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The optical properties of nanostructures are fascinating and
useful for a variety of applications. Nanotechnologies are
poised to revolutionize medicine, manufacturing, energy
production, and other fundamental features of everyday
life in the 21st century. The unique nonlinear optical
properties of nanoscale materials are size dependent; they
do not naturally occur in larger bulk materials. The selected
collection of papers included in this special issue demon-
strates that nonlinear optics of the bulk contrasts markedly
with the current state of knowledge about the optics of
surfaces and interfaces in nanomaterials. It is challenging to
understand optical properties of different complex materials
(aggregated molecular and polymer systems, crystalline and
noncrystalline solids) at the microscopic scale.

One of the major objectives of nanoscience is a detailed
understanding of the physics and chemistry behind the inter-
action between objects (surfaces, particles, and individual
molecules) at the nanoscale. Questions need to be answered
regarding how nanoparticles can be stabilized, and in what
media, how nanoparticles interact and influence each other
and solid surfaces, and what proportions in a hybrid system
make a critical difference. How can these characteristics be
realistically predicted and extracted from nonlinear optics?
The papers of this special issue address the following topics:

(i) experimental technique of nonlinear optics in nano-
materials;

(ii) theory of nonlinear optical response from surfaces
and nanostructures;

(iii) modeling and simulation of nonlinear optical func-
tions in nanomaterials;

(iv) nonlinear optics of surfaces and interfaces; sur-
face steps and imperfections; low-dimensional sys-
tems, quantum wells, and nanowires; nanoplasmonic
structures and metamaterials; chiral nanostruc-
tures; nanostructured photonics crystals; micro- and
nanocavities, ring cavities; excitons in nanoparticles;
self-assembled monolayers; biophotonic crystals;

(v) electrical- and magnetic-field-induced nonlinear
optics in surfaces and nanostructures;

(vi) nonlinear magnetooptics of nanostructures and mag-
netophotonic crystals;

(vii) Terra-Herz generation in nanoparticles;

(viii) ultrafast nonlinear spectroscopy of nanoparticles.

Second harmonic generation (SHG) data from Si(001)/
SiO2 heterostructures and multiquantum well systems are
reviewed by T. V. Murzina et al. The SHG response from
these samples comes from the thin interface layers containing
information about specifics of the microscopic structures on
Si(001)-SiO2 interface.

Transient atomic vibration of Cu(111) covered with alkali
metals is studied using ultrafast time-domain SHG technique
by K. Watanabe and Y. Matsumoto. They discovered that the
initial phases of the oscillating component of SHG intensity
after the excitation pulse reflects the origin of the relevant
electronic excitation at the metal-metal interface.

A nonlinear optical microscope developed to produce
three-dimensional images of second harmonic generation
from polar surfaces is described by H. Yokota et al. This
approach represents activity in the development of next
generation nonlinear optical diagnostics of solid surfaces and
interfaces.
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The theoretical paper by Zh. Kudyshev et al. is focused
on generalized analytical solution for nonlinear wave prop-
agation in waveguide couplers. Quite a general case of
the system is considered characterized by linear refractive
indexes with opposite signs, nozero phase mismatch between
the channels, and arbitrary nonlinear coefficients.

SHG generation from the Pt-nanowire arrays fabricated
on MgO(110) templates is reviewed by Y. Ogata and G.
Mizutani. A contribution of roughness has been discussed in
a context of the nanowire array radiation sensitivity.

All contributions to this issue contain analysis of trends
and suggestions towards a rapid development of the nonlin-
ear optical diagnostics of nanostructures.

Vladimir I. Gavrilenko
Tatiana V. Murzina

Goro Mizutani
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The second harmonic generation microscope (SHGM) constructs images of intensity distributions of SH waves produced by
the interaction of fundamental waves with a polar material. We have developed this nonlinear optical microscope in order to
make possible nondestructive, three-dimensional (3D) observations of various kinds of inorganic and organic materials. The
SHGM can disclose also inverted domain structures of antiparallel spontaneous polarizations using the interference with the
reference SH waves. The observation principle and several applications to structural characterizations of LiNbO3 and LiTaO3

quasi-phase matching devices, domain structure analyses of a relaxor/ferroelectric solid solution Pb(Zn1/3Nb2/3)O3-9%PbTiO3

at the morphotropic phase boundary, development of order parameter in a quantum paraelectric relaxor Li-doped KTaO3, and
antiphase polar domain structures of muscle fibers and myofibrils are surveyed by stressing the high effectiveness of the SHGM as
a tool of material diagnosis.

1. Introduction

Optical second harmonic generation (SHG) is a phenom-
enon where coherent light with twice the fundamental fre-
quency is generated through the nonlinear interaction be-
tween a laser and a material. Since SHG is sensitive to the
break of spatial inversion (SI) symmetry or time inversion
(TI) symmetry, it provides a powerful experimental tech-
nique for investigating ferroelectricity related to the SI sym-
metry break [1–3], magnetic ordering related to the TI
symmetry break [4, 5], and multiferroics related to both
phenomena [6–9].

Certain kinds of materials are classified as ferroics where
spontaneous electric polarization Ps (ferroelectrics), sponta-
neous magnetic order Ms (ferromagnetics), or spontaneous
strain xs (ferroelastics) can be reversed by their conjugate
external fields E, H , or X , respectively. Ferroics have a
phase transition temperature Tc. Above Tc these properties
disappear, while below Tc, the spontaneous order parameters
develop in macroscopic or mesoscopic regions having differ-
ent orientations but same magnitude of spontaneous values.
These regions are termed domains or variants. Spontaneous

order parameter displays a hysteresis loop upon applying
these conjugate external fields and these phenomena are the
process of changing in domain states from multiple to single
domain and vice versa. Recently much attention has been
paid to cross-correlations of Ps-H and Ms-E in multiferroics
and a lot of studies have been performed in this promising
field.

In the case of ferroelectrics, the development of Ps can
be detected by SHG in a wide dynamic range to determine
the critical index at the vicinity of the phase transition
point [10, 11]. SHG has also been used to observe domain
structures by exploiting the spatial distributions of the SHG
tensor component [12–15]. Based upon this advantage of
SHG for material characterizations, we have developed the
SHG microscope (SHGM) for material characterization, in
particular, nondestructive and three-dimensional (3D) ob-
servations of domain structures of inorganic, organic, and
biological materials. This paper reviews the principle of
our SHGM and its application to observations of domain
structures in certain kinds of ferroelectrics and biological
tissues of muscles as well. Section 2 describes the principle
of SHG (Section 2.1), the principle of SHG interference
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microscopy for observing antiparallel domain structure
(Section 2.2), an intrinsic issue (Δk issue) for realizing 3D
domain structures using the strongly focused scanning-type
SHGM (Section 2.3), and the polar diagram representation
of SHG images and related problems (Section 2.4). Section 3
explains the optical system of our microscope. Section 4
shows some examples of SHG images and their analyses
picking up 4 cases: 3D observations of periodically poled
domain (PPD) structures in quasi-phase matching (QPM)
devices for wavelength converters of lasers (Section 4.1),
complex domain structures of a relaxor/ferroelectric mixed
solution Pb(Zn1/3Nb2/3)O3-9%PbTiO3 (PZN/9PT) at the
morphotropic phase boundary (MPB) (Section 4.2), a quan-
tum paraelectric relaxor KxLi(1−x)TaO3 (KLT) (Section 4.3),
and muscle fibers and myofibrils (Section 4.4). Section 4
sums up the results and discusses future trends of SHG
microscopy.

2. Theoretical Treatment of SHG

2.1. Principle of SHG. As a result of the nonlinear coupling of
fundamental wave fields and materials, the following nonlin-
ear wave propagation equation (1) is derived from the Max-
well equation. SHG is a case of the second-order nonlinear
optical process where PNL is proportional to the square of
the fundamental wave fields. As a result, coherent waves with
the frequency twice, therefore, the wavelength half of the
fundamental waves are generated:

∇2E − εμ
∂2E

∂t2
= μ

∂2PNL

∂t2
+ μ0∇× ∂MNL

∂t
− μ

∂2(∇Q)
∂t2

. (1)

Here the right hand terms express the light source of har-
monic waves: PNL is the nonlinear polarization induced by
the fundamental laser beam, MNL is the nonlinear magne-
tization, Q is the electric quadrupole moment, and ε and
μ are dielectric and magnetic susceptibilities in a sample,
respectively. In general cases, the first term is dominant in the
SHG, and we consider only this term in the following. The
left hand terms express the propagation of waves generated
by the right hand terms.

PNL (= P(2ω)) and the electric field E(ω) of the fundamen-
tal wave are related through the SHG tensor component di jk
(d-constant) as is expressed in the following equation:

P(2ω)
k = ε0

(
d(i)
klm + d(c)

klm

)
E(ω)
l E(ω)

m . (2)

Here d(i) and d(c) mean the third-rank tensors and d(i) is
invariant and d(c) is variant with respect to the time inversion
operation. These d-constants are related to Ps and magnetic
order parameter Fm as

d(i) = d(0) + αPs, d(c) = βFm + γPsFm. (3)

The relation of these constants to the existence of spatially
inversion and magnetic inversion symmetries is summarized
in Table 1. Since SHG intensity is proportional to the square
of d-constant, the behavior of structural and magnetic order
parameters and the correlation between them can be ob-
tained from SHG measurements. Hereafter we describe

Fundamental wave

Figure 1: SHG image of BaTiO3 taken by the noninterference
technique. The polarization direcion of the fundamental wave is
fixed along the black arrow. 90◦ domain structure is observed as a
bright and dark regions. Red allows indicate the direction of Ps.

phenomena related to d(i) in nonresonant wavelength region,
that is, the case of noncentrosymmetric and nonmagnetically
ordered transparent materials.

For getting the SH wave field from (1), we consider the
collinear case where the fundamental wave with TEM00

Gaussian mode with a beam radius ω0 at the focal position
and the Rayleigh length z0 and SH waves propagate along the
z axis. The complex field amplitude of the SH wave generated
in a sample is obtained as [16]

Ψ∝
∫ L

0

d exp(iΔkz − αz)
z − l f + iz0

dz. (4)

Here Δk is a measure of the wave number offset between the
fundamental (k1) and SH waves (k2) and is expressed by

Δk = k2 − 2k1. (5)

L is the sample thickness and l f is the distance of the
focal position from the incident surface of the sample. α is
an absorption parameter expressed as αω − (1/2)α2ω, and
αω and α2ω are the intensity absorption coefficients of the
fundamental and SH waves, respectively. In a sample with
multidomain structures, d, Δk, α, and z0 are dependent on
the spatial coordinates (x, y, z).

2.2. Principle of SHG Interference Microscopy for Observing
Antiparallel Domain Structures. A simple and general meth-
od of observing domain structures by SHG is to exploit the
anisotropy of d-constants. For example, 90◦ domain struc-
tures with Ps directed along the [100], [010] and [001] axes
in ferroelectric tetragonal BaTiO3 can be observed using the
difference in magnitude of d311 and d333 as shown in Figure 1
[12]. However, 180◦ domain with antiparallel Ps cannot be
distinguished, because SH waves have same amplitude for
both domains. Other optical method cannot also detect
this domain structure. The nondestructive observation of
180◦ domain structure has been required in particular to
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Table 1: The relation of d constants to the existences of spatial and magnetic inversion symmetries.

Time reversal

×
© Magnetic inversion

© ×

Spatial inversion
© d(i) = 0

d(c) = 0
d(i) = 0
d(c) = 0

d(i) = 0
d(c) = βFm

× d(i) = αPs

d(c) = 0
d(i) = αPs

d(c) = γPsFm

d(i) = αPs

d(c) = βFm + γPsFm

©: the case of existence, ×: the case of absence.

SampleReference plate

Bright

Dark

Fundamental waves
Reference waves
SH waves from the sample

Figure 2: Observation principle of antiparallel domain structures.
Homogeneous SH wave generated from a reference plate is mixed
constructively with SH waves from +domain and destructively in
−domain of the sample.

characterize precisely QPM devices. This motivated us to
develop the SHG interference microscope (SHGIM) that
makes the observation of 180◦ domain structure possible
[12, 13, 17, 18].

The SHG interference microscope (SHGIM) exploits
the interference of SH waves generated in a sample
and a reference plate to observe 180◦ domain structures
in ferroelectrics. The principle is schematically illustrated
in Figure 2, where a sample contains two domains with
opposite polarities. In this case, the signs of d-constants are
opposite and the phase difference of SH waves generated in
these two domains is π. Therefore, with uniform reference
waves, the interference produces an intensity contrast. This
principle of SHGIM can be described analytically as below in
a strongly focusing optical system, such as the present optical
system.

Equation (4) is modified when up (+di jk) and down
(−di jk) domains exist in a sample as

Ψ(±) = ±di jk
∫ L

0

exp iΔkz
z − l f + iz0

dz. (6)

The interference intensity of Ψ(±) and the reference SH wave
Ψref are described by
∣∣∣Ψ(±) + Ψref exp

(−iϕ)
∣∣∣2

=
∣∣∣Ψ(±)

∣∣∣2
+ |Ψref|2 + 2 Re

{
Ψ(±)Ψ∗ref exp iϕ

}
.

(7)

Here, ϕ is the phase difference between the fundamental
and SH waves. Because Ψ(±) is proportional to di jk, the
interference intensities, the third term in the right-hand side,
of antiparallel domains are different, and the 180◦ domain
structure can be observed as the intensity contrast. The phase
ϕ is varied to obtain the maximum intensity contrast by a
phase modulator.

2.3. Principle of Observations of Internal Domain Structures:
Δk Issue. Our SHGIM enables us to observe polar domain
structures in cross-sections of a sample. For this 3D observa-
tion, we adopt a confocal optical system composed of a pair
of objective lenses with high numerical aperture (NA) and
a pinhole (see the optical system of SHGIM in Section 3).
The optical diffraction limit w0 at the focal position and the
Rayleigh length z0 are measures of the spatial resolutions
along the lateral and axial directions, respectively, and both
characteristic lengths are related to NA as

w0 = 0.61
λ

NA
, z0 = πn1w

2
0

λ
. (8)

Here, λ is the wavelength of an incident wave, and n1

is the refractive index of a sample at λ. Since w0 and z0 are
proportional to (NA)−1 and (NA)−2, respectively, a higher
NA yields higher spatial resolutions. To describe the degree
of focus, a nondimensional parameter ξ is introduced:

ξ = L

2z0
. (9)

It should be noted that the strongly focused optical system
with high NA yields phenomena substantially different from
a weakly focused one, which affects the visibility of domain
structures on the inside of a sample [19].

In the weakly focused case (ξ � 1), the plane wave
approximation is valid and the SH intensity is expressed as

I2ω ∝ L2 sin2((1/2)ΔkL)

((1/2)ΔkL)2 . (10)
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Figure 3: Simulated SHG intensity as functions of the focus posi-
tion and Δk. Here, the sample thickness is set as L = 500 nm. SHG
intensity from inside of a sample is almost null in the case of Δk > 0.
For Δk < 0, SH waves are generated also from inside of the sample
[19].

Equation (10) indicates that I2ω does not depend on the
sign of Δk. However, when ξ becomes larger, I2ω cannot be
approximated by (10) and depends strongly on the sign of
Δk and the focus position as shown in Figure 3 [19]. Let
us call this phenomenon “Δk issue,” stressing the important
observation criterion of the internal domain structures using
SHGM. This simulation result is calculated using (4) with
similar magnitudes as in the present experiments. The SHG
intensity I2ω decreases drastically inside the sample when
Δk changes from negative to positive. On the other hand,
when the focus position is located in the vicinity of end
surfaces, I2ω remains large and decreases slowly with Δk.
This phenomenon induces the degradation of the visibility
of inside structures in the case of positive Δk [16] and the
use of d-constants with negative Δk is strongly requested.

The physical origin of the Δk issue is explained as follows.
Generally, the phase of Gaussian wave changes from −π/2 to
+π/2 upon propagation. This phase is known as the Gouy
phase and is largely changed at the focus point: the more
strongly focused is the wave, the larger is the change in the
phase at the focus position. This phase change makes the
effective phase ΔK of SH waves toward the positive direction
and makes away the phase-matching condition. On the other
hand, negative Δk of the sample pulls the effective phase
toward ΔK = 0 which can satisfy the phase match condition
to obtain large SHG intensities.

2.4. Polar Diagram Representation of SHG Images. For quan-
titative analyses of SHG images, 2D maps of polarization
dependences of SHG intensity in the polar diagram (PolD)
are measured for each area in mesh under the condition that
the polarization directions of the incident and SH waves are
kept parallel to each other [20]. The result is fitted with
calculated values that are obtained from the domain config-
urations. The following equations show the case of PZN/9PT
under the assumption of the monoclinic space group Pm. In
this calculation, we adopt the laboratory coordinates (x, y, z)

parallel to the cubic axes with the fundamental wave incident
along the y axis and the SH intensities produced in the zx
plane. The SHG intensities are expressed as a function of the
polarization angle θ:

Type 1:

I2ω
1 (θ)∝

[(
χxxxcos2θ + χxzzsin2θ + 2χxzx sin θ cos θ

)
cos θ

+
(
χzxxcos2θ + χzzzsin2θ + 2χzzx sin θ cos θ

)
sin θ

]2
,

(11)

Type 2:

I2ω
2 (θ)∝

[(
χxxxcos2θ + χxzzsin2θ

)
cos θ + 2χzzx cos θsin2θ

]2
,

(12)

Type 3:

I2ω
3 (θ)∝

[
2χxzxcos2θ sin θ +

(
χzxxcos2θ + χzzzsin2θ

)
sin θ

]2
.

(13)

In the monoclinic system, the twenty-four spontaneous po-
larization states exist and the observed PolDs are classified
into three groups, expressed by (11)–(13). Types 1–3 corre-
spond to the classification of Table 2, and the form of PolD
is determined by the direction of Ps projected onto the zx
plane. The results of PZN/9PT are discussed in Section 4.2.

3. Optical System of SHGIM

The optical system of the SHGIM is illustrated in Figure 4.
The light source (1) is an Nd : YVO4 laser with a wavelength
of 1064 nm, a pulse width of 10 ns, a repetition rate of
40 kHz, and a maximum power of 6 W. The fundamental
beam is expanded by a couple of lenses (2a and 2b) and
divided into two beams by a separator (3). One is used for
changing the phase of the fundamental wave by a phase
modulator (7), and the other is for producing the reference
SH waves by a QPM wave converter (9). Intensities of
the fundamental and reference SH waves can be changed
independently by attenuators composed of a half wave
plate and a thin-film polarizer (4 and 4′). The polarization
direction of the incident waves is changed by a half-wave
plate (5). Fundamental and reference SH waves are focused
to a sample by an objective (12a) with a numerical aperture
(NA) of 0.7. Average fluence of the laser beam at the sample
position is less than 30 J/cm2 so as to produce no optical
damage in samples. Total SH waves generated from the
sample and the reference plate pass through a rear objective
(12b), and the polarization direction of the SH waves is
selected by an analyzer (15). The light with wavelength
532 nm is selected by a spectrometer (18), and the intensity is
detected point by point by a photomultiplier tube (19) that is
synchronized with incident laser pulses by a lock-in amplifier
(20). The sample stage (13) is driven by the combination
of stepping motors and piezoactuators (14) along the three
mutually perpendicular directions. Sectional SHG images are
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Figure 4: The optical system of SHGIM; (1) Nd : YVO4 laser, (2a, b) lens, (3) a separator, (4, 4′) an attenuator, (5) a polarizer, (6, 8, 10) a
half-wave plate, (7) a phase modulator, (9) a QPM wave-converter, (11) a harmonic separator, (12) objectives with NA of 0.7, (13) a stepping
motor sample stage, (14) a piezo-actuator stage, (15) an analyzer, (16) a lens, (17) an aperture variable pinhole, (18) a spectrometer, (19) a
photomultiplier tube, (20) a lock-in amplifier, (21) a computer.

Table 2: Possible directions of Ps in monoclinic Pm system. Here p1 > p3 > 0 [20].

Type 1
±P1 = (±p1, 0,±p3) ±P2 = (±p3, 0,±p1)

±P3 = (±p3, 0,∓p1) ±P4 = (∓p1, 0,±p3)

Type 2
±P5 = (±p1,∓p3, 0) ±P6 = (±p3,∓p1, 0)

±P7 = (±p3,±p1, 0) ±P8 = (±p1,±p3, 0)

Type 3
±P9 = (0,±p3,∓p1) ±P10 = (0,∓p3,∓p1)

±P11 = (0,±p1,±p3) ±P12 = (0,∓p1,±p3)

displayed by a computer (21). With this microscope we can
select the noninterference geometry simply by shutting off
the second path to the reference plate.

We also constructed an SHGIM equipped with an image-
intensified CCD. In this system, the 2D SHG image of a
sample integrated along the incident direction is observed.
This has not high spatial resolution such as the scanning
microscope but has a merit of higher temporal resolution of
several seconds. We applied this ICCD SHGIM for observing
development of the order parameter of KLT (see Section 4.3).

4. SHG Images and Domain Structure Analyses

4.1. Periodically Poled Domain Structures in Quasi-Phase
Matching Devices. As a first example of SHGM observations,
we show here nondestructive and 3D characterizations of
PPD structures in LiNbO3 and LiTaO3 QPM devices for
wavelength converters of laser. The wavelength conversion
technique is highly demanded in the optoelectronics for
obtaining short-wavelength laser sources or optical para-
metric oscillators. To obtain high conversion efficiency, it
requires the phase coincidence of optical waves generated
in a nonlinear medium. This is termed phase matching

techniques, among which the QPM is most promising be-
cause of flexibility of the incident wavelength and possible
use of the maximum SHG tensor component. Since the
efficiency depends strongly on the exact periodicity of the
PPD structure in a designed volume area, nondestructive and
3D observations have been required in place of a chemical
etching technique which damages devises and provides only
domain structure at sample surfaces. However, only two
methods are reported: one is the two-wave mixing technique
based on the photorefractive effect [21] and another uses
four SHG interference images with different phases [22].
Both methods have drawbacks: the former method depends
on the specific optical property of a sample which is
undesirable as a stable wavelength converter, and the latter
needs complicate process of analyses.

We apply the strongly focused scanning SHGIM to the
observation of cross-section images of the PPD structure
in an MgO: stoichiometric LiTaO3 (MgSLT) QPM [17]. In
this study, however, we observe clear images of the PPD
structure with the period of 8 μm only near surfaces. This
is because we use the d22 component whose Δk is positive.
On the other hand, when we observed the PPD structure
of a QPM devise fabricated into MgO-doped LiNbO3 using
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Figure 5: 3D SHG interference images of a QPM devise of MgO-doped LiNbO3. Dark regions indicate inverted domains. The number on
the top of each figure means the section position measured from the top surface of the sample. The Ps direction is along the c axis.

the d31 component with negative Δk, the PPD structure
of a designed 19.5 μm period is clearly observed inside the
sample. The result is shown in Figure 5.

4.2. Domain Structure Analyses of PZN/9PT. High piezo-
electric constants and mechanical coupling coefficients are
observed in solid solutions of relaxors and ferroelectrics
at specific composition ratios. This compositional phase
boundary is termed the MPB [23]. The symmetry of the
MPB has been found to be lower than those of the two
end members (trigonal in relaxor-rich side and tetragonal in
ferroelectric rich side) [24, 25]. This symmetry lowering to
the monoclinic phase makes the rotation of Ps more facile,
which induces greater piezoelectricity [26]. The symmetry
of its MPB has been investigated using several kind of
experimental method without the definite conclusion. This
is the motive of our study of domain structure analyses of
PZN/9PT at the MPB using SHG microscopy. We observed

the domains with the spatial resolution of the optical diffrac-
tion limit of about several hundred nm, and the symmetry
was determined by analyzing the 2D polar diagram maps
[20]. In this study, we cannot observe 180◦ domain structures
because we do not use the SHG interference technique.

Figure 6(a) shows an SHG image of the PZN-9PT (010)c

plate. Bright and dark parts represent the area generating
strong and weak SH intensities, respectively. A photograph
of the same area taken by the polarization microscope in the
crossed Nicols is also shown in Figure 6(b) for comparison.
Similar domain structures are observed in both figures.
However, the SHG image provides more clearly the domain
structure as bright and dark stripe patterns as shown in this
figure, and furthermore, more quantitative information can
be obtained from SHGM as described below.

Figure 7(a) shows SHG images of the region A taken with
finer scanning step and Figure 7(b) shows the PolD maps
corresponding to Figure 7(a). It is obtained with parallel P
and A configuration. Two patterns exist indicating blue and
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Figure 6: SHG image of the PZN-9PT (010)c plate (a) and corresponding polarization microscope image (b) [20].
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Figure 7: (a) Indicates the fine scanned SHG image of the region A in Figure 6(a). (b) shows the PolD map corresponding to the SHG image
(a). Small dots indicate the experimental data and red and blue solid lines are the fitting curves. (c) shows calculated PolDs with (11)–(13)
assuming the monoclinic symmetry Pm [20].
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Figure 8: Domain configuration of a PZN/9PT single crystal
deduced from the PolD maps [20].

red lines, and these two patterns almost exactly coincide with
the SHG image of Figure 7(a). PolDs calculated with (11)–
(13) assuming monoclinic Pm are shown in Figure 7(c).
Experimental results are in good agreement with the theory.
Furthermore, the direction of Ps can be estimated by the
polar diagram and are shown in Figure 7(c). It is also revealed
that the direction of Ps is not located in this plane and the
arrows represent the projection of Ps on the (100) plane.

The same procedure is applied to region B. In this case,
only one pattern was observed in the polar diagram, and the
form can be also explained with monoclinic symmetry. Full
analyses of the PolD maps reveal the complicate domain
structures as shown in Figure 8. Thus we conclude that the
macroscopic symmetry of the MPB of PZN/9PT is mono-
clinic Pm. We would stress that the mapping of the polar
diagrams can provide useful and quantitative information on
the complex domain configuration.

4.3. History Dependence and Time Evolution of the Order Pa-
rameter in KLT. KTaO3 is known to be quantum paraelec-
trics where a ferroelectric phase transition does not take
place although a dielectric constant increases with decreasing
temperature and attains high value at low temperature. With
a partial substitution of Li ions at K sites, a dielectric peak
appears at low temperature and the peak temperature shifts
to higher temperature with increasing Li concentration.
However, the polar state at low temperature had not been
well recognized [27, 28]. Yong et al. carried out dielectric and
neutron diffuse scattering experiments and claimed that
KLT is a relaxor because of the dielectric dispersions and
diffuse scatterings related to the existence of polar nanore-
gions (PNRs) [29]. However, more convincing experimental
results are needed on this point. To clarify the relaxor nature,
we performed precise SHGM observations of KLT [2, 3].

We carried out the experiments using ICCD SHGM
which enables to observe the 2D polarization distributions in
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Figure 9: Temperature dependences of SHG intensities of KLT-
2.6% (a) and KLT-6.8% (b) [2].

a sample from the SH wave intensity distribution. The mea-
surements were performed in the following five processes;
(i) zero field cooling (ZFC), (ii) zero field heating after ZFC
(ZFH/ZFC), (iii) field heating after ZFC (FH/ZFC), (iv) field
cooling (FC), and (v) FH after FC (FH/FC). The electric
field of 100 V/mm was applied along the [001] direction
and obtained results are shown in Figure 9. In ZFC and
ZFH/ZFC processes, no marked SH intensity is observed in
the measurement temperature region. In FC, SH intensity
starts to increase drastically at a certain temperature. The
temperature at which SH intensity begins to increase shifts
to higher temperature with increasing Li concentration. In
FH/FC process, SH intensity generated from the specimen
at low temperature decreases with raising temperature and
vanishes around a temperature Tp. In FH/ZFC, SH intensity
dose not appear at low temperature even applying an
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electric field. With heating the sample, a weak SH intensity
observed at low temperature starts to increase abruptly
at certain temperature T1 (42 K for KLT-2.6% and 83 K
for KLT-6.8%), shows a peak and decreases, and finally
vanishes at a temperature T2. T2 coincides with Tp where
SH intensity disappears in FH/FC process. Based upon these
results, we confirm the marked history dependence of the
order parameter in KLT, which is a typical feature of relaxors.

In ferroelectrics, the domain switching time is known
to be several μ sec. However, in relaxor, a relaxation time
to the equilibrium state under external stimuli is several ten
minutes. To observe this slow kinetics of the order parameter
in KLT, SHGM observations were carried out in the following
thermal procedure [30]. First the specimen was cooled down
to 24 K without an electric field and heated up without an
electric field to a certain temperature. When a temperature
becomes stable, the electric field was applied and the SH
intensity was measured as a function of time. Figure 10
shows the time dependence of the SH intensity at several
temperatures observed in KLT-2.8%. The present results
indicate that the slow kinetics observed in SH intensity
strongly depends on the temperature where an electric field
is applied. The time evolution of SH intensity shows a drastic
difference around 40 K. Below 40 K, SH intensity develops
after a long incubation time. On the contrary, SH intensity
shows a fast evolution followed by the slow process above
40 K. This phenomenon could be explained by introducing a
long-range strain field proposed by Chandra, who explained
a long domain switching time observed in BaTiO3 [31]. In
the case of KLT, off-centered Li ion could produce the long-
range strain field. Thus above-mentioned two experimental
results concerning the behavior of the order parameter, that
is, the history dependence and the time evolution with a long
relaxation time, confirm that KLT is relaxor.

4.4. Muscle Fibers. Muscles are functional body tissues and
have structural hierarchy as shown in Figure 11: a muscle
consists of bundles of muscle fibers of several ten μm diame-
ter and a muscle fiber is an assemblage of myofibrils of several
μm diameter. A myofibril is composed of a one-dimensional
sequence of sarcomere with the period of about 2 μm along
the fiber direction. A sarcomere is a unit structure of muscle
and contains thick myosin filaments, actin filaments, and
titins that connect myosin filaments with sarcomere wall (z-
line). Contraction and elongation of muscles are caused by
relative sliding of actin and myosin fibers. X-ray and electron
microscope revealed that a myosin filament is formed by
coiled coil dimmers characterized by two myosin heads. The
myosin chain is a coiled portion of two alpha helices, and SH
waves are generated by the asymmetric charge distribution in
hydrogen bonds in alpha helices. It is interesting to note that
this spiral structure is opposite with respect to M-band which
separates the sarcomere into two parts. Thus it is expected
to have antiparallel polarization structure, or we can say,
anti-ferroelectric structure in mesoscopic scale. However,
no observation has been performed on this possible polar
structure as yet. This is our observation motivation of
myofibril using our SHG interference microscope.
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Figure 10: Time evolutions of SHG intensities of KLT under an
electric field of 80 V/mm. The SH intensity at each temperature is
normalized to the saturated value [30].
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For SHGM observation, we used white skeletal muscles,
or psoas muscle of rabbit. Figure 12(a) shows an SHG image
of muscle fibers. It is shown that muscle fibers are formed
by regular assembly of the bright part. Figure 12(b) shows
an SHG image of a myofibril extracted from muscle fibers
by centrifuge. The periodicity of the bright parts is exactly
same as that of muscle fiber, and finer scanning reveals 2 μm
periodicity of the bright parts. This fact indicates that the
bright part corresponds to the A-band in sarcore. It is also
interesting that muscle fibers shown in Figure 12(a) are a
coherent bundle of myofibrils.

To reveal the polarity of sarcomere, we exploit the SH
interference. The result is shown in Figure 13. Here the rel-
ative phase of SH waves from the sample and the reference
plate is changed by a phase modulater. The most left image
shows SHG image without interference, the next one from
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Figure 13: SHG interference images of myofibril. (a) shows SH image without the interference with reference SH waves. Images (b) to (f)
are obtained by the interference by varying the phase difference between 0, π/2, π, 3π/2, and π, respectively.

the left is an image with phase difference 0, then phase shift
π/2, π, 3π/2, and 2π. The position of the brightest part
periodically shifts depending on the phase with periodicity
of 2π. This means that the sarcomere consists of two parts
with opposite polarities, and as a total, the myofibril has
a periodically inverted polarization structure. It should be
pointed out that the dimension of inverted part is about
1 μm, which is almost the limit of spatial resolution. There-
fore the two parts with opposite polarization cannot be ob-
served separately.

It is interesting that nature produces PPD structure in
muscle fibers. If we consider this fact from an engineering
perspective, it is really the QPM device, when the laser beam
is introduced along the fiber axis. The periodicity of 2 μm
could provide the QPM device at the violet wavelength
region. Actually the diameter of muscle fiber of 100 μm is
almost similar to an optical fiber and that of myofibril of
several μm to a core of an optical fiber.

5. Summary: Future Trend of the
SHG Microscopy

Due to the high sensitivity to the breaks of spatial inversion
and time reversal symmetries, it is more and more recognized
that the SHGM becomes a powerful method to investigate
the nature of ferroic materials, that is, the behavior of order
parameters, domain structures, symmetry changes, and so
forth. It should be also pointed out that SHGM has been
adopted not only for the material science but also for the
biological and medical field [32, 33].

One of the bottle necks of SHGM is its spatial resolu-
tion. Using the conventional optical geometry, the spatial
resolution is limited by the diffraction limit that is about
the wavelength (several hundred nm) of the incident waves.
One way to overcome this limitation is the use of a near-
field microscope (SNOM). The SNOM has a long research
history and the basic idea was already proposed by Synge in
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1928 [34]. Ash and Nicholls demonstrated experimentally
the super-resolution at microwave frequencies [35]. Since
then, the SNOM has been extended to the visible wavelength
region and the resolution reaches 25 nm [36].

The techniques of SNOM can be divided into two cate-
gories dependent on a probe. One is aperture mode whose
probe is used either to deliver the incident wave or collect
the scattered light. The spatial resolution of this system is
determined by the size of the aperture. Another way is called
as an apertureless mode. This technique utilizes the near-
field waves scattered by a probe and the scattered wave is
detected by a photomultiplier.

In recent years, SNOM has been also applied to the SHG.
The first experimental result was reported by Smolyaninov
et al. concerning the domain structure on Ni single crystal
[37]. They used the aperture near-field scanning technique
with an uncoated tapered fiber tip as a probe and achieved
the resolution around 150 nm. The apertureless SNOM SHG
system was also constructed based on the atomic force micro-
scope and realized fast-time resolution measurement [38].
The measurement of local variations of d-constants compo-
nents is also reported [39]. The SNOM-SHGM is promising
technique with high spatial resolution to investigate nanosize
domain structures in thin films and the structural and phys-
ical properties of domain boundaries. However, extremely
low intensity of the signal causes the low signal to noise ratio.
Further improvements are required to establish the SNOM-
SHGM as a universal probe microscope.
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Optical second harmonic generation (SHG) studies of semiconductor nanostructures are reviewed. The second-order response
data both predicted and observed on pure and oxidised silicon surfaces, planar Si(001)/SiO2 heterostructures, and the results
related to the direct-current-and strain-induced effects in SHG from the silicon surfaces as well are discussed. Remarkable progress
in understanding the unique capabilities of nonlinear optical second harmonic generation spectroscopy as an advanced tool for
nanostructures diagnostics is demonstrated.

1. Introduction

In recent decades, optical techniques have been extensively
used to study the size dependence of linear-, second-, and
third-order optical nonlinearities of nanocrystals in rela-
tionship to the quantum confinement [1–4]. A remarkable
progress has been achieved in studies of the effects of surfaces
and interfaces in semiconductor nanostructures, nanowires,
and nanoparticles (see [5] and references therein).

If a high-intensity beam of light strikes a specimen, the
latter will respond in a nonlinear manner and higher optical
harmonics will be generated in addition to the linear optical
response. The strongest measurable nonlinear optical
response is the second harmonic generation (SHG). The
generated higher harmonics are functions of the specimen
atomic structure. Most materials possess odd-order nonlin-
ear optical susceptibility components; however, the even-
order nonlinear susceptibility terms exist only in the systems
having noncentrosymmetric atomic geometry [6–8]. Con-
sequently, if the initial inversion symmetry of a reflecting
system (like, e.g., bulk Si, Ge, C crystals, and/or centrosym-
metric molecules, ideally shaped nanoparticles,) is for some
reason broken, for example, due to crystal truncation,
defects, external fields, and so forth, it results in even-order

harmonics generation. Note that in central symmetric sys-
tems the SHG-active (and other even-order harmonics) areas
are restricted by the symmetry reduction regions. In noncen-
tral symmetric systems the symmetry reduced results in an
appearance of initially forbidden optical susceptibility tensor
components that can be experimentally detected. This
extremely high sensitivity of the even-order nonlinear optical
response (such as SHG) to the local symmetry makes it a very
efficient tool for probing atomic and molecular processes
on surfaces and interfaces. In nanostructures where the
contribution of the surface-related effects to the total optical
response is increasingly important with the size reduction,
the unique symmetry sensitivity allows developing an effi-
cient SHG-based nonlinear optical diagnostics probe, as
demonstrated in this paper.

The development of the laser provided intense source of
monochromatic and coherent light that stimulated extensive
research and applications in the field of nonlinear optics [9].
Nonlinear optical microscopy has been used to study inor-
ganic, organic, and biological materials [10] for decades. The
advantages of the nonlinear microscopes include improved
spatial and temporal resolution without the use of pinholes
or slits for spatial filtering. In particular, for the applications
in biology and medicine it has been demonstrated that
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multiphoton excitation microscopy has the capacity to image
deeper within highly scattering tissues such as in vivo human
skin [10].

In this work we summarize some recent experimental
and theoretical works on the SHG mostly related to the
silicon nanostructures. The work is organized as follows.
Section 2 describes the theoretical description of nonlinear
optical response. Section 3 describes recent experimental
studies of direct-current-(DC-) and strain-induced effects in
SHG from crystalline silicon surface. Section 4 presents the
experimental and theoretical results related to semiconduc-
tor superlattices.

2. Optical Response

Following the description of the electromagnetic (EM) field
in materials, within its penetration depth beneath the sur-
face, the incident light field at the frequency ω(E(ω)) induces
different order optical susceptibilities χ(n) [5, 11]. The linear
polarization is given by [3].

Pi(ω) = χ(1)
i j E j(ω). (1)

The second-order polarization is given by [3]

Pi(2ω) = χ(2)D
i jk Ej(ω)Ek(ω)

+ χ(3)Q
i jkl Ej(ω)∇kEl(ω)

+ χ(3)EFISH
i jkl Ej(ω)Ek(ω)EDC

l (0).

(2)

Equation (1) represents linear optics. Nonlinear optical
response, originating from anharmonic bond polarizabil-
ities, governs Second Harmonic Generation and is deter-
mined through several contributions given by (2) [12], all
of them being caused by noncentrosymmetric distortion of
crystalline lattice. The first term in (2) describes the second-
order optical excitation process and vanishes in centrosym-
metric systems (like bulk Si) in the electric dipole approxi-
mation. The second term, which is proportional to the field
gradient (∇E), is the electric quadrupole component (in
magnetic materials it contains also a magnetic dipole com-
ponent). External electric field (if present), EDC, breaks the
central symmetry thus inducing the SHG and higher even-
order nonlinear response. For example, in bulk Si (and other
cubic solids having inversion symmetry) only the two last
terms in (2) contribute to the SHG resulting in a very weak
signal [3].

The nonlocal (local-field effects) and many body (exci-
ton) contributions can cause substantial corrections to the
SHG spectra [11]. Moreover, it has been demonstrated theo-
retically that additional subjections like direct current (DC)
or mechanical strain can further decrease the symmetry of
silicon thus giving rise to additional, current-induced, and
strain-induced components of nonlinear polarization, that is
discussed in Section 3.

3. Direct-Current- and Strain-Induced Second
Harmonic Generation in Silicon

This section is focused on an SHG generation in centrosym-
metric systems as the result of the symmetry reduction due
to the external electrical and mechanical fields.

3.1. Direct-Current-Induced SHG in Si(001). The effect of
field-induced nonlinearity in centrosymmetric medium like
silicon has been studied both experimentally and theoret-
ically. Electric- and magnetic-field-induced effects in SHG
are being extensively explored for the diagnostics of surfaces,
interfaces, and nanostructures [13, 14]. Less studied was a
phenomenon of the inversion symmetry break as the result of
an external electrical direct current (DC). This effect can play
an important role in SHG from the silicon surface. In this
case, the current-induced distortion of the electron equilib-
rium distribution function in a quasi-pulse domain causes
the dipole-like second-order nonlinearity that exists in the
region affected by the DC.

The first theoretical description of the current-induced
SHG (CSHG) was presented in [15], where the CSHG contri-
bution to the nonlinear polarization for a direct band semi-

conductor was discussed. The CSHG contribution to �P2ω can
be introduced in a similar manner to the electric field
induced SHG and given by

PDC
i (2ω) = χ(3)DC

i jkl Ej(ω)Ek(ω) jl(0), (3)

where j is the current density and χ̂(3)DC is the dipole current-
induced optical susceptibility. In case of direct semiconduc-
tors an asymmetry of the electron quasi-pulse distribution
leads to the appearance of a current-induced term in second-
order susceptibility with a sharp resonance in the vicinity
of the local Fermi level, EF , for majority carriers in the con-
duction band. It follows from symmetry considerations that
χ̂(3)DC( j) is an odd function of current density, χ̂(3)DC( j) =
−χ̂(3)DC(− j). This shows a possibility for an experimental
observation of DC-induced effects in SHG, which was first
studied in [16].

Figure 1(a) shows a schematic view of the structure used
for CSHG studies. Nickel electrodes were thermally evapo-
rated on top of p-Si(001) (ρ ∼ 10−3 Ωcm) that was used
as a substrate. The 200 ± 20μm wide gap between Ni
electrodes was oriented along y crystallographic axis as it is
shown in the figure; ohmic resistance of Ni/Si contact was
≈0.02Ω. It has been proved that the temperature of the
sample during the CSHG measurements was less than 40◦C.

CSHG experiments were carried out using the output of
a tunable Ti: sapphire laser (wavelength range 710÷ 850 nm,
pulse duration of 80 fs, average power of 130 mW, repetition
rate of 86 MHz) as the fundamental radiation. The laser
beam was focused onto the Si(001) surface between the Ni-
electrodes with a spot size of 40 μm in diameter. SHG radia-
tion was filtered out by appropriate set of filters and detected
by a PMT and gated electronics.

Special care has been taken to avoid the influence of the
DC-induced heating and strain-induced effects on the CSHG
measurements. To that end, only the s-polarization of both
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Figure 1: (a) Schematic view of the experimental scheme for
current-induced s-in, s-out SHG. (b) Dependence of the CSHG
contrast on the DC value for the fundamental wavelength of 780 nm
(adapted from [16]).

the pump and the SHG beams was used, because it is well
known that only bulk quadrupole susceptibility contributes
to the second harmonic signal in that case [18]. Eightfold
symmetric anisotropic SHG dependence was observed
for this polarization-related geometry configuration. The
azimuthal Si(001) orientation resulted in zero SHG intensity
that was chosen as a reference for the measurements, because
all the SHG contributions from Si vanish for the symmetry
reasons, except those caused by the CSHG [16].

In order to reveal the CSHG effect, an external SHG
homodyne source (30 nm thick ITO film) was used and the
odd character of the dependence χ̂(3)DC on ( j) was exploited.
It is important to note that, under the chosen experimental
geometry only transversal DC, where j‖(OY), gives rise to
a nonzero SHG signal while it vanishes for the longitudinal
geometry, where j‖(OX). Thus the total detected SHG
intensity from the sample and the reference depends on the
current density and direction and can be described by the
expression [16]

I2ω ∝
∣∣∣Eref

2ω + E
sample
2ω

(
j
)∣∣∣

2
, (4)

where E
samp
2ω ( j) = E

samp
2ω ( j) exp(iφsamp) and Eref(2ω) = Eref

2ω

exp(iφref) are complex amplitudes of the current-induced
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Figure 2: Spectroscopy of the CSHG contrast measured for I =
4 A (filled circles) and of EFISH intensity (open circles) (adapted
from [17]).

and current-independent SH fields from the sample and the
reference, respectively; E

samp
2ω ( j), Eref

2ω, φsamp, and φref are real
amplitudes and phases of SH fields, respectively. Interference
of the two components of the SH field in (4) results in the
appearance of a homodyne cross-term in the SHG intensity
that changes its sign under current reversal and leads to odd
in j changes in the SHG intensity.

The DC-induced SHG can be characterized by the CSHG
contrast according to [16]

ρ2ω
(
j
) = I+

2ω

(
j, r
)− I−2ω

(
j, r
)

Iref
2ω

∝ 4Eref
2ωE

samp
2ω

(
j
)

cos
[
Δφ
]
,

(5)

where Δφ is determined by the dispersion of air at ω and 2ω,
the distance between the sample and the reference and the
phases φref and φsamp.

Figure 1(b) shows the CSHG contrast dependence on j
measured for a fixed position of the reference SHG sample.
The measured linear character of ρ2ω( j) dependence is in
agreement with (5) and proves that the odd DC-induced
SHG is observed. Moreover, the obtained results also prove
that the heating has a negligible effect, as otherwise it should
bring the even in j contribution to the SHG.

The only SHG source which can disguise the CSHG effect
under the chosen experimental conditions was the electric-
field-induced SHG (EFISH). It cannot be avoided by a certain
choice of the experimental geometry because the symmetries
of CSHG and EFISH are the same. Nevertheless there are at
least two pieces of evidence that prove that ρ2ω( j) depen-
dence reflected the DC influence on nonlinear-optical signal
from Si [16].

First, the CSHG intensity spectrum was compared with
the EFISH that was measured on p-Si(001) [17] (Figure 2).
One can see that EFISH spectrum shows a maximum at
2�ω ≈ 3.34 eV that is close to the E1 resonance in silicon. At
the same time, the CSHG contrast does not have resonant
features in this spectral region that proves that observed
CSHG effect was neither induced by the quadrupole
nonlinearity nor by EFISH. In contrast, the increase



4 Physics Research International

of the CSHG data at 2�ω ≈ 3.5 eV is in a qualitative
agreement with the theoretical predictions [15].

Theoretical study of the EFISH DC-induced effect in
SHG from Si(001) under external electric fields gave a value
of the CSHG contrast at least two orders of magnitude lower
than observed experimentally. The comparison of the CSHG
intensity to that measured in Si(001) and to the SHG inten-
sity observed in crystalline quartz with well-known values of
the second-order susceptibility allowed the estimation of the
maximum value of DC-induced susceptibility in silicon to be
χ̂(2)DC( jmax) ≈ 3 · 10−15m/V.

3.2. Strain-Induced SHG in Si(001). Recently the strain-
induced SHG in silicon surface has been observed by several
groups [19–22]. The physical mechanism of strain-induced
nonlinearity is determined by the breaking of the intrinsic
inversion symmetry of Si under mechanical deformation and
consequently by a modification of the electronic spectrum.

Most of the efforts were concentrated on the studies of
internal strain that may exist at Si/SiO2 interfaces; however
the modification of the SHG intensity as a function of the
external biaxial strain was reported in [22]. The measure-
ments were performed using the experimental laser setup
described in the previous section. As a target, the n-doped
(4.5Ωcm) 0.5 mm thick Si(100) plate was used. The strain
was applied by pressing the back side of the Si plate by a
metallic sphere fixed at the end of a micrometric stage while a
movable base supplies the formation of strain in the Si wafer
as is shown; in Figure 3(a). The optically probed depth of Si
subsurface layer was about 30 to 50 nm and the deformation
was considered to be uniform. This means that the crystalline
symmetry of Si(001) can be considered to be undistorted;
therefore the strain-induced SHG modification caused by the
symmetry changes can be neglected.

The biaxial strain of the subsurface layer corresponds to
the spherical deformation geometry as shown in Figure 3(b)
[22]. Figure 3(c) shows modification of SHG spectrum from
silicon under biaxial strain observed at the conditions close
to the mechanical break threshold (open circles) compared
to the free plate SH spectrum (solid circles) [22]. The defor-
mation of the Si wafer was about 100 μm that corresponded
to the mechanical stress of 350 MPa. P-polarizations of the
fundamental and SHG waves were chosen in such a way
that this combination of polarizations corresponded to the
maximal strain-induced effect in SHG. It can be seen that
both spectra have maxima with the energy locations corre-
sponding to the SHG photon energy of 2�ω ≈ 3.3 eV that is
close to the energy of the direct electron transitions near E1

and E′0 critical points of the Si band structure. Slight varia-
tions of the SHG line shape as well as of the SHG intensity
were also observed [22].

To characterise qualitatively the strain-induced modula-
tion of the SHG intensity the strain-induced SHG (SSHG)
contrast can be described as

ρ2ω(σ) = I2ω(0)− I2ω(σ)
I2ω(σ)

, (6)

where I2ω(0) and I2ω(σ) are the SHG intensities measured
for zero and nonzero value of the strain, σ . Figure 4 shows
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Figure 3: (a) Setup of the strain-induced SHG experiments;
(b) schematic view of the biaxial strain of Si(001) surface; (c)
SHG spectrum of the zero strain (filled circles) and under the
biaxial deformation (open circles) n-doped (4.5Ωcm) 0.5 mm thick
Si(100) plate (adapted from [22]).

the dependencies of the SSHG contrast on σ measured for
different fundamental wavelengths. It can be seen that up to
the Si (001) deformation value of 1.6·10−3 the SSHG contrast
corresponds to the second-order polynomial dependence in
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agreement with the possible theoretical description of strain-
induced SHG [22]:

I2ω ∝
∣∣E0

2ω + E2ω(σ)
∣∣2 ≈ (E0

2ω

)2
+ 2E0

2ωE2ω(σ), (7)

where E2ω(σ) ∝ pi jklmσlm, pi jklm is the piezo-optical tensor.
It can be seen that SSHG curves change their slope sign as
the fundamental wavelength is tuned through the E1/E′0 Si
critical point of combined density of states at 3.33 eV. The
results demonstrate a strong strain-induced effect in SHG
from the silicon surface.

The possible mechanisms of the observed effects can
be the strain-induced shifts of the conduction and valence
bands, similarly to the linear case [24], or by modification of
the charge distribution in the crystal and in dioxide charge
traps. The latter mechanism corresponds to the EFISH at
the Si/SiO2 interface; the corresponding static electric field
is perpendicular to the silicon surface that can produce an
isotropic SHG. At the same time it was proved that the
application of a uniaxial strain along the orthogonal in-plane
direction OX and OY resulted in different modifications
of the reflected SHG. This supports the conclusion of the
possibility to detect the strain-induced nonlinearities
induced by mechanical distortions of the silicon structure
that really was observed experimentally [22].

4. Second Harmonic Generation from
Semiconductor Surfaces and Nanostructures

Increasing amount of high-quality research on nonlinear
optical properties of nanocrystals within the past decade
is caused by extensive developments of nanotechnology,
nanophotonics, and nanoelectronics [5] presenting with
unique possibilities for SHG optical metrology and analysis
of the nanocrystals. Numerous results obtained within past
decades clearly demonstrate how important are the contri-
butions of surface optical excitations to the overall nonlinear

(a)

(b)

Figure 5: Calculated valence charge-density differences between
bare and unrelaxed monohydride Si(001)(2 × 1) surface: ρbare −
ρmono. The charge maps are cut through two vertical [110] planes
located at Y = 0 (a) and Y = ay (b) in the unit cell. Contours
start from ±1× 10−3 e/a.u.3 and increase successively by a factor of√

2. Dashed (solid) lines indicate charge accumulation (depletion)
in the electron density (adapted from [23]).

response of nanostructures. This section is focused on the
SHG from surfaces and interfaces in nanostructures.

As stated before SHG is extremely sensitive to the surfaces
in cubic materials [25–27]. One of the reasons for that is the
evidence that in centrosymmetric crystals the SHG response
is forbidden by symmetry in bulk but allowed on the surface
where the local symmetry is lower [25].

One can clearly see in Figure 5 that plotted charge redis-
tribution causing induced bond asymmetries (thus allowing
SHG by reduction of inversion symmetry) involves only few
atomic monolayers near the surface. This demonstrates
extreme locality of the SHG response that makes it very
promising for the diagnostics of nanostructures.
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Demonstrated strong localization of nonlinear optical
response is very important in view of the progress in the
developments of the nanoparticles combined from crys-
talline materials (core) and organic molecules. Several
studies of such systems indicated dominant contributions of
optical excitations in the interfaces regions [5].

A recent surge in the number of Si-SiO2 system studies
within the past few years has been caused by extensive
developments of nanostructured electronics which requires
a fundamental understanding of the processes at the atomic
monolayer scale. Understanding of the oxygen-related pro-
cesses on Si-SiO2 interface is very important for both funda-
mental and applied physics as well as for the high-tech
electronics.

For contactless optical characterization of the interface at
nanometer scale the nontraditional methods of optical spec-
troscopy are used: linear optical reflectance differential spec-
troscopy (RDS), see [28–31] and references therein, and/or
nonlinear optical spectroscopy of second harmonic genera-
tion. Development of the next generation of optical metrol-
ogy will require the detailed interpretation of optical spectra
based on microscopic modelling and simulations. The first
principle calculations of SHG [3, 32] of silicon-based inter-
faces allowed substantial progress in our understanding of
the physics and chemistry of the systems. However such
works are still rare (in particular those related to the SHG)
because they normally require extensive large scale computa-
tions [3, 32].

Atomic structure of the intermediate Si and SiO2 layer is
extensively debating in the literature [33, 34]. Monte Carlo
simulations [33] and first principle modelling based on den-
sity functional theory (DFT) and total energy minimization
method [34] confirmed ordered Si-O-Si bridge structure as a
basic unit of the intermediate SiO2 layer. On the other hand
the Rutherford ion scattering data measured on the Si-SiO2

interface and interpreted using the ab initio DFT study with
modified interatomic potential [35] suggested substantial
contribution of disordered interface structure. It should be
noted that optical spectra are very sensitive to the structural
disorder, which smears out well-pronounced atomic order-
related features. The SHG spectra measured on the systems
containing single [36] or multiple Si(001)-SiO2 interfaces
(multiple Si-SiO2 quantum wells, [37]) showed appearance
of new SHG feature in the spectral region near 2.7 eV [37]
and 3.8 eV [36, 37] that could not be interpreted in terms of
the perturbations of the Si bulk-like direct electron gaps.

Realistic modelling of optical functions of solid surfaces
and interfaces still remains challenging for the first principle
theories [3, 30, 31]. Description of excited states which
could be in good agreement with experiment normally
requires inclusion of local field, many-body (excitonic)
effects, and probably other nonlocal contributions (in par-
ticular for SHG) [38, 39]. This makes theory much more
complicated than frequently used independent particles
approach (or Random Phase Approximation, RPA). The
nonlinear SHG response from the surfaces and interfaces
is more challenging for the ab initio theory even within
the RPA method because of the more complicated unit
cell. Consequently first principles studies of the SHG from

solid surfaces are still rare (see [3, 32, 39] and references
therein).

In [26] the first principle computational analysis of
nonlinear SHG optical spectra of Si-SiO2 interface has been
performed. Results of the work demonstrated the possibil-
ity of unambiguously identifying well-pronounced spectral
features in SHG optical spectra of the Si-SiO2 interface with
local atomic oxygen-related configurations. Equilibrium
atomic structures of Si(001)-SiO2 interface are obtained
from the total energy minimization method within DFT
using ab initio norm-conserving [40, 41] and ultrasoft
(VASP, [42]) pseudopotentials (PPs).

Calculated self-consistent eigenenergies and eigenfunc-
tions are used as inputs for optical calculations. Within its
penetration depth beneath the surface, the incident light
field at frequency ω(E(ω)) induces different order optical
susceptibilities χ(n) that determine linear- (1) and second-
order (2) polarization.

The (2 × 2) unit cell has been used to model the
clean Si(001) surface. It has been demonstrated before that
this model realistically reproduces most significant features
of electronic structure and RDS spectra of bare Si(001)
surface [3, 31, 44]. Initial oxidation stage of the Si(001)
is characterized mainly by two local atomic configurations
including oxygen atom: oxygen dimer bridge and oxidized
backbonds configurations (see Figure 6 [28–31, 44, 45] and
references therein). Fully relaxed atomic structure of hydro-
genated Si(001)(2 × 2) surface with one local oxygen dimer
bridge configuration per cell is shown in Figure 7(a).

Calculated value of the dimer length of 3.13 Å on hydro-
genated surface is slightly bigger then the value of 3.06 Å
obtained by [31] on Si(001)(2 × 2) surface without hydro-
gen. Equilibrium geometry of bridge oxygen located in a
broken backbond of monohydride Si(001) surface is shown
in Figure 7(b).

The length of the oxidized backbond on hydrogenated
surface, 2.93 Å, is higher than the value of 2.61 Å obtained
on a bare surface. The last data agree well with those reported
earlier in the literature: 2.53 Å [31], 2.60 Å [45].

The calculated tridymite atomic configuration of SiO2

is used as a basic structural model for initial oxide layer in
Si(001) surface. The fully relaxed atomic geometry of the
Si(001)-SiO2 interface is shown in Figure 8. Atomic structure
presented in Figure 8 corresponds to the reported earlier
atomic configuration for the tridymite [34, 46].

It has been demonstrated [30, 43, 47–49] that SHG is a
unique method to study centrosymmetric solid surfaces: the
SHG response is forbidden in bulk, and the SHG signal is
generated within only a few surface monolayers. Because of
that one can expect stronger contribution of oxygen-related
process in Si(001)-SiO2 interface to the SHG spectra than in
linear optics.

The calculated SHG efficiency spectra are now compared
with available experimental data. The SHG spectra measured
on Si(001) surface with native oxide [48] and on Si(001)-
SiO2 with potassium- and NaCl-covered oxides (in order to
study electric field effect in the space charge region) [34]
indicate strong dependence of the signal on the surface
electric field and appearance of a new optical structure in
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Figure 6: Comparison of calculated and measured SHG spectra for
P-in/P-out configuration. (a) Clean Si(001) (2 × 1), theory (solid
curve) and experiment(open circles); Si(001) (2 × 1): H mono-
hydride, theory (dashed curve) and experiment (filled circles).
Note strong quenching, red-shifting, and line shape distortion of
3.35 eV (E1) peak in both theory and experiment, (b) Clean Si(001)
(2 × 1), theory (solid curve) and experiment (open circles) as in
(a), Si(001) : Ge(1 ML), theory (dot-dashed curve) and experiment
(diamonds); Si(001) : Ge(2 ML), theory (heavy dotted curve: fully
relaxed structure; light dotted curve: reduced buckling structure)
and experiment (open squares); Si(001) : Ge(2 ML) with saturation
H-coverage, theory (dashed curve) and experiment (filled squares)
(adapted from [43]).

the region 3.6 to 3.8 eV. Electric-field-induced SHG (EFISH)
offers incredible possibilities for new generation of optical
metrology of the interfaces because of the high sensitivity of
the SHG signal to the surface electric field [35, 46]. From a
theoretical prospective, however, the microscopic theory of
EFISH is nonlocal, and it is still challenging to model for the
first principle theory [30, 44]. EFISH was beyond the scope
of the study by [26].

Here we are focused on the effect of the chemical nature
of electronic bond contributions on Si(001)-SiO2 interface

(a)

(b)

Figure 7: Atomic structure of Si(001)(2× 2) surface with one local
dimer oxygen configuration per unit cell (a) and atomic structure
of Si(001)(2 × 1) surface with an oxygen atom located on a broken
back bond. (b) Red and white colored balls correspond to oxygen
and hydrogen atoms, respectively (adapted from [26]).

to the SHG. Figure 9 presents the calculated SHG spectra of
Si(001)-SiO2 interface shown in Figure 8.

As expected the nonzero SHG response is predicted
only in the spectral region corresponding to optical two-
photon excitations of the near-surface located disturbed Si
electron orbitals. Due to the high value of Si–O bond energy
corresponding contributions are located in far ultraviolet
region. The SHG response from the Si–SiO2 interface located
mostly in visible and near-UV regions is attributed to the
distorted host atomic bonds [25, 30, 43]. From the data
presented in Figure 9 one can immediately extract features
related to the oxygen. Removal of the bridge oxygen results in
dramatic reductions of the SHG features near 2.7, 3.3, 3.8 to
4.0, and 5.1 eV. Comparison between relaxed and unrelaxed
structure calculations of the SHG efficiency (upper and lower
panel in Figure 9, resp.) shows a more pronounced effect of
mechanical stress in SHG than in RDS spectra (see Figure 9).
The SHG features near 3.3 and 5.1 eV are close to the bulk
electron transitions E1 and E′1.

Note that the theory with the QP correction predicted
critical point energies in Si slab at E1 = 3.4 eV, E2 = 4.15 eV,
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Figure 8: Fully relaxed atomic configuration of Si(001)-SiO2

interface. Dashed lines indicate unit cells. Red and white coloured
balls correspond to oxygen and hydrogen atoms, respectively
(adapted from [26]).
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Figure 9: Calculated Second Harmonic Generation efficiency
spectra of the Si(001)-SiO2 interface corresponding to the geometry
given in Figure 8 (solid line) are shown in comparison to the SHG
spectra calculated after removal of the bridge oxygen (dashed line).
Fully relaxed (a) (unrelaxed (b)) atomic structure of the Si(001)-
SiO2 interface is used for optical calculations (adapted from [26]).

and E′1 = 5.0 eV. The peaks near 3.3 and 5.1 eV apparently
relate to the bulk-like electron excitations. According to [26]
the SHG response near 5.1 eV exhibits strongest sensitivity to
oxygen. This spectral region however is still unavailable for
experimental study.

The SHG peak near 1.8 eV is of the surface nature related
to the Si dimer bond. This peak is strongly affected by oxygen
and local stress (see Figure 9). One can expect that it will
also be sensitive to the size of nanoparticles since the smaller
the particle, the higher the curvature of the interface and
the more stress that is introduced at the Si/SiO2 interface
[50, 51]. Contribution of oxygen in this region is clearly
shown in RDS spectra in this spectral region however effect

2.5 3 3.5 4 4.5
0

0.1

0.2

Two-photon energy (eV)

10
17

R
pp

 (
cm

2
/W

)

(a)

2.5 3 3.5 4 4.5
0

0.1

0.2

Two-photon energy (eV)

10
17

R
pp

 (
cm

2
/W

)

(b)

Figure 10: The calculated second harmonic generation efficiency
spectra of the relaxed Si(001)-SiO2 geometry given in Figure 8 are
shown in comparison to experimental data. In (a) the calcualted
spectrum (dashed) is compared to data (symbols) measured by
Avramenko et al. in [37]. (b) compares the theoretical spectrum
(dashed) to experimental data (symbols) measured by Rumpel et al.
in [36] (adapted from [26]).

of the stress relaxation is much less important in RDS than
in SHG. The SHG peaks located near 2.7 eV and 3.8 eV are
new and they are not predicted on the Si surfaces without
oxygen. According to the analysis of PDOS spectra these
peaks are directly related to the Si backbonds of the dimer
atoms hybridized to the bridge oxygen 2p-electrons. Peak
near 4.0 eV is close to the E2 transition and it is strongly
affected by the new feature near 3.8 eV. Comparison between
SHG efficiency predicted for relaxed and unrelaxed tridymite
structure after removal of bridge oxygen (upper and lower
panels in Figure 8, resp.) demonstrates that effects of local
stresses and bond rehybridization are equally important in
SHG which is in contrast to the linear optical RDS response
[28].

The predicted SHG efficiency spectrum of oxidized
Si(001) surface is compared next with available experimental
data [35, 36, 48].

In Figure 10 a comparative analysis of the SHG spectra
measured on two different systems is presented: the Si(001)
surface oxidized [36] or with natural oxide [49] and Si-SiO2

multiple quantum well structure [37]. In order to compare
the shape of the predicted and measured SHG spectra the
amplitudes of experimental data were scaled to meet the
theoretical values at 4.2 eV (lower panel) and at 2.7 eV (upper
panel).

The experimental SHG spectrum shown in the upper
panel in Figure 9 was measured by [36] on Si(001) sample
with 10 nm oxide layer grown by thermal oxidation at
1000◦C. The dominant SHG peak at 4.3 eV was attributed
to the E2 bulk transitions [36]. Note that the theoretical bulk
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value of E2 = 4.15 eV underestimates experimental one by
about 0.1 eV. The results shown in Figure 10 indicate the
appearance of a new SHG response in the region of 3.6 to
4.0 eV and a strong enhancement of the E2 peak. Comparison
with the SHG data presented in Figure 9 indicates that this
is caused by the combined effect of the oxygen-related rehy-
bridization of Si backbonds and structural reconfiguration.
The strong enhancement of both measured and predicted
SHG efficiencies caused by boron doping of the Si(001) sur-
face (which was obtained on the relaxed system) was reported
earlier [46]. In both cases by neglect of the electric field
effect, the physical nature of the predicted strong enhance-
ment of the SHG efficiency is impurity related to the
rehybridization and structural reconfiguration of the Si
backbonds.

New predicted SHG response near 3.6 to 4.0 eV is also
accompanied by dramatic increase of the calculated SHG effi-
ciency at 2.7 eV due to the dimer bridge oxygen (see Figures 9
and 10). This part of the predicted SHG spectra agrees well
with another type of experimental results by [37] where a
strong SHG signal in the region near 2.7 eV on Si(001)-SiO2

multiple quantum wells (MQWs) was measured. The four
MQW systems studied by [37] were fabricated from Si-layers
of the thicknesses equal to 1.0, 0.75, 0.5, and 0.25 nm sepa-
rated by SiO2 films of fixed 1.1 nm thicknesses. The number
of Si-SiO2 MQW bilayers varied from 30 to 70 in order to
provide nearly the same thickness of the whole film stuck
[37].

In MQW system the quantum size effect is an additional
factor affecting the SHG. However in the presence of multiple
Si(001)-SiO2 boundaries the effect of the interface oxygen
should be substantially enhanced. In the absence of micro-
scopic theory the 2.7 eV SHG signal measured in Si(001)-
SiO2 MQW was interpreted by [37] as a result of electron
transitions from the bound quantum electron states in QW.
In addition to the quantum size effect, the chemical nature
of the last SHG feature was also suggested by [37] as an
alternative interpretation of their data. The results of the
present work suggest that the origin of the feature measured
by [37] and the predicted SHG responses near 2.7 eV is
a dominant contribution of the rehybridized and recon-
structed Si backbonds due to creation of the dimer bridge
oxygen structure on Si(001)-SiO2 interface. Additional argu-
ment towards the current interpretation of the 2.7 eV signal
is that this response should be accompanied by the SHG
features near 3.8 eV as discussed above (see Figure 9). Exper-
imental data of [37] confirm this rule: in addition to the
2.7 eV SHG peak, the authors reported strong SHG response
around 3.8 to 4.0 eV which is discussed above.

Analysis of the atom- and orbital-resolved projected
electron density of states (PDOSs) calculated in [26] clearly
indicate a strong effect of the bridge oxygen which results in
additional contribution (hybridization) of oxygen p-orbitals
and silicon backbond orbitals. The 2p-orbitals of bridge
oxygen contribute to the top of the valence band. Modifica-
tions of the c-band are less pronounced. The rehybridization
of the host valence electron orbitals caused by both 2p-
orbitals of oxygen and by structural distortions seems to
be responsible for the measured and predicted optical

anisotropy of this system. The dominating effect in optical
anisotropy of Si(001) due to the distorted backbonds and
additional hybridization to oxygen has been shown by [30].

5. Conclusions

This paper reviews a progress in understanding the second
harmonic generation spectroscopy for diagnostics of semi-
conductor surfaces and nanostructures. The unique capabil-
ities of the SHG metrology is caused by its extreme sensitivity
to the symmetry of the optically excited systems. Another
property of the SHG is related to the substantial contribu-
tions of the nonlocal processes caused by electric, mechanical
and magnetic fields.

It should be noted that effects of external fields (like
electric field, direct current induced SHG, Electric-Field-
Induced SHG) and eventually many-body (excitonic) and
local field effects [5, 11] should be incorporated by inter-
pretation of the SHG in order to achieve more detailed
quantitative description of the signal shape which should be
considered as a future activity road map in the field. For
future experimental and theoretical studies it is important
to explore the unique sensitivity of SHG to symmetry and
external fields that should make the SHG metrology an
advanced diagnostics tool for nanostructures.
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We find and analyze a generalized analytical solution for nonlinear wave propagation in waveguide couplers with opposite signs of
the linear refractive index, nonzero phase mismatch between the channels, and arbitrary nonlinear coefficients.

1. Introduction

By leveraging the capabilities of photonics (speed) and
of electronics (compactness) it may be possible to realize
high-performance integrated optoelectronic systems for high
bandwidth signal processing or sensing applications. Such
integration requires the availability of ultracompact, ultra-
fast, low-loss components that can be efficiently coupled
to the rest of a network [1–3]. While some of the basic
functionalities are presently available in the form of indi-
vidual components, their integration is still challenging for
a number of reasons, including their size, speed, and power
consumption. Therefore, the development of optoplasmonic
devices that could be integrated on a single chip and
could bridge existing gaps in optoelectronic integration is of
paramount importance.

One of the major requirements for the realization of
efficiently performing optoelectronics circuits is the ability
to buffer optical signals so that the data traffic jams are
prevented. An optical buffer is a device that slows down
(or even stops) light to store it for a certain period of
time. Although several approaches to the realization of such
structures have been demonstrated, a majority of slow light
schemes based on various waveguide geometries are not
easily scalable to a chip-size footprint [1].

It is well known that optical bistability, a phenomenon in
which two different values of output power are possible for
the same input power, finds numerous applications in optical

memory and storage devices. Therefore, realized in compact
configuration, it can provide a viable solution for all-optical
on-chip storage applications.

Metamaterials (MMs) were shown to enable subwave-
length waveguides and cavities—a property that funda-
mentally differentiates them from conventional-materials-
based light wave components [4, 5]. Therefore, in this
work, we investigate the most general solution for wave
interactions in positive-negative index MM-based nonlinear
optical couplers (shown in Figure 1). It should be men-
tioned that nonlinear optical couplers made of conventional
positive index materials (PIMs) are not bistable (unless
some additional components providing optical feedback are
introduced) [6]. However, in MM-based couplers, bistability
results from the effective feedback mechanism enabled by
the opposing directionality of phase and energy velocities in
negative index materials (NIMs). Moreover, such a coupler
supports gap solitons—a feature commonly associated with
periodic structures [7, 8]. These unusual properties of
MM directional couplers form a basis for the development
of all-optical processing applications, including wavelength
converters, flip-flops, and mirrorless lasers.

Our previous studies focused on particular cases of
phase-matched symmetric couplers with identical nonlinear
properties and on asymmetric couplers with only one
nonlinear channel. In this work, we found a generalized
analytical solution in the presence of phase mismatch and for
arbitrary values of nonlinear coefficients of both channels.



2 Physics Research International

L

β1 S1

β2 S2

PIM

NIM

Figure 1: Positive-negative index nonlinear optical coupler.

The availability of such a solution enables novel optimized
designs of such couplers.

2. Theoretical Model

As it has been mentioned above, in this work, the case
of continuous wave propagation in a directional PIM-NIM
coupler with third-order Kerr nonlinearity [9] is considered.
From Maxwell’s equations in a slowly varying envelope
approximation the following system of differential equations,
which can describe continuous wave propagation in such
optical system, can be derived [9, 10]:

iσ1
∂a1

∂z
+ κ12a2 exp(−iδz) + γ1|a1|2a1 = 0,

iσ2
∂a2

∂z
+ κ21a1 exp(iδz) + γ2|a2|2a2 = 0,

(1)

here a1 and a2 are the complex amplitudes of the waves in
the PIM and NIM channels, respectively, κ12 and κ21 are
coupling coefficients, γ1 and γ2 are normalized nonlinearity
coefficients, δ = β1 − β2 is the mismatch between the
propagation constants in the channels, and σi is the sign of
the refractive index. In the case of the PIM-NIM coupler
σ1 > 0, σ2 < 0. It is worth noting that the magnitude of the
coupling coefficients depends on the geometrical parameters,
such as channel width and separation distance between the
channels, as well as on the channels dielectric properties.
In a particular situation, it may be difficult to fabricate two
identical waveguides with different signs of the refraction
indexes, but, without losing any generalization of the ana-
lytical solution, it can be assumed that coupling coefficients
of both channels are equal.

Let us represent complex amplitudes a1 and a2 in terms
of real amplitudes Ai and phases φi:

a1 = A1 exp
(
iφ1
)
, a2 = A2 exp

(
iφ2
)
. (2)

Substituting (2) into (1) and separating the real and im-
aginary parts lead to the following system of equations:

∂A1

∂z
= κ12A2 sin(θ),

∂A2

∂z
= κ21A1 sin(θ),

∂θ

∂z
=
(
κ12

A2

A1
+ κ21

A1

A2

)
cos(θ) + γ1A

2
1 + γ2A

2
2 + δ,

(3)

here θ = φ1 − φ2 + δz.

If the light is initially launched into channel 1, then the
boundary conditions take the following form:

A1(0) = A0, A2(L) = 0, (4)

where A0 is the amplitude of the input signal and L is the
length of the coupler. Assuming that coupling coefficients
κ12 = κ21 = κ, we can rewrite (3) as follows:

∂A1

∂z
= κA2 sin(θ),

∂A2

∂z
= κA1 sin(θ),

∂θ

∂z
= κ

(
A2

A1
+
A1

A2

)
cos(θ) + γ1A

2
1 + γ2A

2
2 + δ.

(5)

Next, we found that (5) have two integrals of motion:

P1 − P2 = C,

Γ = A2
2

[(
γ2 − γ1

)
A2

2 + 2γ1A
2
1 + 2δ

]
+ 4κA1A2 cos(θ),

(6)

where P1 = A2
1 and P2 = A2

2. From the boundary conditions
(4) one can conclude that C = A2

1(L) and Γ = 0. From these
integrals of motion, we can derive an expression for cos(θ):

cos(θ) = −A
2
2

((
γ1 + γ2

)
A2

2 + 2
(
δ + γ1C

))

4κA1A2
. (7)

Substituting (7) into the second equation of (5), we derive an
equation for power evolution in the second channel:

(
∂P2

∂z

)2

= 4κ2P1P2 − P2
2

(
γ̃P2 + δ̃

)
, (8)

where γ̃ = (γ1 +γ2)/2 and δ̃ = δ+γ1C. Using the first integral
of motion, we can rewrite this equation in terms of P2:

(
∂P2

∂z

)2

= −γ̃P4
2 − 2γ̃δ̃P3

2 +
(

4κ2 − δ̃
)
P2

2 + 4κ2CP2. (9)

The solutions for P1 and P2 are found in terms of the
Weierstrass elliptic function ℘(z; g2, g3):

P1(z) =C +
κ2C(

℘
(
L− z; g2, g3

)− (1/12)
(

4κ2 − δ̃2
)) ,

P2(z) = κ2C(
℘
(
L− z; g2, g3

)− (1/12)
(

4κ2 − δ̃2
)) .

(10)

The invariants g2 and g3 are defined as follows:

g2 = 2γ̃δ̃κ2C +

(
4κ2 − δ̃

)2

12
,

g3 = −
γ̃δ̃κ2C

(
4κ2 − δ̃

)

6
−
(

4κ2 − δ̃

6

)3

+ γ̃κ4C2.

(11)

The parameter C can be found by solving the following tran-
scendental equation:

A2
0 = C +

κ2C(
℘
(
L; g2, g3

)− (1/12)
(

4κ2 − δ̃2
)) . (12)
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Since this is the most general solution for PIM-NIM cou-
plers, first, we test it against previously considered particular
cases [7, 8, 10]: (i) a linear phase-matched coupler with
γ1 = γ2 = δ = 0, (ii) a nonlinear phase-matched coupler
with γ1 = γ2 = γ, δ = 0, and (iii) phase-matched asymmetric
couplers. In the first case, the discriminant of the Weierstrass
function Δ = g3

2 − 27g2
3 = 0. Therefore, in this case we can

rewrite (10) in terms of hyperbolic functions. So we get the
following solution for the linear case of a PIM-NIM coupler
[9]:

P1(z) = C
(

1 + sinh (κ(L− z))2
)

,

P1(z) = C sinh (κ(L− z))2.
(13)

In the second case, by expanding the Weierstrass function
℘(z; g2, g3) in terms of the Jacobi elliptic function one can
derive the same expressions for P1(z) and P2(z) as in [7].

Next, we compare two asymmetric cases: (a) a phase-
matched coupler in which the PIM channel is nonlinear and
the NIM channel is linear, and (b) a phase-matched coupler
in which the PIM channel is linear and the NIM channel
is nonlinear. Figure 2 shows a numerical solution of (12),
which determines the dependence of the output signal power
P1(L) on the input field intensity P1(0), where κ = 8, δ = 0,
and L = 1. The solid, black curve represents the case when
γ1 = 5, γ2 = 0, that is, case (a); the blue, dashed curve shows
the opposite case when γ1 = 0, γ2 = 5, that is, case (b).

These results show in both limiting cases that the phase-
matched PIM-NIM coupler is bi- (or multi-) stable. Also,
it is noteworthy that for given combinations of the linear
coupling coefficient and the length of the coupler, the
bistability threshold is higher only in the second (NIM)
channel, which is nonlinear while light initially is pumped
into the first (PIM) channel. This is due to the fact, that in
this case, nonlinearity takes effect only if enough power is
coupled to the second (nonlinear) channel.

3. Effect of Phase Mismatch

So far, we have considered the behavior of somewhat
idealized PIM-NIM couplers—phase-matched couplers with
δ = 0. However, from a practical realization viewpoint, it
would be important to analyze the influence of the phase
mismatch during wave propagation in such systems. In this
section, we investigate the dependence of P1(z) and P2(z) on
δ.

Figure 3 represents the output power P1(L) as a function
of input power P1(0) when κ = 8, γ1 = 5 and γ = 0 (self-
focusing nonlinearity only in the first channel) with different
values of phase mismatch δ: solid black curve: δ = 0; blue
curve; δ = 10; dashed red curve: δ = −10. It is noteworthy
that the dependence of the output field intensity P1(L)
on input field power P1(0) depends on the sign of phase
mismatch δ. This can be understood by considering the
dispersion relation for this system.

Assuming that the solution of (1) has the following form:

a1,2 = u1,2 exp
(
iqz
)

exp
(
±i δ

2
z
)

, (14)

0 2 4 6 8 10
0

1

2

3

4

P
1
(L

)

P1(0)

Figure 2: Output power P1(L) as a function of input power P1(0)
when κ = 8 and δ = 0. Solid black curve: γ1 = 5, γ2 = 0; dashed
blue curve: γ1 = 0, γ2 = 5.
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Figure 3: Output power P1(L) as a function of input power P1(0)
when κ = 8, γ1 = γ2 = 5 (self-focusing nonlinearity). Solid black
curve: δ = 0; dashed blue curve: δ = 10; dot-dashed red curve δ =
−10.

we can find that δ and q have the following forms:

δ = −κ21 + κ12(1− C/P0 )
±√1− C/P0

− P0

(
γ1 + γ2

(
1− C

P0

))
,

q = −κ21 − κ12(1− C/P0)
±2
√

1− C/P0
− P0

(
γ2

(
1− C

P0

)
− γ1

)
,

(15)

where because of the boundary conditions C ∈ [0,P0].
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Figure 4: Output power P1(L) as a function of input power P1(0)
when κ = 8, γ1 = γ2 = −5 (self-defocusing nonlinearity). Solid
black curve: δ = 0; dashed blue curve: δ = 10; dot-dashed red curve
δ = −10.

In a linear PIM-NIM coupler, these dispersion relations
show a bandgap [10]. Let us fix two values of detuning to
be δ+,− = ±δ0 in the linear case such that the center of
the bandgap corresponds to δ = 0. Next, from (15) we
find that in the case of positive nonlinear coefficients (self-
focusing Kerr nonlinearity) the “δ − q” dispersion relations
shift towards negative values of δ leading to asymmetry of
the center of the bandgap with respect to δ+ and δ− and, as
a result, different dependences of the output field intensity
on input field power on either side of the bandgap [7]. In
contrast, in the case of negative nonlinear coefficients (self-
defocusing Kerr nonlinearity) the “δ−q” dispersion relations
shift towards positive values of δ and the dependences of the
output field intensity on input field power reverse. Indeed, if
now we plot the output power P1(L) as a function of input
power P1(0) when κ = 8 and γ1 = γ2 = −5 (self-defocusing
nonlinearity only in the first channel) with different values
of phase mismatch δ: solid black curve: δ = 0; blue curve:
δ = 10; dashed red curve: δ = −10 (see Figure 4), we
find that the curves corresponding to positive and negative
detuning interchanged as compared to those in Figure 3.

4. Discussion

Although the analysis of the PIM-NIM coupler in this work
was based on coupled-mode equations assuming effective
medium parameters for the dielectric permittivity and
magnetic permeability of MMs, in practice such an NIM
channel (which is the most challenging part of the proposed
device) can be realized in at least two configurations: (i)
using double-negative resonant MMs and (ii) using strongly
anisotropic MM waveguides. Such waveguides were shown
to support negative-index propagating modes [11, 12]. For

these modes, the wave propagation is in a direction opposite
to the phase velocity. As a result, the waveguide behaves as a
2-dimensional counterpart of 3-dimensional negative index
material. Such a waveguide can be designed using alternating
metal and dielectric subwavelength layers with positive and
negative permittivities, respectively. As a nonlinear optical
material, we envision incorporate chalcogenide glasses or
nonlinear polymers that possess relatively high nonlinear
refractive indices. Theoretical design and experimental real-
ization of such devices will be discussed elsewhere.

In conclusion, we found a generalized analytical solution
for nonlinear wave interactions in PIM-NIM couplers in
the presence of phase mismatch and for arbitrary values of
nonlinear coefficients in both channels. These results offer a
practical tool for designing novel MM-based couplers based
on either double-negative or strongly anisotropic MMs that
are likely to enable ultracompact optical storage and memory
components for photonics on chip applications.
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This paper reviews the use of optical sum frequency generation (SFG) and second harmonic generation (SHG) microscopy under
ultra-high vacuum (UHV) conditions to observe the dynamics of a hydrogen terminated Si(111)1 × 1 surface. First, we took SFG
and SHG microscopic images of the surface after IR light pulse irradiation and found that the SHG and nonresonant SFG signals
were enhanced, probably due to the formation of dangling bonds after hydrogen desorption. Second, we observed time-resolved
SFG intensity images of a H–Si(111)1 × 1 surface. After visible pump light irradiation, the nonresonant SFG signal increased at
probe delay time 0 ps and then decreased over a life time of 565 ps. The resonant SFG signal reduced dramatically at 0 ps and then
recovered with an anisotropic line shape over a life time of 305 ps. The areas of modulated SFG signals at delay time 277 ps were
expanded with an anisotropic aspect. Finally, we observed SFG intensity images of hydrogen deficiency on a Si(111)1× 1 surface as
a function of temperature. These images of the H–Si(111) surface, taken with a spatial resolution of 5 μm at several temperatures
from 572 to 744 K, showed that the hydrogen desorbs homogeneously.

1. Introduction

Most electronic devices are based on silicon technology. For
example, the key process in a field-effect transistor (FET) is
a gate stack on a Si surface [1]. The native oxide SiO2 grown
on the surface is a smooth layer having a dielectric free of
trapped charge and defects; III–V compounds do not have
such a suitable native oxide [1]. This is one of the reasons why
silicon is the material of choice. Another advantage of silicon
is that high-quality amorphous Si thin film can be grown on
a Si surface using a chemical vapor deposition (CVD) process
[2].

Hydrogen termination on a Si(H–Si) surface before the
CVD process is a commonly used chemical treatment to
protect the surface from oxidization. In the CVD process,
the qualities of the thin layer depend on not only the radical
reaction in the vapor phase but also an early reaction on
the Si surface; hydrogen desorption is the central rule in
that reaction [3]. Thus, for a decade, the structure and the
dynamics on a H–Si surface were intensively studied using

several methods, for example, FT-IR [4], STM [5, 6] HREELS
[7], SHG [8], and SFG [9, 10]. However, some questions
still remain unanswered. For example, the structure of a H–
Si(111)1× 1 surface studied by FT-IR [4] is inconsistent with
that studied by reflection high-energy positron diffraction
(RHEPD) [11]. In the FT-IR spectrum of a H–Si(111)1 × 1
surface chemical treated by dipping in an NH4F solution,
there is only one peak at 2083.7 cm−1 assigned to be the
stretching mode of the monohydride [4]. However, from
the results of RHEPD rocking curves, Kawasuso et al. con-
cluded the surface prepared by a NH4F solution is mostly
terminated with monohydrides but trihydrides remain. They
also suggest that there is roughness resulting from irregularly
hydrogen-terminated parts, including trihydrides [11]. In
order to resolve this inconsistency, it is necessary to observe
the irregular parts with surface sensitive vibrational micro-
scopy.

Another problem is that few studies have addressed the
hydrogen dynamics on the surface when it is irradiated by
a laser light pulse with high fluence and a pulse duration of
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10 ps∼10 μs, even though this is an important process in the
laser CVD method [12]. Spatial distribution of the hydrogen
atoms with the scale of pulse spot size is especially crucial for
quality of the deposited film.

In order to resolve these problems, surface-sensitive mi-
croscopy is necessary for observing the morphology of hy-
drogen species. However, few of the conventional methods
are effective. A scanning tunneling microscope (STM) can
show the spatial distribution of hydrogen molecules, but it
is difficult to distinguish between the species. One the other
hand, a scanning type microscope using electron-stimulated
desorption (ESD) can also show the spatial distribution of
hydrogen atoms [13]. With this method, hydrogen atoms
on a Si surface are desorbed by ESD; they can then be
detected by a time of flight technique. Using this method,
a clear lithographed pattern of hydrogen on a Si surface was
observed. However, it is not only a destructive method but
it is also difficult to analyze the species. Conventional vibra-
tional microscopy such as IR and Raman also lack surface
sensitivity. Thus, a new method for observing the spatial
distribution of hydrogen molecules on a Si surface has to be
established.

In this paper, I review the application of sum frequency
generation (SFG) and second harmonic generation (SHG)
microscopy to the observation of the dynamics of hydrogen
on a H–Si(111)1 × 1 surface. Especially, I demonstrate that
new vibrational microscopy based on SFG microscopy is a
useful tool for observing the morphology of hydrogen spe-
cies. The paper is organized as follows. Section 2 briefly
outlines the history and principles of nonlinear microscopy.
Section 3 describes the experimental setup and sample pre-
paration. Section 4 presents SFG and SHG intensity images
of hydrogen deficiency on the Si surface after laser pulse
irradiation. Section 5 introduces time-resolved (tr-) SFG
microscopy of the surface. Section 6 shows the application
of SFG microscopy for probing hydrogen diffusion. Finally,
Section 7 summarizes the demonstrations of SFG and SHG
microscopy.

2. SFG and SHG Microscopy

SFG and SHG are the lowest-order nonlinear optical pro-
cesses. They occur in media without inversion symmetry and
have high surface sensitivity [14]. SHG has been used as a
tool to investigate the surface structures [15] and surface
electronic states associated with dangling bonds on a Si sur-
face [16, 17]. It was also used to estimate the speed of hydro-
gen adsorption [8] and the diffusion constant of hydrogen
[18] on a Si(111) surface. In addition, it has been applied to
probe charge trapping kinetics in thin films on Si surfaces
[19] and the electronic states of Si nanocrystals [20]. Recent-
ly, the absolute phase and amplitude of a surface dipole at
Si(001) interfaces was determined [21]. It has been applied
to microscopy [22] for monitoring the spatial distribution of
dangling bonds on a Si(111) surface by our group [23, 24].

SFG is a well-established tool for studying Si–H bonds
[25] and identifying hydride species [9] on a Si surface. In
1999, Flörsheimer et al. demonstrated the first SFG micro-
scopy, observing a Langmuir-Blodget thin film [26]. In 2007,

Cimatu et al. observed SFG intensity images, distinguishing
between self-assembled monolayers with different chain
lengths in microprinted patterns [27]. However, no one has
developed SFG microscopy for observing a sample in UHV
conditions. Thus, we decided to develop a multifunctional
SFG microscope to facilitate convenient analysis of a semi-
conductor surface under UHV conditions [28–32].

The output SFG signal with frequency ω = ω1 + ω2 from
a Si surface is given by [33]

S(ω)∝
∣∣∣
[←→
L (ω) · ê (ω)

]
· ←→χ (2)

s :
[←→
L (ω1) · ê (ω1)

]

×
[←→
L (ω2) · ê (ω2)

]∣∣∣
2
I1I2AT ,

(1)

where←→χ (2)
s ,
←→
L (ωi), ê (ωi), Ii, A, and T are surface nonlinear

susceptibility, transmission Fresnel factor, polarization unit
vector, intensity of the beam with frequency ω, the over-
lapping cross-section on the sample, and input pulse width,
respectively. The bulk second-order nonlinear susceptibility
is negligible due to the inversion symmetry of the Si crystal.
In the case of ω1 = ω2, (1) represents the output SHG signal.
In the following description of vibrational SFG, we assume
visible light at ωvis and IR light at ωIR as the incident beams.

With near vibrational resonances,←→χ (2)
s can be described as

←→χ (2)
s = ←→χ (2)

NR +
∑
q

←→
A q

ωIR − ωq + iΓq
, (2)

where←→χ (2)
NR and

←→
A q, ωIR and Γq are the nonresonant nonlin-

ear susceptibility, and the strength, resonant frequency, and
damping constant of the resonant mode, respectively [33].
When an infrared photon with energy �ωIR is scanned near
the vibrational resonance of a molecule, the SFG intensity is
enhanced, thus facilitating vibrational spectroscopy. Thus, in
the images of the SFG light from a sample, we can distinguish
between hydrogen species.

3. Experimental

The system for observing simultaneous SFG and SHG in-
tensity images under UHV conditions is shown in Figure 1.
In this SFG microcopy system, we used doubled frequency
output from a mode-locked Nd3+ : YAG laser as the visible
light at wavelength 532 nm, and output (∼4.8 μm) from an
optical parametric generator and amplifier system (OPG/
OPA) as the wavelength-tunable infrared light (IR probe
light). The spectral bandwidth of the IR probe light was
6 cm−1. The pulse energies of the IR probe and visible light
beams were ∼100 μJ/pulse and ∼25 μJ/pulse, respectively.

The incident visible light was passed through a λ/2 plate,
a Glan polarizer, a bandpass filter with a center wavelength of
532 nm, a lens with focal length f = 300 mm, and the CaF2

window of the UHV chamber. The IR probe light was focused
by a CaF2 lens with a focal length of 300 mm. The angles of
the incident visible and IR probe light beams were ∼45◦ and
∼60◦, respectively.

The SFG light from the sample in the reflective direction
was first passed through the glass window of the chamber
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Figure 1: Schematic diagram of the SFG and SHG microscopic system for UHV conditions.

and dichroic filters to block the incident visible light and then
introduced into a long-distance Cassegrain-type microscope
(Quester QM-1). The microscope was equipped with a time-
gated image-intensified charge-coupled device (CCD) cam-
era (Hamamatsu PMA-100-H) for accumulating the SFG
and SHG signals. With this long-distance microscope, the
image of an object 0.5 m away can be focused on the detector
plane with a resolution of ∼3 μm. The microscope was also
equipped with bandpass filters with center wavelengths of
490 nm for SFG microscopy and 532 nm for SHG micro-
scopy. The polarizations of the SFG, visible, and IR light were
all, p, and p, respectively. For SFG spectroscopy, the SFG light
was passed through a double monochromator, and detected
by a photomultiplier and a gated integrator. The excitation
light for SHG (with a wavelength of 1064 nm and power of
∼40 μJ/pulse) was generated by the same OPG/OPA system
as that used for the SFG measurements. The polarizations of
the incident light and the SHG light were p and all, respec-
tively. The integration time for taking both SFG and SHG
intensity images was 500 seconds. It was confirmed that
luminescence signals were very weak under these measure-
ment conditions.

In developing this SFG and SHG microscopic system, we
paid special attention to the following points. Our previous
SHG microscope had a problem in that the images were
modified by the nonuniform intensity distribution in the
beam pattern of the incident light [23]. In order to avoid this
modification, we moved the irradiating position on the sam-
ple in the luster scan by moving the focusing lenses, using an
automatic X-Y stage. It is difficult to take the SFG and SHG
microscopic images in exactly the same conditions, since
incident light beams from different sources must be focused
on the same area on the sample surface. In order to make
the spot positions of the incident light beams exactly the
same, we switched the optical paths of the incident light for
SH microscopy and that of the incident visible light for SFG
microscopy using a prism beam exchange mechanism. With

these innovations, we succeeded in taking simultaneous SFG
and SHG intensity images. The resolution of the microscope
is ∼5 μm.

Section 4 shows SFG and SHG images of hydrogen defi-
ciency on a Si(111) surface. In order to promote hydrogen
desorption, the Si surface was irradiated with IR light pulses
(wavelength: 1064 nm, pulse duration: ∼6 μs, repetition rate:
10 Hz, pulse energy: 6∼12 mJ/pulse, focus size: ∼0.1 mm)
from a Nd3+: YAG laser.

Section 5 presents the results of pump-probe SFG micro-
scopy. The power of the pump visible light with wavelength
532 nm was 120 μJ/pulse and the power density on the sam-
ple surface was 0.12 J/cm2·pulse. The pump light was nearly
p-polarized and had the incident angle of 68.5◦. The optical
delay of the probe visible and infrared pulses was controlled
by an automatic linear stage with the positioning accuracy
of ∼5 μm. The timing of the pump and probe light was
adjusted by monitoring the SFG of the pump visible and
probe IR light from the sample with its surface tilted dif-
ferently from the final SFG measurement. In the final SFG
measurement, this SF light did not hit the detector because it
traveled off the optical path at an angle of ∼30◦. No damage
was observed in the linear microphotograph of the sample
surface after the pump light irradiation. The invariance of
the Si–H vibrational peak in the SFG spectra before and after
the pump-probe measurement indicated the absence of the
change of hydrogen coverage and disorder of the Si–H bonds
during the strong pump light irradiation.

To prepare a H–Si(111)1 × 1 surface, n-type Si(111)
wafers were etched in a clean room by a few cycles of dip-
ping in a hot solution of 97% H2SO4 : 30% H2O2 = 4 : 1,
then in hydrofluoric acid, and finally in NH4F solutions to
produce monohydride terminated Si(111) surfaces [4]. After
this treatment, the sample was immediately introduced into
the UHV chamber with a base pressure 5 × 10−8 Pa. A low-
energy electron diffraction (LEED) measurement confirmed
the 1 × 1 structure of the H–Si(111) surface thus prepared.
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In the measurement of temperature dependency described in
Section 6, DC current in the UHV chamber directly heated
the sample. After heating for 10 s, the sample was cooled
down to RT and SFG spectra and images were taken.

4. Images of Hydrogen Deficiency on
a H–Si(111) Surface after
Laser Pulse Irradiation

Laser CVD is a useful method for depositing high-quality
thin film on a Si surface with low temperature [12]. One of
the crucial processes in CVD is hydrogen desorption. The
hydrogen desorption promoted by the rapid temperature
rise on a Si surface after light pulse irradiation is known as
laser-induced thermal desorption (LITD). In the laser CVD,
growth of a uniform film, spatial uniformity of coverage
and the orientation of H–Si bonds are important. However,
because LITD is an indirect process, the spatial distribution
changes dramatically as a function of the power density,
wavelength, and duration of the incident light pulse [23, 34].
One must also consider the effect of electron-hole plasma
excitation on the hydrogen desorption [23]. From these
aspects, we used SFG and SHG microscopy to observe the
spatial distribution of hydrogen deficiency on a H–Si(111)
surface after laser pulse irradiation.

4.1. Source for LITD Process. Usually an Excimer laser with
wavelength 193∼351 nm and pulse duration ∼25 ns is used
as the source for a laser CVD process. However, we suggest
that light pulses with longer pulse duration and longer pen-
etration depth are more suitable. In the LITD process, the
rapid temperature increase due to laser pulse irradiation
causes not only hydrogen desorption but also, in some cases,
surface melting. The surface melting changes the surface
structure and may affect the quality of a deposited film.

In order to select the most suitable source for the LITD
method, we calculated temperature change and hydrogen
desorption after laser pulse irradiation. Through this sim-
ulation, we found that an IR light pulse with wavelength
1064 nm and pulse duration ∼6 μs can induce hydrogen des-
orption from a Si(111) surface without melting.

The calculation using the LITD model was based on a
paper by Koehler and George [34], and an original source
code programmed in our previous study [24]. In order to
estimate the temperature of the Si surface, three-dimensional
thermal diffusion was simulated by the finite difference
method. The equation of thermal diffusion is

∂T

∂t
= D∇2T + Q, (3)

where T is the temperature [K], t is the time [s], D is the
thermal diffusivity [cm2/s], and Q is the source term [K/s].
For calculating the source term, we adopted an absorption
coefficient of 7.876 [35] and reflectivity of 0.311 + 5.0 ×
10−5×(T−300) [35, 36]. The initial surface temperature was
assumed as 300 K, since the advantage of laser CVD is avail-
ability of deposition at such a low temperature. The melting
of Si bulk occurs at∼1684 K [34, 35]. We note that the surface

temperature is ∼1414 K [36, 37] and that a real Si surface
melts with lower temperatures than the supposed tempera-
ture of this simulation. However, the difference in temper-
atures is not critical for comparing calculated and experi-
mentally measured hydrogen coverage. Thus, in the simu-
lation, the upper limit of the temperature was 1684 K, and
the absorption coefficient, the reflectivity, the heat capacity,
the thermal conductivity, and the density changes occur at
this temperature [34].

The coverage change on the Si surface in the desorption
kinetics is given by [34]

dθ

dt
= −θnνd exp

(
− Ed
RTsurf

)
, (4)

where θ is the coverage, Ed is the activation energy, R is the
gas constant (8.31 J/molK), and Tsurf is the temperature of
the surface. The superscript n is the order of the desorption.
The desorption order of a monohydride from a Si(111)7× 7
surface greater than than 0.04 ML is assigned as second order
[3, 38]. Hence, the order is treated as second order in this
section. (In Section 6, we assume 0th-to-2nd-order desorp-
tion.) The surface temperature as a function of time was
obtained by (3), and it was input into Tsurf in (4). Solving (4)
numerically, we obtained the time dependence of the hydro-
gen coverage θ.

The maximum surface density of the hydrogen atoms
on a Si(111) surface corresponding to ∼1 ML equals 8 ×
1014 cm−2 [34]. The activation energy Ed and the pre-expo-
nential factor νd were set as 2.65 eV and 12 cm2/s, respectively
[34].

Figure 2(a) shows the simulated change in temperature
and hydrogen coverage after a laser pulse irradiation with
wavelength 355 nm, power 50 μJ/pulse, spot size 294 μm, and
pulse duration 35.3 ps. Soon after the UV light pulse irra-
diates the Si surface at 0 s, the temperature shown as a gray
curve in the figure increases to melting temperature (1684 K)
and is then gradually reduced. On the other hand, the hydro-
gen coverage (black curve) is reduced only when the surface
reaches melting temperature. This result indicates that hy-
drogen desorption is associated with surface melting after
UV light pulses irradiation.

Figure 2(b) depicts the change of temperature and hydro-
gen coverage induced by an IR light pulse with wavelength
1064 nm, pulse duration 5.88 μs, power 10 mJ/pulse, and
spot size 35.3 μm. The temperature (gray curve) increases to
1300 K after the IR light pulse irradiation at 0 s and is then
gradually reduced. In Figure 2(b), the hydrogen coverage
(black curve) is clearly reduced. This result shows that IR
light can induce hydrogen desorption without melting.

Hydrogen molecular desorption occurs when the surface
temperature is over ∼800 K [3]. Thus, in order to induce
hydrogen desorption, temperatures higher than 800 K must
be maintained for a long time. The key factors in heating time
are penetration depth and pulse duration. UV and IR light
penetrate Si at depths of ∼10 nm and 1 cm, respectively. UV
light irradiation produces a rise in temperature only at the
thin layer near the surface; the heat at that layer then diffuses
to the rest of the sample. On the other hand, IR light, with
its longer penetration depth, heats up the whole sample, and
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Figure 2: Temperature change and the reduction of hydrogen coverage after laser pulse irradiation with (a) wavelength 355 nm and pulse
duration 30 ps, and (b) wavelength 1064 nm and ∼6 μm.

(a) (b)

Figure 3: SHG intensity images of a H–Si(111) surface after IR light pulse irradiation with scanning character patterns “S” and “T,” shown
in (a) and (b), respectively. Scale bars are 200 μm.

thus the temperature at the surface reduces more gradually
between pulses. Moreover, the pulse duration of IR light is
107 times longer than that of UV light, enabling the IR light
to heat for a far longer time. Due to these properties, the time
allowed for hydrogen desorption after IR light pulse irrad-
iation is 105 times longer than that after UV light irradiation.

4.2. SHG Images of Hydrogen Deficiency on a Si(111) Surface
after IR Light Pulse Irradiation. In order to demonstrate that
IR light can remove part of the adsorbed hydrogen atoms
without surface melting, we obtained SHG microscopy
imagery of the H–Si(111) surface after the IR light irradia-
tion. Figures 3(a) and 3(b) show SHG intensity images of a
H–Si(111) surface after IR light pulse irradiation. The bright
character patterns “S” and “T” can be seen in Figures 3(a)
and 3(b) respectively. The results are interpreted as follows.
The UV light gave rise to hydrogen desorption from the H-
Si(111) surface and produced dangling bonds. Since surface
electronic levels created by the dangling bonds are formed
around the Fermi level, the resonant optical transition
mediated by these surface electronic levels becomes possible
at the incident photon energy �ω = 1.17 eV (2�ω = 2.33 eV),
enhancing SHG [8, 39, 40]. According to a theoretical study

done by Gavrilenko and Rebentrost, a peak at 2�ω = 1.5 eV

in the spectra of χ(2)
zzz for a Si(111)1 × 1 surface is mainly

determined by two-photon resonance due to the optical
transitions involving the surface state [40]. This peak has a
tail until 3 eV, and thus SHG can be enhanced at 2�ω =
2.33 eV. The SHG method was also used to study the surface
states of a Si(111)7 × 7 surface [16, 17]. On the other hand,
a H-terminated surface has no surface state in the energy
bandgap. Thus, SHG enhancement due to the resonant opti-
cal transition of the surface states does not occur for a H-
terminated Si surface at �ω = 1.17 eV.

We note that the SHG signals are also sensitive to surface
melting [23, 24]. In our previous research, enhanced SHG
light can be seen in an area irradiated with UV light pulses
on a Si(111) surface and that light originated not only from
the created dangling bonds, but also from surface melting
[24]. In order to discover the origin of SHG signals shown in
Figure 3, we investigated if the strong SHG signals in an area
irradiated with IR light pulses disappeared after hydrogen
exposure. Figures 4(a) and 4(b) show SHG intensity images
of a H–Si(111) surface before and after IR light pulse irrad-
iation. In Figure 4(b), one can see enhanced SHG light gen-
erated at the area irradiated with IR light pulses. After taking
the SHG intensity image shown in Figure 4(b), the Si surface
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(a) (b) (c)

Figure 4: SHG intensity images of a H–Si(111) surface (a) before and (b) after IR light pulse irradiation, and (c) after hydrogen exposure to
the Si surface. Scale bars are 200 μm.

was exposed to hydrogen molecules of ∼3 torr for 5 minutes
and then the molecules were evacuated again. It is noted that
since the probability of hydrogen adsorption was very low
at room temperature [9], the impure gas in the UHV cham-
ber, for example, CO, CO2, and H2O molecules, might
adsorb on the Si surface while it was being exposed to the
hydrogen molecules. After the hydrogen exposure, an SHG
intensity image was taken, as in Figure 4(c). In Figure 4(c),
the SHG signals have disappeared completely. This result
indicates that the Si surfaces were not melted by the IR light
pulse irradiation.

4.3. SFG Microscopy of Hydrogen Species on a Si(111) Surface.
In order to study the spatial distribution of Si–H bonds on
a Si(111) surface after IR light pulse irradiation, we applied
SFG microscopy to the surface. Hereafter, the IR light pulse
for inducing hydrogen desorption will be referred to as
“desorption inducer (di)-IR light pulse.”

Figure 5 shows the SFG intensity spectrum of the H–
Si(111)1 × 1 surface before and after di-IR light pulse irrad-
iation. The black squares, gray triangles, and light gray
circles, respectively, represent the SFG intensity of the H–
Si(111) surface before, 10 minutes after, and 18 hours after
the irradiation by the di-IR light pulses. The estimated ex-
posure of the sample surface to impurity gas in 18 hours is
∼27 L. The sharp peak at 2084 cm−1 in the spectrum of the
Si surface before irradiation is attributed to the stretching
vibration of the monohydride species. We note that Higashi
et al. performed an ATR-IR measurement of a H–Si(111) sur-
face (with a resolution of ∼0.5 cm−1) and determined that
the peak at 2083.7 cm−1 was due to the Si–H stretching vibra-
tion of monohydride [4]. The probe light in our work has
a bandwidth of ∼6 cm−1, so we cannot measure peaks with
resolution better than ∼6 cm−1. Thus, the resonant peak
observed at 2080∼2085 cm−1 in our works was unified as
2084 cm−1 in this paper, following the vibration frequency
observed by Higashi et al.

In the SFG spectrum of the surface 10 minutes after the
irradiation, the peak at 2084 cm−1 disappeared and the SFG
signal intensity was almost constant from 2060 to 2140 cm−1.
This result indicates that the SFG signals in the irradiated
area did not occur due to resonance with any vibrational
mode. In the SFG spectrum of the surface 18 hours after
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Figure 5: SFG intensity spectra of a H–Si(111)1 × 1 surface before
(black squares), 10 minutes after (dark gray triangles), and 18 hours
after (light gray circles) IR light pulse irradiation.

irradiation, the signal is uniformly weaker and has no peak
(light gray circles in Figure 5). However, the SFG spectrum
in the nonirradiated area did not change significantly even
after 18 hours. Thus, the decrease of the nonresonant SFG
signals in the irradiated area is due to the adsorption of the
impurity gas in the UHV chamber. In another experiment,
90% of the SFG signals from the irradiated area disappeared
after exposure to 1 atm of air. These results suggest that most
of the SFG signals in the irradiated area are due to the surface
electronic level associated with the dangling bonds formed
after hydrogen desorption. We suggest that the signals may
have been enhanced by an electronic transition caused by the
IR probe light [28].

Figure 6(a) illustrates the three areas on the Si(111)
surface irradiated by di-IR light pulses with several energies
from 11 to 13 mJ/pulse. The ring represents the beam spot,
and one light pulse was injected into each area. Figures 6(b)
and 6(c) show the SFG intensity images of a H–Si(111)
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Figure 6: (a) A schematic illustration of three areas on a Si(111) surface irradiated by di-IR light pulses with energy from 11 to 13 mJ/pulse.
Each ring pattern represents one laser beam spot, and a total of 10 light pulses were injected into each area. (b) and (c) show SFG
intensity images of a H–Si(111) surface after irradiation by di-IR light pulses with IR probe light wavenumbers of 1954 cm−1 and 2084 cm−1,
respectively. The bright dots represent the observed SFG photons. Scale bars are 100 μm.

surface with IR probe light wavenumbers of 1954 cm−1 and
2084 cm−1, respectively. In the SFG spectrum of the sur-
face before the irradiation in Figure 4, the sharp peak at
2084 cm−1 is attributed to the stretching vibration of the
monohydride. On the other hand, there was no vibrational
resonance at 1954 cm−1. Thus, Figures 6(b) and 6(c) repre-
sent nonresonant and resonant SFG intensity images with
Si–H vibration, respectively. Hereafter, I will refer to nonres-
onant and resonant vibrational SFG signals as NR- and RV-
SFG signals.

In Figure 6(b), one can see strong NR-SFG signals gen-
erated at the irradiated areas; these may originate from the
dangling bonds created after the hydrogen desorption caused
by the pulse light irradiation. Figure 6(c) shows an RV-SFG
intensity image for the IR probe wavenumber 2084 cm−1.
In the original SFG intensity image with IR wavenumber
2084 cm−1, the NR-SFG signal also appeared at the irradiated
area, so we have subtracted these NR-SFG signals in Figure
6(b) from the total signal. In Figure 6(c), the RV-SF signals
have disappeared in the irradiated areas. We note that there
was damage in the area irradiated with the pulses of 13 mJ/
pulse. The stripe patterns in the area irradiated by the pulses
of 13 mJ/pulse in Figure 6(b) reflect the damage patterns.

We also note that the area emitting SFG light shown in
Figure 6(b) is smaller than the spot size of the di-IR light
pulses shown in Figure 6(a). In the LITD process, only a small
area around the center of the pulse spot was heated to a high
temperature (∼1000 K), and thus the hydrogen molecules
desorbed only in that area. This is why the area emitting an
NR-SFG signal caused by a hydrogen deficiency in Figure
6(b) is smaller than the spot size seen in Figure 6(a).

In order to estimate the widths of the areas of the RV-
SFG and NR-SFG signals, we fit Gaussian curves to the pro-
files of the observed SFG intensity images. The full width at
half maximum (FWHM) of the areas of the profile of the
NR-SFG signals irradiated with di-IR light pulses at 11, 12,
and 13 mJ/pulse is estimated to be 53, 66, and 70 μm, res-
pectively. On the other hand, the FWHMs of the dark areas
in the RV-SFG signals are estimated to be 79, 87, and 81 μm,
respectively. At each power of the di-IR light pulses, the
width of the dark area in the RV-SFG signals is wider than

that of the area emitting the NR-SFG signals. This result
indicates that there is a boundary area between the RV and
NR-SFG signal areas. Both the resonant and nonresonant
signals were very weak in this boundary area. We suggest that
at the boundary area, the orientation of the Si–H bonds was
disordered and/or the desorption of hydrogen did not leave
enough dangling bonds, so that neither the RV-SFG nor NR-
SFG signals were strong [28].

5. Time-Resolved SFG Microscopy

We observed a change in the spatial distribution of hydrogen
molecules after the LITD process described in the previous
section. Under some light conditions, we found an uniden-
tified bonding state of Si–H on the edges of the irradiated
area in the SFG image. The dynamics of the electrons and
phonons on the edges of the light pulse spot are complicated
because the IR light pulse not only raises the surface tem-
perature but also simultaneously excites the electron-hole
(e-h) plasma. The e-h pair is excited by the IR light pulse
with photon energy of 1.17 eV via indirect electron transition
beyond the bandgap of silicon ∼1.1 eV [41]. If a high density
of e-h pairs is excited, the medium is in a plasma state called
e-h plasma. In order to clarify the dynamics at a particular
part of this region, picoseconds-order snapshots of the
hydride on a Si surface have to be taken after the pump light
irradiation. Thus, the SFG microscope must be equipped
with a pump-probe time-tracking function.

In this section, we demonstrate time-resolved- (tr-) SFG
microscopy of a H–Si(111) surface under ultra-high vacuum
conditions. We chose pump light with photon energy 2.33 eV
and pulse width ∼30 ps, since this pump pulse not only gives
rise to high surface temperature without desorption but also
efficiently excites e-h plasma [41].

We note that Guyot-Sionnest studied a modification of
the Si–H stretching vibration due to visible light with photon
energy 2.33 eV irradiation by measuring time-resolved sum
frequency spectra [41]. However, we are interested in mod-
ulating the Si–H stretching vibration by pump light irra-
diation with a fluence larger than ∼100 mJ/cm2 as a basic
study for Laser CVD, while Guyot-Sionnest used a power
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of ∼50 mJ/cm2. The modulation caused by the stronger
power is expected to be different from that excited by the
weaker, since a laser fluence higher than ∼100 mJ/cm2 may
cause not only Auger recombination but also plasmon-
phonon-assisted recombination (PPAR) of the excited car-
riers [42]. Thus, our tr-SFG spectra are in themselves worthy
of attention.

Figure 7 shows the SFG spectra at several delay times.
The delay time is indicated on the right-hand side of each
SFG spectrum. Before the pump light irradiation (−53 ps), a
symmetric peak is seen at 2084 cm−1 attributed to the Si–H
stretching vibration. After the pump light irradiation, three
significant modifications are observed in the SFG spectra.
First, the nonresonant signals jump up at 0 ps, and then
decrease gradually. Second, from 0 to 66 ps, the peak rapidly
decreases along with an increase of the nonresonant SFG
signal background; from 66 to 930 ps, the peak gradually
recovers. Third, at 930 ps, the peak has a remarkably asym-
metric lineshape. None of these features except the rapid
decrease of the resonant peak from 0 to 66 ps were observed
by Guyot-Sionnest [41]. We discuss the origins of these three
modifications below.

In order to analyze the change in the nonresonant SFG
signal, we measured SFG intensity as a function of probe
delay time with an IR wavenumber 2019 cm−1 as shown in
Figure 8(a). The solid curve represents best exponential fit-
ting curves. This IR probe wavenumber is in off-resonance
to the surface Si–H vibrational frequency. In Figure 8(a), the
signal jumps up at 0 ps and then decreases gradually with a
life time of 565 ps.

The density of the e-h pairs excited by the pump pulses
is estimated as ∼3 × 1021 cm−3·pulse−1 and is high enough
to create a plasma state. Thus, as one possible origin of the
enhancement of the nonresonant SF signal at 0 ps, the e-h
plasma may modify the dielectric constant of the Si substrate
at the probe IR light frequency [41]. It has been reported that
modulating the Fresnel factor for IR light enhances the SFG
signal [41]. However, the lifetime of the plasma should be
less than the ∼100 ps created by the Auger recombination or
faster processes like PPAR [42]. This life time is not com-
patible with the observed life time of the signal. On the other
hand, the modulation of Fresnel factors for visible and SFG
light by the plasma is negligible [9, 41].

A second candidate origin may be the effect of the tem-
perature rise on the Si surface. Guyot-Sionnest pointed out
that surface temperature rises immediately after the visible
excitation and is kept constant within the timescale of 500 ps.
The high-density phonons excited in the quasithermal equi-
librium may induce some broad second-order nonlinearity.
However, the nonresonant signal was not reported with the
laser power used by Guyot-Sionnest [41]. Thus, the nonres-
onant signal observed in this work must be attributed to the
high fluence of the visible pump light.

As a third candidate, the nonlinear susceptibility χ(2)
NR in

(1) may have been enhanced by the electric field accom-
panying the e-h pairs excited at 0 ps, due to the electric-
field-induced sum frequency generation [43]. After that, the
susceptibility χ(2)

NR may have decreased due to the relaxation
of the e-h pairs. As we mentioned above, the number of the
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Figure 7: SFG intensity spectra of a H–Si(111) surface at several
probe delay times with respect to pump visible pulses of photon
energy 2.33 eV. The delay times are indicated on the right hand side
of each SFG intensity spectrum.

excited carriers is reduced via Auger recombination or a
PPAR process in ∼100 ps, but a small amount of carriers
should remain after the recombination. According to our
calculations, the remaining carriers diffuse slowly after
∼100 ps. The order of the life time is consistent with the ob-
served life time of the signal in Figure 8(a). We also note
that no background SFG signal was observed for the ssp
polarization combination (s-polarized SFG, s-polarized visi-
ble, and p-polarized IR) in a separate experiment. This result
suggests that the nonresonant background signal observed
for the ppp polarization combination in Figure 8(a) does not
originate from any trivial optical process such as scattering
due to surface damages.

Figure 8(b) shows the SFG signal as a function of delay
time with the IR wavenumber 2084 cm−1. The SFG signal
contains both the resonant and nonresonant contributions.
Contrary to the change of the nonresonant SFG signal, this
signal drops down to half of its initial value at 0 ps and slowly
recovers with a lifetime of 305 ps. This result indicates that
the Si–H stretching vibration is modulated strongly after
pump light irradiation.

In our calculation, the surface temperature reaches
∼500 k at 20 ps after the pump light irradiation. With the
temperature increase, the damping constant Γ of the resonant
term in (2) may increase because of weak anharmonic cou-
pling between the Si–H vibration and the optical phonon of
∼200 cm−1 [41]. Thus, the peak of the Si–H stretching vibra-
tion is considered to drop due to the broadening. In addition,
since the surface temperature is over 300 K, the strong an-
harmonic coupling with the bending mode may also modify
the Si–H stretching vibration [44]. In this study, the peak
of the Si–H vibration disappears at 46 ps in Figure 7, while
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Figure 9: (a)∼(e) Nonresonant and (a′)∼(e′) resonant SFG images as a function of delay times from 0 to 930 ps with IR light wavenumbers
2019 and 2084 cm−1. (f) The resonant SFG intensity images corresponding to the pump light spot. (f′) A schematic illustration of expanded
areas of modulated SFG signals compared to pump spot size. Scale bars are 200 μm.

in the work of Guyot-Sionnest [41], the signal was more than
a half of the initial intensity at every delay time after the light
pulse irradiation. Indeed, the stronger excitation gives rise
to more severe modification of the Si–H vibration. Unfor-
tunately, however, we cannot estimate the change of the
damping constant Γ and the peak shift after the pump light
irradiation due to the insufficient signal to noise ratio in our
results.

The asymmetric lineshape at 930 ps in Figure 7 could
originate from a nonuniform temperature drop on the sur-
face. However, as pointed out by Guyot-Sionnest [41] and
in our previous theoretical work [24], the temperature drop
should be very slow after the jump to 500 K at 20 ps. For
instance, the temperature is still calculated to be 483 K at
500 ps. The Si surface is in quasithermal equilibrium up to
1 ns, so temperature change is not expected to result in a peak
recovery and change in the lineshape. In order to understand
the recovery of the peak and the origin of the asymmetric
lineshape, further theoretical study is necessary.

In obtaining tr-SFG microscopy imagery, we estimated
the pump spot size by observing an SFG intensity image of
the Si surface with the incident IR light and pump visible

light. Figure 9(f) shows the SF intensity image reflecting
spatial distribution of the pump spot. With Gaussian fitting
of the profile, we estimated the FWHM of the pump spot as
304± 2μm.

At several delay times from −53 to 930 ps after the pump
light irradiation, we observed nonresonant and resonant SFG
intensity images of the Si surface. Figures 9(a) to 9(e) show
nonresonant SFG intensity images of the area irradiated by
the pump light on the Si surface with IR light of 2019 cm−1

and delay times from−53 to 930 ps. The dark dots in Figure 9
represent SFG photons. In Figures 9(a) to 9(e), the number
of nonresonant SFG photons at the pump-irradiated area
increased from 0 to 26 ps, and then decreased gradually. On
the other hand, Figures 9(a′) to 9(e′) show the change in the
resonant SFG intensity images with IR light of 2084 cm−1,
and delay times of −53 to 930 ps. In Figures 9(a′) to 9(c′),
the number of resonant SFG photons decreases due to the
pump light irradiation and then recovers from Figure 9(c′)
to 9(e′).

The changes in the SFG signals are consistent with the
results of one-point tr-SFG measurement. However, the
anistropic expansion in the areas of modulated SFG signals
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Figure 10: The profiles of the time-resolved SF intensity images with pump photon energy 2.33 eV; (a) the nonresonant signal with IR
wavenumber 2019 cm−1; (b) the resonant signal with IR wavenumber 2084 cm−1.

at 277 ps, shown in Figure 9(d) and 9(d′), is surprising. As
seen in Figure 9(f′), the area of modified SFG is ∼ two times
as large as the pump spot size. This is not due to carrier
diffusion, since the diffusion constant is ∼20 cm2/s [45], and
thus the carriers diffuse in only 2 μm at 1 ns after pump light
irradiation. Moreover, in our calculation, in-plane propa-
gation of heat is also negligible. The phenomenon may be
related to phonon-phonon and/or phonon-vibration cou-
pling at the surface with temperature gradient; the analysis
of these images is under way.

Figure 10 shows profiles of the SFG intensity obtained
from the nonresonant and resonant SFG intensity images
in Figure 9 with the positions shown as a dashed line in
Figure 9(c′). The vertical and horizontal axes in Figure 10
represent the SFG intensity and the position on the sample,
respectively. A significant change in the SFG signals was
observed in the area between vertical dashed lines, at
positions of ±350 μm. The FWHM of the non-resonant SF
signal at −53 ps is 1363 μm; it then narrows to 436 μm at
26 ps. After 26 ps, the FWHM increases gradually, becoming
673 μm at 930 ps. The FWHM broadens as a function of
delay time after 0 ps. Carrier diffusion along the surface could

not be a possible origin of the broadening due to the low
diffusivity [45]. As another possibility, the broadening may
represent a different decay time for each position, corre-
sponding to the spatial distribution of pump light intensity.
At the center area irradiated by pump pulses with high
fluence, a number of e-h pairs were generated, and thus the
pairs quickly decayed due to Auger recombination or PPAR
processes. On the other hand, a handful of e-h pairs were
generated by pump pulse irradiation with low fluence at the
outer area. The decay time of the outer area should be slower
than that in the center, and thus FWHM could broaden as a
function of time due to the difference in decay times.

6. Hydrogen Diffusion on a Si(111)1× 1 Surface

Hydrogen diffusion on a Si surface is a topic of great interest.
For example, in an isothermal desorption from a Si(111)7 ×
7 surface studied by Reider et al. [38], the desorption order
changed from 2 to 1.5 when the coverage was lower than
0.04 ML. They suggested that an appropriate modified model
that includes the possibility of island formation is required
for understanding the intermediate kinetic order. Thus,
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the diffusivity of hydrogen has been measured by LITD [3]
and optical SHG light diffraction [18]. However, neither
anisotropy nor the island structure of hydrogen distribution
was observed directly in those works, even though these fac-
tors are key to understanding the intermediate kinetic order.
For studying anisotropic diffusion, a microscopic approach is
necessary.

In this section, we demonstrate the usefulness of SFG
microscopy for observing hydrogen diffusion. We note that
the scale of the diffusivity of hydrogen atoms on a Si surface
is smaller than the resolution of present SFG microscopes
(∼5 μm), and thus the diffusion was difficult to observe di-
rectly with our microscope. However, if there are roughness
areas of micron size, the SFG microscopy can show the influ-
ence of those areas on the hydrogen diffusion and desorption
processes. According to a study by RHEPD, there are rough-
ness areas including trihydrides on a Si(111)1 × 1 surface,
even though the size of the areas is unknown [11]. When
temperature is increased to desorption temperature,∼740 K,
the hydrogen diffusion and desorption processes of the areas
are different from those in areas adsorbed by well-ordered
mohydride species. Thus, the spatial distribution of hydro-
gen atoms would be inhomogeneous with progression of the
desorption dynamics due to the different processes in these
areas. In order to study the change in spatial distribution on
the surface with increased temperature, we used SFG micro-
scopy for our observations.

In order to confirm the hydrogen desorption order of the
1 × 1 surface, we first studied the time dependence of iso-
thermal desorption at temperatures 711, 732, 752, and 771 K
by taking SFG spectra. It should be noted that the desorption
order of the 1 × 1 surface has not been well studied. DC cur-
rent in the UHV chamber directly heated the sample. After
heating for 10 s, the sample was cooled down to RT and an
SFG spectrum was taken.

We assume that the hydrogen coverage N can be esti-
mated approximately from the peak height of SFG peaks with
homogeneous width and Lorentzian shape as

N ∝ Aq =
√
Ip × Γ, (5)

where Ip is peak height, and Aq and Γ are the strength and
damping terms in (2), respectively. Generally, the area in-
tensity of a peak in an SFG spectrum is not proportional to
the coverage [46]. However, the SFG peaks at 2084 cm−1 were
symmetric in all the observed spectra, and the contribution
of the nonresonant term to SFG spectra was judged to be
negligible. Only under such a condition can the coverage be

approximately estimated as Aq =
√
Ip × Γ, since the integral

of the imaginary part of susceptibility per molecule should
be constant when Γ is a homogeneous width. In this way,
the hydrogen coverage was approximately evaluated for the
SFG spectra. We note here that all SFG spectra were fitted by
Gaussian functions since peaks at low coverages after long-
time heating could not be fitted by Lorentzian functions. This
indicates that the intensity data are unreliable at low coverage
(∼0.2 ML).
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Figure 11: Isothermal hydrogen desorption from the H–Si(111)
surface with a surface temperature of 711 K The points are exper-
imental results. The dotted curve, solid line, and dashed curve are
the zeroth, first, and second order of hydrogen desorption.

Figure 11 represents the time dependence of hydrogen
coverage at a heating temperature of 711 K. The solid dots
correspond to the coverage at each experimental point taken
after the net heating time shown on the horizontal axis. The
dotted, dashed, and solid curves represent the hydrogen des-
orption fitted with zero, first, and second orders, respectively.
The hydrogen coverage decreased from 1 to ∼0.2 ML in
∼700 s. The isothermal desorption spectra at 732, 752, and
771 K also showed similar decay. Around ∼0.2 ML, the reso-
nant SFG signal became comparable to the nonresonant
background, and the intensity data are unreliable. Moreover,
generally above 0.04 ML, one cannot distinguish which order
will be the best fit [38]. Thus, we could not determine the
desorption order due to the unreliability at ∼0.2 ML. Within
the precision of our measurements, the results are compati-
ble with the reported second-order kinetics on a 7× 7 surface
[3, 47, 48].

In order to observe the inhomogeneous distribution of
hydrogen atoms caused by the existence of roughness areas,
we observed SFG intensity images of the H–Si(111) surface
as a function of heating temperatures from 592 to 752 K, as
shown in Figure 12. The white dots represent SFG photons.
We observed a gradual decrease in SFG intensity from
592 K to 752 K. An especially dramatic reduction of the SFG
photon density was observed between 666 K (Figure 12(c))
and 728 K (Figure 12(d)); finally, the observed number of
photons at 752 K in Figure 12(e) was close to the nonres-
onant background shown in Figure 12(f). We interpret the
reduction of the SFG signal as simply the result of a deficiency
in hydrogen atoms, taking account of the fact that the surface
still has a 1 × 1 structure at temperatures lower than 770 K
[49], and thus the molecular orientation has not changed.

Here, it is important to note that the number of SFG
photons has been reduced homogeneously at 728 K in Figure
12(d). Fourier transform analysis of this image also supports
that there are no significant structures. These results suggest
that there was no island structure [11] and the hydrogen
atoms diffused homogeneously with our microscope’s esti-
mated spatial resolution of ∼5 μm. If the size of the rough-
ness areas observed by RHEPD is micron scale, the SFG



12 Physics Research International

(a) (b) (c)

(d) (e) (f)

Figure 12: Resonant SFG intensity images at 2084 cm−1 of the H/Si(111) surface after heating for 10 s to several temperatures: (a) 592 K, (b)
625 K, (c) 666 K, (d) 728 K, and (e) 752 K. (f) A nonresonant SFG image at 2060 cm−1 of the surface after heating to 744 K. Scale bars are
100 μm.

images should be inhomogeneous. These results, therefore,
indicate that the size of the roughness areas is at least smaller
than 5 μm.

It has been reported that the diffusivity of hydrogen
atoms on a Si(111)7 × 7 surface is 5 × 10−14 cm2/s at 740 K
[18, 50], which means that a hydrogen atom moves ∼20 nm
per 10 seconds during heating at 740 K. Moreover, the dif-
fusion barrier of an unreconstructed 1 × 1 surface may be
higher than that of a 7 × 7 surface, and thus the diffusivity
of the 1 × 1 surface can be presumed to be slower. Thus, the
scale of hydrogen diffusion is under the resolution limit of
present microscopes. Future development of a microscope
with better resolution will enable us to directly observe the
change of hydrogen distribution due to the diffusion of
hydrogen atoms.

7. Conclusions

This review has introduced some applications of second-
order nonlinear microscopy to the observation of a H-
Si(111)1 × 1 surface in UHV conditions. As the basic study
for laser CVD, we took SFG and SHG microscopic images of
the surface after IR light pulse irradiation. The light pulses
with pulse duration ∼6 μs can induce hydrogen desorption
without surface melting, and may be used in laser CVD
processes for the deposition of high-quality film. We have
found that after irradiation by IR light pulses the SHG
signals were enhanced due to the formation of dangling
bonds after hydrogen desorption. Nonresonant SFG signals
also appeared after the irradiation. By observing the spatial

distribution of resonant and nonresonant SFG signals, we
found an unidentified bonding state on the edges of the
irradiated area in some light conditions. Both the resonant
and nonresonant signals were very weak in this area.

In order to clarify the modulation of Si–H bonds induced
by light pulses, we observed time-resolved SFG intensity
images of a H–Si(111)1 × 1 surface. After visible pump light
irradiation, nonresonant SFG signal increased at probe delay
time 0 ps, and then decreased over a life time of 565 ps. The
resonant SF signal with 2084 cm−1 reduced dramatically at
0 ps and then gradually recovered with an anisotropic line
shape over a life time of 305 ps. The areas of modulated SFG
signals at delay time 277 ps were expanded with an aniso-
tropic aspect.

We also observed SFG intensity images of hydrogen defi-
ciency on a Si(111)1× 1 surface as a function of temperature.
The SFG intensity images of the H–Si(111) surface, with a
spatial resolution of 5 μm at several temperatures from 572
to 744 K, showed that the hydrogen desorbs homogeneously.

Based on our results, we suggest that the spatial distri-
bution of hydrogen coverage or the orientation of the Si–H
bonds dynamically affects the properties of an epitaxial thin
film during laser CVD growth. Thus, the new bonding state
found in this study increases our knowledge of the hydride
change in CVD growth and could lead to the development of
new devices, such as solar cells with improved light-induced
degradation properties. The present study also demonstrates
that SFG and SHG microscopes are useful tools, not only for
observing the light pulse modification of a Si–H bonds, but
also for studying hydrogen diffusion on a Si surface.
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This paper reviews recent efforts to understand the dynamics of coherent surface vibrations of alkali atoms adsorbed on metal
surfaces. Time-resolved second harmonic generation is used for the coherent excitation and detection of the nuclear wavepacket
dynamics of the surface modes. The principles of the measurement and the experimental details are described. The main focus is
on coverage and excitation photon energy dependences of the coherent phonon dynamics for Na-, K-, and Cs-covered Cu(111).
The excitation mechanism of the coherent phonon has been revealed by the ultrafast time-domain technique and theoretical
modelings.

1. Introduction

When a material is excited with a laser pulse with dura-
tion shorter than a vibrational period, coherent vibration
in which molecules or atoms oscillate in phase over a
macroscopic region is induced [1, 2]. This “impulsive” exci-
tation of vibrational (nuclear) wavepacket has been observed
for a variety of substances: from gas-phase molecules to
solids. The coherent nuclear motions can be probed via
modulation of optical response of the materials due to
the influence of the nuclear displacement on the com-
plex refractive indices. Typically, changes of absorbance or
reflectance of a time-delayed probe pulse are measured as
a function of pump-probe delay time and the coherent
vibrational motions emerge as oscillatory intensity modu-
lations. Elucidation of the excitation mechanism and the
decay dynamics of the nuclear wavepacket leads to detailed
understanding of the electron-vibration (phonon) coupling
and photochemical dynamics.

Phenomenological equation of motion of the amplitude
Q(t) of the relevant coherent vibrational mode can be
described as a forced harmonic oscillator with damping,

Q̈(t) + 2βQ̇(t) + Ω2
0Q(t) = F(t)

μ
, (1)

where Ω0/2π is the natural frequency of the undamped
oscillator, β is the damping rate, μ is the effective mass of the
oscillator, and F(t) is the force exerted on the system. With
this driving force, a time evolution of the amplitude is given
by [3]

Q(t)∝ cos
(
Ω1t − φ

)
e−βt, (2)

where Ω1 =
√
Ω2

0 − β2 and φ is the initial phase. The initial
phase provides information on the nature of the driving force
through the following general relationship [3]:

tanφ =
Im
[
iF̃
(−Ω1 − iβ

)]

Re
[
iF̃
(−Ω1 − iβ

)] , (3)

where F̃(Ω) is the Fourier transform of F(t). If the driving
force is impulsive, the initial phase is π/2 and the oscillation
becomes sin-like. If the force is a step function like in time
domain, the initial phase is 0 or π and the oscillation becomes
cos-like.

While there exists a body of literature on coherent
vibration in gas phase and in bulk condensed matter, those
at surfaces or interfaces are relatively less explored. This is
because the signal intensity from surface monolayer of atoms
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and molecules is generally very small and the experimental
observation is demanding. Second-order nonlinear optical
process paves the way for probing the dynamics at surfaces
and interfaces. We have found that time-resolved second
harmonic generation (TRSHG) [4] is a powerful technique
to probe the coherent vibration (phonon) of alkali atoms
adsorbed on metal surfaces [5–8]. In this paper, we describe
our recent achievements in understanding the dynamics
of coherent surface phonons at alkali-metal-covered metal
surfaces [9–11]. One of the most important issues in the
study of coherent phonons at metal surfaces is to determine
what electronic transition is most responsible for their
creation. Thus, we focus on the electronic structure of alkali-
covered metal surfaces and the excitation mechanism of the
coherent vibration.

2. Alkali Metals on Metal Surfaces and
Enhancement of Nonlinear Susceptibility

Here we describe general features of alkali atoms on metal
surfaces particularly focusing on their electronic structure
and optical responses. Overlayers of alkali metal atoms on
metal surfaces are typical model systems of metals on metals,
and detailed information on the adsorption geometries [12],
the vibrational [13, 14] and electronic structures [15], and
the electronic excitation [16] has been reported. Here we
briefly summarize some features of the electronic structure
of alkali-covered Cu(111) [17]. The bonding of alkali atoms
on metal surfaces strongly depends on alkali coverage. At
low coverages the work function decreases sharply with the
increase of the coverage. As the coverage increases further,
the work function reaches to a minimum and increases
toward that of the bulk alkali metal. In the classical model of
Gurney [18], an alkali atom donates an outermost occupied
s electron to the metal to form a positive ion at the low
coverages; this results in a surface dipole layer that induces
the large drop in work function. As the coverage increases,
the lateral interaction of alkali atoms becomes stronger;
alkali atoms are depolarized and the alkali overlayer becomes
metallic.

The metallic character of the alkali overlayer at high
coverages is due to emergence of two bands: an overlayer
resonance (OR) located below the L-band gap and a
quantum well state (QWS) around the Fermi level. These
bands correlate to those of a free standing alkali monolayer
in the vacuum: the s-like lowest and the pz-like second lowest
bands [19]. When the monolayer is brought closer to the
metal surface, these bands are stabilized by the interaction
with the metal, while maintaining the integrity. The s-like
band correlates to OR; the pz-like band correlates to QWS.
Because QWS is located in the L-band gap, its wave function
is localized at the surface. In contrast, the wave function of
OR extends more into the substrate, because it is located
below the lower edge of L-band gap.

It has been known that alkali overlayers enhance the con-
version efficiency of second harmonic generation (SHG) by a
few orders of magnitude in comparison with clean metal sur-

faces [20]. When an optical field �E increases, the macroscopic

polarization induced in a medium �P shows nonlinearity with
respect to the field. The nonlinear polarization responsible
for SHG is given by

�P(2)(2ω) = χ(2)(2ω,ω,ω) : �E(ω)�E(ω), (4)

where χ(2)(2ω,ω,ω) is the second-order nonlinear suscepti-
bility for SHG. In a medium with centrosymmetry, χ(2) of
the medium is zero within the electric dipole approximation.
In contrast, at a surface where centrosymmetry is generally
broken, dipole-allowed SH signals are generated from the
surface. Thus, SH generation spectroscopy provides an
inherent surface sensitivity if bulk materials have centrosym-
metry [21].

Figure 1 shows how the SH intensity of 800 nm
(hν= 1.55 eV) photons depends on coverage of alkali atoms
on Cu(111) surfaces. The coverage has been calibrated by
measuring the ratio of Auger electron signals of alkali
adsorbates to that of the substrates as a function of the
deposition time [10]. Throughout this paper, we define the
alkali coverage as one monolayer when the first layer is
completed, although in the original articles the coverage was
defined as a ratio of the alkali atomic density to that of the
substrate.

The SH intensity is enhanced by a few orders of
magnitude compared to the clean surface when alkali atoms
are adsorbed [10]. There are two major origins of the SH
enhancement associated with alkali adsorption: interband
transitions between surface electronic states and multipole
plasmon excitation [16, 22]. At the low coverages, interband
transitions from occupied surface state (SS) to alkali-induced
antibonding state (AS) [23] or from SS to image potential
states (IPSs) become resonant to 2hν (= 3.10 eV) below
θ = 0.4. Therefore, the “resonant” peaks observed at θ ≤
0.5 in Figure 1 are likely due to resonant or near-resonant
transitions in which the surface localized bands, SS, AS, and
IPSs, are involved. As coverage increases over θ = 0.4, the
alkali overlayer is depolarized and the metallic QWS and
OR bands are formed. The transitions from the occupied-
OR band to the s, p bands of the substrate and interband
transitions from QWS to the substrate bands contribute to
the SH intensity.

At θ ∼ 1.0, the contribution to SH intensity from
multipole plasmon excitation may be larger than that from
the interband transitions because the photon energy 2hν
(= 3.1 eV) is close to plasmon resonance energies: �ωp =
3.8 and 3.5 eV for K and Cs, respectively, where �ωp is
the bulk-plasma frequency. Irradiation of a metal surface
with an oscillating electromagnetic field induces a dynamic
screening field [24]. If the optical frequency is close to
0.8ωp, electronic transitions at the surface excite resonantly
a damped collective mode along the surface normal. This
coupling between the optical field and multipole plasmons
at the surface results in the local field enhancement of
the nonlinear response such as SHG. Liebsch calculated
the frequency dependence of SH dipole moments of alkali
overlayers at θ = 1 by using the time-dependent density-
functional method [22] and found that the resonant peak of
the imaginary part of the dipole moment is located at 2.0,
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Figure 1: Second harmonic intensity as a function of coverage of (a) potassium and (b) cesium on Cu(111) surface. The excitation
wavelength is 800 nm (1.55 eV). Note that here one monolayer corresponds to the saturation coverage of the first layer, although in the
original papers one monolayer has been defined as the atomic densities of the substrates.

1.4, and 1.3 eV for Na, K, and Cs on Al, respectively. The
photon energy of hν = 1.55 eV is close to the resonance of
the potassium overlayer at θ = 1. This is consistent with the
significant increase of SH intensity at the saturation coverage
of K on Cu(111) as shown in Figure 1.

3. Principles of the Time-Resolved Second
Harmonic Generation

In TRSHG spectroscopy, the SH intensity of a probe pulse
is measured as a function of pump-probe delay time t.
Transient changes in the SH intensity ΔISH(t) are defined as

ΔISH(t) =
[
ISH(t)− I0

SH

]

I0
SH

, (5)

where ISH(t) is the SH intensity at a delay time t and I0
SH is

that without a pump pulse, respectively.
When a metallic alkali monolayer is brought from the

vacuum to a metal surface, the electronic bands of the free-
standing alkali monolayer shift their binding energies as a
result of interactions with the metal substrate. Thus, the
binding energies of the alkali-induced bands depend on
the displacement of the overlayer along the surface normal
δQ. Consequently, the oscillation of δQ due to coherent
excitation of the alkali-substrate stretching mode (S mode)
alters the binding energies and populations of the alkali-
induced bands; in this way, the coherent vibration of alkali
atoms contributes to TRSHG signals. Because the lateral
displacements of the alkali overlayer are not expected to
shift the binding energies of alkali-induced bands as large
as the vertical ones, the lateral motions of alkali adsorbates
contribute little to TRSHG signals.

The modulation of χ(2) due to the displacement of the ith
phonon mode, δQi, can be approximated by (neglecting the
modulation due to the electronic population change) [25]

χ(2) = χ(2)|0 +
∑

i

(
∂χ(2)

∂Qi

)

0

δQi. (6)

Because the SH intensity is proportional to the square of
|χ(2)|, the dominant contribution of the coherent phonons
to ΔISH(t) is expressed as

ΔISH(t)∝ χ(2)|0 ·
∑

i

(
∂χ(2)

∂Qi

)

0

δQi, (7)

in which the SH intensity modulation is proportional to the
displacement of the phonon mode.

4. TRSHG Experimental Setup [7, 10, 11]

The experiments were carried out in an ultrahigh vacuum
chamber equipped with a cylindrical analyzer for Auger
electron spectroscopy (AES) and low energy electron diffrac-
tion. Alkali atoms from a degassed alkali dispenser (SAES
Getters) were deposited on a clean substrate at 90–110 K.
The coverage was determined by the ratio of AES intensity
of adsorbate and substrate atoms.

For the TRSHG measurements we used home-made non-
collinear optical parametric amplifiers (NOPAs) pumped
with the second harmonic (400 nm) output of a Ti: sapphire
regenerative amplifier (1 kHz, 130 fs). NOPA delivers 25–
35 fs pulses whose center photon energy is tunable from
2.0 eV to 2.4 eV. In addition, we also used a fundamental
(800 nm) output of the regenerative amplifier with an extra
pulse compression apparatus: the output was focused into a
2 m long cylindrical tube filled with Kr gas. The bandwidth
of the output pulse is broadened and the pulse compression
to 35 fs was attained with additional multiple reflections on
negative group-delay dispersion mirrors.

p-Polarized pump and probe pulses were focused onto
the sample with an incidence angle of about 70 degrees,
and the second harmonic intensity of the probe pulse that is
generated coaxially with the probe was detected as a function
of pump-probe delay. All the measurements were carried out
with sample temperature at 85–110 K.
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Figure 2: Coverage dependence of TRSHG traces for K/Cu(111).
Potassium coverages are indicated. 1 ML corresponds to the satura-
tion coverage of the first layer [10]. The pump pulse photon energy
was 2.20 eV, and probe pulse photon energy was 1.55 eV.

5. Coverage Dependence

Figures 2 and 3 show coverage dependence of TRSHG traces
from K and Cs on Cu(111). In both cases, the coherent
nuclear motions emerge as damped oscillatory components.
The TRSHG traces are analyzed by using singular value
decomposition [7] assuming the following linear combina-
tion of damped cosinusoids and exponential decay compo-
nents:

ΔISH =
∑

i

Ai exp
(−t
τi

)
cos
(
ωit + φi

)
+
∑

i

Bi exp
(−t
τi

)
,

(8)

where ωi and φi are phonon frequency and initial phase,
respectively, and τi is a dephasing time of a vibrational
coherence or a decay time of a background component. The
first term represents the coherent nuclear motions of the S
modes and the second term describes the SH modulation due
to the electronic population changes.

The oscillation frequencies were found to be 3.0-3.1 THz
(at θ < 0.8) for K/Cu(111) and 1.8 THz for Cs/Cu(111);
these values are in consistence with the S mode frequencies
found by other surface vibrational spectroscopy [10, 11].
Large oscillation amplitudes are observed only for coverages
higher than θ ∼ 0.6. This is also the case for Cs/Pt(111)
[7] and K/Pt(111) [26]: the S mode oscillation amplitudes
in TRSHG signals are not proportional to the alkali coverage
but show an onset at around a half monolayer. According
to the discussion on the electronic structure of alkali
overlayer, the formation of OR and QWS is the expected
feature occurring at around half monolayer. Consequently,
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Cross correlation

Figure 3: Coverage dependence of TRSHG traces for Cs/Cu(111).
Cesium coverages are indicated. 1 ML corresponds to the saturation
coverage of the first layer. The bottom trace is a cross-correlation
curve between pump and probe. The pump pulse photon energy
was 1.55 eV, while the probe pulse photon energy was 2.20 eV.

the coherent excitation of the S mode is in line with the
emergence of these surface states.

6. Excitation Mechanisms for Na and
K Overlayers on Cu(111)

The pump pulse creates hot electrons and holes in substrate
and in the surface bands. However, not all electronic
excitations are effective to couple with motions of alkali
atoms. There are two extreme cases in photo-induced nuclear
dynamics at surfaces, as has been frequently discussed in
the studies of surface photochemistry: adsorbate-localized
excitation versus substrate-mediated excitation. [27] For the
alkali adsorption systems in the coverage range from θ = 0.5
to 1.0, transitions of OR→QWS, OR→ IPSs, and QWS→
IPSs are candidates for the adsorbate-localized excitation.
Intra- and interband excitations of s, p, and d bands of bulk
are involved in the substrate-mediated excitation: electrons
or holes created by the electronic excitation of bulk bands
transiently transfer to the alkali-induced electronic state,
resulting in modulation of the electron density near alkali
adatoms. In addition, another possible excitation mechanism
specific to alkali overlayers is the multipole plasmon exci-
tation. This excitation produces a longitudinally oscillating
electron density at an alkali-covered surface, which may also
initiate the coherent motion of alkali adsorbates.

In order to distinguish the excitation mechanisms, the
excitation photon energy dependence of the initial amplitude
of the S mode coherent motion was measured for K/Cu(111)
(Figure 4) [10]. The excitation photon energy dependence
was found to resemble the absorption curve of bulk copper:
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Figure 4: Excitation photon energy dependence of the initial ampli-
tude of the coherent vibration of the S mode of K/Cu(111) (filled
circles). The potassium coverage was 0.63 ML. Numerical esti-
mation of the number of photogenerated carriers within the Cu
substrate [10] (solid curve).

that corresponds well to the carrier density curve (solid
curve) estimated from substrate absorption. Therefore, the
substrate electronic excitation is likely responsible for the
coherent phonon excitation of alkalis on copper. Similar
results have been obtained also for Na/Cu(111) [9].

Because the emergence of oscillatory modulations in
TRSHG traces is concomitant with stabilization of the QWS
band to the Fermi level, it is likely that the population
change in the QWS band is responsible for a driving force
to alkali atoms along the alkali atom-Cu coordinate. One
possible excitation path for generating the impulsive force is
hole creation in the QWS. Electron-hole pairs are formed in
the substrate by the d-band→s, p-band transition, followed
by subsequent Auger recombination of an electron in the
QWS band with the d-band hole, resulting in creation of
holes in the QWS. An appreciable coupling between the hole
creation at the alkali-derived QWS and surface (or interface)
phonon excitation has been suggested [28]. Alternatively,
hot electrons created by the d-band→s, p-band transition
could be injected into the QWS above EF , resulting in abrupt
fluctuations of electron density at alkali atoms. In either
case, the rapid changes in charge density at the surface,
particularly in the QWS band, are likely to be the origin
for the driving force along the alkali atom-Cu stretching
coordinate.

7. Switching of the Excitation
Mechanism for Cs/Cu(111) Depending on the
Pump Photon Energy [11]

As has been described in the previous section, investigation
on Na/Cu(111) and K/Cu(111) system has revealed that the
S mode excitation occurs via substrate-mediated process.
However, this is not the whole story, and here we show that
the Cs monolayer on Cu(111) provides a good opportunity
to elucidate further the excitation mechanisms [11]. A
peculiar feature of the Cs/Cu(111) is that at high coverages,
in addition to the OR and QWS bands, an unoccupied band

originating from Cs 5d band is located at 1.6 eV above the
Fermi level [29]. Thus, the resonance transition from QWS
to the unoccupied Cs 5d band is expected to take place at
around 1.6 eV. Note that no transitions take place from bulk
Cu d bands at hν= 1.6 eV because the top of the Cu d bands
are located at ∼2.0 eV below the Fermi level. Consequently,
it is possible to examine how the characteristics of surface
coherent phonons depend on the nature of electronic exci-
tation by varying the excitation photon energy: adsorbate-
localized excitation versus substrate-mediated excitation.

Figure 5(a) shows typical traces of TRSHG signals from
Cs-covered Cu(111) (θ = 1) for excitations at the wave-
lengths λex = 400 and 800 nm. Although both TRSHG traces
at λex = 800 and 400 nm show a prominent oscillating
component with frequency of 1.8 THz, the initial phase of
the oscillating component at λex = 800 nm is very different
from that at λex = 400 nm, as shown in Figure 5(b). Cs–Cu
stretching is sin-like (φ = −81 ∼ −103◦) at λex = 800 nm,
while this is close to cos-like (φ = −144 ∼ −161◦) at
λex = 400 nm. The initial phase difference provides useful
information of the temporal profiles of the driving force: it
is impulsive like for λex = 800 nm, but step function like for
λex = 400 nm (see (3)). In addition to the initial phase, the
pump fluence dependence of the oscillation amplitude was
found to be very different between λex = 400 and 800 nm
(Figure 6). While the amplitude at λex = 400 nm increases
linearly with the pump fluence, the amplitude at λex =
800 nm shows strong saturation feature. This indicates that
surface localized excitation plays a role at λex = 800 nm.

8. Theoretical Modeling of
the ExcitationMechanism [11]

The significant dependences on excitation photon energy
found for Cs/Cu(111) indicate different excitation mech-
anisms operating for the two excitation photon energies.
Since adsorbate-localized excitation is expected at λex =
800 nm, Yasuike and Nobusada (YN) developed a theoretical
modeling to rationalize the observed feature applying the
transient-adsorbate mediation (TAM) mechanism recently
proposed by themselves [30, 31].

The TAM mechanism is schematically depicted in
Figure 7. Three potential energy curves (PECs) are consid-
ered: one is that of the ground state, Vg(Z), and another
one is that of the excited state with adsorbate localized
nature, Ve(Z), and the third one is that of bulk excited
state, V ε

b (Z). In the adsorbate-localized excited state, the
Cs–Cu equilibrium distance is shifted from that in the
ground state. In addition, the state has a finite width Γ
because of interactions with bulk continuum electronic
states. The bulk excited states are composed of a continuum
caused by electron-hole pair creations in bulk bands. Unless
bulk excitations lead to electron transfer to the adsorbate-
localized unoccupied band, they do not directly trigger Cs
nuclear motions. Thus, the potential energy curves of the
bulk excited states V ε

b (Z) are assumed to have the same Z
dependence as Vg(Z) but shifted vertically by the excitation
energy of bulk electrons.
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Figure 5: (a) TRSHG traces for Cs/Cu(111) with λex = 800 nm (1.55 eV) (red) and 400 nm (3.10 eV) (blue). The probe wavelength was
565 nm (2.20 eV). Cs coverage was 0.8 ML for λex = 800 nm and 0.9 ML for λex = 400 nm. The inset shows the Fourier spectra of the
oscillatory components. (b) The oscillatory parts of the TRSHG traces in (a). Reprinted with permission from [11]. Copyright (2011)
American Chemical Society.
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Figure 6: Incident pump fluence dependence of the initial amplitude of oscillation in TRSHG traces from Cs-covered Cu(111). The
excitation wavelengths were (a) λex = 400 nm nm (blue) and (b) λex = 800 nm (red). Solid lines are guides to the eye. Reprinted with
permission from [11]. Copyright (2011) American Chemical Society.

After the irradiation of near-resonant light pulse, the
population partially transfers to the adsorbate-localized
excited state. The wavepacket on this PEC starts to propagate
toward vacuum owing to the repulsive force and gains
momentum. Because the back donation of charge to the bulk
occurs rapidly, the lifetime of this state is very short. Thus,
the quenching of the adsorbate-localized excited state brings
the wavepacket to the PEC of bulk continuum states; then, an
oscillatory motion of the wavepacket takes place on the PEC,
while bulk electrons dissipate energy via electron-phonon
coupling.

From a numerical analysis based on the model, the
sin-like initial phase and the saturation behavior in the
pump fluence dependence were successfully reproduced
[11]. Figure 8 shows initial phases calculated from TAM
model as a function of the lifetime of the excited state. The
sin-like behavior is due to a short lifetime in the adsorbate-
localized state, and the saturation (Figure 6) originates
primarily in the limited density of states of the initial state:
only a small fraction of the QWS band is occupied.

At λex = 400 nm, bulk excitations from the d bands of
copper generate the coherent Cs–Cu stretching vibration.
In contrast to the case of λex = 800 nm, the coherent

oscillation is nearly cos-like and the amplitude of oscillatory
signals linearly increases with pump fluence (Figure 6). In
general, absorption of an intense fs laser pulse generates
quasithermal equilibrium in the surface electron gas, and its
peak temperature reaches several thousand K over a time
scale of several hundred fs. At λex = 400 nm, the effect
of the hot electrons may play a crucial role: under the
circumstances, the adsorbate-localized state is temporarily
occupied with hot electrons. The force exerted on Cs is
generated by transient occupation of the adsorbate-localized
band by resonant electron transfer from bulk bands. Because
the excitation takes place much faster than the period
of Cs–Cu stretching, the indirect excitation can coherently
excite this mode. Note that the electron temperature decays
with a slower time scale than the Cs–Cu oscillation period,
and the driving force is no longer close to a delta function
but rather like a step function.

YN proposed that the effective PEC for the adsorbate
vibration excitation under the influence of the substrate hot
electrons is given by [11, 32]

Veff(Z) = Vg(Z)−
∫∞
−∞

nF(E,Te)δ(E,Z)dE, (9)
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(PECs) of the TAM model: ground state (blue), the adsorbate-
localized excited state (green), and the bulk continuum states (red).
Reprinted with permission from [11]. Copyright (2011) American
Chemical Society.

where nF(E,Te) is the Fermi-Dirac distribution at electron
temperature Te. The function δ(E,Z) is an effective occupa-
tion number of the adsorbate-localized excited states and is
defined by the integration of the local density of states for the
adsorbate-localized excited state,

δ(E,Z) = 1
π

∫ E

−∞
dE

′ Γ/2

(E′ − Er)
2 + (Γ/2)2 , (10)

where Er = Re[Ve(Z)] and Γ is the effective band width. In
the limit of the step function profile of the driving force,
the oscillation should be pure cosine because Cs atoms
oscillate on the displaced potential energy surface. However,
we found experimentally that the oscillation deviates from
the pure cosine function. Theoretical simulations using (9)
and (10) successfully reproduced the deviations of initial
phase from pure cosine by considering relaxation of hot
electrons: the effective PEC shows a transient shift in line
with the electron temperature decay, and the phase of the Cs
vibration is modulated by the change of the PEC. In addition,
the simulations verify the linear dependence of the initial
amplitude on the pump fluence if the band width of the
unoccupied state is 1.0 eV [11].

9. Summary and Outlook

We describe the principle of time-resolved SHG spectroscopy
under an ultrahigh vacuum condition and its application
to the alkali metal adsorption systems. Electronic excita-
tion of the adsorption systems by ultrafast laser pulses
induces coherent surface phonons. The large enhancement
in SH intensity at the alkali-covered metal surfaces allows
to monitor precisely the time-evolution of the coherent
phonons. Electronic excitations of both adsorbate-induced
and substrate bands by using ultrafast light pulses can
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Figure 8: Initial phases calculated from TAM model as a function of
the lifetime of the excited state. Inset: the time evolution of the wave
packet. Reprinted with permission from [11]. Copyright (2011)
American Chemical Society.

induce abrupt fluctuations of charge density around alkali
adatoms, resulting in coherent nuclear motions of adsorbates
via electron-phonon couplings. For Na and K/Cu(111),
excitation-photon-energy dependence for coherent surface
phonons clearly indicates that substrate electronic excita-
tion induces the coherent motions of the S mode. For
Cs/Cu(111), we observed clear switching of the excitation
mechanism from bulk excitation for λex = 400 nm to
adsorbate localized excitation at λex = 800 nm. Attempts for
theoretical modeling of the both excitation processes have
been described.

TRSHG is versatile to investigate coherent phonon
dynamics at surfaces. This method is ideally suited for
alkali overlayers because of the marked enhancement of
SH intensity. However, applications of TRSHG to other
adsorption systems have been very limited, mainly because
they lack such large enhancement in SH intensity. This
obstacle can be removed if SH intensity is enhanced by
tuning the photon energy of probe pulses to an electronic
resonance of adsorption systems. In addition, using much
shorter pump pulses extends the applicability of TRSHG to
coherent surface phonons and adsorbate vibrations at higher
frequencies.
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In this paper we review our fabrication of Pt nanowire arrays on MgO(110) faceted templates by a shadow deposition method
and our control of their cross-sectional shapes by adjusting the deposition directions of platinum. We obtained nanowire arrays
with Cs and C2v macroscopic symmetries. These macroscopic symmetries influence optical second harmonic generation (SHG)
susceptibility elements of the nanowire arrays sensitively. On the other hand, the roughness of the nanowires had an effect on the
rotational SHG patterns as a function of the sample rotation angle around the surface normal. We tried to explain the pattern
change by a second-order perturbation scheme with respect to the roughness amplitude.

1. Introduction

Nanofabrication techniques are developing very rapidly.
Analysis techniques of the produced nanostructures are also
being improved year by year. Nanostructures are character-
ized by several parameters. Among them, symmetry param-
eters are important. The symmetry of the nanostructures
should have an influence on their dielectric property through
the electronic and vibrational wave functions in their consti-
tuting atoms and bondings. Second-order nonlinear optical
phenomena are forbidden for centrosymmetric structured
materials. Hence, the second-order nonlinear optical process
should be sensitive to the symmetry of nanostructure shapes.

Optical second harmonic generation (SHG) is a coherent
nonlinear optical process and its efficiency depends not only
upon the electronic properties but also upon the symmetry
of the geometrical structure of the medium [1–3]. SHG does
not occur in centrosymmetric bulk media [4]. Thus, if we
fabricate nanowires with broken symmetry, new optical pro-
perties should be induced in their nonlinear optical suscep-
tibility χ(2). Metallic nanowires have been known to show
unique optical properties due to their strong anisotropy
and electronic confinement. Also in the long run, using
the nonlinear optical properties of the metallic nanowires,

powerful applications to optical devices such as frequency
converters are expected [5].

Schider et al. investigated linear optical properties of
metallic nanowires prepared by electron beam lithography
systematically [6]. They found that the optical response of
the noble metal nanowires depended strongly on the polari-
zation of the light field. Plasmon excitation was judged to in-
duce the enhancement of the local electric field intensity.

SHG is one of the lowest-order nonlinear optical effects.
Research of the polarization dependence of SHG from the
ZnSe nanowires grown on Si substrate using vapor-liquid-
solid method was reported [7]. The observed SHG inten-
sity dependence on the polarization angle may offer a devel-
opment of polarization-sensitive nonlinear optical materials.
SHG properties of Au and Pd nanoparticles and Au con-
nected nanoparticles were also studied [8–10]. They analyzed
the observed enhancement of the SHG intensity by using
RCWM (rigorous coupled wave method). They found that
the SHG intensity was enhanced due to the missing particles
in the array. SHG from metal nanocylinders was also investi-
gated in detail by using numerical electromagnetic simula-
tion of the electric quadruple excitation [11]. They discussed
the local field enhancement by surface plasmon polariton
modes in the metallic nanorods. However, so far as we
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Figure 1: Schematic cross-sectional shapes of Pt nanowires on MgO(110) substrate fabricated in this study. (a) Pt nanowires are on one face
of the facet but are seen to extend beyond the top of the facet. The edge of this extending part has more sharp curvature. (b) Pt nanowires
on the two faces of the facet are connected at the top of the facet and its cross-section shape becomes symmetric with respect to the substrate
normal.

know, rare attention has been paid to the correlation between
the cross-sectional shapes of the nanowires and their SHG
response.

We fabricated metallic nanowires on faceted NaCl or
MgO(110) templates by a shadow deposition method [12–
15]. The shadow deposition method for forming a periodic
metal nanowire arrays uses a self-shade effect by macrostep
structures on a substrate face. It was first used for submicron
nanowires [16] and then was developed for wires of several
tens of nanometers widths by Sugawara and Mae [17].
When a NaCl or MgO(110) substrate surface is annealed in
vacuum, the surface becomes faceted with (100) and (010)
planes in order to minimize its surface energy. The atomic
beam from an effusion cell irradiates the faceted template,
and the metal is deposited on the slopes facing the atomic
beam. In this method, the nanowire arrays can be obtained
at once. The magnetic properties of Fe nanowires fabricated
in this way were found to be dominated by a strong in-plane
shape anisotropy [18]. One big advantage of this shadow de-
position method is that the fabricated nanowire arrays have
macroscopic sizes as big as 10 mm × 10 mm.

Kitahara et al. obtained samples of Au nanowire arrays
sandwiched by SiO layers for the TEM observation by a lift-
off method, utilizing a water solubility of NaCl substrate
[12]. However, the preparation of the cross-sectional samples
was not easy since the cooling liquid used during cutting
contains water and the NaCl substrate cannot support the
wire arrays. Hence, we used MgO as the substrate forming a
facet template. MgO does not solve in water and it can sup-
port the nanowire array during and after the cutting. Thus,
we can prepare a cross-sectional sample cut perpendicular to
the nanowire axes with MgO template substrates.

In this paper, we discuss two types of broken symmetry
fabricated in the Pt nanowires through shadow deposition
method on the MgO substrate. In the left cartoon in Figure 1
Pt nanowires are found to be formed on one side of the facets.
The cross-sectional shapes of the nanowires were like a tilted
ellipse, but parts of the Pt are seen to extend beyond the tops
of the facets. A part of platinum covering the top has a thin
sharp structure, and the symmetry of their cross-sectional
shape is broken greatly in horizontal direction as well as in

the normal direction. The existence of such sharp wire parts
of platinum of width 1 to 2 nm predicted that it is possible to
fabricate Pt nanowires of 2 nm width. In fact in a separate
experiment we succeeded in fabricating a 2 nm width Pt
nanowire array by using a MgO(210) facet template [19].

Next, we see the right cartoon in Figure 1. Platinum was
evaporated from two different directions onto the faceted
template. The Pt nanowires on the two faces of the facets are
connected at the top of the faceted template. Its cross-section
become symmetric with respect to the substrate normal [20].
The cross-sectional shape looks like a boomerang. The cross-
sectional shapes still have asymmetry in the direction normal
to the MgO substrate.

Here we focus on the relation between the cross-sectional
shapes and the nonlinear optical response of the two kinds of
the fabricated nanowires. In order to examine the sensitivity
of the nonlinear optical properties to the difference of
cross-sectional shapes, we focus our attention on the
nonlinear susceptibility χ(2). The SHG intensity is propor-
tional to the square of the absolute value of χ(2). If the nonlin-
ear susceptibility χ(2) can be controlled, development of new
optical nonlinear materials will be promoted. In this study,

we detect the change of nonlinear susceptibility element χ(2)
i jk

by the difference of the symmetry of Pt nanowire cross-sec-
tional shape.

There is one important geometrical parameter leading to
rather unfavorable consequences in nonlinear optical prop-
erties. It is the roughness in the nanowire structures. The
roughness generally lowers the symmetry of nanostructures,
induces relaxation in the dielectric response, and generates
local disturbance in the exciting electric field. Hence, it is also
crucial to discuss the effect of the roughness and its control
when fabricating metallic nanostructures.

In our study, roughness occurred in the fabricated nano-
wires due to the characteristic of our sample preparation
method. Due to this roughness, the experimental SHG pat-
terns of the boomerang cross-sectioned nanowires could not
be reproduced completely in a phenomenological analysis as-
suming ideal C2v symmetry. Therefore, we analyzed the con-
tribution of the roughness to the SHG response of Pt nano-
wires.
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Figure 2: Block diagram of the SHG experimental setup.

2. Experimental

MgO(110) faceted surfaces were fabricated through a homo-
epitaxial growth process using electron beam deposition. The
MgO substrate surfaces became faceted by self-organization
with the periodicity depending on the homo-epitaxial
growth [14, 15, 20]. The facet formation of the surface
was confirmed by reflection high-energy electron diffraction.
Both Pt nanowires with the elliptic and boomerang-like
cross-sectional shapes on the faceted MgO(110) templates
were fabricated by the shadow deposition technique in a
UHV chamber with base pressure of 9.5 × 10−7 Pa. For the
nanowires of elliptic cross-sections, the platinum of 4 nm
nominal thickness was evaporated at room temperature from
one direction with an incident angle of 65◦ from the faceted
MgO template normal. Here the nominal thickness means
the one monitored by a quartz thickness monitor with its
sensor plate set perpendicular to the beam direction. For
the nanowires of boomerang cross-sections, the platinum of
2 nm nominal thickness was deposited at room temperature
from two directions with an incident angle of 70◦ from
the faceted MgO template normal. After the deposition, the
arrays of Pt nanowires on the templates were protected by
depositing SiO of 5 nm thickness from the normal direction.

The cross-section samples for the TEM observation were
fabricated by an ion milling method. Pt nanowires on the
MgO(110) faceted template were first protected by epoxy
resin. After solidification, wires were cut toward (001) in
400 μm thickness. Next, the sample was set on a single hole
grid and was ground to 50 μm thickness by using a dimple
grinder. The (001) flake of the MgO substrate was further
ground to 2–4 μm thickness by using Precision Ion Polishing
System (GATAN/PIPS) equipped with argon ion beam at
3 keV. The obtained thin MgO (001) flake with Pt nanowires

was observed from [001] direction by a transmission electron
microscope (TEM: H-9000NAR, Hitachi Co. Ltd).

Figure 2 shows the experimental setup for SHG measure-
ments schematically. For measuring the SHG intensity from
the Pt nanowire array, we used a frequency-doubled mode-
locked Nd3+: YAG laser with pulse duration of 30 ps, repeti-
tion rate of 10 Hz, and photon energy of 2.33 eV. We used a
pulsed laser with 30 ps pulse duration because it has much
bigger peak power than continuous or nanosecond lasers
and it lets us observe SHG from the nanowire samples more
easily. We tuned the laser carefully because the SHG inten-
sity depends remarkably on the time profile of the output
pulses determined by the condition of the laser. The maxi-
mum pulse energy was around 0.12 mJ per pulse or 1.2 mW
in average, and the pulses were off-focus on the sample with
2 mm ϕ diameter. In this condition the thermal effect and
the damage to the sample can be regarded as negligible. The
pulse interval 0.1 sec was so long that the phenomenon in
each pulse does not affect the one in the next pulse. There-
fore, SHG does not strongly depend on the pulse frequency.
The incident light was passed through a 2ω cut filter and a
polarizer and irradiated the sample at the incidence angle
of 45◦. The input laser beam was sufficiently off-focus and
the wire arrays were quite uniform in the sample area of
10 mm × 10 mm. Thus the inhomogeneity in the spatial
intensity distribution of the input beam did not influence
the integrated SHG intensity. In order to measure the azi-
muthal angle dependence of the SHG intensity, the sample
was mounted on a rotation stage. The reflected SHG light
beam was passed through lenses, a polarizer, an ω cut filter
and a double-monochromator and was detected by a photo-
multiplier.

Figure 3 shows the configuration of the polarization and
azimuthal angle dependence of SHG intensity measurement
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Figure 3: Configuration of the Pt nanowires with (a) elliptic and (b) boomerang-like cross-sectioned shapes in the SHG intensity
measurement. The sample rotation angle ϕ is defined as the angle between the incident plane and the wire axes as shown in the center.
The incident light is defined to travel in the same direction as the atomic beam during the deposition when ϕ = 270◦.

from the two Pt nanowire arrays. The SHG intensity was
measured as a function of the sample rotation angle ϕ. The
rotation angle ϕ is defined as the angle between the incident
plane and the wire axes oriented in the [001] direction of the
MgO substrate. When ϕ is set at 270◦, the incident light is
defined to travel in the same direction as the Pt atomic beam
during the Pt deposition.

3. Results and Discussion

3.1. Transmission Electron Microscope Images of the Pt Nano-
wires. Figures 4(a) and 4(b) show the plan-view transmis-
sion electron microscope (TEM) images. Well-aligned two
kinds of Pt nanowires run along [001] direction on the
MgO(110) substrate. The average width of both nanowires
was ∼7 nm. The minimum and maximum widths of the Pt
nanowires with elliptic and boomerang-like cross-sections
were 2.3 and 10.0 nm, and 1.3 and 13.8 nm, respectively, as
seen in Figure 4(c). In Figure 4(b) we find a lot of imper-
fections of the nanowires than those seen in Figure 4(a).
Later in this paper one will find that these imperfections
influence the SHG response of the Pt nanowires.

Figure 5 shows the cross-sectional TEM images of the
fabricated Pt nanowires on the MgO(110) substrate. In
Figures 5(a) and 5(b), the shape of platinum on the faceted
MgO substrate was like tilted ellipses and boomerangs, res-
pectively. In the TEM image in Figure 5(a), the platinum is
seen to extend beyond the tops of the MgO facets. In the
expanded TEM image in Figure 4(a), thin Pt bands are seen
at 91% of the left-hand side edges of the nanowires. The
structure of the elliptic nanowires in Figure 5(a) is Cs sym-
metry with a mirror plane in 2-3 direction. The structure
of the boomerang nanowire in Figure 5(b) is C2v symmetry
with mirror planes both in the 1–3 and 2-3 directions. Here,
1, 2, and 3 indicate the [001], [110], and [110] directions of
the MgO substrate, respectively.

3.2. Optical Second Harmonic Generation from the Nanowire
Arrays. The SHG signal is generated from several nm thick-
ness in the sample. Thus the conversion efficiency of the

fundamental into SHG photons is very low and it is around
10−13. In this case, higher-order effects will be much weaker
than SHG and are not observable. In addition, the third-
order nonlinear optical effect like third harmonic generation
(THG) gives quite different output wavelength so that the
signal was blocked by the monochromator and was not
detected.

Figure 6 shows the angular SHG intensity pattern as a
function of the sample rotation angle ϕ around the substrate
normal. The SHG intensity pattern is strongly dependent
upon the rotation angle ϕ and shows anisotropic shape for
all polarization configurations.

We reproduce the SHG intensity patterns from Pt nano-
wires with elliptic cross-sections in Figures 6(a)–6(d). The
SHG pattern in the p-in/p-out polarization configuration
in Figure 6(a) shows two unequal lobes at ϕ = 90◦ and
270◦. The one in the p-in/s-out polarization configuration
in Figure 6(b) shows two small lobes at ϕ = 0◦ and 180◦.
The one in the s-in/p-out polarization configuration in
Figure 6(c) shows one main lobe at ϕ = 270◦. The one in the
s-in/s-out polarization configuration in Figure 6(d) shows
two lobes at ϕ = 0◦ and 180◦. This SHG intensity pattern has
macroscopic Cs symmetry. It is consistent with the micro-
scopic symmetry of the nanowires.

Likewise, we reproduce the SHG intensity patterns from
Pt nanowires with boomerang cross-section in Figures 6(e)–
6(h). The pattern in the p-in/p-out polarization configura-
tion in Figure 6(e) shows two equal lobes at ϕ = 90◦ and
270◦. The one in the p-in/s-out polarization configuration
in Figure 6(f) shows nearly isotropic response but has four
dim maxima at ϕ = 45◦, 135◦, 225◦, and 315◦. The one
in the s-in/p-out polarization configuration in Figure 6(g) is
isotropic. The one in the s-in/s-out polarization configura-
tion in Figure 6(h) is elliptical with maxima at ϕ = 0◦ and
180◦. All the patterns in Figures 6(e) to 6(h) are symmetric
with respect to the 0◦–180◦ axis line. Thus the SHG intensity
patterns have macroscopic C2v symmetry. It is consistent
with the microscopic symmetry of the nanowires.

The SHG intensity patterns in Figure 6 have been
analyzed phenomenologically using a least-squares fitting
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nanowire axis. The solid curves are the best-fit theoretical patterns calculated with independent effective nonlinear susceptibility χ(2) elements
as adjustable parameters [18].

program [21]. We first calculated the SHG intensity pattern
for each nonlinear optical susceptibility element by using
Maxwell’s equations. The SHG light at the frequency 2ω is
generated from this nonlinear polarization antenna as the
dipole radiation following Maxwell’s wave equation with the
source term of nonlinear polarization.

�∇×
(
�∇× �ESHG

)
+ εμ

∂2�ESHG

∂t2
= −μ∂

2�PNL
2ω

∂t2
. (1)

In this wave equation, the nonlinear polarization PNL
i on the

right-hand side generates forced oscillation wave ESHG as a
source term. The nonlinear polarization PNL

i induced in the
nanowire array at the second harmonic frequency is written
as a function of the incident electric field at ω as:

PNL
2ω,i = ε0

∑

j,k=1,2,3

χ(2)
i jkEjEk. (2)

Here, ε0 is the permittivity of the free space, χ(2)
i jk is a

third-rank tensor representing the second-order nonlinear
susceptibility of the nanowire array, and E is the electric field
of the incident light. The nonlinear susceptibility element
including odd numbers of any Cartesian component in the
suffix arises due to the symmetry breaking in the corres-
ponding direction. The electric field E in the nanowire array
at the fundamental frequency on the right-hand side of (2)
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Figure 7: Three-layered dielectric model for calculating the SHG
response from the nanowire samples; the highest layer is defined as
the atmospheric region, the middle layer is a flat thin dielectric slab
substituting for a nanowire array, and the lowest layer is the bulk
region of MgO.

was calculated by Maxwell’s equations, assuming the nano-
wire array as a flat thin dielectric slab as shown in Figure 7.

We fitted the theoretical SHG intensity patterns to the
experimental result in Figure 6. Assuming Cs symmetry of
the ellipsoid Pt nanowire/MgO(110) system, there are ten
independent nonlinear susceptibility elements: χ222, χ211,
χ311, χ223, χ121, χ113, χ311, χ323, χ333 and χ322. Assuming C2v

symmetry of the boomerang Pt nanowire/MgO(110) system,
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Figure 8: The calculated SHG intensity patterns decomposed into each nonlinear susceptibility element from the ones in Figure 6 for (a) Cs

and (b) C2v symmetric Pt nanowire arrays. Intensities are in arbitrary but common units in the same row.

there are five nonzero nonlinear susceptibility elements: χ113,
χ223, χ311, χ322, and χ333. Solid curves in Figure 6 are the
best-fit theoretical patterns to the experimental data (empty
circles) calculated with nonlinear susceptibility χ(2) elements
as adjustable parameters. In Figure 8, two types of the total
calculated SHG intensity are decomposed into the contri-
butions of different nonlinear susceptibility elements. As-
sumptions in handling χ(2) components during the fitting
decomposition are described in [15, 20]. In the following we
discuss the correlation between cross-sectional shapes of Pt
nanowires and their nonlinear susceptibility χ(2).

In Figure 8(a) the decomposition of the SHG intensity
pattern from Pt nanowires with elliptic cross-section is
shown. The SHG intensity pattern for the p-in/p-out pola-
rization combination is dominated by the superposition of
signals arising from the χ113, χ223, and χ222 elements. The ele-
ments of χ113 and χ223 originate from the broken symmetry
in direction 3, and χ222 originates from the broken symmetry
in direction 2. The total SHG intensity pattern is asymmetric

in the vertical direction due to the interference between the
contribution of χ223 and χ222 susceptibility elements. Thus
we can say that the pattern for this polarization combination
should be sensitive to the shape of the cross-section of the
nanowires.

Next, we see the SHG intensity pattern in the s-in/s-out
polarization configuration. The SHG intensity pattern has
two clear lobes at ϕ = 0◦ and 180◦. As we pointed out in
our previous work [15], the broken symmetry is considered
to occur at the asymmetric part indicated by an arrow in
Figure 9. In Figure 8(a) we see that the contribution of χ222

is the biggest among those of all the susceptibility elements.
We can say that the SHG intensity at ϕ = 0◦ and 180◦ solely
reflects the contribution of χ222 and hence of the broken
symmetry in direction 2. In Figure 9 the edge structure sur-
rounded by the dashed ellipse has a size of 1 to 2 nm. The
motion of electrons in this structure is remarkably restricted,
and a second-order nonlinear optical effect occurs. In fact in
another previous work by us we observed relatively strong
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Figure 9: The expanded TEM image of a Pt nanowire on a
MgO(110) faceted template. The area indicated by an arrow is
asymmetric especially in direction 2.

SHG from Pt nanowires with 2 nm widths [19]. These facts
are consistent with each other. As a constraint of the elec-
tron movement, a quantum confinement effect is the most
plausible candidate.

When there is a symmetry breaking in direction 2 (or 3),
the nonzero nonlinear susceptibility element has odd num-
ber of 2’s (or 3’s) in the suffices. In the present case there
are four nonlinear susceptibility elements χ121, χ211, χ222, and
χ233 due to the broken symmetry in direction 2. We also have
three nonlinear susceptibility elements χ311, χ113, and χ223

arising from the broken symmetry in direction 3.
In Figure 8(b) the total calculated SHG intensity from

boomerang nanowires is decomposed into contributions of
different nonlinear susceptibility elements. In Figure 8(b) the
contribution of the nonlinear susceptibility elements has a
relation as |χ223| � |χ113|, and χ223 dominates the SHG
intensity pattern shape in the p-in/p-out polarization con-
figuration. This relation is consistent with the fact that the
nanowires have a boomerang cross-section in the 2-3 plane.
This cross-sectional shape makes the motion of electrons in
the mix of directions 2 and 3 with each other and makes
the observed optical nonlinearity. On the other hand, the
nanowire has a translational symmetry in the direction 1 and
the optical nonlinearity χ113 is not large.

The nonlinear optical susceptibility element χ223 should
also make the fourfold symmetric SHG intensity pattern in
p-in/s-out polarization configuration as seen in Figure 8(b),
although the calculation does not reproduce the experiment
completely as seen in Figure 6(f). In Figure 8(b) we find
that the contributions of the nonlinear susceptibility of χ322

and χ311 are of the same magnitude. As a result, the contri-
butions of the χ223, χ311, and χ322 elements are proved to
be dominant in the p-in/p-out, p-in/s-out, and s-in/p-out
polarization configurations. These nonlinear susceptibility
elements occur due to the broken symmetry in direction 3.

On the other hand, the theoretical SHG intensity pattern
with C2v symmetry did not reproduce the experimental
data in s-in/s-out polarization configuration. This nonzero

response of the signal in the s-in/s-out polarization combi-
nation is suggested to be due to the roughness as discussed
below.

Here we comment on the contribution of the quadrupo-
lar effect in our SHG signals. The SHG intensity from a
MgO bulk crystal was at the noise level as we found out in
a separate experiment. Thus we can say that the electronic
quadruple effect from the MgO bulk can be disregarded.
On the contrary, the SHG from nanowires with several nm
thickness generally includes both dipole and electronic quad-
ruple effects. Dipolar SHG originating from the third-rank
tensor is sensitive to the asymmetry of the structure, while
quadrupolar SHG originating from the fourth-rank tensor
is insensitive to it. In Figure 6 the angular SHG patterns
observed from two kinds of nanowires show sensitive depen-
dence on the asymmetry of the nanowire cross-sections.
Therefore, it is suggested that the quadrupolar effect is not
dominant.

3.3. Roughness Effect. For the boomerang nanowires we
intended to remove the asymmetry of the platinum shape
in direction 2 at the tops of the MgO facets by depositing
the platinum from two directions. Thus the nonlinear
susceptibility element χ222 was expected to be cancelled. In
Figure 8(b) with the assumption of C2v, all the susceptibility
elements have vanishing contribution to the SHG intensity
pattern in the s-in/s-out polarization configuration. Con-
trary to this expectation, we see nonzero SHG intensity for
the s-in/s-out combination with peaks at ϕ = 0◦ and 180◦ as
seen in Figure 6(h).

As the candidate origin of this remaining SHG intensity
in the s-in/s-out polarization configuration, the imperfec-
tions of the shapes of the nanowires are suggested. Naturally,
there are geometrical imperfections in the structures of fabri-
cated Pt nanowires as we can see in Figures 4(a) and 4(b). We
see more remarkable imperfections for the boomerang cross-
sectioned nanowires in Figure 4(b) than for the elliptic cross-
sectioned nanowires in Figure 4(a). In Figure 4(c) we see the
width distribution in the two types of nanowires, and we see
here also that the boomerang nanowires have broader width
distribution.

A closer look at the cross-sectional TEM images of
the macroscopic C2v sample showed there are asymmetric
boomerangs like those shown schematically in Figure 10.
Approximately 30% of the nanowire cross-sections examined
had such asymmetric boomerang cross-sections. Then non-
linear polarizations PNL

2 induced by the incident electric field
in direction 2 at the cross-sections like those in Figure 10
should have opposite signs to each other. Statistically, the
reflected SHG light-from these two kinds of structures
should cancel each other if we assume a random distribution.
However, the fact that SHG is observed in Figure 6(h) indi-
cates that the cancellation of the SHG from the two types of
the asymmetric nanowires was incomplete.

As one of the candidate, we can think of the effect of
platinum nanodots on the SHG intensity patterns. Kitahara
et al. reported isotropic SHG in the p-in/p-out and s-in/p-
out polarization configurations from Au nanodots on the
NaCl(110) faceted templates [12]. Therefore, there can be
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Figure 10: The model of cancellation of the SHG signal from two
types of asymmetric nanowires. The nonlinear polarizations PNL

2

induced by the incident electric field in direction 2 have opposite
signs due to the asymmetric shapes. The reflected SHG lights
should be cancelled by each other when the nanowires have random
distribution.

contribution of the Pt nanodots in the p-in/p-out and s-
in/p-out polarization configurations in Figures 6(e) and
6(g), but not in the s-in/s-out polarization configuration.

As another candidate we consider the polarization scram-
bling of the light field, induced by the roughness of the
nanowire structures seen in Figure 4(b). We consider the
conversion of the s-polarized incident field of frequency ω by
the roughness ζ(x, y) [22] of the metal nanowire structure.
Here, ζ(x, y) represents the deviation of the height of the
metal surface of the nanowires from that of the ideal ones.
We consider the case of ϕ = 0◦ so that the wave vector
component of the incident light parallel to the substrate is in
direction 1. The electric field of the s-polarized incident light

is in direction 2. The electric field �Eω
NF near the nanowire is

expanded generally with respect to ζ(x, y) as

�ENF = E2�e2 + σ
(
x, y

)(
c(1)

21 �e1 + c(1)
23 �e3

)
E2

+ σ
(
x, y

)2
(
c(2)

21 �e1 + c(2)
23 �e3

)
E2.

(3)

Here, C(i)
jk is a coefficient describing the rate of the conversion

of the j-polarized electric field into k-polarized one. �e1 and
�e3 are unit vectors in the directions 1 and 3, respectively.
Averaging (2) over the area on the substrate of a wavelength
size, the second term vanishes and (2) becomes

〈
�ENF

〉
= E2�e2 +

〈
σ
〉(
c(1)

21 �e1 + c(1)
23 �e3

)
E2

+
〈
σ2〉(c(2)

21 �e1 + c(2)
23 �e3

)
E2

= E2�e2 +
〈
σ2〉(c(2)

21 �e1 + c(2)
23 �e3

)
E2

(4)

since 〈ζ〉 = 0. Hence, the 3rd component of the averaged
electric field is

〈ENF3〉 =
〈
σ2〉c(2)

23 E2. (5)

On the other hand, the contribution of the nonlinear optical
susceptibility element χ(2)

223 was dominantly responsible for

ω 2ω

P2E2

Roughness ζ

E3 P2

ω 2ω

Figure 11: The polarization scrambling effect induced by the
structural roughness of nanowires. The electric field component E3

is newly induced by the roughness ζ in the lower panel.

the enhancement of the SHG intensity at ϕ = 90◦ and
270◦ in the p-in/p-out polarization configuration as seen in
Figure 6(a). This nonlinear susceptibility element gives a
nonlinear polarization:

PNL
2 = ε0χ

(2)
223E

ω
2 E

ω
3 . (6)

Substituting the 3rd component of (5) for Eω
3 in (6), we ob-

tain

PNL
2 = ε0χ

(2)
223E

ω
2

〈
Eω

NF3

〉

= ε0χ
(2)
223E

ω
2

〈
ζ2〉c(2)

23 E
ω
2 .

(7)

Equation (7) indicates that the roughness on the nanowires
generates SHG in s-in/s-out polarization configuration at
ϕ = 0◦. If 〈Eω

NF3〉 depends weakly on the direction of the inci-
dent electric field, the SHG intensity generated by (7) in s-
in/s-out should be as:

I2ω
s-in/s-out ∝

∣∣∣χ(2)
20 E

ω
20cos2ϕ

∣∣∣2
. (8)

Equation (8) is large when the incident electric field is in
direction 2. In this configuration, ϕ is 0◦ or 180◦. This is
consistent with the pattern observed in Figure 6(h).

Namely, induced by the roughness, the s-polarized
incident light contains a finite local electric field component
E3 in the direction normal to the wire array face as shown in

Figure 11. For our nanowires the χ(2)
223 component has been

confirmed to be dominant as we have already seen in
Figure 8(b). Therefore, the nonlinear polarization PNL

2 is
generated by the fundamental electric field E2 and the
roughness-induced E3 components. The SHG intensity pat-
tern in Figure 6(h) has peaks rotated by 90◦ from those in
Figure 6(e), since the incident and SHG electric fields are
rotated by 90◦ from each other between p- and s-polar-
izations.
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The discrepancy between the experimental SHG data and
theoretical pattern seen in Figure 6(f) at ϕ = 0◦, 90◦, 180◦,
and 270◦ may also be ascribed to the imperfections of the
nanowire structures. Namely, in the inset of Figure 4(b) we
see slight local undulation of the Pt nanowires in the several-
nanometer scale. This undulation of the nanowires should
add isotropic SHG component to the pattern. Namely, the
undulation compromises the directionality of the nanowire
axes and disturbs the SHG intensity pattern in Figure 6(f).

The effect of the roughness here could also be described
by the second-order roughness perturbation. However, we
were not successful in explaining the isotropic component
in Figure 6(f) with this treatment. Hence, a quantitative ana-
lysis of this pattern change will require more detailed models.

4. Conclusion

We have obtained the Pt nanowires with elliptic and boom-
erang-like cross-sections on the MgO(110) faceted template.
From their SHG intensity patterns, the nonlinear suscepti-
bility elements corresponding to the Cs and C2v symmetry of
the nanowire structure were identified, respectively. We have
concluded that the control of the nanowires cross-sections
has led to the change in their nonlinear optical property.
For the nanowires with Cs symmetry and the elliptic cross-
sections, the contribution of the nonlinear optical suscepti-
bility element χ222 due to the broken symmetry in direction 2
was responsible for the enhancement of the SHG intensity at
ϕ = 0◦ and 180◦ in the s-in/s-out polarization configuration.
For the nanowires with C2v symmetry and the boomerang
cross-sections, the nonlinear susceptibility elements χ113,
χ223, χ311, and χ322 due to the broken symmetry in direction
3 dominate the SHG response in the p-in/p-out, p-in/s-out,
and s-in/p-out polarization configurations. The SHG signals
observed in the s-in/s-out polarization configuration are sug-
gested to originate from the imperfections of the nanowire
structure.
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