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Novel potentials of photoemission electron spectroscopy have been recently enabled to be explored by
an advent of upgraded relevant technology. The enhanced signal-to-noise ratio by an advancement of
measurement technology has revived attention to the extrinsic loss beyond the sudden approximation of
photoemission spectroscopy. The ultrashort laser pulses and their control by the state-of-the-art laser tech-
nology have given birth to the time-resolved photoemission spectroscopy. In this issue, we introduce some
studies of the extrinsic loss and the time-resolved mode of the photoemission spectroscopy.
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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 kinetic
energies (i.e., binding energies) of electrons emitted from
the electronic states of the corresponding matter [1-4].
That is, the kinetic energy distribution of photoelectrons
will determine the peak positions of quasiparticles, i.e.,
their binding energies, and then give the density of states
(DOS) and the band structure mapping in the an-
gle-integrated mode or the angle-resolved mode of PES,
respectively. In addition to that, however, the informa-
tion which PES can in principle deliver should be more
abundant. For instance, the width of features or the
structureless background in PES could also deliver the
information of underlying correlation of a given elec-
tronic system. An advancement of measurement tech-
nology has in fact enabled the quantitative estimation of
such correlation effects, which made PES play an essen-
tial role in the study of the strongly correlated electron
system like high 7. superconductors, transition metal
oxides, rare earth compounds, and so on [5].

Now the sub-meV energy resolution and the sophisti-
cated sample control have realized a high level of reli-
ability in the experiment of PES. However, the theory
within the sudden approximation has great weakness in
interpreting these high quality experimental results. In
the sudden approximation, only the spectral function is
compared to experiment [1]. As the experimental resolu-
tion improves and the lineshapes are better resolved, this
level of approximation becomes increasingly doubtful.
This is in particular true for strongly correlated systems
which have important features that cannot be described
by quasiparticle peaks, which gives an evident motiva-
tion that one should go beyond the sudden approximation
to account for both extrinsic losses and interference ef-
fects (between extrinsic and intrinsic losses) [6]. Extrin-
sic loss is the energy loss of photoelectron due to an in-
teraction between photoelectron and the remaining solid,
which is neglected in the sudden approximation depict-
ing only the photoexcitation. In the ‘three-step model’ of
PES [1,7] consisting of photoexcitation, transport to sur-
face, and passage through surface, extrinsic losses occur
in the last two steps.

Theoretical attempts to take account for extrinsic

losses must provide a new chance that PES can be a sub-

stantial tool to elucidate the full quantification of elec-
tronic correlation as well as to describe the electronic
band structure. Nevertheless, because of several experi-
mental, technical, or conceptual difficulties, meaningful
studies of extrinsic losses of PES have started just re-
cently in both experimental and theoretical sides. In the
first part of this issue, we introduce and discuss recent
theoretical and experimental studies regarding the extrin-
sic losses of PES. We also discuss the transition from
adiabatic to sudden limit of PES in correlated electron
systems, which is found to be governed by the spatial
extendedness of excitations.

Another topic belonging to the novel type of PES
study, which is covered in this issue, is the time-resolved
photoemission electron spectroscopy (TRPES). TRPES
is the state-of-the-art electron spectroscopy leading to the
time-dependent spectra successively taken with respect
to time, which directly describes the temporal change of
electronic structures of the system undergoing some dy-
namical phase transitions [8,9]. One good example is a
case of the photoinduced insulator-metal transition
(PIIMT) [10]. Technically, TRPES for a matter showing
PIIMT is a sort of the pump-probe spectroscopy, i.e., the
most typical spectroscopic tool with two ultrashort laser
(or light) pulses in the study of ultrafast dynamics. The
pumping light pulse is the driving force of PIIMT of the
matter, while the probing pulse should correspond to the
light source used in the ordinary photoemission. As a
matter of fact, PIIMT is usually explored by the elec-
tro-optic measurement of the time-dependent reflectivity
using the pump-probe method. In this case, an appear-
ance of the metallic nature (i.e., enhanced reflectivity
signal in the infrared region) is clearly probed but its
deeper nature could not be reached. However, TRPES
would directly record how the insulating gap closes (i.e.,
the metallic nature appears) by an optical pumping and
how the closed gap reopens after its termination. By
keeping track of dynamical changes of spectral weights
near the Fermi level, we could understand which degrees
of freedom are relevant and eventually what actually
happens in the corresponding PIIMT.
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TRPES has great potential enough to be regarded as a
future key for the materials research. However, actual
experimental studies are still in the very early stage due
to several technical difficulties and successful data are
quite limited. Incidentally, even in the theoretical respect,
the proper theoretical formulation to treat TRPES is also
still lacking. A trivial extension of equilibrium sin-
gle-particle Green’s function is not properly successful.
Recently, one rigorous formulation available for the
theoretical description of TRPES has been suggested by
the author [11,12]. In the second part of this issue, we
introduce and discuss available experimental studies of
TRPES for the systems showing PIIMT. We also intro-
duce rigorous theoretical modeling of TRPES for insula-
tors showing similar PIIMTs, but with different physical
origins and finally briefly mention some phenomenol-
ogical theories of TRPES, which might be useful in that

rigorous studies require too expensive computation.

2. Extrinsic loss of PES

In order to arrive at the true measured PES, one has to
add a part of the secondary spectrum which is created
during the traveling of the photoelectron from the site of
its creation to the vacuum [13]. This is the extrinsic loss

spectrum.

2.1. Three-step model

In the three-step model of PES, a main part of the ex-
trinsic loss occurs in the last two steps, i.e., transport to
the surface and passage through the surface. This can be
described by a transport equation, as given by Wolff
[14],

P(w)=Mo)A(0)+ Lm dao' g(w',0)P(e) (1)

AMw) is the total mean free path and g(@',®) the loss
function determined by the dielectric response of the
material, i.e., g(o',w) = -Im[l/g@"-w)]. w) is the di-
electric function. Equation (1) gives a separation of the
measured spectrum P(®) into primary spectrum [the first
term representing the spectral function 4(w)] and the
secondary spectrum (the second term representing the
inelastic scattering after the photoelectron has left the
site of photoexcitation, i.e., extrinsic loss spectrum). The
secondary spectrum is also called the background. How-

ever, according to a more general approach developed by

Hedin and coworkers [15], both intrinsic and extrinsic
losses are certainly important, but the interference effects
between two also persist to quite high kinetic energy. For
instance, an anomalously large inelastic background of
angle-resolved photoemission spectra of Bi,Sr,BaCu,04
(Bi2212) is not properly understood with the second term
of Eq.(1) [16]. This may imply that a more proper ap-
proach is required.

2.2. Adiabatic-sudden transition

The adiabatic turn-on of the satellite for a localized
electron system was recently studied in detail for an ex-
actly solvable model [17]. The model has a charge trans-
fer excitation in a given three electron levels, one core
level and two outer levels. When the core hole is created,
the more localized outer ligand level (d) is pulled below
the less localized level (L). The spectrum has a leading
peak corresponding to a final state with charge transfer
(i.e., “shake down”) and a satellite to another final state
without charge transfer, which has been already treated
in detail in an early issue of this serial lecture [2]. In the
present discussion, the crucial feature of the model is the
dynamical coulomb scattering between the photoelectron
and the d and L levels, i.e., the interaction that causes
extrinsic losses. The calculations were done for three
copper dihalide compounds (CuBr,, CuCl,, CuF,) and
showed a rapid approach to the sudden limit within 5-10
eV as illustrated in Fig. 1. It is found that the adia-
batic-sudden transition takes place at such low energy in
the system with localized excitations. Thus the variation
of dipole matrix element gives effects comparable to that
of dynamical photoelectron scattering. The energy scale
governing such transition is also found to be determined
by 1/R?, where R is a length scale of scattering potential
between photoelectron and localized excitation (i.e.,

charge transfer excitation).
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r(w)

30

Fig. 1. Ratio (@) between the satellite and the main peak of
photocurrent for divalent copper compounds. The energy is
measured from the threshold for satellite onset. The horizontal
dotted line gives the sudden limit. The figure is taken from Ref.
[16].

There is a fundamental difference between photoemis-
sion from solids and from the localized systems like at-
oms, molecules, or clusters [1]. In solids, the decreasing
cross section at high kinetic energies is compensated by
the longer distance the electron travels before it leaves
the solid. Thus while at high energy the photoelectron
coupling can be neglected for localized systems, it never

becomes negligible for a solid. The adiabatic-sudden

transition in the core level photoemission of the metallic
solid was also recently studied [18]. Compared to the
previous clusters of copper dihalides, an important dif-
ference should be noted to be the extended metallic ex-
citation, distinct from localized excitations in copper
dihalides. The theory is fully quantum mechanical and
includes not only extrinsic losses but also interferences
between intrinsic and extrinsic losses. The actual calcu-
lations were done for an atom in a semi-infinite jellium.
In Fig. 2, the results are provided in comparison with
two other results from different levels of approximations:
(1) the limit expression without the contribution of inter-
ference between intrinsic and extrinsic losses by Ber-
glund and Spicer [7] and (ii) the semi-classical theory
where the photoelectron is regarded to travel on straight
trajectory and the losses are caused in the solid by the
external perturbation from the moving classical photo-
electron. The adiabatic-sudden transition would be
thought to occur in the case where the full quantum me-
chanical calculation and the calculation by Berglund and
Spicer agree with each other. As shown in the figure, the
transition is found to occur at very high energy (of order
of keV) in the metallic system, which is definitely dif-
ferent from the localized system. It would be the spatial

extendedness of the excitation that governs the transition.
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Fig. 2. Satellite part (due to the bulk plasmon) of PES for Al as a function of photon energies. The unit of energy is the atomic unit,
ie., 1 au. = 27.2 eV. Three different approaches are compared: fully quantum mechanical calculation (dotted curves), calculation
neglecting interference between intrinsic and extrinsic losses (solid curves), and semi-classical calculation (dashed curves). The pho-
toelectron binding energies are from the elastic peak position (at the zero energy). The figure is taken from Ref. [17].
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2.3. High 7, superconductor

Most high 7. superconductors are layer-structured
materials with CuO, planes which are active in super-
conductivity. Many theoretical works concentrate on the
electronic correlation in these quasi-two-dimensional
(quasi-2D) CuO, planes. For proper understanding of
photoemission data, however, the full three-dimensional
(3D) crystal should be taken into account since strong
effects on the threshold line shape are found to be con-
nected with the coupling between planes in a recent
study of Bi2212, which do not appear in a pure 2D
treatment [19]. The low energy part of PES comes from
exciting electrons in a 2D layer of Bi2212, while the high
energy part from in the 3D background. The total system
may be regarded as a stack of strongly correlated 2D
layers embedded in the 3D background.

Theoretical study has been extended to explore the ex-
trinsic loss spectra of PES of Bi2212 by adopting the
experimental energy loss as the many-body input [19].
The experimental energy loss is determined by the elec-
tron energy loss spectroscopy (EELS) [20]. In Fig. 3, the
experimental loss was parametrized for simpler applica-
tion in the theoretical exploration [21]. In the figure, the
first sharp peak near 1 eV describes the 2D plasmon and
the linear small @y part the acoustic plasmon coming
from coupling between the 2D layers. On the other hand,
two broad structures near about 17 eV and 32 eV would
be evidently from the 3D background.

In Fig. 4, PES including both 2D and 3D contributions
are displayed for the first four CuO, layers (Bi2212 has
two CuO, layers in a unit cell). It is clear that most of
asymmetry comes from the layers in the first unit cell. It
is most interesting that the biggest contribution is given
by the second CuO, layer, not by the first layer. A con-
tribution from the first layer is larger than any other layer
when only the mean free path effects are considered, but
it is quite suppressed by the charge fluctuation potential
under the surface boundary condition (i.e., simply the
vanishing fluctuation potential at the matter surface).
Thus as a competition between two effects, the broaden-
ing final contribution from the first layer is a bit smaller
than the second layer. Figure 4(b) shows an extended
energy region to illustrate the relative importance of 2D
and 3D contributions. The integral effect of the 3D con-
tributions is much larger, but the peaks in the loss func-

tion are smoothened out and the 3D contribution is fea-

tureless.
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Fig. 3. Loss function for Bi2212 as parametrized from the ex-
perimental EELS data for Bi2212 of Niicker et al. [20]. The
figure is taken from Ref. [21].
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Fig. 4. PES contributions including both 2D and 3D contribu-

tions. The contributions from the different layers are displayed

separately. ¢ is the unit length of Bi2212, i.e., c = 15.4 A. The

figure is taken from Ref. [19].
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2.4. A simple molecule on metal

A simple experimental illustration of photoelectron
extrinsic loss was available in a system of a simple
molecule adsorbed on the metal surface [22]. In Fig. 5,
the very low energy PES using the tunable laser with a
high resolution for the CO/Cu(001) surface is provided.
Lower energy electrons are expected to have a larger
cross section for the inelastic scattering raising the ex-
trinsic loss. The energy loss structure appears as a step at
254 meV below the Fermi level edge for *C'°O. This is
due to the energy loss of photoelectrons near the Fermi
level through the excitation of the C-O stretching mode,
which is further evident from the absence of the loss

structure for the clean surface of Cu(001).

c(2x2)COMCuinot)
R (A)
80} & cu
@ coocu
60 |- — COCU001) v =482V
T
=
E
2 20
=]
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- D 1 i 1 i 1 2
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E
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g f -254 meV
: |
o W 46
<1i] 3
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29 42

[ ] [ [ ] 1
-360 -300 -250 -200 -150
Energy relative to Ez ( meV )
Fig. 5. (a) PES of the clean and the CO adsorbed Cu(001) sur-
face. (b) Enlarged view of the rectangular areas in (a). Note the
presence of a step at 254 meV below Ep for the CO/Cu(001)
surface, while the absence in the clean Cu(001) surface. The
figure is taken from Ref. [22].

3. TRPES

TRPES is a novel mode of photoemission which is
made possible owing to an advancement of the laser
technology. It directly records the temporal changes of
the electronic structure of the matter. Its basic idea is
illustrated in the cartoon of Fig. 6.

3.1. TRPES and PIIMT

One historical motivation of PES is to study the insu-
lator-metal transition (IMT) by exploring the electronic
structure near the Fermi level of a given matter. In paral-
lel with this, TRPES is an excellent tool to satisfy a
natural motivation to study PIIMT by exploring the dy-
namical changes of the electronic structure of the matter
undergoing PIIMT. As a matter of fact, up to now, most
of TRPES studies have been concentrated on the PIIMT.

In Fig. 7(a), sketches of the electronic structure of
17-TaS, with the uppermost cluster orbital (UCO) band
in the metallic phase (300 K) and Mott phase (30 K) are
provided. In Fig. 7(b), the normal emission PES acquired
at 300 K (metallic) and 30 K (insulating) are given.
17-TaS, is a
quasi-two-dimensional crystal structure and shows IMT
at 180 K. Below 180 K, the energy U that is necessary
for the double occupation of one UCO becomes larger

layered  compound with a

than the bandwidth and therefore the metallic phase is no
longer stable and electrons localize into the Mott insu-
lating phase. However, after the optical excitation, the
Mott insulator gets to acquire the spectral weights near
the Fermi level. Dynamical responses of such spectral
weights are clearly monitored in terms of TRPES, as
shown in Figs. 8(a) and (b). PES before the optical exci-
tation is completely recovered at about 4.5 ps after the

termination of the optical pumping.

_45_



Journal of Surface Analysis Vol.18, No. 1 (2011) pp. 36-57
J. D. Lee Photoemission electron spectroscopy V: Novel Topics

24. &R LB ST
HEFDOTXFARNY vy 7R R XF—HED
H 22 SEBRAORE8T, W7 0 73R R m~ g
L7RICBWTHERTE S [22]. K51, HEATE
L—H—Z W CHIE S 472 CO/Cu(001)2% (2 %}
T 5 E A REERME = R )L X —PES ZoR LTV 5. K
TRLX—FEE, XA Yy T T RILF—
R A 2 I RGEL AR 1T % U TR & 22 Wi F
ZHEOLTPRENS. PC0 ITkT DR F—1H
TAEEDS, 7=V IO T 254 meVICAT v 7 &L
THN TS, ZO\RKEET, 7o/ IS
DT R)FX— & FFOINEE T3 C-O (i £ — K& bk
LTz X—2 L L EICERTS. 202
EUE, JEE Cu(001)FEH TlE Z 0= 3L —H KA
ENBH SN NI ENSLRYTHDIEEZLN
5.

3. TRPES

TRPES I, L —¥ —HTORRIZL > TEI IR
KBTI HOFH LNTETHD. AFIETIE, W
BOEHEEORM A EETREETE D, 20k
KT AT T &2 6 1277,

3.1. TRPES & PIIMT

PES AF4EIZ 31T 5 — D DIER e EF X— 3 v
%, HOIWED T <)V I WL HFEOE IREE T
5 Z L THRiA— e BEE (IMT) ZMHT 52 &
ThHD. ZhnEIITL T, TRPES %, PIMT % =
LTCWAWEDEFREED T AT I N EH
N5 ETPUMTHRE AT 5 L W) AR ET
NR—=2 gV EHTETREREO LOWFETH DL, FEEE,
BEE TI TR TW5 TRPES %AW -#F5ED%
<IZ PIMT HEDERIZEAT 25D TH 5.

X 7%, —&FLDr T 2X—HuE (UCO) /v
R®D 1T-TaS, I oW T, &JEFH (300K) &E v M
(B0K) IZH A5G DOEHEDOHAKZ R LT
%. B 7(b)E, 300 K (&)8) & 30 K (fakxik) <
HIE S 7-18% @D PES 2/~ L TW\W5. 1T-TaS, (3
TR T A 2 FF O IR ST, 180 K T IMT
ZoRd. 180K LLFTlE, —o?D UCO % B THA
THDICMERT RV —U BN RigE Y k&L
20, TN R, BRI HIFREETIE R 2D,
BAIEE Yy MERHEIZRTELT S, LorLaenb,
FEEINEE D%, E > MERRIRIL 7 =L I HERLUT 5
WA NAEEERFOL IR D, FOLH7e K
T MVOEADZ A F I DNVIRIEEIL, 8(a)

ObIZ/RT L H1Z TRPES (25> THEICH S 25
ZEMTED. RTHBHBKEDST21% 4.5 ps D
PES 1%, XFHINEZ1T 2 BiD PES IZ—E T 5.

_46_



Journal of Surface Analysis Vol.18, No. 1 (2011) pp. 36-57
J. D. Lee Photoemission electron spectroscopy V: Novel Topics

analyzer

pes
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Fig. 6. Schematic illustration of TRPES. The underlying electronic structure is assumed to undergo PIIMT.
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Fig. 7. (a) Sketch of Ta d-like electronic states. The uppermost subband of the metallic state (300 K) splits into two Hubbard bands in
the Mott phase (30 K). (b) Normal emission PES taken at room temperature and 30 K. The figure is taken from Ref. [9].
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Fig. 8. (a) TRPES after the optical excitation of the Mott insulator. After around 4.5 ps, TRPES returns to the ordinary PES without

optical excitation. (b) Time-dependent intensity of the lower Hubbard band (LHB) contribution. It is found to be fitted with a single
exponential decay with 7y = 680 fs. The figure is taken from Ref. [9].
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As one of the most advanced modes of PES, the com-
bined mode of angle-resolved and time-resolved PES has
become recently available [23]. Transient electronic
structure and melting of a charge density wave (CDW) of
TbTe; are studied in such a combined mode. TbTe; is
known to have a CDW ground state (7, = 335 K) driven
by the Fermi surface nesting, strongly implied by its
diamond-shaped normal state Fermi surface of RTe; (R:
rare earth element) [24]. In Fig. 9, the time-resolved data
of photoemission at a few points on the Fermi surface as
in Fig.9(A), i.e., for a few fixed k’s as a function of time,
are given (see Figs. 9(B)-(D)) and the photoemission
intensities scanned along the indicated cut on the Fermi
surface as in Fig. 9(A) are given for a few time delays
(see Figs.9(E)-(])).

gle-resolved and time-resolved PES would become a

The combined mode of an-

significant future tool in that it enables to simultaneously
capture the single-particle (frequency domain) and col-
lective (time domain) information, and thus to directly
probe the link between them.

3.2. Theoretical modeling

Established theoretical formulation for the proper de-
scription of TRPES is still lacking. However, one rigor-
ous formulation to describe TRPES has been recently

0.73

/A

k.G

2000
delay [fs]

-24,56 11,30 -24,26
(ky, ky) [n/A] (ky, kg [e/A)

4000

(ke kg) [e/A]

proposed by the author [11,12]. The scheme is a kind of
generalization of the exact diagonalization, which is usu-
ally adopted to calculate the exact many-body eigenstates
of the correlated electron system in a limited size of Hil-
bert space. The basic idea of the scheme is to extend the
N-electron Hilbert space into an extended Hilbert space
consisting of N-electron space and (N-1)-electron + 1
photoelectron space. Of course, if one also considers
boson coupled to electron, the extended whole Hilbert
space should consist of N-electron + boson space and
(N-1) -electron + boson + 1 photoelectron space. The
initial ground state ¥(0) would be obtained from the
ordinary exact diagonalization like Lanczos method with
the Hilbert space of N-electron (or N-electron + boson).
Then, Y(7),
time-dependent Schrodinger equation under the total

which is obtained by solving the
Hamiltonian, would be described in the extended whole
Hilbert space. We note that ‘Y(7) has information of
TRPES through the coefficients of the state vectors in-
volving the photoelectron. This formulation was applied
to two different kinds of insulators showing PIIMTs: one
is the Mott insulator (i.e., pure electronic insulator) and

the other is the electron-phonon coupled insulator.

2000 4000 Q 2000 4000
delay [fs] delay [fs]

G 100 fs

-11,.30 -24,.26 -11,.30 -24,.26
Tk k) [/A]

11,30
Tk k) [/A]

Fig. 9. (A) Details of the Fermi surface plot. (B)-(D) Time-dependent photoemission intensity for fixed k points indicated on the

Fermi surface as in (A). (E)-(I) Momentum-dependent photoemission intensity along the cut indicated on the Fermi surface as in (a)

for fixed time delays. The figure is taken from Ref. [23].
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In Fig. 10, theoretical simulations of TRPES of the 1D
Mott insulator at a fixed time delay are given for the
resonant (@, = E,) and off-resonant (@, >> E,) optical
pumping. @, is the energy of the optical pumping and E,
is the Mott gap (E, = 1.73 in a given parameter of
Fig.10). In the resonant case, there occurs the nonlinear
band mixing, which would be probably due to the
strongly enhanced nonlinearity found in the 1D Mott
insulator especially near the resonant optical excitation
[25]. On the other hand, in the off-resonant case, the
physical interpretation is clear. The band itself is rigid.
Only the optically excited charges get to reside on the
bottom of the upper Hubbard band, similar to a situation
resulting in the photoconductivity of a semiconductor.

On the other hand, in Fig. 11, the 1D electron-phonon
coupled insulator (1D quarter-filled organic salt
(EDO-TTF),PFs; EDO-TTF =
oxy-tetrathiafulvalene) with its ground state of charge

ethylenedi-

ordering (CO, i.e., more exactly, bond charge density
wave (BCDW)) shows TRPES quite different from the
1D Mott insulator. Continuous transfer of spectral
weights is observed as the optical pumping turns on. This
would be due to continuous changes in electronic struc-
tures made possible by the cooperative interplay between
phonons and CO melting. However, in the Mott insulator,
there are no degrees of freedom to induce such continu-
ous changes. Figure 11(b) gives the sketch of the ther-
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mally-induced IMT (TIMT) of the system. It is also
interesting to discuss the difference between PIIMT and
TIIMT.
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Fig. 11. (a) TRPES of the 1D quarter-filled organic salt at a
fixed time delay with respect to the optical field strength 4,,,.
@y >> E,. (b) Sketch of PES showing IMT from the insulating
(solid line) to metallic phase (dashed line) by thermal fluctua-
tion, i.e., TIIMT. E]_- is the Fermi level. The figure is taken
from Ref. [12].
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Fig. 10. (a) PES without optical pumping. (b) TRPES at a fixed time delay under the resonant optical pumping, @,, = E,. (c) TRPES
at a fixed time delay under the off-resonant optical pumping, @,, >> E,. The figure is taken from Ref. [11].
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Finally, we introduce and discuss phenomenological
approaches for description of TRPES. They might be
sometimes useful because the rigorous approach requires
too expensive and hard computational tasks. First, the
temperature model replacing the complicated dynamics
of electron and lattice with the time-dependent macro-
scopic temperatures is available. The simplest one is to
consider only the electron temperature 7, and lattice
temperature 7;. The coupled differential equations de-
scribing the temporal evolution of 7, and 7, are given by
[26]

or,  32Q0° T, -T, N
or =« T,

oT, C,31Q° T,-T,

or C, =« T

e

£
C. 2

where C, and C) are the electronic- and lattice-specific
heat, respectively, and the dimensionless A is the average
electron-phonon coupling and 2 is the mean phonon
energy. P is the power delivered by the optical pumping.
Sketch of typical behaviors of 7, and 7 is displayed in
Fig. 12. Using T, and T}, TRPES would then be described
as A(w; npp(To(2)),nee(T1(7))), where A(w) is a functional
of the spectral function from the equilibrium fi-
nite-temperature Green’s function and npp(7) and ngg(7)
are the Fermi-Dirac and Bose-Einstein distribution func-
tion, respectively.

Second, as another phenomenological approach, a
trivial extension of the single-particle Green’s function is

available. According to the single-particle Green’s func-

o> 3)

where H is the Hamiltonian of a given system and ¢t and

tion, the spectral function 4() should be

, 1

C ———¢C
E-H-w+i0"

A(w):—llm<0

T

¢ are electron operators. The ground state |0> is the state
before the optical pumping and £ is the ground state en-
ergy, i.e., <0|H|0>. However, in order to apply Eq. (3) to
a case under the optical pumping, one may replace |0>
with |W(t)> and E with <W(7)|H|'Y(t)>, respectively,
where |W(t)> is the time-evolved state determined by
solving the time-dependent Schrédinger equation. That is,

one has

Alw,7)= —;Im<\P(z—)‘c7’ m(z

xp(f)> “)

This may also be a possible option, but have an impor-
tant drawback. A(w,7) given by Eq.(4) is in principle not
positive-definite, which may result in a fatal problem
depending on a case. In Fig. 13, TRPES of the photoex-
cited 1D double-exchange cluster are provided, which
was calculated based on Eq.(4) [27].

>
T

Fig. 12. Sketch of typical behaviors of 7, and 7j as solutions of
coupled equations of the two temperature model [see Eq. (2)].
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4. Summary

We have introduced and overviewed two relatively
novel topics of PES: extrinsic loss of PES and
time-resolved mode of PES. At present, the experiment
of PES can have a very high level of reliability by real-

izing the sub-meV ultrahigh resolution and the elaborate

chemical, physical, and mechanical control of the sample.

In order to theoretically expedite all the information that
PES deliver, one should go beyond the sudden approxi-
mation (i.e., the lowest order approximation) and explore
the dynamical coupling of photoelectron leading to the
extrinsic losses. Especially, for strongly correlated sys-

tems, the crucial information for electron correlation

would not appear in a simple array of quasiparticle peaks.

This novel theoretical attempt must provide a new
chance that PES can be a substantial tool to elucidate the
full quantification of electronic correlation.

As another topic covered in this issue is TRPES, one
of the state-of-the-art electron spectroscopies. TRPES
keep track of time-dependent transient changes of elec-
tronic structures of a matter under the dynamical external
perturbation so that it is an excellent tool to study PIIMT.
In the theoretical side, however, the established proper
formulation is still lacking. One available formulation is
to extend the Hilbert space into N-electron (+ boson)
space and (N-1)-electron (+ boson) + 1 photoelectron

space, which succeeded in clarifying the differences in
PIIMTs of the Mott insulator and the electron-phonon
coupled insulator. Now there have been new endeavors
to combine the angle-resolved mode and time-resolved
mode of PES. Such a direction could be a key for the
future of the materials research.
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Fig. 13. (a)-(c) TRPES of the 1D double-exchange cluster for fixed time delays., i.e., before pumping, = = 3, and 7 = 10 (¢ is the
electron hopping). Momenta are changed from 7 to 0 for the data from the top to the bottom. (d) Time-dependence of optical absorp-

tion data. The figure is taken from Ref. [27].
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