spectrum of Au(111) at 11 K (Pass energy=20 eV, PE20) for two up-down channels (y- and 

z-spin channels) of the Mott detector. 

 

Angular resolution. Fig. 2(c) shows the band dispersion of the Au(111) surface state as a 

function of the binding energy and momentum component along the M direction of the SBZ, as 



measured by He-ARPES. ARPES data shows a clear energy splitting of the surface state 

dispersion along the momentum direction [red and blue parabolic curves in Fig. 3(b)]. At the 

gold surface, the lack of inversion symmetry combined with the spin-orbit coupling results in the 

removal of the spin degeneracy of the surface state (Rashba effect[5]). This leads to the 

formation of two bands with opposite in-plane spin polarization. Rashba splitting was previously 

reported for surface state of (111) noble metal surface and the observation in Au(111) sample is 

consistent with an angular resolution limit  <0.2o [5]. 

 

Spin detection mode 

 

In spin detection mode, a part of photoelectrons on the analyzer exit are electrostatically 

deflected and accelerated (25 keV) towards a gold target. Here they are scattered left/right with 

respect to the impinging direction according to their up/down spin polarization (Mott scattering 

[4]). A series of four detectors is located along the expected scattering directions to record the 

electron signal at variance of the spin polarization. In this context, a perfect symmetric 

distribution of the signal among the 4 channels is expected in case of a sample with no spin 

polarization. It is important to verify this condition as different efficiencies among various 

detectors may result in an incorrect estimation of the spin polarization in spintronic /valleytronic 

related materials. 

 Figure 3(c) shows the photoemission spectra of non-spin polarized Au valence band 

(HeI, PE20) as acquired at 11 K by the four spin detector channels. The signal from the non-

spin polarized sample is symmetrically distributed among the various detector channels 

indicating excellent calibration of the Mott detector. 

 

MoS2 (single crystal) band dispersion 

 

After verification of the photoelectron detectors functionalities, a series of ARPES 

measurements were conducted on a MoS2 single crystal which represents a reference system for 

further studies on TMDCs monolayers and multilayers. 

 Fig. 4(a) shows the band dispersion of the MoS2 as a function of the binding energy and 

momentum component along the K direction of the SBZ [Fig. 4(b)], as obtained by He-

ARPES. A complex band structure is clearly visible, the results being in good agreement with 

previous ARPES studies on MoS2 single crystals [6]. A detailed representation of the top region 

of the MoS2 valence band is reported in Fig. 4(c) along with the constant energy cuts at 1.30 eV 

(Cut 1) and 2.45 eV (Cut 2) binding energy values. The constant energy cuts, obtained in 

deflection ARPES mode (see experimental section), represent the band structure as a function of 

the two dimensional electron momentums around  point. In this context the hexagonal like 

shape of the constant energy cuts reflects the symmetry of the hexagonal SBZ on the MoS2 

confirming, at the same time, the good functionality of the deflection ARPES detection mode. 

 Fig. 5(a) shows the first-principles band structure along the  direction of a bulk 

MoS2 single crystal, calculated using the HSE06 hybrid functional with spin-orbit coupling as 

implemented in the Vienna ab-initio simulation package (VASP) [7,8]. The experimental lattice 

constants of a = 3.16 Å and c = 12.29 Å [9] were used.  The calculation reproduced quite well 

the experimental band structure in the same energy momentum range as measured by ARPES for 

a MoS2 (synthetic) single crystal at 11 K and where a clear spin orbit splitting (~0.15 eV) around 



K point is observed. Finally the constant energy cuts at various energy separations from K point 

evidence the expected cone like-dispersion and the trigonal warping [6]. 

 
Figure 4. (a) Electronic band structure of MoS2 single crystal (natural) as a function of the 

electron momentum k// along the  high symmetry directions of the Surface Brillouin Zone 

(SBZ), as depicted in panel (b). (c) Detail of the electronic band structure and constant energy 

cuts as obtained at binding energy values of 1.30 eV (Cut 1) and 2.45 eV (Cut 2) The kx and ky 

direction are indicated in panel (b). The hexagonal-like pattern of the energy cuts reflects the 

symmetry of the SBZ. All ARPES data were measured at 297 K. 

 

 
Figure 5. (a) Band structure of MoS2 single crystal along M-K- (red in the inset) direction as 

obtained by ab-initio calculations. (b) Electronic band structure of MoS2 single crystal along M-

K- as obtained by HeI-ARPES measurements. A series of constant energy cuts at various 

energy distance from the band maximum at the K point (0, 200 and 400 meV) are also reported 

to visualize the expected trigonal warping of the valence band.  

 

CONCLUSIONS  

 

In this brief communication, we provided an up-to-date report on the successful 

development of a new lab-scale experimental capability for Spin and Angular Resolved 



Photoemission Spectroscopy (SARPES) for the study of valleytronics related materials. The 

capabilities of the system were demonstrated by SARPES performed on gold [Au(111)] and 

molybdenum disulphide (MoS2) single crystals. An energy (angular) resolution value <12 meV 

(0.2o) was found.  Finally, our bandstructures based on first-principle calculations closely 

reproduce the electronic band dispersion of MoS2 (bulk) single crystal around K point, a critical 

energy/momentum region for valleytronic applications. Our demonstrated experimental and 

theoretical capability will currently be focused on the study of electronic and spin properties of 

valleytronic related materials, with particular interest on TMDCs monolayers and TMDCs 

heterostructures. More generally, the high energy and angular resolution of the ARPES system 

combined with spin detection capability  and with the accessible photon energy and temperature 

range, make our SARPES system an ideal setup for the study of a wide range of quantum 

phenomena (spin polarization, electron-phonon coupling etc,) in low dimensional electronic 

systems. These aspects are critical for a complete understanding of the physics of technological 

relevant materials for electronic and spintronic applications such as topological insulators and 

superconductors [10]. 

In this context, it is worth to mention that the present design of the SARPES system 

allows upgrades both in terms of ancillary equipment (i,e. for the preparation/characterization 

study of hybrid organic/inorganic systems for spintronic applications) as well as of photon 

sources. In particular, connection with laser sources is also possible thus offering the opportunity 

to develop a powerful experimental facility for time resolved SARPES study to investigate the 

charge/spin dynamics in low dimensional electronic system [11]. 
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