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Angle-resolved photoemission spectroscopy (ARPES) is a vital technique in which spectra are collected from both the
energy and momentum of photoemitted electrons and is indispensable for investigating the electronic band structure of
solids.
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| 1. Introduction

Electronic band structure is essential to explain many physical properties of solids and serves as the foundation for
understanding all solid-state devices. The formation of electronic bands is mainly from the overlapping of the
wavefunctions of the outermost electrons (valence electrons) of the atoms and molecules. The total width of the occupied
portion of the bands below the Fermi level is typically in the order of 10 eV. The more tightly bound inner shell electrons
have very narrow bands, because they do not overlap to a large extent. The electronic band structure is itself a property of
the crystal, and as a result possesses the symmetry of the crystal &I,

One of the most suitable and widely used techniques to study the electronic structure of a material is photoemission
spectroscopy (PES) . Based on the photoelectric effect as explained by Einstein in 1905 B, photoelectrons are created
via the interaction between the irradiating photons and the sample. Shown in Figure la is the schematic of PES. The
electrons are excited by the incident photons on the sample, and if the excited electrons have sufficient energy to escape
to the vacuum, they can then be detected by an electron energy analyzer. By measuring the kinetic energy and angular
distribution of the electrons photoemitted from a sample illuminated with sufficiently high-energy radiation, one can gain
information on both the energy and momentum of the electrons propagating inside a material. This is critical in illustrating
the connection between electronic, magnetic, and chemical structure of solids.

With the unique capability to directly image and discriminate surface and bulk electronic states, ARPES has been widely
used in the studies of the electronic structure of metals, semiconductors, insulators, superconductors and many other
materials. The rapid progress of this technique in the recent years has developed many derivatives of ARPES, including
soft-X-ray ARPES, time-resolved ARPES, spin-resolved ARPES and spatially resolved ARPES. All these techniques have
been providing important insights in the research of materials.!
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Figure 1. (a) Schematic of a photoemission experiment. The electrons are excited by the incident photons on the sample,
then the excited electrons escape to the vacuum and are detected by an electron energy analyzer. (b) Schematic
representation of photoemission spectroscopy (PES). The photoelectrons are excited from the occupied energy levels,
including the valence bands as well as the core-level states. Additionally, secondary electrons excited by the
photoelectrons that define the vacuum level cutoff are shown. (¢) Photoemission geometry and relation of the electron
wave vectors in vacuum (K) and in solid (k). Note that only the parallel momentum component is conserved.

| 2. Principle

In a simple model which does not show any energy loss during the photoemission process, the total energy must be
conserved. It suggests that the kinetic energy of the emitted electrons equals the incident photon energy minus the initial
binding energy (BE) of the corresponding bound electronic states. The relation can be expressed as follows [2:

EK=}5U—EB—‘E(1)

where Ey¢ is the kinetic energy of the photoemitted electron, k1 is the photon energy, E'g is the BE of the initial state of
the electron with respect to the Fermi level, and is the work function of the material.

Photons with a known energy are applied to excite electrons out of the sample surface in a PES experiment. The kinetic
energy and the momentum of the excited electrons can be measured by an electrostatic analyzer placed close to the
surface. As indicated in Figure 1b, in the schematic representation of PES, the photoelectrons are from the occupied
energy levels, including the valence bands (VB) and the core-level states which correspond to the closed atomic shells.
Moreover, shown schematically in Figure 1b are secondary electrons excited by the photoelectrons that define the
vacuum level cutoff (&,

Another significant aspect of PES is its surface sensitivity. For this surface analytic tool, the photoexcited electrons are
used as the probing particles which have a strong interaction with the solid, leading to a relatively short escape distance,
known as the mean free path (MFP. The MFP is the average distance that the particles can travel between inelastic
collisions. It strongly depends on the kinetic energy of the photoelectron and is relatively independent of the materials [ZI.
The thickness of a monolayer is material dependent, typically ranging from 0.2-0.4 nm. It is noticed that, within the energy
range of interest, which is between 10 to 2000 eV, the MFP is in the order of only 1-10 monolayers, depending on the
kinetic energy of the photoelectrons.

In a photoemission process, not only the energy but also the momentum can be observed. The energy band dispersion E(
k) of a crystalline sample can be obtained if the momentum of the photoelectrons is also measured in addition to the
kinetic energy with an angle-resolved electron energy analyzer. This technique is named as angle-resolved photoemission
spectroscopy (ARPES) B9,

Figure 1c is the photoemission geometry and the relation of the electron wave vectors in vacuum (K) and in solid (k). The
final states in the solid can be assumed as the free-electron-like dispersion, and the energy of the excited electrons before
escaping the surface is:

E, = (B E*)/(2m*) + V5 @

where y* is the effective mass of the photoexcited electron in the final state, k is the electron wave vector in solid, I/b is
the potential step to overcome by the photoexcited electron to leave the surface. When the electrons escape the surface
into the vacuum, the measured kinetic energy E, is described by the following expression:
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where Ty is the free electron mass, K|! and Ki are the surface normal and parallel components of the wave vector
in vacuum, respectively. If the emission angle with respect to the surface normal is @, then the two components are:

K = Ksin K, = Kcosf (4)

Note in Figure 1c that the parallel momentum component is conserved (:'fr|| = K” ), while the perpendicular momentum
component is not (k| + I ). Thus, the surface parallel and normal components of the momentum of the photoexcited
electron in the solid can be expressed as:

k| = +/(2mEy) - sinb (5)
ik, = +/(2m(Egcos’8 — Vy)) (6)

where m can be taken as m, if the final state is of high enough energy. The band dispersions along with the R‘.|! orthe k|

direction of the sample can be measured by varying the emission angle @ or the incident photon energy to tune the
electron kinetic energy K. The choice of the steps (A#) is critical, since the size of the Brillouin Zone (BZ) of organic
single crystals is relatively small.

| 3. Applications
3.1 Organic Charge Transfer Conductors

One of the organic charge transfer crystals first studied with ARPES is a bis(ethylenedithio)-tetrathiafulvalene (BEDT-TTF)
derivative, a-(BEDT-TTF),l; 9. |t undergoes a metal-to-insulator transition at 135 K [, but the b phase has a
superconducting ground state, Tc = 1.5 K 12, These facts make (BEDT-TTF),l3 suitable for studies of the relationship
between the crystal structure and electronic properties. The crystal is triclinic with the unit cell described by a = 9.211 A, b
=10.850 A, ¢ = 17.488 A, a = 96.95°, b = 97.97°, and g = 90.75° 13|, The ARPES investigation was on in situ cleaved
single crystals 19,

Shown in Figure 2 are ARPES spectra of the valence-band regime of an a-(BEDT-TTF),l3 crystal recorded in normal
emission, with different photon energies in the range 21-150 eV [19. The spectra in this figure are normalized to the same
height for visual clarity. Eight peaks labeled A—H can be seen in the valence-band regime shown in Figure 2, having
binding energies between 1.2 and 10.9 eV relative to the Fermi level. The binding energies (BE) for peaks A—H are 1.2,
2.1,34,4.1,5.7-6.0, 7.6, 9.6, and 10.9 eV, respectively. All peaks exist in the spectra except the peak D, which reduces
to a shoulder when the excitation photon energy is greater than 70 eV or less than 25 eV. Within the experimental
resolution, all peak BEs are independent of the exciting photon energy except that of peak E, whose dependence on the
photon energy does not seem to be random. When the photon energy decreases from 150 ev to 50 ev, the peak shape
changes gradually. Combined with the shift of the peak position when the photon energy is decreased below 70 eV, it is
reasonable to expect that the peak consists of two closely lying structures. The change of the peak shape and the BE can
be interpreted as the structure with the lowest binding energy dominating at photon energies above 70 eV, and the other
structure is seen as a shoulder on the high BE side of the dominating structure. The structure with higher BE is
dominating at lower photon energies, while the other is not identified when photon energies are below 30 eV. The ARPES
data presented in Figure 2 gave no support for dispersing bands in the G-Z (k) direction. Angle-resolved measurements
along the a and b axis also gave no evidence that the structures closest to the Fermi level have any dispersion in the
highly conducting plane. An upper limit of about 0.25 eV for the dispersion is set by the experiment 2. The most probable
explanations for the lack of any dispersion and the lack of a sharp Fermi edge despite a-(BEDT-TTF),l3 showing metallic
transport properties are correlation effects or the calculated narrow-gap semiconductor band structure 29,
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Figure 2. Angle-resolved photoemission spectroscopy (ARPES) photoemission spectra of a-(BEDT-TTF),l3 obtained in
normal emission, with photon energies between 21 and 150 eV. Different structures in the valence band regime are
labeled A to H and marked with tick marks in the spectra. The spectra are normalized to the same height. From Ref. 20
with permission.

3.2 Organic Semiconductors

The interest in organic electronics was boosted with the discovery of conducting polymers in the early 1980s, which
earned Alan Heeger, Alan MacDiarmid, and Hideki Shirakawa the Nobel Prize in Chemistry in 2000 24, and was further
stimulated when organic light-emitting diodes with quantum efficiencies attractive for consideration in real applications 12!
(141 Rubrene is a tetraphenyl derivative of tetracene and has been shown by Podzorov et al. to have a field-induced hole
mobility of over 15 cm?V~1s71 at room temperature, with a novel device structure L84 The molecular and crystal
structure of rubrene are presented in Figure 3 18], Rubrene crystals are of the orthorhombic pyramidal point group with a
well-developed face in (001) direction (a-b plane) and the slow-growing axis (c-axis) is normal to the top surface. Inside
the crystal the rubrene molecules are in a lying down phase with long axes all embedded in the a-b plane. Figure 3b
shows the reciprocal lattice of the rubrene single crystal unit cell, where the I'X, 'Y and 'M direction corresponds to the a-
axis, b-axis and the diagonal direction, respectively. Figure 3c—e respectively show the ARPES spectra of rubrene single

crystal surface measured along the X (a-axis), the Y (b-axis) and the M (diagonal) directions, respectively, as a function of
electron emission angle.
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Figure 3. (a) lllustration of the lattice parameters within the a-b plane of rubrene single crystal. The molecular structure of
rubrene is also shown in the inset. (b) The reciprocal lattice of crystalline rubrene. I'X, 'Y and 'M correspond to the a, b
and the diagonal crystalline direction, respectively. Evolution of the highest occupied molecular orbital (HOMO) region in
the rubrene ARPES spectra as a function of electron emission angle (6) for single crystal rubrene along (c) I'X, (d) 'Y,
and (e) 'M direction. From Ref. 18 with permission.

3.3 Organo-Metallic Perovskite Charge Transfer Crystals

Perovskite is the appellation for any materials that have the same crystal structure as calcium titanate, namely, ABXs.
Perovskites are originated from a cubic structure, where A is commonly a large cation at the body center of a cubic unit
cell, B a smaller metal atom at the 8 corners of the cube, each contributing 1/8 of an atom to the unit cell, and X anions
are at the middle of the 12 edges of the cube, each contributing 1/4 of an atom to the unit cell 222921 some perovskites
are reported as non-cubic. For example, CsPbl; has an orthorhombic structure at room temperature 22, The crystal
structure of BiFeO3 multiferroic thin film is monoclinic in contrast to bulk, which is rhombohedral 23, Organo-metallic
halide perovskites, with organic A cations such as methylammonium (MA=CH3NH3") or formamidinium (FA=CH(NH,)>"),
B of group 14 metal Pb or Sn, and X of halogen elements Cl, Br, and 1.X3, which are tetragonal, have exhibited important
and unique properties. In just about a decade, maximum power conversion efficiencies (PCEs) have evolved from 3.8%
(241 in 2009 to 23.34% [23 in 2018. Monolithic tandem c-Si/perovskite solar cells have achieved high efficiencies above
27% 1281 with a potential of above 30%Zd. Other applications of organo-metallic halide perovskites beyond just
photovoltaic devices include photo detectors 28, light emitting diodes (LED) 22 and lasers .

Figure 4a shows an as-grown methylammonium lead bromide (MAPbBr3) single crystal. The reciprocal lattice of the
crystal unit cell, where T'X, 'Y, and 'M directions correspond to the a-axis, b-axis (Figure 4a) and the face diagonal
direction, respectively. The reciprocal lattice is often used to represent the Fourier transform of the crystal lattice in k-
space. Because of the restriction of the intrinsic (001) cleavage plane of the perovskite material, 'R direction could not be
evaluated. I'X, I'Y and 'Z directions are all degenerate due to crystal symmetry 31, Figure 5 shows the MAPbBr; energy
dispersions of the four valence bands as a function of k‘l! along 'X and 'M directions. Figure 5 shows the energy
dispersions of MAPbBr3 of the four valence bands as a function of k‘l! along 'X and I'M directions. The data points are the
fitted peak centers of the four valence bands at each angle calculated in k-space. However, in Figure 5, the intensities of
the kinetic energy calculated in k-space are represented in different colors. The dispersion curves therefore were fitted
based on the color regions. Apparently, the two fitting results are very similar 11,
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Figure 4. (a) MAPbBr; single crystal with a surface area of 6 mm x 6 mm. (b) The reciprocal lattice of the cubic MAPbBrs;.

From Ref. U with permission.

Figure 5. Energy distribution curves (EDCs) of MAPbBr3 along 'X and 'M directions. The color represents the intensity of
the photoemission spectrum. From Ref. B with permission.

3.4 Three-Dimensional Topological Insulators

Three dimensional topological insulators are nonmagnetic insula-tors which possess metallic surface states (SSs) as a
consequence of the nontrivial topology of electronic wavefunctions in the bulk of the material. The first 3D topological
insulator that was discovered experimentally is the Bi,,Sby semiconducting alloy, which unusual surface bands were
mapped with ARPES. The 3D topological state in Bi;.,Sby is a new state that cannot be reduced to a quantum spin Hall
state 32331341 Flectrons' spin and linear momentum are locked one to one on the surface, which is a new form of 2D
metal. And the two dimensional Fermi surface carries a nontrivial Berry phase of 1t [23l, The following way can be used to
understand its uniqueness: A layered three-dimensional version of the quantum spin Hall insulator Hg(Cd)Te would be a
weak (3D) topological insulator (WTI) with an invariant structure of (V, = 0,111). A WTI would show that SSs contain an
even number of Dirac cones and thus a net Berry’s phase of 0 or 27.

ARPES measure the distribution of spin orientations on the Fermi surface when carried out in a spin resolution mode. It
can be used to estimate the Berry's phase on the surface. Spin sensitivity is critically important for probing the existence
of spin-momentum locking on the surface, which is expected as a consequence of bulk topological order. However, the 3D
topological insulator Bi;4Sby has an odd number of SSs whose spin texture supports a nontrivial Berry’s phase providing
protection against nonmagnetic disorder. This kind of topological insulator is described by (V, = 1,).

It can be observed that a narrow electron pocket that is doubly degenerate around in the Bi-Sb alloy (Figure 6). This is
indicated by its splitting below Egr between -k, = 0.55A! and , as well as the fact that this splitting goes to zero at
according to Kramers’ theorem. Unlike in Bi, the states near fall completely inside the bulk energy gap in BipgSbg 1,
which preserves their purely surface character at . The surface Kramers point is located about 15 + 5 meV below Eg at =.
The observation of five SS crossings (an odd rather than an even number) between and , confirmed by the observation of
the Kramers degenerate point confirms the topologically nontrivial nature of the material. Although these results are
consistent with a Z, topological insulator scenario for Bi-Sb, more decisive evidence comes from the study of the spin
texture of the surface Fermi surface. 33
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Figure 6. Topological surface states (SSs) in Bi;.,Shy. Topological insulator Bi-Sb alloy exhibits an odd number of SS
crossings between any pair of Kramers points. (a) Bi-Sb alloy in the semiconducting composition range (0.07 < x < 0.18)
exhibits an odd number of SS Fermi crossings in between any pair of Kramers points. (b) A schematic of the 3D Brillioun
zone (BZ) and its (111) hexagonal surface projection is shown. The green arrow indicates the doping shown in panel c. (c)
Resistivity profile of pure Bi (semimetallic) is compared with a semiconducting Bi-Sb alloy. The percentage of Sb is
indicated by x. From Ref [22],

3.5 Superconductors

Sr,RuO,4 has low-energy electronic structure, as predicted by band structure calculations, which is characterized by three
bands crossing the chemical potentiall2827, As shown in Figure. 6(d), it defines a complex Fermi surface which contains
two electron pockets and one hole pocket. They have been clearly observed in de Haas—van Alphen experiments [28139],
Figure 7(a) and (b) show high resolution ARPES data (AE = 14 meV; Ak =1.5% of the zone edge) taken at 10K with 28 eV
photons on a Sro,RuO,4 single crystal cleaved at 180K which suppresses the reconstructed-surface contributions to the
photoemission signal and allows one to isolate the bulk electronic structure 29, Many well defined quasiparticle peaks
disperse towards the Fermi energy and disappear upon crossing Eg: As shown in Figure 7c, a Fermi energy intensity map
can be obtained by integrating the spectra over a narrow energy window about E£(+10 meV): As the spectral function
(multiplied by the Fermi function) reaches its maximum at E- when a band crosses the Fermi energy, the Fermi surface is
identified by the local maxima of the intensity map. Following this method, in Figure 7d, the three sheets of Fermi surface
are clearly resolved and are in excellent agreement with the theoretical calculations.1]

Figure 7. ARPES spectra and corresponding intensity plot from Sr,RuO4 along (a) '-M; and (b) M-X. (c) Measured and
(d) calculated 42 Fermi surface. All data were taken at 10K on a Sr,RuOy4 single crystal cleaved at 180K. From Ref. 49,
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