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The angle-resolved photoemission spectroscopy (ARPES) is a powerful experimental tool to probe the
momentum-resolved electronic structure, i.e., the electronic band dispersion &(k), of solids and their sur-
faces. ARPES is also an ideal tool to address the question concerning the electron correlation effect on qua-
siparticle excitations in the low-dimensional (one- or two-dimensional) correlated electron systems. In this
issue, we briefly introduce representative studies of ARPES and their fruitfulness from the
free-electron-like three-dimensional systems to the low-dimensional strongly correlated electron systems.
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1. Introduction

Photoemission electron spectroscopy (PES) makes it
possible to directly probe the electronic structure of an
atom, a molecule, or a solid by measuring the binding
energies of electrons emitted from the electronic states of
the corresponding matter [1-3]. Angle-resolved photo-
emission spectroscopy (ARPES) is one of variants of
PES and a highly advanced spectroscopic method, where
both momentum and kinetic energy of the electrons pho-
toemitted from a sample are measured so that the mo-
mentum-resolved (i.e., not only magnitude- but also di-
rection-resolved) probe is available [4-6]. ARPES is one
of the most direct and powerful methods of studying the
electronic structure dispersive with the crystal momen-
tum in strongly anisotropic systems and especially essen-
tial for the investigation of the electron correlation ef-
fects of low-dimensional (one- or two-dimensional) cor-
related electron systems [7].

The geometry of a typical ARPES experiment is
sketched in Fig.1(a). A beam of monochromatized radia-
tion either from a gas-discharge lamp or synchrotron
radiation source is incident on a single crystal sample
and electrons are then emitted by the photoelectric effect
and escape into the vacuum in all directions. The ana-
lyzer collects photoelectrons within an acceptance win-
dow of energy and momentum, that is, one measures the
kinetic energy Ex of the photoelectrons for a given emis-
sion angle. In Figs.1(b) and (c), the spectral outputs of a
typical ARPES experiment with respect to energy and
momentum is schematically described for a noninteract-
ing electron system and an interacting Fermi liquid sys-
tem, respectively. Electron correlation effects in those
schematic drawings are immediately noticeable, which
will be discussed later in detail.

A central interest and motivation of ARPES is in the

determination of the electronic band structure from
measured energy distribution curves (EDCs). However,
the question of how the band structure information can
be extracted or interpreted is not always a trivial matter
and need be considered in both theoretical and experi-
mental respects. In the discussion of ARPES on solids,
the most proper understanding is based on the Green’s
function [1]. In the context of the Green’s function, the
time-ordered single-electron Green’s function Gjj(7) at T
= 0 K describes the propagation of a single electron in a
many-body system. Expressing the single-electron
Green’s function in the energy (@) and momentum (k)
space, i.e., G(k,w) by taking the Fourier transformation
of Gi(7), the spectral function A(k,w) defined by
(1/m)Im[G(k,w)] has an important interpretation in rela-
tion to ARPES [8]. Except for the temperature effect
(through the Fermi distribution function) and the dipole
matrix effect, the spectral function can be directly com-
pared to the spectra obtained in an ARPES experiment,
which provides the fundamental basis for the quantitative
analysis of ARPES like the band structure mapping. An
investigation of the spectral function also enables a

quantification of the electron correlation effects.
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Fig. 1. (a) Geometry of a typical ARPES experiment. (b) — (c) Schematic sketches of spectral outputs of a typical ARPES experiment

for a non-interacting electron system and an interacting Fermi liquid system, respectively. The corresponding momentum distribution
functions n(k) at 7= 0 K are also given. The figure is taken from Ref.[7].
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On the other hand, due to a conversion problem be-
tween the photoelectron momentum and the crystal mo-
mentum of the corresponding band structure, nontrivial
difficulties occur in a direct comparison with an ARPES
experiment. Of course, the photoelectron momentum K
is perfectly resolved: under the geometry of Fig.1(a),
K, =.2mE, sin@, or further K = J2mE, sin@cos
and K =.2mE, sinfsing , and K, =2mE, cosé -
The goal is to determine the electronic dispersion &XKk)
with the crystal momentum k for the solid left behind
from the photoelectron with K. For the momentum par-
allel to the surface, K; determines k; exactly within the
reciprocal lattice vector G, that is, K=k+G. However,
for the momentum perpendicular to the surface, the
situation is rather complex because there is no direct re-
lation between K, (and/or K) and k6 .To overcome
this problem, one in fact needs a priori assumption or
knowledge about the final state, for example, from the
simple so-called “free-electron model” (as shown in
Fig.2) or from the band structure calculation. But there is
also a case where one can avoid this problem. In the
low-dimensional (one- or two-dimensional) electron
systems, one does not have to determine k, so that the
difficulty due to the problem does not occur in principle.
This is the reason why ARPES is an ideal tool to study
the electronic structure of the low-dimensional electron
systems.

The free-electron model for the final states is basically
expected to work well for materials with the Fermi
sphere of a simple spherical topology, most likely for
alkali metals. But as a matter of fact, it is often applied
also for much more complicated three-dimensional sys-

tems even if the initial state is far from the

(@)

free-electron-like state. On the other hand, as mentioned
previously, ARPES is ideal for the low-dimensional sys-
tems. The success of ARPES study in the last few dec-
ades for the high Tc superconductors, probably one of
the hottest materials in the modern materials science, is
remarkable [9]. The high 7c¢ superconductor is a
well-known two-dimensional system, where the elec-
tronic conduction occurs mostly in the CuO, plane. Re-
cently, ARPES is also making essential roles in the sys-
tems of graphite or layered graphene which attracts great
attention as a seed material for the carbon-based nano-
scopic functional materials or a test bed of new charac-
teristic fundamental physics [10]. Graphite is a
quasi-two-dimensional material of hexagonal atomic
carbon layer and graphene is a perfect two-dimensional
version of graphite. The electron correlation effects be-
come more prominent in a lower-dimensional system.
Deeper understanding about the electron correlation
could be sought for in the one-dimensional correlated

system, for which ARPES also provides good solutions.
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Fig. 2. Schematic description of kinematics of photoemission process. (a) Optical transition within reciprocal lattice vector. (b)
Free-electron model for final states. (c) Final photoelectron spectra. The figure is taken from Ref.[7].
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2. Fundamentals of ARPES
2.1. Spectral function

The time-ordered single-electron Green’s function
Gy(®) represented in the energy () and momentum
space (k) is given by a sum of G, (@) and G, () [1],
which can be formally written down as

N —1Ls|c, [N} Nlc]|N -1,
6o -3 a,+g>s<_,-o+ > O
(Nleo N+ 1,e)(N + 1gef|V)
! w-¢, +i0"
=G} (@)+G; (o)
The spectral function A(k,w) 1is defined by

(I/m)Im[G(k,w)] and given by A (k,w)+4 (k,w). It is
noted that 4~(k, ) and 47 (k,w) treat occupied and unoc-
cupied states, respectively, so that they should be com-
pared to emission and inverse-emission spectra, i.e., PES
and inverse PES (IPES), respectively. The measured
ARPES intensity /(k,®) would then be [11]

1k, 0)=|A,|" f(@)4" (k, ) 2

where |A;* is from the dipole matrix and f{®) from the
Fermi distribution accounting for the temperature effect.
More physical insights could be obtained by introduc-
ing the electron self-energy X(k,w) to the Green’s func-
tion Gyw). In the case, the Green’s function (corre-

sponding to the emission part) and its spectral function

are
SR S )
G(k,a)) w+5k—2(k,w)
Alk, )= 1 Im)’ (k,0) )

z [a)+ & — ReZ(k,a))]2 + ImZ(k,a))2

Further, one can separate the spectral function (or the
Green’s function) into a coherent part and an incoherent

part

Lz 5)

Alk,0)=Z, m + Ainchon
k k

where Z, is the renormalization constant defined by
Zi=(1-0ReZ/ow) ", 7, =7,¢,, and [\=ZJImZ| [8]. The
trivial limit of X(k,®)=0 (noninteracting electron system)
gives Z;=1 together with A;,.,;=0. This is illustrated in
Fig.1(b) as a series of A(k,w)=X v-&), i.e., pure coherent

spectra. On the other hand, in the interacting electron
system, typical behaviors of A(k,®) with Z;<I and I', =0
and A0 would be sketched in Fig.3. A finite full
width at half maximum (FWHM) given by I'y defines a
quasiparticle with the finite life time (given by 1/T), in
contrast to a bare electron in the noninteracting system.
Schematic illustration of spectral outputs with respect to
k in the case is shown in Fig.1(c). Finally, another im-
portant relation in the analysis of ARPES is the momen-
tum distribution n(K) given by n(k)=ldafl w)A(k,w),
whose discontinuous drop (by an amount of Z;) at the
Femi level also characterizes the Fermi liquid system.
Z,=0 means a breakdown of the Fermi liquid picture,
which actually occurs in a one-dimensional correlated

electron system.

coh

incoh

Fig. 3. Typical behaviors of the spectral function in the nonin-
teracting electron system, i.e., Z;<1. A, is a coherent part with
the well-defined pole (i.e., described by the Lorentzian), while
Aincon an incoherent part without poles.
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2.2. Final states

The simplest, most frequently employed model for the
final states is based on the assumption of a free-electron
final state. In the model, the dispersion relation of the
final state is assumed to be

k+G) ©6)

E, (k) ~ m

where m" is the effective mass, G the reciprocal lattice
vector, and ¥} the inner potential (see Fig.2). Under the
model, we have a relation of Eyk)-Ei(k)=hv with the
photon energy A v for the optical transition and another
relation of Ex=FE{k)-V, with the photoelectron kinetic
energy Ex. From an additional relation of k= K;+G be-
tween momenta parallel to the surface, one can deter-
mine k, [12]. For the normal emission case (K;=0, i.e.,
k/=0), the conversion process in order to obtain £ (k ),
i.e., the electronic band dispersion along the direction
perpendicular to the surface, would be especially simple.
It is a crystal potential that makes the final state devi-
ate from a free-electron one. The effect of the crystal
potential gets weaker with increasing kinetic energy of
the electron. Therefore, this may imply that the higher
the excitation energy, the better the free-electron model.
Reasonable successes of the electronic structure cal-
culation at least for metals naturally encourage an im-
provement of the free-electron approximation based on
the theoretical calculation. In this case, one used to ob-
tain the theoretical results using an interpolation scheme
to fit the band structure to the data points and compare
with the experiment [13]. In addition, there are also a
few methods to allow an unbiased comparison with
theoretical band structures without involving any a priori
assumption. Such methods are not only complicated, but
also expensive in that many experimental data are re-
quired. One of them is the so-called triangulation (or
energy-coincidence) method proposed by Kane [14],
which observes a direct transition occurring at a

well-defined point of the Brillouin zone (BZ).

2.3. Matrix element effects
The matrix element |A* (o <¢fk g.r‘¢i’<>2) of Eq.(2) is

responsible for the dependence of ARPES not only on

the emission angle of the photoelectron, but also the
photon energy and polarization (¢) and other experi-

mental geometry [15]. 4/ is the photoelectron state and

#* the initial Bloch state, respectively. It may even result
in a complete suppression of photoemission signal de-
pending on the underlying symmetry. Let us consider the
mirror plane emission from a dxz_yz orbital displayed in
Fig.4 where the detector (i.e., the electron analyzer) is
located on the mirror. Without any sophisticated analysis,
one may make a few nontrivial arguments concerning the
photoemission signal intensity. First, in order to obtain
the nonzero signal through the detector on the mirror
plane, the photoelectron state ¢ itself must be even.
Second, the even photoelectron state subsequently im-
plies that g.r|¢ik> must be even to make the overlap
integral nonvanishing. Eventually, therefore, in order to
obtain the nonzero signal, if 4" is even (as depicted in

Fig.4), one needs to have &= é, (in-plane), otherwise if

A

#* is odd, one needs to have &= ¢, (out-of-plane).

s N
Lo mirror
h v plane

Fig. 4. Photoemission from a 4 , , orbital on the mirror

I

plane (the detector is also located on the mirror plane).
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3. ARPES of three-dimensional systems

A Dband structure determination using the
free-electron model from ARPES of GaAs is shown in
Fig.5 [16]. The data have been taken from GaAs (100)
plane in various directions. In particular, the normal
emission data of ARPES are given in the left panel of
Fig.5, which directly determines the experimental dis-
persion Eji(k) along the line I'-K-X (circles in the right
panel of Fig.5) by varying the photon energy from 25 to
100 eV according to the free-electron model of Eq.(6).
That is, circles corresponding to valence bands 1-4 in the
right panel of Fig.5 are obtained from peaks 1-4 in the
left panel.

In an actual determination of the band dispersion, one
meets some uncertainties or finite error bars. Since Ey(K)
and E;(k) in the free-electron model are in fact lifetime
broadened (about 3-8 ¢V and 0-2 eV are estimated in the
experiment of Fig.5, respectively), this leads to an un-
certainty in k  , typically <0.1 TKX for the data points
(circles) in the right panel of Fig.5. The finite angular

Gods (110) NORMAL-EMISSION SPECTRA
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resolution A@ also leads to uncertainty in k; and thus
uncertainty in £;(k). This effect depends on the curvature
of the band dispersion. In the experiment of Fig.5, AE; =
0.2 eV is estimated near the Xs point in the right panel.
Today, however, ARPES experiments with ~1 meV en-
ergy resolution and ~0.1 degree angular resolution are
realized even for photoemission on solids.

As shown in the right panel of Fig.5, the off-normal
emission data can be also exploited to determine the ex-
perimental band dispersion within the free-electron
model. Depending on the symmetry directions, for in-
stance, ['-A-L or I'- A-X the corresponding surfaces
(111) or (110) cannot be obtained by a simple cleavage.
In the case, the determination of band dispersion from

the off-normal emission data would be highly necessary.
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Fig. 5. Left panel: Normal-emission ARPES of GaAs (110) as a function of photon energy. Broad features of 4 and 4’ are due to Ga

and As MVV Auger transitions, respectively. Right panel: Valence-b

and dispersion of GaAs along major symmetry directions. Cir-

cles are experimental points from the normal emission and others (crosses, squares, and diamonds) from the off-normal emission.
Dashed curves are theoretical results. The figure is taken from Fig.[16].

_73_



Journal of Surface Analysis Vol. 17, No. 2 (2010) pp. 64-86
J. D. Lee Photoemission electron spectroscopy IV: Angle-resolved photoemission spectroscopy

3. ZRILHKR D ARPES
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Finally, in Fig.6, we provide another example of high
resolution ARPES for the narrow band materials (e.g.,
transition metals with d bands) [17]. The data are taken
in the normal emission from different crystal faces. The
d band of Ni attracts much theoretical and experimental
interest since they are associated with the chemical reac-

tivity of transition metal surfaces.
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Fig. 6. Experimental energy band dispersion for Ni obtained
from the normal emission data using different crystal faces.
Comparing to the theoretical calculation [18], it is found that
some bands do not appear in the experimental bands because
they are forbidden by the selection rule of the dipole transition.
The figure is taken from Ref. [17].

4. ARPES of low-dimensional systems

As mentioned previously, the ultimate merit and fruit-
fulness of ARPES can be found in the study for the
low-dimensional (one- or two-dimensional) systems.
Many intriguing systems in both respects of science and
application belong to the low-dimensional electron sys-
tems. Among those, the most important would be proba-
bly the high T, superconductors, where the electronic
conduction occurs in the two-dimensional CuO, plane.
Another interesting system might be graphite or gra-
phene, a quasi-two-dimensional or two-dimensional
hexagonal carbon layer. The one-dimensional electron
system is also very interesting because the electron cor-
relation used to make dramatic effects which are not ob-

served in higher dimensions, which could be directly
visualized by ARPES.

4.1. High T, superconductors

The discovery of superconductivity in the LaBaCuO
ceramics by Bednorz and Miiller [19] starts the race of
high 7. superconductors. Intense activities are prompted
in the field of ceramic oxides and compounds with in-
creasingly higher 7, have shown up. Importantly, all the
compounds are characterized by a layered crystal struc-
ture with one or more CuO, planes per unit cell, and a
quasi-two-dimensional electronic structure.

Among high T, superconductors, the most intensively
investigated one is Bi,Sr,CaCu,0gs,5 (Bi2212) owing to
the availability of large high quality single crystals. Here
we introduce some beautiful ARPES studies concentrat-
ing on Bi2212. The normal state (7 > T.) electronic
properties would be studied firstly by the Fermi surface
topology. But it has been a topic under controversy since
the beginning of the investigation because of a few com-
plications in addition to the primary band features. First,
there are shadow bands, replicas of the main Fermi sur-
face shifted by the wave vector (m,m) in the
two-dimensional BZ [20]. Second, there are the umkalpp
bands which are referred to as originating from the dif-
fraction of the photoelectrons off the superstructure in
the BiO layers [21]. Third, there is the so-called bilayer
band splitting, that is, the coupling between two CuO,
planes in a unit cell of Bi2212 derives the electronic
structure split into bonding and antibonding bands. The
splitting is maximum at (7,0) and vanishes along the
(0,0) — (m,m) direction. In Fig.7, the experimental Fermi
surface shows these features.
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0.5+ na

eV

X r Y M r
Fig. 7. ARPES from Bi2212 (7, = 87 K). (a) Fermi surface. (b)
Band dispersion measured in the normal state at 95 K (various
symbols denotes the different photon polarizations). Thick lines
are main band features. Thin and dashed lines represent

umklapp and shadow bands, respectively. The figure is taken
from Ref. [22].

An advancement of the measurement technology (e.g.,
resolution) of ARPES during the last decades makes
possible the direct probe of spectral changes across the
superconducting phase transition. There are two deci-
sively important findings attained from ARPES meas-
urement of the superconducting state, which eventually
could characterize the overall electronic properties of all
classes of high T, superconductors. One is an anisotropic
d-wave gap along the normal-state Fermi surface, which
contributes to the discussion of the fundamental pairing
mechanism. The gap A, could be estimated by measuring
the quasiparticle dispersion in the vicinity of the Fermi
level within the BCS (Bardeen-Cooper-Schrieffer) theory,
ie., Jgkz +A2k [23], where g is the dispersion in the
normal state. By fitting the ARPES measurements within
the BCS theory, the momentum-dependence of the gap
along the normal-state Fermi surface is obtained as
shown in Fig.8. The results are found to agree with the
d , , functional form Ai=Ag[cos(k.a)-cos(ka)] [24].
Tlxlé yother important finding is the dramatic changes in
the spectral line shape near (7,0). Figure 9 shows the
ARPES measurements from an overdoped Bi2212 sam-

ple at two different momenta in the BZ. In the nodal re-

gion (B), the spectra changes little above and below T,
consistent with the vanishing superconducting gap as
illustrated in Fig.8. On the other hand, near (7,0) or A,
the normal- and superconducting-state spectra dramati-
cally change with not only the shift of the leading edge
(i.e., formation of energy gap) but also the development
of a sharp quasiparticle peak followed by a dip and a
broad hump.
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Fig. 8. Superconducting gap measured at 13 K on Bi2212 (7, =

87 K) with respect to the angle along the normal-state Fermi
surface. The figure is taken from Ref. [24].
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Fig. 9. Temperature-dependent ARPES measurement from
Bi2212 (T, = 88 K). A denotes a point on the Fermi surface
close to (n,0) and B in the nodal region. The figure is taken
from Ref. [25].
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The so-called peak-dip-hump structure of the super-
conducting-state spectra near (7,0) point in the BZ is in
fact remarkable because some fundamental physics con-
nected to the superconducting mechanism might be un-
derlying an emergence of the structure. In Fig.10, the
temperature-dependent evolution of the structure is dis-
played by performing the angle integration over a narrow
cut at (m,0). For a more detailed understanding of the
peak-dip-hump structure observed at (7,0) in the super-
conducting state, a microscopic model is proposed [27].
Within the model, the peak-dip-hump structure would
result from coupling between the quasiparticle and a col-
lective mode. The necessary collective mode is assumed
to be Q=(m,m) resonant magnetic mode observed in the
inelastic neutron scattering experiments, that is, the anti-
ferromagnetic (AFM) spin-fluctuation. Schematic de-
scription of the scenario by the model is provided in
Fig.11. The physical meaning suggested by the AFM
significant in that the AFM
spin-fluctuation might play a role in the pairing mecha-

spin-fluctuation is

nism just as the phonon in the BCS superconductor.
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Fig. 10. Temperature-dependent spectra from optimally doped
Bi2212 (T, = 91 K), angle integrated over a narrow cut at (7,0).
Inset: superconducting-peak intensity with respect to tempera-
ture. The figure is taken from Ref. [26].
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Fig. 11. Photoemission line shape for weak coupling (o) and
strong coupling (B), i.e. near (r,0). Phase-space consideration
for a coupling to (r,m) resonant mode results in the anisotropy.
The figure is taken from Ref. [27].

Recently, however, the peak-dip-hump structure has
become another controversial issue. It has been found
that the (m,0) spectra from Bi2212 are distorted by the
bilayer splitting effects and suggested that the peak and
hump structures in the superconducting state might cor-
respond to antibonding and bonding bilayer split bands at
any doping levels [28]. In the sense, the ARPES study of
high Tc superconductors is still under test and will re-

main a vibrant and rapidly evolving field.

4.2. Graphite or graphene

Graphite is one of the most widely known materials,
but it still continues to provide scientists new scientific
insights such as novel quantum Hall effect, the ferro-
magnetism, metal-insulator transition, and superconduc-
tivity [10]. All of these fascinating phenomena would be
originated from the unique electronic structure of graph-
ite, i.e., the low energy excitations characterized by the
massless Dirac fermions. ARPES is successfully applied

to the study of massless Dirac fermions.
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As shown in Fig.12, only the © bands cross the Fermi
level so that these low energy m band electrons are con-
sidered to play the most important role in determining
the electronic property of graphite. Differently from a
perfect two-dimensional graphene, the weak interlayer
coupling of graphite, i.e., three-dimensional character of
graphite, results in a band splitting near the BZ K point.
On the other hand, © bands are degenerate near the BZ H
point, which is similar to that of graphene. Schematic
drawing of Fig.13 is the electronic structure expected for
graphene. In this case, the low energy excitation follows
the relativistic Dirac equation with the zero mass and the
Fermi velocity instead of the speed of light and is then
described by the massless Dirac fermion. According to
the recent ARPES study [30], as expected from = bands
near BZ H and K points, it is found that massless Dirac
fermions and quasiparticles with finite mass coexist in
graphite. In Fig.14, it is clearly seen that the band disper-
sions (near the Fermi level) near H and K points are dif-
ferent. The linear dispersion near BZ H point signifies
the presence of the massless Dirac fermion. The mixing
of two different particles is also attributed to controver-
sial electron-phonon coupling of graphite [31].

A more detailed dynamical study of the massless
Dirac fermion is done through ARPES for the epitaxial
graphene [32]. The epitaxial graphene is a single layer of
graphene, grown on the (0001) surface of SiC (6H
polytype). The study shows that the massless Dirac fer-
mions in graphene does not preclude the validity of the
quasiparticle picture and further the many-body interac-
tion such as the electron-electron, electron-plasmon, and
electron-phonon coupling must be considered on an
equal footing to understand the dynamics of quasiparti-

cles in graphene. Another interesting ARPES study for

the epitaxial graphene is an observation of the band gap
in its electronic spectra, probably induced by the gra-
phene-substrate interaction [33]. A formation of energy
gap is suggestive of a promising direction for the elec-
tronic device engineering using graphene.

E=hv.k

Fig. 13. (a) Linear dispersion expected for graphene. (b)
Point-like Fermi surface and cone-like dispersion. The figure is
taken from Ref. [29].
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Fig. 14. Dispersions measured near BZ H and K points. (a)
Linear dispersion near BZ H point implying the presence of the
massless Dirac fermion. (b) Quadratic dispersion (near the
Femi level) near BZ K point implying the quasiparticle with the
finite mass. The n bands are split into bonding (BB) and anti-
bonding (AB) bands. The figure is taken from Ref. [30].
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Fig. 12. (a) Crystal structure of graphite. (b) BZ of graphite. (c) m bands (touching the Fermi level) and ¢ bands along the high sym-

metry directions of graphite. The figure is taken from Ref. [29].
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4.3. One-dimensional systems

The one-dimensional correlated electron system has
special features, not found in other higher-dimensional
ones. Figure 15 gives the comparison of experimental
band dispersions determined from ARPES between
(SrCu0O,) and
(Sr,CuCl,0,) systems with almost identical structures
and Cu-O-Cu bond lengths [34]. The immediately recog-
nizable feature is that the dispersion seen in SrCuO, is

one-dimensional two-dimensional

about three times as large as that in Sr,CuCl,O,. This is
surprising because in a usual band theory, the dispersion
in two dimensions should be twice that in one dimension,
which may imply an invalidation of the single particle
picture at the qualitative level.

T dimension 2 dimensions

= [ | I N | I
g 0o Hﬁ} T ~ ]
& T ol = 1
& 05k { + .
# 5 J J
Y - -
T [ { ]
2 1ok 4 -
2o o] ]
% B B
I SrCu; 5raCuCl0; 1
2 15k -+ .
€4

i [ | I LT | | [

0 0.5z z 0.0 T T
k position

Fig. 15. Comparison of experimental dispersion from

one-dimensional (SrCuQ,) and two-dimensional (Sr,CuCl,0,)
systems. The figure is taken from Ref. [34].

This failure of the single particle picture in the
one-dimensional correlated electron system signifies a
lack of quasiparticle, i.e., a breakdown of the Fermi lig-
uid picture. In other words, all the excitations in the sys-
tem should be described as collective ones. The most
dramatic phenomenon resulting from the breakdown of
the conventional Fermi liquid picture would be the
spin-charge separation [35]. This separately frees the
motion of the holon (an excitation with spin 0 and charge
e) and the spinon (an excitation with spin 1/2 and charge
0). In the experimental band dispersion of SrCuO, of
Fig.15, the broad features in ke[0,0.5n] should be un-
derstood as a mixing of holon and spin bands. That is, in

ke[0,0.57], the low binding energy sector belongs to the

spinon band and the high binding energy sector to the
holon band so that the holon band is noted to be symmet-
ric around k=0.57. Figure 16 depicts a simplified picture
of spin-charge separation in a half-filled one-dimensional
AFM insulator.

hv Photoelectron

— kh‘

Fig. 16. Photoemission process in one-dimensional AFM insu-
lator. A photohole created in the photoemission process decays
into a spin excitation (spinon, labeled as S) and a charge excita-
tion (holon, labeled as H). The figure is taken from Ref. [36].

5. Summary

We have overviewed the fundamental principles of
ARPES and the representative and famous studies in
various categories of systems. Due to the momentum
conversion problem between photoelectron and sample
crystal, ARPES is a better ideal tool to study the one- or
two-dimensional electron systems rather than the
three-dimensional systems. Especially, it is found that
ARPES has been an extremely powerful tool for an elec-
tronic investigation of high Tc superconductors or graph-
ite-related materials, probably the hottest materials in the
current researches of materials science. Both of them are
quasi-two-dimensional or two-dimensional electron sys-
tems. Also ARPES provides a way to directly observe
the effect of the

one-dimensional correlated system. ARPES is a experi-

electron correlation in the
mental method which is still rapidly developing and ac-
tively extending its possibility in accordance with an

advancement of measurement technology.
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