Chapter 1
Introduction: Ultra-Fast Response of Ultra-Thin
Materials on Solid Surfaces

Ken-ichi Shudo

1.1 Introduction

1.1.1 Photoabsorption

“Something that makes things visible”

This is a dictionary definition of light. Originally a broad and ill-defined idea, in
the modern parlance light usually refers to light that is visible (Vis) to the human
eye, with a wavelength in the range of approximately 400-750 nm. Since light is
understood as the propagation of any electromagnetic radiation, visible or otherwise,
our concept of light has ultimately expanded to encompass a very wide range of
wavelengths, from Angstrdms to millimeters. These days, electromagnetic waves
outside this range can also be referred to merely as light. We can now readily produce
light spanning the entire spectrum, from the shortest wavelength light, called X-rays,
to the longest, referred to as infrared (IR). Roughly speaking, light in the former of
these wavelength ranges is usually considered to consist of particles with momenta
p = hv/c, where h is Plank’s constant, v is the frequency, and c the speed of light,
because scattering is most easily described in terms of momentum. The wavelengths
(A = ¢/v) of Vis and IR light may be vastly greater than the object to be observed if
the object is very small, such as a nanometer-scale molecule. In such cases, the light
interacts with charged particles in the object—protons in the nuclei and electrons—as
a homogenous electric (and sometimes magnetic) field. Light in the Vis to ultraviolet
(UV) range is often produced by electronic transitions, while IR is chiefly associated
with spring-and-ball-like vibrations of molecules and lattice vibrations in crystals.
Across the spectrum, light follows the wave-particle duality relation, p = /), and
the law of conservation of momentum holds for scattering between the object and
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the light. Developments in the techniques of light generation and detection allow a
very wide variety of wavelengths to be utilized. The reader’s interests need not be
limited to the light itself, but may include the control and modulation of light and
related phenomena.

In a material, electric and magnetic fields (D and B, respectively) are induced
by finite densities of electric and magnetic polarization (P and P,,, respectively),
in a medium under external electric and magnetic fields (E and H). The following
relations define these quantities:

D=c¢cE =¢E+ P (1.1)
B =uH = pH + Py, (1.2)

where ¢ is the dielectricity and ;. the magnetic permeability of the material. Note the
suffix zero denotes the vacuum value, implying P = 0 and P,, = 0. The electric
polarization plays an important role in the photoabsorption and reflection of light by
the material.

All these physical quantities are governed by Maxwell’s equations:

V-D=p (1.3)
V-B=0 (L.4)
VxE= —23 (1.5)
ot
VxH:gD—J (1.6)
ot

which are mediated by the electric charge density p and the electric current
density J. Two wave equations, derived from (1.3) through (1.6),

2 /82
V°E =c—E 1.7
) (1.7)
82
2
V2B =C/WB (1.8)

give simple independent solutions of the electric and magnetic fields at the point r
and time ¢

E = E(r,t) = Ege'*7—+" (1.9)
B =B(r,t) = Bye! k7", (1.10)

These fields propagate with velocity ¢’ = ¢/n through a material with refractive index

n= /L L_). The optical
€010 )

responses of materials — how waves of light propagate through it — are formulated
in terms of the modulation of the above wave equations. The assumptions that the
materials are non-magnetic (4 = po) and electrically neutral (p = 0) are sufficient
to discuss the following issues.

(note that the velocity of light in a vacuum is ¢ =
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In a material medium, light is absorbed. This can be expressed mathematically
as an expansion of the definition of the refractive index . Rather than using a purely
real number n to describe the refractive index, the complex number n = n + ik
can be introduced, where n and k are real (i 2 - 1). Consequently, the wavevector
k = k' +ik”, and the dielectricity ¢ = €] + ie; of the corresponding wave equations
are complex. The propagating wave at depth z can then be derived from (1.9) as

E = Eget (231 =52 (1.11)
and the intensity (density of energy of the electric field) is given by
I=1() = §|E|2 = Ipe* (1.12)

where o = 2wk /c is called the absorption coefficient of the material with extinction
coefficient . Thus, one irradiates a material of thickness d with light of wavelength
A, and the intensity of the light that emerges from the other side of the material is
reduced by the exponential factor e ~*?. Equivalently, v can be determined from the
intensity / of light that passes through the material. Determining the wavelength (or
energy) dependence of « is the most classic form of spectroscopy. This is directly
related to the dielectricity, which determines transmission and reflection. However,
these can be modulated by irradiation with high intensity light. This modulation,
chiefly due to the generation of excited electronic states and crystal lattice vibrations,
maintains a oscillatory phase. This type of modulation, referred to as coherent, is
emphasized here, because most optical techniques utilize the interference of light.
Contemporary applications of coherence are addressed in the following Chapters.
The macroscopic quantities described above can be explained in terms of photon-
electron and electron-lattice interactions. Thus, electronic and lattice behavior can
be analyzed with appropriate light sources. As the size of the material will be smaller
than the wavelength of the irradiated light in most cases, we must deal with these
quantities within the framework of quantum mechanics of object material systems.

Consider the Schrédinger equation, with Hamiltonian H , where we define Iflo as
the electronic Hamiltonian without electromagnetic fields due to the incident light,

9 .
i = Hy. (1.13)

This can be rewritten as a secular equation H 1 = £1) in the case of stationary states.
This has solutions indexed by their state j, represented by a wavefunction ¢ = ¢;(r)
with eigenvalue &£;, corresponding to the energy of the electron. If one does not
consider thermal effects at high temperatures, the highest energy states which are
occupied by electrons, called the Fermi level Ep, is simply obtained from Pauli’s
exclusion principle. When the system is irradiated with light, the photoabsorption
is described in terms of the probability of an electron in a ground state (¢, with
energy below the Fermi level) to make a transition into an excited state (¢, above
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the Fermi level). To deal simply with the electromagnetic field of light, we use a
simple electric-dipole approximation. Because magnetic fields do not do work on
the electrons, they are not considered here, as spin and angular momenta cancel
macroscopically in most non-magnetic (P, = 0, or > j10) materials. Including
the electric field E as a perturbation, the Hamiltonian becomes

H=Hy+H (1.14)

with the electric potential energy of electrons j at point r ; being given by

A = Z —E(r) - (=e)rj, (1.15)
j

where E is the externally applied light. Note that M = > j(—e)r j is the electric
dipole moment of the system with each elemental charge —e. The wavelength of
ultraviolet (UV) light with photon energy up to ~10 eV is of the order of 100 nm.
Wavelengths in the region of Vis to UV are much larger than the atomic scale, and
the external field can be well described as a spatially uniform, but time-dependent,
field.

Expanding the wavefunction in Schrddinger’s equation in terms of the sates ¢;
and their (time dependent) amplitudes b, (¢), such that ¢ = Z./ bj(t)¢;, the time
evolution of the amplitudes are expressed as

) .
zhabj (1) = > bi(t)Hj ", (1.16)
1
with matrix elements .
H, = <¢,|H’|¢j>. (1.17)

An initial condition may be that the initial state of a perturbed wave function is
1 = ¢4 att = 0. If the basis set of wavefunctions ¢; is normalized, the coefficient

0 iM-Eg
Eb](t)—

coswj gt e (1.18)

is easily obtained, where a difference of the eigenfrequencies w; ; = & ;_.ng is used.
An extinction term is added for a realistic description of the finite lifetime that the
excited state generally has, and it becomes

0 iM - Ey it T

qu, (t) = —— cos wj e — 317/ (1) (1.19)
which makes the probability [b; (1)|? of a component j decay as o< e~ !, Finally,
the focused component of the excited state x is described in terms of the coefficient
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be(t) = (1.20)

J’_
T T
2h WHwrg—isy W—wrg—i%

iM - Eg [ ol @WHwr o)t ol W=wx o)t ]
In isotropic media, the averaged product of |M - Eg|*> over all directions can be
replaced by %|M 12| Eg|?). As the intensity of excited state formation is |b |2, from
(1.20), the averaged transition (photoabsorption) probability (frequency per unit
time) in the medium due to the applied light of intensity 7, is given by

b ()2 M?
o OF 7

AT Bl (2h

which is referred to as Einstein’s B-parameter. Essentially, this is the origin of what
is called a spectrum: B plotted against energy (or frequency). This classic picture is
still remarkably eloquent, being able to deal with the propagation of electromagnetic
fields through materials. This dipole model is often applied to molecular systems,
as an isolated molecule is spatially limited to the scale of nanometers. Eigenvalues
of a molecule are discrete, being separated by an energy gap of the order of an
eV, and corresponding electronic transitions resonantly occur in the Vis to near-UV
region. Although the reason for the decay is yet to be clarified, spontaneous and
artificial relaxation of excited electrons is now able to be observed, owing to the
advent of ultrafast lasers with the ability to achieve femtosecond pulse durations.
A contemporary discussion of topics in quantitative experiments is given in the
ensuing chapters.

1.1.2 Electronic Bands

In solids, the scale of the system can be larger than the wavelength of Vis to near-
UV light. To overcome this, infinite periodicity is assumed in order to solve the
wave equation of electrons. A solution of the Schrodinger equation in an infinitely
periodic potential is called a Bloch state, which forms electronic bands. Electrons
with a momentum p are identified by a wave vector k = p/h shown in Fig. 1.1a.
As electronic states in different Brillouin zones are identical, the states are identified
with a value of k in the first Brillouin zone. Photoabsorption is an electronic transition
between two bands. Figure 1.1(b) shows electronic bands, for example, of a Si crystal
whose structure is face-centered cubic (f.c.c). As the momentum of a photon is
negligibly small compared with the momentum of Bloch electrons, the momentum
of an electron can be considered to be constant during an electron-photon collision.
Electronic transitions by photoabsorption process are thus shown as vertical arrows,
as shown in Fig. 1.1b. In these cases, the dipole approximation takes another form.
The perturbed Hamiltonian of a charged particle (with an electronic charge g), is [1],

A
A

A 1 _ 2
H= ﬁ(p qA)"+V (1.22)
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Fig. 1.1 a Electronic momenta in reciprocal space k = (ky, ky, k;). The polygon defines the first
Brillouin zone of a f.c.c. lattice with lattice constant a. Symbols of high symmetry points, after [2],
are marked at various points. b Band structure of a silicon crystal along the momentum p = hk,
following a path between symmetry points in the Brillouin zone. The vertical axis is the electronic
band energy, defined to be zero with respect to the valence band maximum. Data is taken from [3].
Vertical arrows indicate typical photo-transitions

in which the vector potential is A, the momentum operator p = i—:‘V, and the potential

due to electrons and nucleus is V. This form of the interaction is called the mini-
mal interaction representation, or minimal coupling, of the electromagnetic field.
Equations (1.14) and (1.15) describes one of the converted forms of this formula
(See Appendix A).

Some people prefer (1.22) because this form of Hamiltonian explicitly contains
both electric and magnetic fields, and also because this formula is in a relativistically
invariant form [4]. From the point of view of optical transitions, this is particularly
casy to use

H=AHy+H (1.23)

. R,

Hy=——V24+V (1.24)
2m

N q A N

H=-"1(A- A 1.25
2m( p+p-A) (1.25)
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Fig. 1.2 The band structure
of a free electron in a f.c.c.
crystal, as a function of wave
vector k, in the directions
of A and A. In the first
Brillouin zone, they are the
same directions as in Fig. I.1.
Along the A direction (gray
areas), the adjacent second
zone is also drawn, to make
the parabolic nature of the
dispersion clear

2nd
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Wave number
where ¢ = —e and the Coulomb gauge (V - A = 0) has been used. The long

wavelength limit (A - V = V - A) of the last approximation is taken. A quantity |A|?
is generally omitted as it is much smaller than A - p + p - A. The term |A|? gives
the energy density of the electromagnetic field of the irradiated light, and is taken to
be a constant value if the photoabsorption is weak. When the incident light is very
strong, or the medium material has particularly strong photo-absorption, this term
should be considered because second order processes may occur. One sets k parallel
to the direction of propagation of the electromagnetic field, then the Coulomb gauge
enforces that the transverse wave (A perpendicular to the propagation direction) is

A(r, 1) = Age' k7D (1.27)
V.-A=Ag keé®r) =0 (1.28)
for all (r, t). Thus,
0 . i(k-r—wt)
E = —EA(r, 1) = iwApe (1.29)
B=VxA =ik x Age' kT, (1.30)

This is a standard expression for a light wave in the semiclassical treatment of radi-
ation [5].

The result from reciprocal (i.e., k-) space with (1.26) and that from real (r-
represented) spacein (1.15) must be the same (See Appendix B). To analyze interband
transitions, it is most easy to handle the transition perturbation in k-space than in
r-space, because the dispersion is plotted as a function of a good quantum number
(momentum or wavenumber). A parabolic band structure of free electrons (described
in terms of plane waves) in a f.c.c. lattice is shown in Fig. 1.2. This is very similar
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to that of actual Si bands in Fig. 1.1. This indicates that the real band may be well
approximated by plane wave states. A slight difference between the two, and one
which is very important to us here, is the band gap near Er. An actual wavefunction
1) consists of a plane wave, with wavenumber k, as well as higher order components
with the wave number shifted by G; see duplicity between regions I'— X and I'' — X',
for example. The shift G is a reciprocal lattice vector, defined as %’r (ny,ny, n;) with
Ny, = =1, £2, .... The resultant wavefunction of the electron is

)= D Cupnyn, () *=D7, (1.31)

ny,Ny,n;

where Cp o0 >~ 1. Note that a set of integers (ny, ny, n;) describes the three-
dimensional Brillouin zone. These higher order contributions, which deviate from
the free electron state, are generated by the perturbing potential V, which originate
from the underlying lattice and those electrons other than the nearly free electron
being described. After performing a Fourier expansion of the potential, given by

VY= D Vaenne €, (1.32)

Ny, Ny,nz

a potential component Vieny.n, primarily affects the coefficient Cnx«”)',"z of the
perturbed wavefunction [6]. A realistic band, as shown in Fig. 1.1, can be obtained
with only a few potential components [7] in a simple and highly symmetric crystal
structure such as silicon. Thus, the transition matrix element of the perturbation term,
(1.26), is

(¢1A185) = —— (9,14 - bloy) (1.33)
=——A- D (0)lbley) (1.34)
ny,ny,ny 70
~ A S k16 (6i10y) (133)
a m few Hy , iy, Ny e .

Remember that both ¢; and ¢, have the same wave vector k, because momentum
conservation restricts the transitions vertical as the arrows in Fig. 1.1. Sets of coeffi-
cients {C Moy, } in (1.35), differ slightly from (1.31), determine the wavefunctions.
Therefore, the term ((b i |¢g) can easily be obtained, and is given by

<ei<%—G>|ei<£—G>> -

= 2 G (DG (@) (1.36)

the few Iy , 7y, 1z

Thus, the transition probability can be obtained and it should be proportional to the
imaginary part of the dielectricity (e2). The reflectivity is also calculated from ey,
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Fig. 1.3 Reflectivity spectrum of a crystalline Si surface. Data is taken from [8]

and agrees well with experiments [10, 8] (see the next section). An experimentally
observed reflectivity of Si is shown in Fig. 1.3. There are peaks in the reflectivity
at approximately 3.2 and 4.3 eV. The lower peak has two components, Eq and E,
while the higher peak contains a single component, denoted E; [11]. Corresponding
electronic transitions are marked as arrows in Fig. 1.1, which connect two nearly
parallel bands [12]. The shape of the band, and the peaks around E; and E,, are
common to materials in the zinc-blend family [3]. In these regions, photoabsorption
occurs with high probability [8].

1.2 Surface Systems

As synchrotron radiation (SR) can be utilized these days, we are able to measure the
precise optical responses in the UV to X-ray region of the spectrum. With the light in
these region, photoemission spectroscopy is available to obtain the density of state
(DOS) [13]. Generally, in interpreting photoemission spectra, we must consider the
DOS of the final state as well as the initial state [14]. With the tunable light source
(i.e., SR, laser, etc.), we can choose the wavelength of the irradiated light to reveal the
DOS. In the experimental measurements of optical responses and electronic states of
materials, features specific to surface system should be considered generally as any
probe or signal have to pass the interface/surface of the medium inevitably. On the
other hand, electronic states can now be easily determined via numerical calculations
within a density functional theory (DFT) scheme, and using pseudopotentials is
effective with a generalized gradient approximation (GGA) so far as isolated or
inner-core electrons can be replaced with the potentials [15, 16]. This method has
been successfully applied to semiconductors [17], as well as transition and nobel
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metal surfaces [18]. To obtain the density of states of a Si crystal, as shown in
Fig. 1.4a, the reciprocal space was divided into an 8 x 8 x 8 mesh, for example. The
calculated spectra reproduce quite well the experimentally obtained spectrum for
energies below the Fermi energy, Er (Fig. 1.4c). However, there is a shoulder in the
actual experimental data of clean Si. This is attributed to surface states, originating
from the dangling bonds (unpaired electrons at the surface, pointing out towards the
vacuum) [19]. To represent the surface of a system having infinite periodicity, we can
employ a slab-like geometry (Fig. 1.5). A DOS spectrum of the slab calculated (with
a6 x 6 x 1 k-space mesh) is shown in Fig. 1.4b, and surface states below and above
Er are observed (indicated by arrows in the figure). Note that even a sparse k-space
mesh is sufficient to observe the surface states [20]. The escape depth of electrons
(mean-free path without scattering) has a minimum value of around ~10 A when the
electron energy is a few tens of eVs [21, 22]. The intensity of the calculated surface
state response is consistently similar to that observed in the experimental spectra.
When a Si crystal is compressed or expanded, the electronic states change. In
the chapter on the topic of high-pressures, a description is given of how the optical
response of compressed materials is measured as temperature is varied. In Fig. 1.6, the
calculated electronic states of a crystal are shown, where the lattice size of the crystal
is changed isotropically. The total energy of a unit cell in the lattice, Fig. 1.6a, shows
a parabolic well, which corresponds to the harmonic oscillator-like lateral breath-
ing mode. This compression/expansion changes the electronic structure slightly, as
shown in Fig. 1.6b plotted in terms of DOS. A shoulder at EF —0.7 and EF 4+0.5eV

Fig. 1.4 The calculated den- ' ' i i
sity of states (DOS) with
respect to valence band max-
imum of a silicon crystal.

a Three-dimensional crystal
with diamond lattice period-
icity, representing a perfect
bulk. b Two-dimensional
structure of 6 layers of Si with
a surface of Si dimers. The
other surface was terminated
with hydrogen. Surface states,
which originate from dangling
bonds at the dimers, appear
as a shoulders in the DOS. ¢
Photoemission spectroscopy
using photons with energy (@)
hv = 25 eV. Data is taken

from [9]
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Fig. 1.5 An example of a

slab, representing a surface. _/-

The structure is a p(2 x

2) structure of the Si(001)
surface, containing two Si
dimers buckled in different
directions (toward +x and
—x) [19]. To terminate the
dangling bond on the other
side, extra hydrogen atoms are
added (bottom of the slab)

shifts slightly due to this deformation. The bulk-derived state at Er = 1.5 eV on the
other hand, changes considerably, the shifts in the large peaks between —2.4 to —2.0
eV and between +-2.1 and ~3 eV are particularly noteworthy. These correspond to
the shift of the E; and E, peaks [12]. Thus, the transitions near Eg, E{, and E; are
all very sensitive to expansion (or other distortions) of the lattice. The reflection rate
of photons with energy of a few eV changes when a phonon causes the lattice size
to vibrate. With ultrafast pulsed lasers, real-time oscillations in the reflectance due
to the compression/expansion of the lattice can be measured [23]. In the following
chapters, such ultrafast measurements are introduced. On the other hand, it is very
difficult to detect the surface states as compared with the bulk. However, the change
of the surface states can be detected when the reflectance is precisely measured. In
the next section, the particular case of the sensitivity of the reflectivity to the surface
states is explained. Experimental results, by means of an optical modulation method,
are addressed in another Chapter, and are also described in detail.
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Fig. 1.6 a Calculated values of the relative energy per unit cell and b the density of states with
respect to the Fermi level Er of the slab model in Fig. 1.5 when the lattice constant is varied

1.2.1 Surface Reflectance

The optical response in terms of reflectivity has been widely used to measure thin
films. Ellipsometry has been often applied to determine the thickness of a film on
a surface if the dielectric constants of the substrate- and the surface-materials are
known [24]. In recent years, optical spectroscopic methods, such as surface dif-
ferential reflectivity (SDR) and reflectance difference spectroscopy (RDS) (some-
times referred to reflectance asymmetry (RA)), have been developed as powerful
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tools to investigate the electronic properties of semiconductor surfaces and inter-
faces, even at the atomic scale [25-27]. The principle advantage of these methods is
their ability to observe processes on the surfaces nondestructively in real time, even
in high-pressure reactive gasses. However, optical spectra alone are not sufficient
to provide an understanding of the surface structures and the electronic states that
determine the optical responses. Theoretical analysis of the surface electronic states
is necessary to interpret the optical spectra in terms of surface structures.

To assign the optical spectra to surface states, we calculated the electronic states
and optical transitions of the Si(111) surface using small clusters. Although the
Si(001) surface is chiefly used in silicon devices, Si(111) is more frequently used in
research at the atomic scale, because of the variety of reactions due to its reconstructed
structure. Thus, we report here the calculated optical spectra of the Si(111)-7x7
dimer—adatom-stacking-fault (DAS) surface [28]. The adsorption process of chlorine
at the Si(111) surface can be divided into two stages. First, a chlorine atom reacts
with silicon at adatom (AD) sites to form monochloride, to terminate the dangling-
bond (DB) [29, 30]. When the adsorption density becomes almost equal to that of
the adatoms, di- and trichloride begin to form [31, 32]. When these polychlorides are
produced, one of the three adatom back-bonds (ADBB) is broken. Then, a Cl atom
is bonded to the adatom, leaving a rest-atom dangling-bond (RADB) [33, 34]. We
have calculated SDR spectra AR/R of the mono- and dichloride C1/Si(111) surfaces,
and analyzed the electronic states associated with features in the spectra.

1.2.2 Calculation

While density functional theory (DFT) deals only with the ground states, time-
dependent density functional theory (TD-DFT) can deal with excited states as well
as the ground states [35]. TD-DFT calculations can be performed on relatively small
computers, such as desktop workstations. The calculation of optical spectra using
TD-DFT has been reported not only for molecules [36], but also for solids [37], and
TD-DFT allows the precise evaluation of the excited states of molecules. Clusters
which contain 13 silicon atoms are sufficient for the present purpose, because Ricca
et al. used clusters of this size to calculate the Si-Cl frequency using DFT, and the
calculated value was in good agreement with the experimental value [38]. Therefore,
we deem that this method should also be applicable to silicon surfaces. We calcu-
lated the electronic states and the optical transitions with the widely used ab initio
calculation program Gaussian 03/09 [39].

The compositions of the clusters used to represent the T, site of Si(111) are
Sip1Hy7 for the clean surface, and Si»;H»7Cl and Sip1H»7Cly for chlorine-adsorbed
surfaces. The last two represent monochloride and dichloride generated from the
adatom, respectively. The geometric structures of the clusters used for the calcula-
tion are shown in Fig. 1.7. In order to eliminate all the dangling-bonds except at the
Si adatom, all silicon atoms except the adatom are terminated by hydrogen atoms.
In the calculation of the photo-transition energy of the clusters, the hybrid TD-DFT
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Fig. 1.7 Geometric structures of the clusters used to represent the CI/Si(111) surface: a Siz;Ha7,
representing the clean surface; b Sip; H27Cl and ¢ Siz1 H27Cly, representing chlorine-adsorbed sur-
faces

method was employed, because it gives the best agreement with experiment [40].
Furthermore, we selected the Becke 3-parameter hybrid functional with Lee, Yang,
and Parr correlation (B3LYP), as the preferred tool [41, 42]. First, the geometry of
the Si(111) clusters was energetically optimized at the 6-31G level. After the opti-
mization, the calculations of electronic excitation were carried out with the 6-31G*
basis set. The distribution of the wave-function relevant to the photo-transitions was
examined with the visualization program Molden [43].

From the results for electronic excitations and oscillator strengths, optical
transition probabilities were obtained. The oscillator strength f can be expressed
in terms of transition probability p as follows:

2mw

= 327 il (1.37)

fij

in which 7 and j represent the initial and final states, respectively, and
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jij = w (1.38)

where e is the direction of the electric field.
The imaginary part, €, of the dielectric function for frequency w was obtained
with the following expression [44, 45].

4722

ew) = S TA

> OlEi — Ej — hw] x ||, (1.39)
i,j

where A is the volume of the cluster.

In the numerical calculation of (1.2), the J-function is substituted by a normalized
Gaussian function whose standard deviation is set to 0.1 ~ 0.15 eV, because the
photo-excitation has a band width of about this value in the bulk [46, 47] and at
the surface [48]. The imaginary part is transformed into the real part through the
Kramers-Kronig relation. Electronic transitions were calculated up to 6 eV, but this
is not enough to calculate ¢ and SDR spectra. To avoid this limit, e should be
extrapolated to connect it to the imaginary part of the dielectric function in the bulk
state [49]. Therefore, we multiplied the calculated €3 by a factor so that the imaginary
part of the dielectric function in the bulk state is linked smoothly at energies greater
than 3.1 eV for the clean surface and 4.9 eV for the Cl-adsorbed surface. Even if the
factor is changed, the form of the SDR spectra does not qualitatively change. This
factor corresponds to the cluster volume, A in (1.2). The index of refraction n(w), the
extinction coefficient x(w) and reflectance R(w) can be derived using the complex
dielectric function for the frequency w. In the case of normal incidence, R can be
expressed with Fresnel’s formula.

Although s-polarized and p-polarized SDR spectra generally differ in intensity,
the shapes of the spectra are very similar to each other in the case of Si(111) [26].
Consequently, we did not consider the polarization of incident light, and the cal-
culation covered only normal incidence. By means of these procedures, an SDR
spectrum AR/R can be calculated from the reflectances of the clean surface R,
and the adsorbed surface R ¢ orped-

AR _ RCl-adsorbed - Rclean

— = - (1.40)

clean

Next, we calculated the optical transitions of the cluster representing dichloride,
shown in Fig.1.7c, in which one of the ADBB is broken and terminated with a
chlorine atom, and the rest-atom dangling-bond appears. The SDR spectrum for this
back-bond breaking was calculated.
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1.2.3 Example and Interpretation

Dangling-Bond termination

Calculated SDR spectra for monochloride formation during Cl-adsorption on Si(111)
are shown in Fig. 1.8. The basis set effect between 6-31G and 6-31G* is negligible.
Up to 3.2 eV, the spectrum computed with the 3-21G basis set resembles the other
spectra. It is sufficient to analyze surface-to-surface transitions up to 3.2 eV, because
electronic excitations of silicon above 3 eV are mainly contributed to by the bulk
state. The positions of the peaks obtained with the 3-21G basis set are very close to
those calculated with other basis sets, but the intensity is greater with 3-21G than
with others. Although it is not yet clear why the intensity is sensitive to the basis set,
the 3-21G basis set seems adequate to assign the spectral profile.

The experimental CI/Si(111) SDR spectrum is shown in Fig.1.9 [50]. The
observed spectrum can be decomposed into two component spectra, S4 (a) and
Sp. Sa corresponds to the negative peak at 1.55 eV in the calculated SDR spectra
(b), similar to the assignment of the negative peak (c) for H/Si(111) to the calculated
peak (d) at 1.4 eV [51]. Thus, the calculated feature at 1.55 eV (transition from the
ADBB state to the antibonding ADDB state) is considered to be the origin of the main
peak. The negative minimum in (b) and (d) at 2.1 ~ 2.2 eV is due to the transition
from an ADDB state to an antibonding ADBB state, although no peak was apparent
experimentally. The calculated minimum at 2.8 eV, again not visible experimen-
tally, is due to transitions from ADDB or ADBB to antibonding ADBB states and
from bulk to antibonding ADBB states. As the energy becomes larger, bulk-to-bulk
transitions become predominant, and above 2.8 eV, electronic transitions occur

Fig. 1.8 CI/Si(111) SDR v v v v v
spectra calculated with a - 1
B3LYP/3-21G,b B3LYP/6- | (a) B3LYP/3-21G |
31G, and ¢ B3LYP/6-31G*
basis sets

Clean

(b) BALYP/6-31G |

(c) B3LYP/6-31G*

AR/R

1.0 15 20 25 30 35 40
Photon Energy (eV)
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Fig. 1.9 SDR spectrum of S4 LA B
experimentally obtained for c(dCale. ) o ‘
the monochloride Si(111) a

and the spectrum obtained by
calculation b. The experimen-
tal ¢ and calculated d spectra

of monohydride Si(111) [26]

are plotted for comparison

AR/R

Photon Energy (eV)

mainly inside the bulk. Thus, the assignment of spectral features of the CI/Si(111)
surface is possible with this method. The features are quite similar to those obtained
in the case of hydrogen.

Back-Bond breakage

We next focused on the process of ADBB breakage, namely the process of dichloride
formation, with the cluster having with the newly emerged dangling-bond at the rest-
atom. In the model, the dangling-bond at AD is terminated with the CI atom, while
a dangling-bond remains at RA. The inclination of adatom dichloride towards the
RADRB, set to the initial geometry shown in Fig. 1.7¢, was almost removed after the
energetic optimization, in accordance with a microscopic estimation of Cl density
[52].

A spectrum was calculated through the same approach as in the case of dangling-
bond termination, and is shown in Fig. 1.10 together with the observed spectrum,
Sp. The AR is defined here as AR = R, — R, as Sp represents the difference
of reflectance between mono- and dichloride. The results for dihydride formation
obtained by experiment (c) and by means of huge cluster calculations (d) for hydrogen
adsorption [26] are also plotted.

All the spectra in Fig. 1.10 contain a negative peak at around 2.6 ~3.0 eV. This
peak can be assigned to the loss of the transition at AD, owing to the missing BB. This
assignment turned out to be commonly applicable to ADBB breaking by halogen and
hydrogen. Thus, the TD-DFT method with small clusters is capable of interpreting
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Fig. 1.10 a SDR spectrum of L A B A B B
Sp experimentally obtained
for the dichloride Si(111) and
b the same spectrum obtained
by a calculation. Experimental
¢ and calculated d spectra for
the dihydride [51] are also
shown, for comparison

AR/R

Photon Energy (eV)

the SDR spectra for adsorption of elements with large electron affinity, such as chlo-
rine. However, the spectrum (b) has some features below ~2 eV. These may be caused
by a perturbation of the remaining ADBB by the additionally adsorbed C1 atom, pos-
sibly through charge transfer from Cl to AD, as suggested by a previous calculation
[53]. Although some transitions from/to the emerged DB at the rest-atom are from
2.6 eV and above, the effect of this kind of DB is still unclear. Further analysis will be
required, however it is clear that the surface electronic transition is strongly affected
by the surface electronic structure. Reflectance spectroscopy is dominated by the
transition, and the surface structure, in terms of adsorbates and electronic states, can
be elucidated with spectroscopic information.

1.3 Ultrafast Measurement

1.3.1 Monolayer Film of Organic Molecule

Among organic molecules, the thiol family is known to easily form a self-assembled
monolayer (SAM) film with a bond at the sulfur site, even to noble metal surfaces.
A benzentiol (BT) molecule contains the most fundamental aromatic functional that
offers a variety of applications [54]. As molecular vibrations of such SAMs are fin-
gerprints of adsorbed structures, we consider the dynamic motion of the molecules
to elucidate molecule-substrate interactions in the ultrathin film. Ultrafast measure-
ments of coherent molecular motion at the femtosecond time-scale are available with
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Probe E

Pump E

"
PD1
PBS

Fig. 1.11 Schematic illustration of the experimental setup for ultrafast transmission/absorption
measurements

optical methods using ultrashort-pulsed laser systems. In this research, we measured
the transient reflectance signal from a Au surface, on which the SAM of BT was
adsorbed at the monolayer thickness. The resultant frequency domain spectra gave
information on coherent motion of the adsorbed layer.

Strips of silicon (001) wafer were used as a substrate material. Prior to optical mea-
surements the specimens were treated as follows: gold (Au) atoms were attached to
the surface by sputter deposition to form Au films with thicknesses of a few Angstrom
to several nm. The specimen was then soaked in an ethanol solution of BT (1 mM)
for 24 hrs. On the Au surface, BT molecules were adsorbed at a monolayer thickness
[55]. The surface morphology of Au was confirmed via atomic-force microscopy.

To obtain the ultrafast response, ultrashort pulses (7.5 fs) of a Ti:sapphire laser
(800 nm) were used as a light source. For the liquid phase of the organic mole-
cules, the transmission anisotropy was measured in real time by means of a pump-
probe technique in electro-optical (EO) sampling configuration (Fig.1.11). At the
surface of the specimen, the optical response was measured in the reflectance config-
uration [57]. A pump beam was irradiated from the direction normal to the sur-
face, and the beam was focused at the surface. A probe pulse delayed variably
from the pump pulse was focused to the surface area where the pump was irra-
diated. The transmitted/reflected probe beam was divided into two polarized com-
ponents orthogonal to each other. The difference of the intensities of the two com-
ponents, measured with a pair of photodiodes, was detected electrically. This differ-
ence was taken as the sign of asymmetry in the optical reflectance due to surface
deformation.

1.3.2 Experimental example

The transient signal of a BT monolayer film was plotted along the varied delay time
as shown in Fig. 1.12. After an intense signal was observed initially (where O delay



20 K. Shudo

T T[TTTT[TTTT[TTTT[TTTT[TTTT

Amplitude [Arb. Unit]
——

\.
N
11 11111111111111111111111111
0 1 2 3 4 5 6 7
Time [ps]
1 1 1 1 1
E
=
<
S,
(]
<
2
a
g
<
0.6 0.8 1.0 1.2 1.4
Time [ps]

Fig. 1.12 Magnification of the real-time transient response, plotted after subtraction of a slow com-
ponent. The upper panel is an observed transient response of the surface asymmetry in reflectance
(EO sampling; see Text). The shadowed area in the upper panel corresponds to the main panel. Data
taken from [56]

isat 0.37 ps), a slow decay was observed. After subtraction of the decay, a complex
oscillatory signal remained (shown in the main panel). In the Fourier transformed
spectra Fig. 1.13 from the residual signal, several peaks are found. In the figure, we
also plotted peaks of vibrational components of liquid BT (> 98 % purity) obtained
with conventional c.w.-Raman spectroscopy.

Most of the peaks in the Fourier spectra (gray in Fig. 1.13) correspond roughly to
the vibrational peaks in the conventional spectra (black in Fig. 1.13). No peak due to
the Si substrate was observed in the Fourier spectra, because we are able choose a
polarization of the incident beam so as to excite the surface layer selectively, based
on a selection rule associated with photoexcitation [23]. On the other hand, a peak
originating from the crystalline Si (~16 THz) appeared as the strongest signal in the
C. W. -Raman data (not shown). Thus, we can selectively distinguish the coherent
motion of the two-dimensional structure of the BT monolayer, as the ultrashort pulses
excite the SAM film impulsively. There are some discrepancies in the peak positions
between the SAM film and the liquid phase. These vibration shifts can be explained
in terms of immobilization of the molecule at the Au surface [54]. We calculated
electronic and vibrational eigenvalues with a first-principle method, and the vibronic
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nents (hatched) of the sub-
tracted signal (main panel in
Fig.1.12). Only a small range
of the data, displaying typical
peaks, is shown. In compar-
ison, a conventional Raman
spectra of liquid BT is shown
(gray), which is magnified by
a factor of five

Fig. 1.13 Fourier compo- . } . } . : -L

Fourier Component
of BT/ Au

Intensity (Arb. Units)

cw-Raman of liquid BT

T T T T T T
28 30 32 34
Frequency (THz)

modes of the BT adsorbed on the surface are in good agreement with the experimental
results. The relative intensity of each mode varies when the thickness of Au deposition
due to the sensitivity of Raman effect sensitive to the surface roughness [58]. This
indicates the surface-enhanced Raman scattering (SERS) effect is active at the
surface layer also in reflectance [57]. Morphology of the Au surface and alignment
of the molecules seem to affect the ultrafast dynamics; the ultrafast pump-and-probe
measurement enables us to discuss dynamic phenomena of real-time coherent motion
in the monolayer thin films.

Using the pump-probe EO sampling technique, it is possible to selectively and
sensitively measure the transient optical asymmetry originating from the vibration of
organic molecules adsorbed on surfaces. To discuss the intermolecular, nonlinear, and
low-dimensional lattice interactions in such molecular systems, real-time analysis
gives new information [59] in terms of time-dependent intensity, phase, and beat
frequency of each vibronic mode.

1.4 Summary

In this introductory chapter, the relation of the optical response of a material with its
electronic states has been addressed. Next, the optical response of a surface system
in the Vis to UV region was shown to be sensitive to an atomic-scale adsorbed
material. The assignment of the electronic excitations for C1/Si(111) was explained
by means of calculations carried out in the TD-DFT regime, using small clusters.
Finally, an ultrafast response of monolayer molecules adsorbed on a solid surface
was discussed. This response was then related to the molecular vibronic modes, and
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the information about the real-time oscillations enables us to elucidate the vibronic
phase and amplitude. This in turn gives information on atomic/molecular motion,
including photo-induced excitation and relaxation processes.
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Appendix: A Long-Wavelength Approximation

Whenever a gauge transformation with a function Y,

A~ A=A+ Vy (A.1)

o
UU=U-—

Ex, (A2)

is applied to a vector and scalar electromagnetic potential, A and U, simultaneously,
the resultant fields B’ = V x A" and E/ = —V U’ are unchanged, such that

B=VxA (A.3)
E=-VU'. (A4)
To eliminate the magnetic field in (1.22), we take a function x = —r - A. Then, in

the case that the wavelength of the irradiating light is much larger than the size of the
system, such as in the case of molecules (or crystalline domains where the electronic
diffusion/drift is limited), the electric and magnetic fields can be considered to be
constant. Then,
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A’:A—((A~V)r+(r~V)A—|—Ax(er)—I—rx(VxA)) (A.5)

~ 0, (A.6)
- ) 0
—U—r-E, (A3)

where we note that r is independent of time, ¢. Finally, with A corresponding to the
external light source from (A.3) and (1.5). V = —eU being the electron-nucleus
potential, the Hamiltonian (1.22), becomes the pair of equations, (1.14) and (1.15).
This result is to be somewhat expected, because the magnetic field does no work
on a charged particle unless the spin of the particle is considered from relativistic
invariance. To analyse the magnetic effect of spin, the dipole approximation is not
enough.

Appendix: B Minimal Interaction in r-Space

The uncertainty of quantum mechanical theory can be expressed as

. . h
PxX — Xpx = l_ (B.9)
Then,
1A, 1 R h | B h .
— =Dy =\Px—@py + )+ Vx ) = =—(Pxx — )Dx +xV (B.10)
m i 2m i 2m i
1 . . r ..
= =Px(Ppxx) + Vx| = | 5= px)px +xV (B.11)
2m 2m
Lsgy Ly (B.12)
=(— x—x|— .
2mPx 2m P
= Hx — xH, (B.13)

——p=Hr —rH. (B.14)
m

Assuming an homogeneous electromagnetic field, A, the transition matrix element
(1.17) in (1.16), using the perturbative term (1.26), becomes
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Hyj= %(%IA - Ploy) (B.15)
= A (os(Hr —rF)igy) (B.16)
= A (o1 —repis,) ®.17)
= ie%<¢jlr|¢g>’ (B.18)

which leads to the same result as (1.18).
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