
OPTICAL CHARACTERIZATION OF PROCESSED 

GALLIUM ARSENIDE 

by 

Ramon Alfredo Carvalho Siochi 

Dissertation submitted to the Faculty of 
the .Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree 

of 

DOCTOR OF PHILOSOPHY 

in 

PHYSICS 

APPROVED: 7 

Fh CMe 
. PA, . 

Richard Zallén, Chairman 

Cr slekom Me At, Leal wal 
    

    

G. J. M. Indebetouw Ly J. G. Dillard 

aA.~ Pita CO) Lham- 

A. L. Ritter C. D. Williams 

December, 1990 

Blacksburg, Virginia



Optical Characterization of Processed Gallium Arsenide 

by Ramon Alfredo Carvalho Siochi 

Committee Chairman: Richard Zallen 

Department of Physics 

(ABSTRACT) 

Raman scattering and ultraviolet-visible reflectivity have 

been used to characterize the structural and electronic changes 

that occur in GaAs during ion implantation and subsequent 

annealing. In this work, the damaged structure is modelled as 

an amorphous GaAs matrix embedded with GaAs microcrystals. 

The longitudinal-optic (LO) Raman-line characteristics were monitored 

to determine the amorphous volume fraction, the average microcrystal 

diameter and, for the annealed samples, the carrier concentration. 

An oscillator analysis of the reflectivity spectra, along with the 

effective medium approximation, was carried out to determine 

the linewidths of the interband peaks and the amorphous volume 

fraction in the damage layer. 

To determine damage depth profiles, spectra were taken as 

a function of the amount of material removed via chemical etch. 

A new method of interpreting reflectivity spectra was developed 

to deal with the etchant-induced roughness. This roughness 

reduced the reflectivity by a constant factor in the region between 

4.5 and 5 eV. The ratio between reflectivities at 4.55 and 4.75 

eV was monitored to determine qualitatively the amount of 

damage. 

The annealing studies show that structural recovery occurs



at a lower temperature than that for which electrical activation 

occurs. The depth profile of a sample annealed at 400°C 

reveals that nucleation takes place not only at the boundary 

between the damaged and undamaged layers (i.e., "epitaxial 

regrowth") but also at the microcrystal/amorphous interfaces within 

the damage layer. 

The oscillator analysis of the dielectric properties was 

further developed, and a connection was established between the 

Strengths, positions, and linewidths of the interband oscillators 

and the shift in position of the LO Raman line. The results 

indicate that the static dielectric constant is independent of 

microcrystal size. 

A comparison between (211) and (100) oriented Si-implanted 

GaAs was done as well, showing greater near surface damage 

and a shallower total damage layer for the (211) samples. 

Finally, a method for characterizing damage, based on the 

observed shifts of the two-phonon ("2LO") Raman peak as the 

incident photon energy is varied around the E; interband energy 

(2.9 eV), has been developed. The results suggest that the total 

mass of the electron-hole pair involved in the scattering process 

increases even for large (>400 A) microcrystals. The 525°C 

annealed sample had little damage, and was studied with this 

technique.
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CHAPTER ONE 

INTRODUCTION 

1.1 Processing and Optical Probes 

Gallium arsenide (GaAs) is a semiconductor which can be 

used to make devices that are potentially superior to the silicon- 

based ones. However, since GaAs technology is quite young, 

the performance of GaAs-based devices is not yet on par with 

that of silicon. Hence, much research is focused on the effects 

of processing steps (e.g. doping, annealing, and etching) on 

device performance. 

The most controlled and reproducible method of introducing 

dopants into semiconductors is through ion implantation § ([Pearton; 

Ryssel and Ruge]. This process involves focusing a beam of 

dopant ions (such as Be and Si) onto a wafer of GaAs. The 

depth distribution of the dopants depends on their mass and 

initial energy. As these ions move through the target, their 

energies change as a result of the numerous nuclear collisions - 

with the target. Since damage results from the breaking of 

bonds between target atoms, damage occurs where the energy is 

sufficient; since the energy varies with depth, the structure of 

the target will also vary with depth. An understanding of the 

damage distribution should help improve doping methods. 

To make the implanted sample useful for device applications, 

the structure of the implanted layer must be restored to approximately 

that of the virgin crystal. To accomplish this, the implanted



sample is annealed at high enough temperatures (>550 °C) to 

cause regrowth of the damaged material. However, at a temperature 

above 657°C, the stoichiometry of the crystal can change appreciably 

enough (due to As evaporation) to degrade device performance 

[Duncan and Westphal]. Compensation can occur, decreasing 

the number of carriers in the device. The kinetics of crystal 

regrowth and annealing methods then become important considerations 

when seeking improved device performance. 

Besides lattice structural change, changes in the electronic 

structure occur as well during the annealing process. Monitoring 

these changes as a function of temperature should provide insight 

into possibilities for improving the annealing process to yield 

better devices. 

To study the changes in the implanted layer that result 

from implantation and annealing, a host of optical tools are 

available. However, some of these optical methods probe only 

a small portion of the implanted layer. Chemical etches are 

then used to remove layers that have already been studied, and 

by successive etches, a profile of the total damage layer is 

determined. Unfortunately, the chemical etch itself can cause 

changes in the surface structure of the sample (e.g. increased 

roughness). The effects of these changes on optical properties 

must be understood in order to isolate the effects of doping and 

annealing on the optical properties of the implanted layer. Otherwise, 

structural profiles of this layer will not even be qualitatively 

correct.



The optical probes used in this dissertation are Raman 

scattering and ultraviolet-visible (ultraviolet for short) reflectivity. 

The absorption coefficient of GaAs for the incident photon 

energies used in these methods is quite high, and layers ranging 

in thickness from 100 to 3000 A can be probed. Other optical 

tools such as infrared absorption involve probing the entire 

sample, and since the implanted layer thickness is only a very 

small fraction of the total sample thickness, the experimentally 

observed optical properties will be that of the bulk crystal 

rather than that of the implanted layer. 

The important spectral features observed by Raman scattering 

and ultraviolet reflectivity are the following. The Raman LO 

(longitudinal optical) phonon peak characteristics change as damage 

is introduced. The full width at half-maximum increases, the 

peak position shifts towards lower frequencies, and the intensity 

diminishes. In resonance, the 2LO (LO phonon overtone) peak 

shifts as the incident photon energy is varied across the gap. 

The behavior of these shifts and the 2LO peak intensity are 

different even in slightly damaged material. In the implanted 

and annealed material, the LO peak intensity is reduced due to 

the damping out of the LO peak caused by phonon-plasmon 

interactions in a layer with a high enough carrier concentration 

(N>10!®/cm?3). 

In ultraviolet reflectivity spectra, damage causes the linewidths 

of the E,, E;+A,, and E> peaks to broaden; the E, doublet feature 

washes out (see Figure 1.1 for the origin of these peaks). The
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1.1: Band structure of GaAs, adapted from Cohen and 

Chelikowsky. The critical points in the joint density 

of states are labelled with the energies corresponding 

to the direct interband transitions.



peaks in the spectra tend to appear flatter, and the slopes of 

linear regions decrease, approaching the slopes of the corresponding 

linear regions in the spectrum of amorphous (a-)GaAs. 

The mechanisms which cause these spectral changes will 

be examined in detail in this dissertation, and a picture of the 

structural and electronic changes that occur during ion implantation, 

annealing and chemical etching will emerge. 

1.2 Gallium  Arsenide 

1.2.1 Crystal Structure 

GaAs crystallizes in the zincblende structure. This structure 

is composed of two interpenetrating face-centered cubic (fcc) 

sublattices [Wight], with the origin of the second sublattice 

displaced from that of the first by the vector (1,l,1)a/4 (in the 

coordinate system of the first sublattice, which is formed by 

three cube edges), where a is the length of a side of the cubes, 

and a = 5.65 A for GaAs [Blakemore]. Each sublattice contains 

only one type of atom; atoms are located at the cube corners 

and the centers of the faces of each cube. The nearest neighbors 

of any atom will always be atoms of the other sublattice; the 

coordination number is 4, and nearest neighbor atoms form the 

corners of a tetrahedron. Figure 1.2 [Mayer and Lau] displays 

a cube of the GaAs lattice containing four tetrahedrons. 

Such lattices belong to the space group T,y? (Schoenflies 

notation). [Burns] Since this space group is symmorphic, the 

factor group, formed by considering the cosets of the subgroup



  

    
  

 



consisting of translation operations which leave the lattice invariant, 

is isomorphic to the point group Ty. Hence the point group of 

the crystal is the group of symmetry operations of a tetrahedron. 

The reciprocal lattice of an fcc lattice is a body centered 

cubic (bcc) lattice. The first Brillouin zone for GaAs is therefore 

the Wigner-Seitz cell of a bcc lattice and is shown in Figure 

1.3. [Wooster]. The special points and lines marked in the 

figure are points and lines of high symmetry; that is, they 

transform back into themselves under several operations in the 

group. Characteristics of the crystal which are mapped in k- 

space (e.g. phonon dispersion, energy bands) are usually mapped 

along these points and lines. 

1.2.2 Phonons 

The phonon dispersion curve is shown in Figure 1.4 [Dorner 

and Strauch] and was measured using inelastic neutron scattering. 

Since GaAs is an ionic crystal which lacks a center of inversion, 

zero wavevector LO phonon vibrations polarize the material and 

set up an electric field, which does not cancel out in the 

crystal, parallel to the polarization vector. This electric field 

adds an extra restoring force for the LO vibrations. For TO 

phonons the electric field vanishes [Huang]. This explains the 

higher frequency for the LO peaks at the zone center (I. point). 

Optical phonons can be visualized as the motion of the 

sublattices in opposite directions, with the longitudinal displacements 

parallel to the wavevector and the transverse ones perpendicular



  

    

    
Fig. 1.3: The (first) Brillouin zone for all fcc lattices, marked 

with points and lines of high symmetry [Wooster].
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Fig. 1.4: Phonon dispersion curves for GaAs obtained through 

inelastic neutron scattering [Dorner and Strauch].
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to it. For every crystal, the number of phonon branches is 3N, 

where N is the number of atoms in a unit cell. Three of these 

are acoustic, while the rest are optical. Hence, since GaAs is 

diatomic, it has three optical phonons. The phonon dispersion 

curve shows at most six phonon branches; where there are less 

it is due to the double degeneracy of the transverse phonons. 

1.2.3. Electronic Structure 

The relationship between the energy and the wavevector of 

electrons and holes in GaAs is shown in the band structure 

diagram of Figure 1.1 [Cohen and Chelikowsky]. Critical points 

in the electronic joint density of states are indicated on the 

diagram, and they represent a large probability for electronic 

transitions to occur between the valence and conduction bands. 

Of particular interest is the Eo gap; it is the smallest energy 

difference between conduction and valence bands, allowing transitions 

to occur between the top of the valence band and the bottom 

of the conduction band without a change in wavevector. Hence, 

GaAs is a direct bandgap semiconductor. 

Other critical points of interest in this work are the Eo+Ao, 

E;, E,;+A;, and E, gaps. Like Eo Eot+Ao involves direct transitions, 

but this time it is between the bottom of the conduction band 

and the top of the spin-orbit split-off valence band. EE, and E,+A, 

also involve direct transitions, but this time the value of the 

joint density of states is high for transitions between states 

separated by these energies because the conduction and valence
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bands along the 4 equivalent (111) directions are parallel (equal 

slopes). 

The effective masses of the electrons and holes are related 

to the inverse of the curvature of the bands. The electrons in 

the conduction band at the I point (large curvature) have a very 

small effective mass: 0.063mg compared to a mass of 0.3mpo at 

the bottom of the conduction band in silicon [Wight]. Electrons 

should be able to respond faster in GaAs, making it more 

attractive to the semiconductor industry. 

1.3 Raman Scattering 

1.3.1 Non-resonant Raman Scattering 

The theory behind Raman scattering will be explained in 

this section following the treatment of M. Cardona (1982) in 

outline form. He starts with the familiar expression for the 

differential scattering cross section, do/dQ, of a dipole vibrating 

at frequency w such as the one given in chapter 9 of Jackson, 

and arrives at the following result: 

4 Pe do = __w"_ qe? (1.1) 

where a is the polarizability tensor of the dipole, e, and e, are 

the scattered and incident light polarization unit vectors, €9 is 

the static dielectric constant of the medium and c is the speed 

of light. Assuming the system is far from resonance, a phonon 

can be treated as a quasistatic deformation of the dipole. The
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polarizability of the dipole will depend on the amplitude of the 

vibration at any given time. An expansion of the polarizability 

in a Taylor series in powers of the normal mode coordinate 

E=Eoexp[-iw,t] for a vibrational mode with frequency Wy, gives: 

  

a (wL,&) = (Wz) (1.24) 

0a “iWyt OO * ei Wyt 12b * 3e fo e *  5ee Co* e (1.2b) 

] Ca -2, iWy 1] ra #2 B2i Wy + yap © e2tiwyt + 2 ape © eiwyt (1.2c) 

LG | pew 4 Es 
“2 aeace (Et OE) 

The various terms in the expansion, when substituted in equation 

1.1, give various Raman scattering terms for dipoles. The term 

in 1.2a describes Rayleigh scattering. Remembering that the 

incident field in 1.1 has the phase factor exp(iw t), the scattered 

radiation will have the frequencies wr, + w, in first order (1.2b), 

and w,; + 2w, for overtones (1.2c). The + and - signs give 

antistokes and Stokes scattering respectively. Higher order 

terms in the expansion yield multiphonon scattering. 

An extension to crystals is obtained by considering the 

Scattering of a collection of dipoles. However, the normal 

mode eigenvectors of the dipoles in the jth unit cell are related 

to those at the origin by Bloch's theorem. The vibrational 

amplitudes now also depend on the crystal momentum, q, and
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a phase factor of exp[ti(q-R; - wy(q)t)] is introduced for an 

atom in the jth unit cell with the position vector Rj, Since the 

susceptibility, x(r) , is defined as the dipole moment per unit 

volume induced by a unit electric field, the scattered field can 

be expressed in terms of the Fourier component of the susceptibility 

which corresponds in k-space to x(k,ptq-k,), where the subscripts 

L and s on k refer to the incident and scattered wavevectors 

respectively. 

An expansion of the susceptibility similar to the one for 

the polarizability provides expressions for various orders of 

Raman scattering when the polarizability is replaced by the 

susceptibility in equation 1.1. With the phase factor exp(iw t) 

from the incident field, the scattered field will have the phase 

factor exp[-i(W_tw,(q))tlexp[i(k_tq)-r] for first order Raman scattering. 

This is consistent with the fact that in a crystal, x(K.,k,,q) vanishes 

unless k,tq-k, is zero or a reciprocal lattice vector, G. From 

these factors, the laws of conservation of energy and wave 

vector are obtained: 

W.=WLt Wy (1.3) 

k,= kp +q+G (1.4) 

The equations for two phonon scattering are obtained from these 

by replacing w, with wy, + wy and q with q + q’; the expansion 

for the susceptibility would contain terms bilinear in the two 

vibrational modes v and v’. Note that since |k,-k,|= q<<2z/a 

for first order scattering, q = 0 so only zone center phonons
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can participate. In second-order, this restriction is removed, 

since wavevector conservation gives q + q' = O and therefore 

q' = -q will allow even zone edge phonons to participate; as 

a result, the second-order Raman spectrum mimics p(w,/2) where 

p(w) is the one-phonon density of states. 

When the first order term in the susceptibility expansion 

is considered as a Raman tensor, R, and the normal mode coordinate 

is replaced by a phonon annihilation operator in a semi-classical 

approach, the following expression for first order Stokes Raman 

scattering is obtained: 

a.
 

a 

      = —S—_je,Re_; (n+l 1.5 0 (an)2c4 Li ) 50, (1.5) 

where n = 1/f{exp(hw,/kT) - 1], the Bose-Einstein statistical factor. 

It is clear from this treatment that Raman scattering arises from 

the modulation of the electric susceptibility of the crystal by 

the normal mode coordinates. 

1.3.2 Resonant Raman Scattering 

The various Raman scattering processes are depicted in 

Figure 1.5. The Feynman diagrams included in the figure show 

the electron (or hole)-phonon vertices; this kind of diagram will 

be useful in an alternative description of Raman _ scattering 

using quantum mechanics with the quasi-particle to quasi-particle 

(e.g. phonon-electron) interactions treated as third or fourth 

order perturbations [Martin and Falicov]. With the quantum
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Fig. 1.5: Raman scattering processes. (a) interband transitions 

involved in first-order scattering and the corresponding 

Feynman Diagrams, (b) Feynman diagrams for electron- 

(left) or hole-(right) two-phonon interactions, and (c) 

diagrams for iterated scattering (clockwise from left): 

iterated electron-one-phonon interactions with states 

labelled f, 1, j, k, and o, iterated hole-one-phonon 

interactions, and electron-one-phonon-hole-one-phonon 

interactions.Solid lines show photons, dashed lines 

represent phonons, solid circles stand for radiation- 

electron (hole) interaction vertices, and squares represent 

electron-(hole-) phonon interaction vertices.



16 

mechanical states of the system labelled as in Figure 1.5c, and 

the transition matrix element between states a and b denoted by 

M,» for electron-photon interactions and M,, (italicized) for electron- 

phonon interactions, the radiation-material interaction Hamiltonian 

matrix element between initial and final states o and f of the 

system that experiences an iterated electron-one-phonon interaction 

is given by: 

Merk MxjMji Mio K =| 
ik | HP (w 1 - & | -iy)(w1-@; -iy,)(@1-@K-iyK). 

(1.6)   

where the energies of states 1, j, and k are written in terms of 

the frequencies (W,) of the phonons involved. For resonance at 

the E, critical point in GaAs, these energies are: 

  

  

fo, = E, + he (1.7) 

hw , = E -Ek+al + hug (1.8) 

hw , =E, +k + 2hW, (1.9) 

where M is the mass of the free electron-hole pair. With the 

definitions 

f° x? _ 
hw, - E, -ifiy 1.10 oM 1 1 y (1.10)  
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hi? «3 , 
= hw, - E;- Wq- if 1.11 aM 1 1 q y (1.11) 

h? «3 . 
=hw, - Ey; -2W,- if 1.12) oM 1 1 q y ( 

the matrix element K is proportional to 

fie hfe ; 

| - (1.13) 

(x? - 13) | (k2-3) (k + q?- x3] (k2-13) (k + gP- x2 
    

  

~ 

From this expression, it can be shown that resonance occurs for 

fixed q at E;, E; + wg and E; + 2wW, and also at the double 

resonances for phonons with wavevectors 

Ly L 1 | 
a= PM)2 (hws -Ei)2 + (hw - Ey- BR Qr0) 2. (1.14) 

and 

1 

2M) > L 1] a= [2M)2 (Buor - Ei - Bi Qt0)2 + (Aw, - E;-28 Oyo) 2. (1.15) 

For systems which involve only electron-one-phonon interactions, 

or two electron-one-phonon interactions which can be renormalized 

into one interaction (dressed vertex, [Renucci et al.]) similar 

results hold; the denominator will have only two _ resonating 

terms and the matrix elements M,j;Mj, are replaced by M,j. 

A physical picture of the events that take place during
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Raman scattering involves virtual intermediate states (Figure 

1.5a). As light hits the sample, an electron makes a direct 

transition (ko) from the valence to the conduction band. It 

then interacts with the material (phonons, magnons, etc.) bringing 

the system from one virtual state to another. Several interactions 

can take place (multiphonon scattering, Figures!.5b and c) before 

the electron goes back to the valence band and the scattered 

light leaves the sample. These interactions change the energy 

of the system; phonons can be created (destroyed) and hence 

the scattered light will be red (blue) shifted in a Stokes (anti- 

Stokes) process. If the direct transition involved is near a 

critical point in the electronic joint density of states, the transition 

matrix will be large. As the energy of the incident light 

approaches the critical point resonance occurs and the scattering 

is greatly enhanced. 

1.3.3 Selection Rules 

Because of the translational invariance of the crystal, only 

k=0 phonons are allowed to participate in first order scattering. 

Other considerations which determine what modes are Raman 

active and under which scattering configurations they appear 

provide a complete picture of the selection rules. 

Following the analysis of Burns to determine the normal 

modes of a tetrahedral molecule (such as CH4) would provide 

the irreducible representations of the local vibrational modes of 

a dopant in GaAs. For each atom, a set of three orthogonal
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displacement vectors is assigned. The symmetry operations of 

the point group (Tg) are then performed on each displacement, 

and a reducible 15 by 15 matrix for each class of operations 

is Obtained. Table 1.1 summarizes the characters for each class 

in the representation [Tpyy. A reduction of this representation 

can be obtained by considering the great orthogonality theorem, 

and one obtains [Tpvm = A; + E + T, + 37>. Of these 15 

modes, those representations that have the infinitesimal rotations 

(Rx,Ry,Rz) as basis functions give pure rotational modes (T)). 

Those which have (x,y,z) as basis functions are pure translational 

modes (T2). Hence the 9 vibrational modes are A; + E + 2T>. 

Of these modes, the only ones allowed for k=0 (zone 

center) phonons in the crystal are those whose displacements 

preserve the translational invariance. The opposite faces of 

primitive cells must have their atoms moving in the same direction. 

The A, breathing mode and the two E modes do not meet this 

criterion; hence the only phonon modes of interest in the crystal 

are the 2T, modes. This is to be expected since GaAs has six 

modes possible, and the T2 representations are three dimensional. 

The factor group analysis suggested by M. Cardona, 1982 

for k=Q modes is a much simpler method but it does not 

provide the local vibrational modes. He splits the representation 

into a part that transforms as a vector and a part that determines 

the transformation among the atoms in a unit cell. Under all 

the operations of the point group, the positions of the Ga and 

As atoms remain unchanged. Hence they both transform as the
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�(�o�f� �t�h�e� �s�p�a�c�e� �g�r�o�u�p�)� �o�f� �t�h�e� �p�a�r�t�i�c�i�p�a�t�i�n�g� �p�h�o�n�o�n�s� �[�H�a�y�e�s� �a�n�d� 

�L�o�u�d�o�n�]�.� �F�o�r� �t�h�e� �z�o�n�e� �c�e�n�t�e�r� �p�h�o�n�o�n�s� �i�n� �G�a�A�s�,� �o�v�e�r�t�o�n�e�s� �a�n�d� 

�c�o�m�b�i�n�a�t�i�o�n�s� �w�i�l�l� �a�l�l� �h�a�v�e� �T�,� �x� �T�z� �s�y�m�m�e�t�r�y�.� �S�i�n�c�e� �t�h�i�s� �p�r�o�d�u�c�t� 

�i�s� �e�x�a�c�t�l�y� �t�h�a�t� �f�o�r� �w�h�i�c�h� �R�a�m�a�n� �s�c�a�t�t�e�r�i�n�g� �i�s� �a�l�l�o�w�e�d� �(�p�r�o�d�u�c�t� 

�o�f� �t�h�e� �i�r�r�e�d�u�c�i�b�l�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�s� �o�f� �t�w�o� �p�o�l�a�r� �v�e�c�t�o�r�s�)�,� �a�l�l� �z�o�n�e� 

�c�e�n�t�e�r� �o�v�e�r�t�o�n�e�s� �a�n�d� �c�o�m�b�i�n�a�t�i�o�n�s� �a�r�e� �a�l�l�o�w�e�d�.� �F�o�r� �n�o�n�-�z�e�r�o� 

�w�a�v�e�v�e�c�t�o�r� �p�h�o�n�o�n�s� �i�t� �c�a�n� �b�e� �s�h�o�w�n� �t�h�a�t� �a�l�l� �s�e�c�o�n�d�-�o�r�d�e�r� �s�c�a�t�t�e�r�i�n�g� 

�i�s� �a�l�l�o�w�e�d� �[�L�o�u�d�o�n�,� �1�9�6�5�]� �s�i�n�c�e� �t�h�e� �s�p�a�c�e� �g�r�o�u�p� �e�x�c�i�t�a�t�i�o�n� 

�s�y�m�m�e�t�r�i�e�s� �w�i�l�l� �c�o�n�t�a�i�n� �a�l�l� �t�h�e� �R�a�m�a�n� �a�c�t�i�v�e� �p�o�i�n�t� �g�r�o�u�p� �(�z�o�n�e� 

�c�e�n�t�e�r�)� �s�y�m�m�e�t�r�i�e�s�;� �r�e�s�t�r�i�c�t�i�o�n�s� �m�a�y� �o�c�c�u�r�,� �h�o�w�e�v�e�r�,� �a�t� �h�i�g�h� 

�s�y�m�m�e�t�r�y� �p�o�i�n�t�s� �i�n� �t�h�e� �B�r�i�l�l�o�u�i�n� �z�o�n�e�.� 

�1�.�4� �U�l�t�r�a�v�i�o�l�e�t�-�V�i�s�i�b�l�e� �R�e�f�l�e�c�t�i�v�i�t�y� 

�T�h�i�s� �s�e�c�t�i�o�n� �o�u�t�l�i�n�e�s� �t�h�e� �e�x�p�l�a�n�a�t�i�o�n� �g�i�v�e�n� �b�y� �C�o�h�e�n� �a�n�d� 

�C�h�e�l�i�k�o�w�s�k�y� �f�o�r� �t�h�e� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �r�e�f�l�e�c�t�i�v�i�t�y� �s�p�e�c�t�r�a�.� �(�S�e�e� 

�a�l�s�o� �G�r�e�e�n�a�w�a�y� �a�n�d� �H�a�r�b�e�k�e�,� �1�9�6�8�.�)� �T�h�e� �o�p�t�i�c�a�l� �f�u�n�c�t�i�o�n�s� �w�h�i�c�h
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�a�i�d� �i�n� �a�n� �a�n�a�l�y�s�i�s� �o�f� �r�e�f�l�e�c�t�i�v�i�t�y� �s�p�e�c�t�r�a� �a�r�e� �t�h�e� �c�o�m�p�l�e�x� �i�n�d�e�x� 

�o�f� �r�e�f�r�a�c�t�i�o�n� �N�(�w�)� �=� �n�(�w�)� �+� �i�k�(�w�)� �a�n�d� �t�h�e� �c�o�m�p�l�e�x� �d�i�e�l�e�c�t�r�i�c� 

�f�u�n�c�t�i�o�n�  ¬�(�w�)� �=�  ¬�;�(�@�)� �+� �1 ¬�2�(�w�)�.� �H�e�r�e� �t�h�e�y� �a�r�e� �w�r�i�t�t�e�n� �a�s� �w�a�v�e�v�e�c�t�o�r� 

�i�n�d�e�p�e�n�d�e�n�t� �s�i�n�c�e� �t�h�e� �w�a�v�e�v�e�c�t�o�r�s� �f�o�r� �t�h�e� �r�a�n�g�e� �o�f� �i�n�c�i�d�e�n�t� 

�p�h�o�t�o�n� �e�n�e�r�g�i�e�s� �i�n�v�o�l�v�e�d� �a�r�e� �m�u�c�h� �s�m�a�l�l�e�r� �t�h�a�n� �t�h�e� �B�r�i�l�l�o�u�i�n� 

�z�o�n�e� �s�i�z�e� �(�2�m�/�l�a�t�t�i�c�e� �c�o�n�s�t�a�n�t�)�;� �o�n�l�y� �d�i�r�e�c�t� �t�r�a�n�s�i�t�i�o�n�s� �(�e�x�c�e�p�t� 

�f�o�r� �i�n�d�i�r�e�c�t� �m�i�n�i�m�u�m� �g�a�p�s� �a�s� �i�n� �s�i�l�i�c�o�n�)� �a�r�e� �i�n�v�o�l�v�e�d�.� �T�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �t�h�e�s�e� �f�u�n�c�t�i�o�n�s� �a�r�e� �e�x�p�r�e�s�s�e�d� �i�n� �t�h�e� �e�q�u�a�t�i�o�n�s�:� 

�N�?� �=�  ¬�;� �+� �i�f�)� �(�1�.�1�6�)� 

 ¬�,� �=� �n�2� �-� �k�?� �(�1�.�1�7�)� 

 ¬�)� �=� �2�n�k� �(�1�.�1�8�)� 

�p�a�u� �(�n�-� �l�f� �+�k� �(�1�.�1�9�)� 
�(�n�+� �1�%� �+�k�?� 

�I�t� �1�s� �c�l�e�a�r� �t�h�a�t� �t�h�e� �(�n�e�a�r� �n�o�r�m�a�l� �i�n�c�i�d�e�n�c�e�)� �r�e�f�l�e�c�t�i�v�i�t�y�,� �R�,� 

�c�o�n�t�a�i�n�s� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t�  ¬�(�w�)�,� �a�n�d� �w�i�t�h� �t�h�e� �a�i�d� �o�f� �t�h�e� �K�r�a�m�e�r�s�-� 

�K�r�o�n�i�g� �r�e�l�a�t�i�o�n� 

�o�o� 

�E�(�w�)� �=�1�+� �2�P� �|� �0�"� �(�0�)� �g�u�y� �(�1�.�2�0�)� 
�>� �w�=� �w�?� 

 ¬�(�w�W�)� �c�a�n� �b�e� �c�o�m�p�l�e�t�e�l�y� �d�e�t�e�r�m�i�n�e�d� �w�i�t�h� �a� �c�o�m�p�l�e�t�e� �k�n�o�w�l�e�d�g�e� 

�o�f�  ¬�2�(�0�)�.� 

�T�h�e� �i�m�a�g�i�n�a�r�y� �p�a�r�t� �o�f� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �f�u�n�c�t�i�o�n�,�  ¬�2�(�w�)�,� �d�e�a�l�s� 

�w�i�t�h� �t�h�e� �a�b�s�o�r�p�t�i�o�n� �p�r�o�c�e�s�s�e�s� �t�h�a�t� �c�a�u�s�e� �t�r�a�n�s�i�t�i�o�n�s� �b�e�t�w�e�e�n
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�i�n�i�t�i�a�l� �v�a�l�e�n�c�e� �b�a�n�d� �(�i�)� �s�t�a�t�e�s� �a�n�d� �f�i�n�a�l� �c�o�n�d�u�c�t�i�o�n� �b�a�n�d� �(�Q�)� 

�s�t�a�t�e�s�.� �A�n� �e�x�p�r�e�s�s�i�o�n� �f�o�r�  ¬�2�(�w�)� �i�s� �g�i�v�e�n� �[�E�h�r�e�n�r�e�i�c�h� �a�n�d� �C�o�h�e�n�]� 

�i�n� �t�e�r�m�s� �o�f� �a�n� �i�n�t�e�g�r�a�l� �o�v�e�r� �a�l�l� �s�t�a�t�e�s� �i�n� �t�h�e� �B�r�i�l�l�o�u�i�n� �z�o�n�e� �a�s�:� 

�e�w�)� �=� �4�0�e�h� �Y� �2� �|� �S�l�w�i�i�(�k�)�-� �w�]� �|�P�y�(�k�)�/�?� �P�k� �(�1�.�2�1�)� 
�3�m�*�w�?� �4� �(�2�2�)�?� �/�B�Z� 

�w�h�e�r�e� �w�(�K�)� �i�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �e�n�e�r�g�i�e�s� �o�f� �s�t�a�t�e�s� �1� 

�a�n�d� �j� �d�i�v�i�d�e�d� �b�y� �P�l�a�n�c�k�'�s� �c�o�n�s�t�a�n�t�,� �a�n�d� �P�j�j�(�k�)� �i�s� �t�h�e� �d�i�p�o�l�e� �m�a�t�r�i�x� 

�e�l�e�m�e�n�t�,� �a� �f�u�n�c�t�i�o�n� �t�h�a�t� �v�a�r�i�e�s� �s�l�o�w�l�y� �a�n�d� �s�m�o�o�t�h�l�y� �e�x�c�e�p�t� �n�e�a�r� 

�p�o�i�n�t�s� �o�f� �h�i�g�h� �s�y�m�m�e�t�r�y�.� �B�y� �i�s�o�l�a�t�i�n�g� �t�h�a�t� �p�a�r�t� �o�f�  ¬�2�(�w�)� �w�h�i�c�h� 

�g�i�v�e�s� �t�h�e� �m�a�j�o�r� �s�t�r�u�c�t�u�r�e�,� �t�h�e� �e�l�e�c�t�r�o�n�i�c� �j�o�i�n�t� �d�e�n�s�i�t�y� �o�f� �s�t�a�t�e�s� 

�i�s� �o�b�t�a�i�n�e�d� �a�n�d� �c�a�n� �b�e� �w�r�i�t�t�e�n� �a�s�:� 

� � �J�w�)� �=�  ��4�  �� �d�s�_�_� �(�1�.�2�2�)� 
�(�2�1�)�?� �V�y� �w�i�(�k�)�,� 

�@�)� �W�i�j� 

�w�h�e�r�e� �t�h�e� �i�n�t�e�g�r�a�l� �i�s� �o�v�e�r� �t�h�e� �s�u�r�f�a�c�e� �i�n� �w�a�v�e�v�e�c�t�o�r� �s�p�a�c�e� 

�d�e�f�i�n�e�d� �b�y� �w�i�(�K�)�=�w�.� �T�h�e� �z�e�r�o�s� �i�n� �t�h�e� �d�e�n�o�m�i�n�a�t�o�r� �g�i�v�e� �r�i�s�e� 

�t�o� �t�h�e� �s�h�a�r�p� �s�t�r�u�c�t�u�r�e� �i�n� �t�h�e� �j�o�i�n�t� �d�e�n�s�i�t�y� �o�f� �s�t�a�t�e�s�;� �t�h�e�s�e� 

�c�r�i�t�i�c�a�l� �p�o�i�n�t�s� �c�a�n� �b�e� �d�e�s�c�r�i�b�e�d� �b�y� �t�h�e� �c�o�n�d�i�t�i�o�n� �V�,�E�;�=�V�,�E�;�.� �T�h�i�s� 

�m�e�a�n�s� �t�h�a�t� �w�h�e�r�e� �t�h�e� �s�l�o�p�e�s� �o�f� �t�h�e� �i�t�h� �a�n�d� �j�t�h� �b�a�n�d�s� �a�r�e� �e�q�u�a�l�,� 

�d�i�s�t�i�n�c�t�i�v�e� �f�e�a�t�u�r�e�s� �s�h�o�u�l�d� �a�p�p�e�a�r� �i�n�  ¬�2�(�w�W�)� �a�s� �w�e�l�l� �a�s� �i�n� �t�h�e� 

�r�e�f�l�e�c�t�i�v�i�t�y�.� �H�e�n�c�e�,� �r�e�f�l�e�c�t�i�v�i�t�y� �s�p�e�c�t�r�a� �c�o�n�t�a�i�n� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� 

�t�h�e� �b�a�n�d� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �s�o�l�i�d�.� 

�U�n�f�o�r�t�u�n�a�t�e�l�y�,� �f�o�r� �a� �K�r�a�m�e�r�s�-�K�r�o�n�i�g� �a�n�a�l�y�s�i�s�,� �e�x�p�e�r�i�m�e�n�t�a�l� 

�d�a�t�a� �m�u�s�t� �s�p�a�n� �a� �w�i�d�e� �r�a�n�g�e� �o�f� �f�r�e�q�u�e�n�c�i�e�s�.� �T�h�e� �4� �e�V� �r�a�n�g�e



�2�7� 

�i�n� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n� �d�o�e�s� �n�o�t� �a�l�l�o�w� �f�o�r� �m�e�a�n�i�n�g�f�u�l� �K�r�a�m�e�r�s�-� 

�K�r�o�n�i�g� �a�n�a�l�y�s�i�s�.� �A�n� �a�l�t�e�r�n�a�t�i�v�e� �m�e�t�h�o�d� �b�a�s�e�d� �o�n� �e�x�p�r�e�s�s�i�n�g� �t�h�e� 

�d�i�e�l�e�c�t�r�i�c� �f�u�n�c�t�i�o�n� �a�s� �a� �s�u�m� �o�f� �L�o�r�e�n�t�z�i�a�n� �h�a�r�m�o�n�i�c� �o�s�c�i�l�l�a�t�o�r�s� 

�[�S�p�i�t�z�e�r� �a�n�d� �K�l�e�i�n�m�a�n�,� �V�e�r�l�e�u�r�,� �F�e�n�g� �a�n�d� �Z�a�l�l�e�n�]� �h�a�s� �p�r�o�v�e�d� �t�o� 

�b�e� �q�u�i�t�e� �f�r�u�i�t�f�u�l� �s�i�n�c�e� �t�h�e� �o�s�c�i�l�l�a�t�o�r�s� �c�a�n� �r�e�p�r�e�s�e�n�t� �d�i�r�e�c�t� �t�r�a�n�s�i�t�i�o�n�s� 

�a�t� �c�r�i�t�i�c�a�l� �p�o�i�n�t�s� �i�n� �t�h�e� �j�o�i�n�t� �d�e�n�s�i�t�y� �o�f� �s�t�a�t�e�s� �a�n�d� �g�i�v�e� �i�n�f�o�r�m�a�t�i�o�n� 

�a�b�o�u�t� �t�h�e� �e�n�e�r�g�y� �o�f� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �a�n�d� �t�h�e� �l�i�f�e�t�i�m�e� �o�f� �t�h�e� 

�e�l�e�c�t�r�o�n� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �p�r�o�c�e�s�s�.� �A� �d�e�t�a�i�l�e�d� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �s�u�c�h� 

�a�n� �a�n�a�l�y�s�i�s� �i�s� �g�i�v�e�n� �i�n� �c�h�a�p�t�e�r� �t�h�r�e�e�.� 

�1�.�5� �S�p�e�c�t�r�a� �o�f� �P�r�o�c�e�s�s�e�d� �G�a�l�l�i�u�m� �A�r�s�e�n�i�d�e� 

�1�.�5�.�1� �l�I�o�n�-�I�m�p�l�a�n�t�e�d� �G�a�A�s� 

�I�o�n� �i�m�p�l�a�n�t�a�t�i�o�n� �i�n�t�r�o�d�u�c�e�s� �d�a�m�a�g�e� �i�n�t�o� �a� �c�r�y�s�t�a�l� �b�y� �l�e�a�v�i�n�g� 

�p�o�c�k�e�t�s� �o�f� �m�i�c�r�o�c�r�y�s�t�a�l�l�i�n�e� �m�a�t�e�r�i�a�l� �w�h�i�l�e� �m�a�k�i�n�g� �t�h�e� �r�e�s�t� �o�f� 

�t�h�e� �t�a�r�g�e�t� �a�m�o�r�p�h�o�u�s�.� �S�p�e�c�t�r�a� �f�r�o�m� �t�h�e�s�e� �m�i�x�e�d� �m�a�t�e�r�i�a�l�s� �c�a�n� 

�b�e� �i�n�t�e�r�p�r�e�t�e�d� �u�s�i�n�g� �a�n� �e�f�f�e�c�t�i�v�e� �m�e�d�i�u�m� �a�p�p�r�o�x�i�m�a�t�i�o�n�.� 

�R�a�m�a�n� �s�p�e�c�t�r�a� �f�o�r� �i�o�n�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �c�o�n�t�a�i�n� �a� �c�o�n�t�r�i�b�u�t�i�o�n� 

�f�r�o�m� �a�m�o�r�p�h�o�u�s� �G�a�A�s� �(�a�-�G�a�A�s�)�.� �W�h�e�n� �t�h�e� �t�h�r�e�e� �b�r�o�a�d� �b�a�n�d�s� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �a�-�G�a�A�s� �(�F�i�g�u�r�e� �1�.�6�,� �H�o�l�t�z�)� �a�r�e� �s�u�b�t�r�a�c�t�e�d� �f�r�o�m� 

�t�h�e� �s�p�e�c�t�r�a� �o�f� �m�i�x�e�d� �m�a�t�e�r�i�a�l�,� �a�n� �i�n�t�e�n�s�i�t�y�-�r�e�d�u�c�e�d�,� �a�s�y�m�m�e�t�r�i�c�a�l�l�y� 

�b�r�o�a�d�e�n�e�d� �a�n�d� �d�o�w�n�s�h�i�f�t�e�d� �L�O� �p�e�a�k� �i�s� �l�e�f�t�.� �T�h�i�s� �p�e�a�k� �c�o�m�e�s� 

�f�r�o�m� �t�h�e� �m�i�c�r�o�c�r�y�s�t�a�l�l�i�n�e� �p�o�r�t�i�o�n� �o�f� �t�h�e� �s�a�m�p�l�e�,� �a�n�d� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�a�r�e� �c�h�a�n�g�e�d� �b�y� �s�i�z�e� �e�f�f�e�c�t�s� �a�n�d� �t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �p�r�i�n�c�i�p�l�e�.� 

�R�i�c�h�t�e�r�,� �e�t� �a�l�.� �a�n�a�l�y�z�e�d� �t�h�e�s�e� �c�h�a�n�g�e�s� �i�n� �i�o�n�-�i�m�p�l�a�n�t�e�d� �S�i� 

�w�h�i�l�e� �T�i�o�n�g�,� �e�t� �a�l�.� �e�x�t�e�n�d�e�d� �t�h�e� �r�e�s�u�l�t�s� �t�o� �G�a�A�s�.� �S�i�z�e� �e�f�f�e�c�t�s� 

�w�e�r�e� �d�e�a�l�t� �w�i�t�h� �b�y� �i�n�t�r�o�d�u�c�i�n�g� �a� �s�p�a�t�i�a�l� �c�o�n�f�i�n�e�m�e�n�t� �f�u�n�c�t�i�o�n



�2�8� 

� � �|� �|� �I� �I� �i� �i� 

�S�i�F�, �� �i�m�p�l�a�n�t�e�d� �G�a�A�s� 

� � 

� � 

� � � 
�s�p�u�t�t�e�r�e�d� �a�-�G�o�a�A�s� �f�i�l�m� � � � � � 

� � 

�R
�A

�M
�A

�N
� 

�S
�C

�A
�T

�T
�E

�R
�I�

N
�G

� 
�I�

N
�T

�E
�N

�S
�I�

T
�Y

� 

� � � �e�v�a�p�o�r�a�t�e�d� �a�-�G�a�A�s� �f�i�l�m� 

� � � � � � � � � �|� �J� �=� �L� �L� 

�0� �9�0� �1�0�0� �1�5�0� �2�0�0� �2�5�0� �3�0�0� �3�5�0� 

�-�A�y�  ��(�c�m�~�'�)� 

� � � � � 

�F�i�g�.� �1�.�6�:� �R�a�m�a�n� �s�p�e�c�t�r�a� �f�o�r� �a�-�G�a�A�s� �p�r�e�p�a�r�e�d� �i�n� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� 
�w�a�y�s� �[�H�o�l�t�z�]�.



�2�9� 

�w�h�i�c�h� �w�o�u�l�d� �c�a�u�s�e� �t�h�e� �B�l�o�c�h� �w�a�v�e� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�e� �i�n�f�i�n�i�t�e� 

�c�r�y�s�t�a�l� �t�o� �d�a�m�p� �o�u�t� �b�e�y�o�n�d� �a� �m�e�a�n� �m�i�c�r�o�c�r�y�s�t�a�l� �d�i�a�m�e�t�e�r�,� �L�.� 

�T�h�e� �L�O� �l�i�n�e� �i�n�t�e�n�s�i�t�y� �o�f� �s�u�c�h� �a� �m�i�c�r�o�c�r�y�s�t�a�l� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l�!� �t�o�:� 

�1� 

�-�q�2�]� �2� �3� �o�x�y� �C�L�"�)� �q�q� �(�1�.�2�3�)� 
�4� �1�1� �w�y� �-� �w�(�q�)� �1�2�+� �/�T�o�2� �|�?� 
� � 

�w�h�e�r�e� �[�9� �i�s� �t�h�e� �L�O� �l�i�n�e�w�i�d�t�h� �i�n� �t�h�e� �c�r�y�s�t�a�l�.� �T�h�e� �i�n�t�e�g�r�a�l� �i�s� 

�d�o�n�e� �o�v�e�r� �t�h�e� �w�h�o�l�e� �B�r�i�l�l�o�u�i�n� �z�o�n�e�,� �w�i�t�h� �q� �i�n� �u�n�i�t�s� �o�f� �2�a�/�a� �w�h�e�r�e� 

�a� �i�s� �t�h�e� �l�a�t�t�i�c�e� �c�o�n�s�t�a�n�t�.� �T�h�e� �F�o�u�r�i�e�r� �t�r�a�n�s�f�o�r�m� �o�f� �t�h�e� �c�o�n�f�i�n�e�m�e�n�t� 

�f�u�n�c�t�i�o�n� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �G�a�u�s�s�i�a�n� �t�e�r�m� �i�n� �t�h�e� �i�n�t�e�g�r�a�l� �a�n�d� 

�t�h�e� �L�O� �p�h�o�n�o�n� �d�i�s�p�e�r�s�i�o�n� �w�(�q�)� �i�s� �g�i�v�e�n� �i�n� �c�m�!� �b�y� 

�W�(�q�)� �=� �2�6�9�.�5� �+� �2�2�.�5� �c�o�s� �(�m�q�)� �(�1�.�2�4�)� 

�f�o�r� �t�h�e� �L�O� �p�h�o�n�o�n� �a�l�o�n�g� �(�1�0�0�)�.� �A� �p�l�o�t� �o�f� �t�h�e� �f�u�l�l� �w�i�d�t�h� �a�t� �h�a�l�f� 

�m�a�x�i�m�u�m� �a�n�d� �t�h�e� �s�h�i�f�t�s� �i�n� �t�h�e� �L�O� �p�e�a�k� �v�e�r�s�u�s� �t�h�e� �m�i�c�r�o�c�r�y�s�t�a�l� 

�d�i�a�m�e�t�e�r� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�i�s� �r�e�l�a�t�i�o�n� �b�y� �v�a�r�y�i�n�g� �L�.� 

�F�i�g�u�r�e� �1�.�7� �s�h�o�w�s� �t�h�e� �r�e�s�u�l�t�,� �a�l�o�n�g� �w�i�t�h� �e�x�p�e�r�i�m�e�n�t�a�l� �p�o�i�n�t�s� 

�f�r�o�m� �T�i�o�n�g�,� �e�t� �a�l�.� 

�T�h�e� �c�o�n�f�i�n�e�m�e�n�t� �f�u�n�c�t�i�o�n� �d�e�s�t�r�o�y�s� �t�h�e� �z�e�r�o�-�w�a�v�e�v�e�c�t�o�r� �s�e�l�e�c�t�i�o�n� 

�r�u�l�e� �i�n� �t�h�e� �m�i�c�r�o�c�r�y�s�t�a�l�;� �p�h�o�n�o�n�s� �w�i�t�h� �n�o�n�-�z�e�r�o� �w�a�v�e�v�e�c�t�o�r�s� �c�a�n� 

�n�o�w� �p�a�r�t�i�c�i�p�a�t�e� �i�n� �s�c�a�t�t�e�r�i�n�g� �e�v�e�n�t�s�.� �B�e�c�a�u�s�e� �t�h�e� �p�h�o�n�o�n� �d�i�s�p�e�r�s�i�o�n� 

�f�o�r� �L�O� �p�h�o�n�o�n�s� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �c�r�y�s�t�a�l� �m�o�m�e�n�t�u�m� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �t�h�e� �c�o�n�f�i�n�e�m�e�n�t� �f�u�n�c�t�i�o�n� �c�a�u�s�e�s� �a�n� �a�s�y�m�m�e�t�r�i�c� �b�r�o�a�d�e�n�i�n�g� 

�a�n�d� �a� �d�o�w�n�s�h�i�f�t�i�n�g� �o�f� �t�h�e� �L�O� �p�e�a�k�.� �P�h�y�s�i�c�a�l�l�y�,� �t�h�i�s� �i�s� �t�h�e
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�G�a�A�s� �<�l�O�Q�O�>� �L�n�.� 
�2�7�0� �k�e�V� �A�s�-�I�o�n� �I�m�p�l�a�n�t�e�d� �1�3� 

�1�5�0� �-�4�+� 

�=�  ��S�F� �}� �E�x�p�e�r�i�m�e�n�t� �F�l�u�e�n�c�e� �1�6�0� 
�E�  �� �T�h�e�o�r� �S�o�m�p�l�e� �(�1�0�c�m�?�)� �_� 

�=� �y� �|� �U�n�i�m�p�l�o�n�i�e�d�|� �o�d� 

�S� �2� �0�5�6� �1�7�7� 
�z� �3� �1�.�0� 

 ��2� �4� �1�.�3� �|� 
�5� �1�.�8� �6�0� 
�6� �2�.�4� �1�9�0� 
�7� �3�.�2� �1�1�0�0� 
�8� �4�.�2� 

 ��I�r� �9� �5�.�6� 
�1�0� �7�.�5� 

�U�N� �1�0� �4� 
�1�2� �8� �2�0�0� 
�1�3� �2�4� �4�3�0�0� 

�1� �i� �A� �A� �e�o� 

�0� �I�S� 

�F�i�g�.� �1�.�7�:� �D�e�p�e�n�d�e�n�c�e� �o�f� �R�a�m�a�n� �L�O� �p�e�a�k� �l�i�n�e�w�i�d�t�h� �a�n�d� �p�o�s�i�t�i�o�n� 
�o�n� �m�i�c�r�o�c�r�y�s�t�a�l� �s�i�z�e� �[�T�i�o�n�g� �e�t� �a�l�.�]�.



�3�1� 

�u�n�c�e�r�t�a�i�n�t�y� �p�r�i�n�c�i�p�l�e� �i�n� �a�c�t�i�o�n�.� �A� �c�o�n�f�i�n�e�m�e�n�t� �o�f� �t�h�e� �p�h�o�n�o�n�s� 

�l�e�a�d�s� �t�o� �a� �s�m�a�l�l�e�r� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �t�h�e�i�r� �p�o�s�i�t�i�o�n� �a�n�d� �t�h�e�r�e�f�o�r�e� �a� 

�g�r�e�a�t�e�r� �u�n�c�e�r�t�a�i�n�t�y� �i�n� �t�h�e�i�r� �m�o�m�e�n�t�u�m�.� �H�e�n�c�e�,� �t�h�e� �s�e�l�e�c�t�i�o�n� 

�r�u�l�e� �t�h�a�t� �a�l�l�o�w�s� �o�n�l�y� �z�o�n�e� �c�e�n�t�e�r� �p�h�o�n�o�n�s� �t�o� �p�a�r�t�i�c�i�p�a�t�e� �i�n� 

�R�a�m�a�n� �s�c�a�t�t�e�r�i�n�g� �i�s� �n�o�w� �d�e�s�t�r�o�y�e�d�.� �L�O� �p�h�o�n�o�n�s� �w�i�t�h� �l�o�w�e�r� 

�f�r�e�q�u�e�n�c�i�e�s� �c�a�n� �p�a�r�t�i�c�i�p�a�t�e�,� �a�n�d� �t�h�e� �R�a�m�a�n� �L�O� �p�e�a�k� �s�c�a�t�t�e�r�i�n�g� 

�c�r�o�s�s� �s�e�c�t�i�o�n� �i�s� �a�n� �i�n�t�e�g�r�a�l� �i�n�c�l�u�d�i�n�g� �a�l�l� �t�h�e�s�e� �a�l�l�o�w�e�d� �p�h�o�n�o�n�s�.� 

�A�s� �p�h�o�n�o�n�s� �w�i�t�h� �g�r�e�a�t�e�r� �m�o�m�e�n�t�u�m� �a�r�e� �a�l�l�o�w�e�d� �(�i�.�e�.� �a�s� �t�h�e� 

�p�h�o�n�o�n�s� �a�r�e� �c�o�n�f�i�n�e�d� �t�o� �s�m�a�l�l�e�r� �m�i�c�r�o�c�r�y�s�t�a�l�s�)�,� �t�h�e� �L�O� �p�e�a�k� 

�b�r�o�a�d�e�n�s� �a�n�d� �d�o�w�n�s�h�i�f�t�s�.� �H�e�n�c�e� �t�h�e� �a�m�o�u�n�t� �o�f� �b�r�o�a�d�e�n�i�n�g� �a�n�d� 

�d�o�w�n�s�h�i�f�t�i�n�g� �i�n�c�r�e�a�s�e�s� �a�s� �t�h�e� �m�i�c�r�o�c�r�y�s�t�a�l�s� �d�e�c�r�e�a�s�e� �i�n� �s�i�z�e�.� 

�A�s� �f�o�r� �t�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �R�a�m�a�n� �i�n�t�e�n�s�i�t�y� �f�r�o�m� �t�h�e� �v�a�l�u�e� �i�n� 

�u�n�i�m�p�l�a�n�t�e�d� �s�a�m�p�l�e�s�,� �t�h�i�s� �i�s� �m�a�i�n�l�y� �a� �v�o�l�u�m�e� �e�f�f�e�c�t�;� �a� �s�m�a�l�l�e�r� 

�v�o�l�u�m�e� �f�r�a�c�t�i�o�n� �o�f� �m�i�c�r�o�c�r�y�s�t�a�l�l�i�n�e� �m�a�t�e�r�i�a�l� �w�i�l�l� �p�r�o�d�u�c�e� �l�e�s�s� 

�s�c�a�t�t�e�r�i�n�g�.� 

�U�l�t�r�a�v�i�o�l�e�t� �r�e�f�l�e�c�t�i�v�i�t�y� �s�p�e�c�t�r�a� �a�r�e� �c�h�a�n�g�e�d� �i�n� �a� �s�i�m�i�l�a�r� 

�m�a�n�n�e�r�.� �A�g�a�i�n�,� �t�h�e� �u�n�c�e�r�t�a�i�n�t�y� �p�r�i�n�c�i�p�l�e� �p�l�a�y�s� �a� �p�a�r�t�.� �A�f�t�e�r� 

�t�h�e� �B�r�u�g�g�e�m�a�n� �e�f�f�e�c�t�i�v�e� �m�e�d�i�u�m� �a�p�p�r�o�x�i�m�a�t�i�o�n� �i�s� �a�p�p�l�i�e�d� �t�o� 

�t�h�e� �d�i�e�l�e�c�t�r�i�c� �f�u�n�c�t�i�o�n�s� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �s�p�e�c�t�r�a�,� �k�n�o�w�i�n�g� �t�h�e� 

�a�-�G�a�A�s� �c�o�n�t�r�i�b�u�t�i�o�n� �a�n�d� �t�h�e� �t�o�t�a�l� �d�i�e�l�e�c�t�r�i�c� �f�u�n�c�t�i�o�n� �f�o�r� �t�h�e� 

�m�i�x�e�d� �m�a�t�e�r�i�a�l� �y�i�e�l�d�s� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �m�i�c�r�o�c�r�y�s�t�a�l�s�.� 

�T�h�e� �l�i�n�e�w�i�d�t�h�s� �o�f� �t�h�e� �o�s�c�i�l�l�a�t�o�r�s� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� �i�n�t�e�r�b�a�n�d� 

�t�r�a�n�s�i�t�i�o�n�s� �i�n�c�r�e�a�s�e� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �m�i�c�r�o�c�r�y�s�t�a�l� �s�i�z�e�.� �A�s� �t�h�e� 

�m�i�c�r�o�c�r�y�s�t�a�l� �s�i�z�e� �d�e�c�r�e�a�s�e�s�,� �a� �c�o�l�l�i�s�i�o�n� �o�f� �a�n� �e�l�e�c�t�r�o�n� �(�h�o�l�e�)� 

�w�i�t�h� �t�h�e� �b�o�u�n�d�a�r�y� �o�f� �t�h�e� �m�i�c�r�o�c�r�y�s�t�a�l� �i�s� �m�o�r�e� �l�i�k�e�l�y� �t�o� �o�c�c�u�r� 

�i�n� �a� �s�h�o�r�t�e�r� �a�m�o�u�n�t� �o�f� �t�i�m�e�.� �A� �s�h�o�r�t�e�r� �l�i�f�e�t�i�m�e� �m�e�a�n�s� �a� �g�r�e�a�t�e�r



�3�2� 

�u�n�c�e�r�t�a�i�n�t�y� �i�n� �t�h�e� �e�n�e�r�g�y� �o�f� �t�h�e� �e�l�e�c�t�r�o�n�,� �h�e�n�c�e� �t�h�e� �l�i�n�e�w�i�d�t�h� 

�o�f� �t�h�e� �o�s�c�i�l�l�a�t�o�r� �b�r�o�a�d�e�n�s�.� �T�h�e� �f�e�a�t�u�r�e�s� �i�n� �t�h�e� �r�e�a�l� �a�n�d� �i�m�a�g�i�n�a�r�y� 

�p�a�r�t�s� �o�f� �t�h�e� �m�i�c�r�o�c�r�y�s�t�a�l�l�i�n�e� �d�i�e�l�e�c�t�r�i�c� �f�u�n�c�t�i�o�n� �w�i�l�l� �f�l�a�t�t�e�n� �o�u�t� 

�c�o�m�p�a�r�e�d� �t�o� �c�-�G�a�A�s�,� �a�n�d� �w�h�e�n� �m�i�x�e�d� �w�i�t�h� �t�h�e� �f�e�a�t�u�r�e�l�e�s�s� �d�i�e�l�e�c�t�r�i�c� 

�f�u�n�c�t�i�o�n� �o�f� �a�-�G�a�A�s� �(�t�h�r�o�u�g�h� �t�h�e� �B�r�u�g�g�e�m�a�n� �e�f�f�e�c�t�i�v�e� �m�e�d�i�u�m� 

�a�p�p�r�o�x�i�m�a�t�i�o�n�)� �c�a�u�s�e� �t�h�e� �r�e�s�u�l�t�i�n�g� �i�n�t�e�r�b�a�n�d� �r�e�f�l�e�c�t�i�v�i�t�y� �p�e�a�k�s� 

�t�o� �b�r�o�a�d�e�n�.� 

�1�.�5�.�2� �I�o�n�-�i�m�p�l�a�n�t�e�d� �a�n�d� �A�n�n�e�a�l�e�d� �G�a�l�l�i�u�m� �A�r�s�e�n�i�d�e� 

�T�h�e� �p�r�e�s�e�n�c�e� �o�f� �c�a�r�r�i�e�r�s� �i�n� �a� �s�a�m�p�l�e� �d�o�e�s� �n�o�t� �a�f�f�e�c�t� �s�p�e�c�t�r�a� 

�o�b�t�a�i�n�e�d� �w�h�e�n� �t�h�e� �p�r�o�b�i�n�g� �d�e�p�t�h� �o�f� �t�h�e� �i�n�c�i�d�e�n�t� �p�h�o�t�o�n� �d�o�e�s� 

�n�o�t� �g�o� �b�e�y�o�n�d� �t�h�e� �d�e�p�l�e�t�i�o�n� �l�a�y�e�r�.� �I�n� �t�h�i�s� �l�a�y�e�r�,� �s�p�e�c�t�r�a� �w�i�l�l� 

�b�e� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�o�s�e� �o�b�t�a�i�n�e�d� �i�n� �a� �v�i�r�g�i�n� �c�r�y�s�t�a�l�.� �T�y�p�i�c�a�l� 

�d�e�p�l�e�t�i�o�n� �l�a�y�e�r�s� �a�r�e� �n�o�t� �t�h�i�n� �e�n�o�u�g�h� �(� �>�1�5�0� �A� �)� �t�o� �c�a�u�s�e� 

�c�h�a�n�g�e�s� �i�n� �t�h�e� �r�e�f�l�e�c�t�i�v�i�t�y� �s�p�e�c�t�r�a�,� �s�i�n�c�e� �t�h�e� �p�r�o�b�e� �d�e�p�t�h� �o�f� �t�h�e� 

�i�n�c�i�d�e�n�t� �p�h�o�t�o�n�s� �w�i�t�h� �e�n�e�r�g�i�e�s� �n�e�a�r� �t�h�e� �i�n�t�e�r�b�a�n�d� �r�e�f�l�e�c�t�i�v�i�t�y� 

�p�e�a�k�s� �i�s� �l�e�s�s� �t�h�a�n� �1�0�0� �A�.� �F�o�r� �t�h�a�t� �p�a�r�t� �o�f� �t�h�e� �r�e�f�l�e�c�t�i�v�i�t�y� 

�s�p�e�c�t�r�a� �a�b�o�v�e� �t�h�e� �f�u�n�d�a�m�e�n�t�a�l� �b�a�n�d� �g�a�p� �w�h�i�c�h� �p�r�o�b�e�s� �b�e�y�o�n�d� 

�t�h�e� �d�e�p�l�e�t�i�o�n� �w�i�d�t�h�,� �a�n� �o�s�c�i�l�l�a�t�o�r� �a�n�a�l�y�s�i�s� �r�e�v�e�a�l�s� �t�h�a�t� �n�o� �o�s�c�i�l�l�a�t�o�r�s� 

�w�i�t�h� �e�n�e�r�g�i�e�s� �t�h�a�t� �c�o�r�r�e�s�p�o�n�d� �t�o� �a� �p�r�o�b�e� �d�e�p�t�h� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� 

�d�e�p�l�e�t�i�o�n� �w�i�d�t�h� �a�r�e� �n�e�e�d�e�d� �t�o� �m�o�d�e�l� �t�h�e� �s�p�e�c�t�r�a�.� �T�h�e� �l�o�w�e�s�t� 

�e�n�e�r�g�y� �o�s�c�i�l�l�a�t�o�r� �n�e�e�d�e�d� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �E�;� �p�e�a�k� �a�n�d� �a� �p�r�o�b�e� 

�d�e�p�t�h� �o�f� �a�b�o�u�t� �1�0�0� �A�;� �h�e�n�c�e� �u�l�t�r�a�v�i�o�l�e�t� �r�e�f�l�e�c�t�i�v�i�t�y� �s�p�e�c�t�r�a� �a�r�e� 

�u�n�a�f�f�e�c�t�e�d� �b�y� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �d�o�p�a�n�t�s�.� 

�R�a�m�a�n� �s�p�e�c�t�r�a�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �c�a�n� �b�e� �a�f�f�e�c�t�e�d� �w�h�e�n� 

�t�h�e� �c�a�r�r�i�e�r� �r�e�g�i�o�n�s� �(�N� �>� �1�0�!�©� �c�m�-�3�)� �a�r�e� �e�x�a�m�i�n�e�d�.� �T�h�e� �p�h�o�n�o�n�-



�3�3� 

�p�l�a�s�m�o�n� �i�n�t�e�r�a�c�t�i�o�n�s� �c�a�u�s�e� �t�h�e� �L�O� �p�h�o�n�o�n� �t�o� �d�a�m�p� �o�u�t� �e�x�p�o�n�e�n�t�i�a�l�l�y� 

�i�n� �t�h�i�s� �r�e�g�i�o�n�,� �t�h�u�s� �r�e�d�u�c�i�n�g� �t�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �L�O� �s�i�g�n�a�l� �i�n� 

�t�h�e� �d�o�p�e�d� �m�a�t�e�r�i�a�l� �c�o�m�p�a�r�e�d� �t�o� �t�h�a�t� �i�n� �v�i�r�g�i�n� �G�a�A�s�.� �A� �t�h�e�o�r�e�t�i�c�a�l� 

�t�r�e�a�t�m�e�n�t� �o�f� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �L�O� �p�h�o�n�o�n� �i�n� �r�e�g�i�o�n�s� �o�f� �h�i�g�h� 

�c�a�r�r�i�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �g�i�v�e�n� �b�y� �M�i�l�l�s�,� �w�h�i�l�e� �a� �c�a�l�c�u�l�a�t�i�o�n� �o�f� 

�t�h�e� �d�e�p�l�e�t�i�o�n� �w�i�d�t�h� �f�r�o�m� �t�h�e� �o�b�s�e�r�v�e�d� �L�O� �i�n�t�e�n�s�i�t�y� �r�e�d�u�c�t�i�o�n� �i�s� 

�t�r�e�a�t�e�d� �b�y� �P�i�n�c�z�u�k�,� �e�t� �a�l�.� �C�a�r�r�i�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �c�a�n� �t�h�e�n� �b�e� 

�e�s�t�i�m�a�t�e�d� �f�r�o�m� �t�h�e� �d�e�p�l�e�t�i�o�n� �w�i�d�t�h�,� �a�n�d� �f�o�r� �S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s�,� 

�s�u�c�h� �a� �c�a�l�c�u�l�a�t�i�o�n� �i�s� �m�a�d�e� �b�y� �S�h�e�n�,� �e�t� �a�l�.� �F�i�g�u�r�e� �1�.�8� �s�h�o�w�s� 

�t�h�e�i�r� �r�e�s�u�l�t�s�.� �A� �c�o�n�c�i�s�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n�s� �i�n�v�o�l�v�e�d� 

�i�n� �g�e�t�t�i�n�g� �t�h�e� �c�a�r�r�i�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �f�r�o�m� �t�h�e� �o�b�s�e�r�v�e�d� �L�O� �i�n�t�e�n�s�i�t�y� 

�r�e�d�u�c�t�i�o�n� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �c�h�a�p�t�e�r� �f�o�u�r�.� 

�1�.�6� �D�i�s�s�e�r�t�a�t�i�o�n� �O�u�t�l�i�n�e� 

�T�h�e� �o�b�j�e�c�t�i�v�e� �i�n� �t�h�i�s� �s�t�u�d�y� �w�a�s� �t�w�o�-�f�o�l�d�:� �t�o� �d�e�t�e�r�m�i�n�e� 

�t�h�e� �s�t�r�u�c�t�u�r�a�l� �a�n�d� �e�l�e�c�t�r�i�c�a�l� �c�h�a�n�g�e�s� �t�h�a�t� �o�c�c�u�r� �i�n� �G�a�A�s� �a�f�t�e�r� �i�t� 

�u�n�d�e�r�g�o�e�s� �d�e�v�i�c�e� �p�r�o�c�e�s�s�i�n�g� �s�t�e�p�s� �s�u�c�h� �a�s� �i�o�n�-�i�m�p�l�a�n�t�a�t�i�o�n� �a�n�d� 

�a�n�n�e�a�l�i�n�g�,� �a�n�d� �t�o� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e�s�e� �c�h�a�n�g�e�s� �o�n� �t�h�e� 

�o�p�t�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�.� �A�n� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e�s�e� 

�e�f�f�e�c�t�s� �e�n�a�b�l�e�s� �o�n�e� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �a�n�d� �e�l�e�c�t�r�i�c�a�l� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �p�r�o�c�e�s�s�e�d� �G�a�A�s� �a�n�d� �t�o� �i�d�e�n�t�i�f�y� �a�n�d� �d�e�v�e�l�o�p� �o�p�t�i�c�a�l� 

�c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �m�e�t�h�o�d�s� �s�u�i�t�a�b�l�e� �f�o�r� �s�t�u�d�y�i�n�g� �s�u�c�h� �s�y�s�t�e�m�s�.� 

�T�h�e� �d�e�t�a�i�l�s� �o�f� �a�l�l� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �p�e�r�f�o�r�m�e�d� �i�n� �t�h�i�s� �w�o�r�k� 

�a�r�e� �f�o�u�n�d� �i�n� �c�h�a�p�t�e�r� �t�w�o�.� �T�h�e� �e�q�u�i�p�m�e�n�t� �a�n�d� �t�h�e� �m�e�t�h�o�d�s� �o�f� 

�m�e�a�s�u�r�e�m�e�n�t� �a�r�e� �d�e�s�c�r�i�b�e�d� �t�h�e�r�e�,� �w�h�i�l�e� �a� �b�r�i�e�f� �r�e�v�i�e�w� �o�f� �e�x�p�e�r�i�m�e�n�t�a�l� 

�m�e�t�h�o�d�s� �s�p�e�c�i�f�i�c� �t�o� �e�a�c�h� �o�f� �t�h�e� �r�e�m�a�i�n�i�n�g� �c�h�a�p�t�e�r�s� �a�r�e� �d�e�s�c�r�i�b�e�d
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�°� �|� �E�-�C�S�5�B� �5�0�0�"� 

�°� �I�O�A� �.� �e�s� �i� �,� �h�s� 

�l�o�' �� �i�o�*�®� �i�o�s� �1�0�2�0� 
�F�r�e�e� �C�a�r�r�i�e�r� �C�o�n�c�e�n�t�r�a�t�i�o�n�,� �N� �(�c�m�7�>�)� 

�F�i�g�.� �1�.�8�:� �C�a�r�r�i�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �v�e�r�s�u�s� �d�e�p�l�e�t�i�o�n� �l�a�y�e�r� �w�i�d�t�h� �f�o�r� 
�S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �[�S�h�e�n� �e�t� �a�l�.�]�.



�3�5� 

�i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�e�c�t�i�o�n� �o�f� �e�a�c�h� �c�h�a�p�t�e�r�.� 

�T�h�e� �o�s�c�i�l�l�a�t�o�r� �a�n�a�l�y�s�i�s� �o�f� �r�e�f�l�e�c�t�i�v�i�t�y� �s�p�e�c�t�r�a� �i�s� �u�s�e�d� �i�n� 

�c�h�a�p�t�e�r� �t�h�r�e�e� �t�o� �d�e�v�e�l�o�p� �a� �m�e�t�h�o�d� �o�f� �d�a�m�a�g�e� �d�e�p�t�h� �p�r�o�f�i�l�i�n�g� �i�n� 

�B�e�-�i�m�p�l�a�n�t�e�d� �G�a�A�s�.� �T�h�e� �d�e�p�t�h� �p�r�o�f�i�l�e�s� �u�s�i�n�g� �v�a�r�i�o�u�s� �o�s�c�i�l�l�a�t�o�r� 

�p�a�r�a�m�e�t�e�r�s� �a�r�e� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �R�a�m�a�n� �L�O� �p�e�a�k� �d�a�m�a�g�e� 

�p�r�o�f�i�l�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �H�o�l�t�z� �f�o�r� �t�h�e� �s�a�m�e� �s�a�m�p�l�e�s�,� �a�n�d� �t�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �R�a�m�a�n� �L�O� �s�h�i�f�t�s� �a�n�d� �t�h�e� �o�s�c�i�l�l�a�t�o�r� �p�a�r�a�m�e�t�e�r�s� 

�i�s� �d�i�s�c�u�s�s�e�d�.� 

�T�h�e� �m�e�t�h�o�d� �d�e�v�e�l�o�p�e�d� �i�n� �t�h�a�t� �c�h�a�p�t�e�r� �i�s� �t�h�e�n� �u�s�e�d� �i�n� 

�c�h�a�p�t�e�r� �f�o�u�r� �a�l�o�n�g� �w�i�t�h� �o�t�h�e�r� �w�e�l�l� �e�s�t�a�b�l�i�s�h�e�d� �m�e�t�h�o�d�s� �o�f� �i�n�t�e�r�p�r�e�t�i�n�g� 

�R�a�m�a�n� �s�p�e�c�t�r�a� �i�n� �o�r�d�e�r� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �r�e�c�o�v�e�r�y� 

�a�n�d� �e�l�e�c�t�r�i�c�a�l� �a�c�t�i�v�a�t�i�o�n� �o�f� �S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�a�n�n�e�a�l�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �r�e�c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �k�i�n�e�t�i�c�s� �a�r�e� �a�l�s�o� 

�e�x�a�m�i�n�e�d�.� 

�I�n� �c�h�a�p�t�e�r� �f�i�v�e�,� �a� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�a�l� �a�n�d� �e�l�e�c�t�r�i�c�a�l� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �(�2�1�1�)� �a�n�d� �(�1�0�0�)� �o�r�i�e�n�t�e�d� �S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �i�s� 

�p�e�r�f�o�r�m�e�d�.� �A� �n�e�w� �m�e�t�h�o�d� �o�f� �q�u�a�l�i�t�a�t�i�v�e�l�y� �d�e�t�e�r�m�i�n�i�n�g� �d�a�m�a�g�e� 

�d�e�p�t�h� �p�r�o�f�i�l�e�s� �f�o�r� �r�e�f�l�e�c�t�i�v�i�t�y� �s�p�e�c�t�r�a� �o�f� �s�a�m�p�l�e�s� �w�i�t�h� �r�o�u�g�h� 

�s�u�r�f�a�c�e�s� �i�s� �d�e�v�e�l�o�p�e�d� �t�o� �f�a�c�i�l�i�t�a�t�e� �t�h�e� �c�o�m�p�a�r�i�s�o�n�.� 

�W�i�t�h� �t�h�e� �m�e�t�h�o�d�s� �o�f� �t�h�e� �p�r�e�v�i�o�u�s� �c�h�a�p�t�e�r�s�,� �S�i�-�i�m�p�l�a�n�t�e�d� 

�G�a�A�s� �a�n�n�e�a�l�e�d� �a�t� �5�2�5�°�C� �f�o�r� �2�0� �m�i�n�u�t�e�s� �w�o�u�l�d� �a�p�p�e�a�r� �t�o� �b�e� 

�c�o�m�p�l�e�t�e�l�y� �r�e�c�r�y�s�t�a�l�l�i�z�e�d�.� �I�n� �c�h�a�p�t�e�r� �s�i�x�,� �t�h�e� �s�h�i�f�t�s� �i�n� �t�h�e� 

�f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �t�w�o�-�L�O�-�p�h�o�n�o�n� �R�a�m�a�n� �p�e�a�k� �a�s� �t�h�e� �i�n�c�i�d�e�n�t� 

�p�h�o�t�o�n� �e�n�e�r�g�y� �i�s� �v�a�r�i�e�d� �n�e�a�r� �t�h�e� �E�,� �g�a�p� �(�2�.�8�9� �e�V�)� �a�r�e� �e�x�a�m�i�n�e�d�.� 

�T�h�i�s� �m�e�t�h�o�d� �i�s� �d�e�v�e�l�o�p�e�d� �t�o� �s�t�u�d�y� �t�h�e� �r�e�s�i�d�u�a�l� �d�a�m�a�g�e� �i�n� �t�h�e� 

�5�2�5�°�C� �a�n�n�e�a�l�e�d� �s�a�m�p�l�e�.



�3�6� 

�F�i�n�a�l�l�y�,� �c�h�a�p�t�e�r� �s�e�v�e�n� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �m�e�t�h�o�d�s� �u�s�e�d�,� �t�h�e�i�r� 

�a�p�p�l�i�c�a�b�i�l�i�t�y� �i�n� �s�t�u�d�y�i�n�g� �t�h�e� �d�i�f�f�e�r�e�n�t� �e�f�f�e�c�t�s� �c�a�u�s�e�d� �b�y� �p�r�o�c�e�s�s�i�n�g� 

�G�a�A�s�,� �a�n�d� �t�h�e� �m�a�j�o�r� �c�o�n�c�l�u�s�i�o�n�s� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�t� �e�x�p�e�r�i�m�e�n�t�s�.



�C�H�A�P�T�E�R� �T�W�O� 

�E�X�P�E�R�I�M�E�N�T�S� �:� �M�E�T�H�O�D�S� �A�N�D� �I�N�S�T�R�U�M�E�N�T�S� 

�2�.�1� �S�a�m�p�l�e� �P�r�e�p�a�r�a�t�i�o�n� 

�S�e�v�e�r�a�l� �s�a�m�p�l�e�s� �w�e�r�e� �u�s�e�d� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�,� �a�n�d� �a� �b�r�i�e�f� 

�d�e�s�c�r�i�p�t�i�o�n� �o�f� �e�a�c�h� �i�s� �p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �2�.�1�.� �A�l�l� �s�a�m�p�l�e�s� �w�e�r�e� 

�l�i�q�u�i�d� �e�n�c�a�p�s�u�l�a�t�e�d� �C�z�o�c�h�r�a�l�s�k�i� �(�L�E�C�)� �g�r�o�w�n�,� �c�h�r�o�m�i�u�m�-�d�o�p�e�d�,� 

�s�e�m�i�-�i�n�s�u�l�a�t�i�n�g� �(�S�I�)� �g�a�l�l�i�u�m� �a�r�s�e�n�i�d�e� �s�i�n�g�l�e� �c�r�y�s�t�a�l�s� �(�c�-�G�a�A�s�)� 

�w�h�i�c�h� �w�e�r�e� �i�m�p�l�a�n�t�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �w�i�t�h� �e�i�t�h�e�r� �4�5� �k�e�V� 

�*�B�e�*� �i�o�n�s� �o�r� �5�0� �k�e�V� �2�9�S�i�*� �i�o�n�s� �a�t� �T�e�x�a�s� �I�n�s�t�r�u�m�e�n�t�s� �(�T�I�)�.� �T�h�e� 

�i�m�p�l�a�n�t� �e�n�e�r�g�i�e�s� �a�n�d� �f�l�u�e�n�c�e�s� �u�s�e�d� �f�o�r� �e�a�c�h� �c�h�a�p�t�e�r� �a�r�e� �d�e�t�a�i�l�e�d� 

�i�n� �T�a�b�l�e� �2�.�1�.� �O�t�h�e�r� �t�h�a�n� �h�a�l�f� �o�f� �t�h�e� �s�a�m�p�l�e�s� �u�s�e�d� �i�n� �c�h�a�p�t�e�r� 

�f�i�v�e�,� �a�l�l� �o�f� �t�h�e�m� �w�e�r�e� �(�1�0�0�)�-�o�r�i�e�n�t�e�d�.� �T�h�e� �o�t�h�e�r �� �h�a�l�f� �i�n� 

�c�h�a�p�t�e�r� �f�i�v�e� �w�e�r�e� �(�2�1�1�)�-�o�r�i�e�n�t�e�d�.� �P�r�i�o�r� �t�o� �i�m�p�l�a�n�t�a�t�i�o�n�,� �t�h�e� 

�s�a�m�p�l�e�s� �w�e�r�e� �c�u�t� �f�r�o�m� �i�n�g�o�t�s� �(�p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �i�n�g�o�t� �f�o�r� 

�(�1�0�0�)� �s�a�m�p�l�e�s�,� �a�n�d� �a�t� �a�b�o�u�t� �3�5�°� �a�w�a�y� �f�r�o�m� �t�h�e� �(�1�0�0�)� �p�l�a�n�e� �f�o�r� 

�(�2�1�1�)� �s�a�m�p�l�e�s�)�.� �T�h�e�y� �w�e�r�e� �t�h�e�n� �p�o�l�i�s�h�e�d� �t�o� �r�e�m�o�v�e� �g�r�o�s�s� 

�d�e�f�e�c�t�s�,� �a�n�d� �w�e�r�e� �f�i�n�a�l�l�y� �e�t�c�h�e�d� �i�n� �8�:�1�:�1� �H� �2�S�0�4�:�3�0�%�H�2�0�2�:�H�2�0� 

�t�o� �r�e�m�o�v�e� �l�e�f�t�o�v�e�r� �p�i�t�s� �a�n�d� �s�c�r�a�t�c�h�e�s�.� �A�l�l� �s�a�m�p�l�e�s� �o�b�t�a�i�n�e�d� �i�n� 

�t�h�i�s� �w�a�y� �h�a�d� �s�m�o�o�t�h� �a�n�d� �s�h�i�n�y� �s�u�r�f�a�c�e�s� �a�n�d� �w�e�r�e� �w�e�l�l�-�s�u�i�t�e�d� 

�f�o�r� �o�p�t�i�c�a�l� �e�x�p�e�r�i�m�e�n�t�s�.� 

�D�u�r�i�n�g� �i�m�p�l�a�n�t�a�t�i�o�n�,� �t�h�e� �i�o�n� �b�e�a�m� �w�a�s� �t�i�l�t�e�d� �a�w�a�y� �f�r�o�m� 

�t�h�e� �n�o�r�m�a�l� �t�o� �t�h�e� �s�a�m�p�l�e� �s�u�r�f�a�c�e� �a�t� �a�n� �a�n�g�l�e� �b�e�t�w�e�e�n� �s�e�v�e�n� �a�n�d� 

�n�i�n�e� �d�e�g�r�e�e�s�.� �T�h�i�s� �i�s� �d�o�n�e� �i�n� �o�r�d�e�r� �t�o� �a�v�o�i�d� �a�n�y� �c�h�a�n�n�e�l�i�n�g� 

�e�f�f�e�c�t�s�;� �i�f� �t�h�e� �i�o�n�s� �w�e�r�e� �i�m�p�l�a�n�t�e�d� �a�t� �a�n� �a�n�g�l�e� �b�e�l�o�w� �a� �t�h�r�e�s�h�o�l�d� 

�a�n�g�l�e� �(�w�h�i�c�h� �d�e�p�e�n�d�s� �o�n� �t�h�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �a�t�o�m�s� �t�h�a�t� 
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�3�8� 

�T�A�B�L�E� �2�.�1�:� �S�u�m�m�a�r�y� �o�f� �G�a�A�s� �s�a�m�p�l�e�s� �u�s�e�d� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�.� 

�D�o�p�a�n�t� �F�a�c�e� �E�n�e�r�g�y�,� �F�l�u�e�n�c�e�,� �A�n�n�e�a�l�s� �U�s�e�d� �i�n� 
�k�e�V� �c�m� �~�2� �C�h�a�p�t�e�r�s�:� 

� � 

�S�i� �(�1�0�0�)� �5�0� �1�.�7�E�1�3� �n�o�n�e�;� �f�i�v�e� 
�R�T�A�,� 

�8�5�0� �°�C� 

�S�i� �(�2�1�1�)� �5�0� �1�.�7�E� �1�3� �n�o�n�e�;� �f�i�v�e� 

�R�T�A�,� 
�8�5�0� �°�C� 

�S�i� �(�1�0�0�)� �5�0� �4�0�E� �1�3� �n�o�n�e� �f�o�u�r�,� �f�i�v�e� 

�S�i� �(�1�0�0�)� �5�0� �4�0�E� �1�3� �S�F�A�,� �f�o�u�r�,� �s�i�x� 
�5�2�5� �°�C� 

�S�i� �(�1�0�0�)� �5�0� �4�.�0�E� �1�3� �S�F�A�,� �f�o�u�r� 
�2�0�0�,� 
�4�0�0�,� 
�7�7�5�,� 

�1�0�0�0� �°�C�,� 
�(�e�l�e�c�t�r�i�c�a�l� 

�s�t�u�d�i�e�s�:� 

�3�5�0�,� 
�8�5�0�°�C�)� 

�S�i� �(�2�1�1�)� �5�0� �4�.�0�E� �1�3� �n�o�n�e� �f�i�v�e� 

�B�e� �(�1�0�0�)� �4�5� �5�.�0�E� �1�4� �n�o�n�e� �t�h�r�e�e� 
� � 

� 



�3�9� 

�f�o�r�m� �t�h�e� �s�i�d�e�s� �o�f� �t�h�e� �c�h�a�n�n�e�l�)�,� �t�h�e�y� �c�o�u�l�d� �e�n�t�e�r� �a� �c�h�a�n�n�e�l� �i�n� 

�t�h�e� �c�r�y�s�t�a�l� �w�i�t�h�o�u�t� �c�o�l�l�i�d�i�n�g� �w�i�t�h� �t�h�e� �t�a�r�g�e�t� �a�t�o�m�s�.� �B�e�l�o�w� �t�h�e� 

�t�h�r�e�s�h�o�l�d� �a�n�g�l�e�,� �t�h�e� �s�t�e�e�r�i�n�g� �a�c�t�i�o�n� �o�f� �t�h�e� �a�t�o�m�s� �d�u�e� �t�o� �c�o�u�l�o�m�b�i�c� 

�r�e�p�u�l�s�i�o�n� �a�l�l�o�w�s� �t�h�e� �i�o�n�s� �t�o� �t�r�a�v�e�l� �d�e�e�p�e�r� �i�n�t�o� �t�h�e� �c�r�y�s�t�a�l�.� 

�A�b�o�v�e� �t�h�i�s� �a�n�g�l�e�,� �t�h�e� �t�a�r�g�e�t� �a�p�p�e�a�r�s� �t�o� �h�a�v�e� �a� �r�a�n�d�o�m� �a�r�r�a�n�g�e�m�e�n�t� 

�o�f� �a�t�o�m�s�,� �m�u�c�h� �l�i�k�e� �a�n� �a�m�o�r�p�h�o�u�s� �s�o�l�i�d� �w�o�u�l�d�.� �T�h�e� �p�r�e�d�i�c�t�i�o�n� 

�o�f� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �i�o�n�s� �w�i�t�h� �d�e�p�t�h� �i�s� �m�a�d�e� �s�i�m�p�l�e�r� �s�i�n�c�e� 

�n�o� �c�h�a�n�n�e�l�i�n�g� �h�a�s� �t�o� �b�e� �a�c�c�o�u�n�t�e�d� �f�o�r�,� �a�n�d� �o�n�e� �c�a�n� �u�s�e� �t�h�e� 

�L�i�n�d�h�a�r�d�-�S�c�h�a�r�f�f�-�S�c�h�i�o�t�t� �(�L�S�S�)� �t�h�e�o�r�y� �[� �L�i�n�d�h�a�r�d� �e�t� �a�l�.�,� �G�i�b�b�o�n�s� 

�e�t� �a�l�.�,� �G�i�b�b�o�n�s� �]�.� 

�A�f�t�e�r� �i�m�p�l�a�n�t�a�t�i�o�n�,� �s�o�m�e� �o�f� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�n�e�a�l�e�d�.� 

�F�o�r� �a� �c�o�m�p�a�r�i�s�o�n� �o�f� �d�e�v�i�c�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �b�e�t�w�e�e�n� �t�h�e� �(�2�1�1�)�-� 

�a�n�d� �(�1�0�0�)�-�o�r�i�e�n�t�e�d� �S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �(�c�h�a�p�t�e�r� �f�i�v�e�)�,� �T�I� �a�n�n�e�a�l�e�d� 

�t�h�e� �s�a�m�p�l�e�s� �i�n� �a� �r�a�p�i�d� �t�h�e�r�m�a�l� �a�n�n�e�a�l�i�n�g� �(�R�T�A�)� �s�y�s�t�e�m� �a�t� 

�t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �7�5�0�,� �8�5�0�,� �a�n�d� �9�5�0� �°�C� �f�o�r� �3�0� �s�e�c�o�n�d�s�.� �T�h�e�s�e� 

�a�n�n�e�a�l�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �w�i�t�h� �s�i�l�i�c�o�n� �n�i�t�r�i�d�e� �c�a�p�s� �t�o� �p�r�e�v�e�n�t� �t�h�e� 

�o�u�t�d�i�f�f�u�s�i�o�n� �o�f� �a�r�s�e�n�i�c� �a�t� �t�h�e� �s�u�r�f�a�c�e� �w�h�i�c�h� �c�a�n� �c�a�u�s�e� �d�e�g�r�a�d�a�t�i�o�n� 

�o�f� �t�h�e� �o�p�t�i�c�a�l� �a�n�d� �e�l�e�c�t�r�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� �l�a�y�e�r� 

�[� �D�u�n�c�a�n� �a�n�d� �W�e�s�t�p�h�a�l� �]�.� �T�h�e� �c�a�p�s� �w�e�r�e� �r�e�m�o�v�e�d� �u�s�i�n�g� 

�h�y�d�r�o�f�l�u�o�r�i�c� �a�c�i�d� �a�f�t�e�r� �t�h�e� �a�n�n�e�a�l�i�n�g� �p�r�o�c�e�s�s� �a�n�d� �b�e�f�o�r�e� �o�p�t�i�c�a�l� 

�m�e�a�s�u�r�e�m�e�n�t�s�.� 

�F�o�r� �t�h�e� �a�n�n�e�a�l�i�n�g� �s�t�u�d�i�e�s� �i�n� �c�h�a�p�t�e�r� �f�o�u�r�,� �t�h�e� �a�n�n�e�a�l�s� �w�e�r�e� 

�d�o�n�e� �i�n� �t�h�e� �E�l�e�c�t�r�o�n�i�c� �M�a�t�e�r�i�a�l�s� �L�a�b� �o�f� �t�h�e� �E�l�e�c�t�r�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g� 

�D�e�p�a�r�t�m�e�n�t� �o�f� �V�i�r�g�i�n�i�a� �T�e�c�h�.� �T�h�e�s�e� �w�e�r�e� �s�t�a�n�d�a�r�d� �f�u�r�n�a�c�e� 

�a�n�n�e�a�l�s� �(�S�F�A�)� �c�a�r�r�i�e�d� �o�u�t� �f�o�r� �2�0� �m�i�n�u�t�e�s� �a�t� �v�a�r�i�o�u�s� �t�e�m�p�e�r�a�t�u�r�e�s�.� 

�T�h�i�s� �t�i�m�e�,� �a�r�s�e�n�i�c� �l�o�s�s� �w�a�s� �p�r�e�v�e�n�t�e�d� �b�y� �t�h�e� �p�r�o�x�i�m�i�t�y� �m�e�t�h�o�d



�4�0� 

�i�n� �w�h�i�c�h� �t�h�e� �s�a�m�p�l�e� �t�o� �b�e� �a�n�n�e�a�l�e�d� �w�a�s� �s�a�n�d�w�i�c�h�e�d� �b�e�t�w�e�e�n� 

�s�a�m�p�l�e�s� �o�f� �L�E�C� �S�I� �c�-�G�a�A�s�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �i�n� �a�n� �a�t�m�o�s�p�h�e�r�e� 

�o�f� �f�o�r�m�i�n�g� �g�a�s� �(�f�i�v�e� �p�e�r�c�e�n�t� �H�2�,� �9�5�%� �N�»�)� �d�u�r�i�n�g� �t�h�e� �a�n�n�e�a�l�.� 

�A�n�n�e�a�l� �t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �m�o�n�i�t�o�r�e�d� �w�i�t�h� �a�n� �O�m�e�g�a�t�h�e�r�m� �t�h�e�r�m�o�c�o�u�p�l�e� 

�p�l�a�c�e�d� �n�e�a�r� �t�h�e� �s�a�m�p�l�e�s� �a�t� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �T�h�e�r�m�o�d�y�n�e� �f�u�r�n�a�c�e� 

�f�o�r� �t�h�e� �2�0�0� �a�n�d� �4�0�0� �°�C� �a�n�n�e�a�l�s�.� �T�h�e� �a�n�n�e�a�l�s� �d�o�n�e� �w�i�t�h� 

�t�e�m�p�e�r�a�t�u�r�e� �r�e�a�d�i�n�g�s� �o�f� �4�5�0�,� �6�5�0�,� �a�n�d� �8�5�0� �°�C� �w�e�r�e� �d�o�n�e� �w�i�t�h� 

�t�h�e� �t�h�e�r�m�o�c�o�u�p�l�e� �d�i�s�p�l�a�c�e�d� �a�w�a�y� �f�r�o�m� �t�h�e� �s�a�m�p�l�e�s� �i�n� �t�h�e� �L�i�n�d�b�e�r�g� 

�f�u�r�n�a�c�e� �d�u�r�i�n�g� �t�h�e� �a�n�n�e�a�l�,� �a�n�d� �a�c�t�u�a�l� �t�e�m�p�e�r�a�t�u�r�e�s� �a�t� �t�h�e� �s�a�m�p�l�e� 

�a�r�e�a� �w�e�r�e� �e�s�t�i�m�a�t�e�d� �t�o� �b�e� �5�2�5�,� �7�7�5�,� �a�n�d� �1�0�0�0� �°�C� �r�e�s�p�e�c�t�i�v�e�l�y� 

�b�y� �r�e�c�a�l�i�b�r�a�t�i�n�g� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�s� �a�t� �d�i�f�f�e�r�e�n�t� �z�o�n�e�s� �i�n� �t�h�e� �f�u�r�n�a�c�e�.� 

�(�A�n�n�e�a�l�s� �a�t� �3�5�0� �a�n�d� �8�5�0�°�C� �w�e�r�e� �a�l�s�o� �d�o�n�e� �f�o�r� �e�l�e�c�t�r�i�c�a�l� �m�e�a�s�u�r�e�m�e�n�t�s�.�)� 

�T�o� �c�a�r�r�y� �o�u�t� �d�e�p�t�h� �p�r�o�f�i�l�i�n�g� �e�x�p�e�r�i�m�e�n�t�s�,� �a� �c�a�l�i�b�r�a�t�i�o�n� �o�f� 

�t�h�e� �e�t�c�h� �r�a�t�e� �(�a�m�o�u�n�t� �o�f� �m�a�t�e�r�i�a�l� �r�e�m�o�v�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�t�i�m�e�)� �f�o�r� �t�h�e� �S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �s�a�m�p�l�e�s� �a�n�d� �a�n� �e�t�c�h�a�n�t� �s�o�l�u�t�i�o�n� 

�o�f� �1�:�1�:�1�0�0� �H�2�S�O�4�:�3�0�%�H�2�0�2�:�H�2�0� �[�M�c�L�e�v�i�g�e�]� �w�a�s� �c�a�r�r�i�e�d� �o�u�t�.� 

�(�T�h�e� �e�t�c�h� �r�a�t�e� �f�o�r� �t�h�e� �B�e�-�i�m�p�l�a�n�t�e�d� �s�a�m�p�l�e�s� �i�s� �6�6�0� �A�/�m�i�n� 

�[�H�o�l�t�z�]�.�)� �T�h�e� �c�a�l�i�b�r�a�t�i�o�n� �i�n�v�o�l�v�e�s� �c�o�a�t�i�n�g� �t�h�e� �s�a�m�p�l�e�s� �w�i�t�h� 

�M�i�c�r�o�p�o�s�i�t� �p�o�l�y�m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �p�h�o�t�o�r�e�s�i�s�t�,� �c�o�v�e�r�i�n�g� �h�a�l�f� �o�f� 

�e�a�c�h� �s�a�m�p�l�e� �s�u�r�f�a�c�e� �w�i�t�h� �r�u�b�y�l�i�t�h�,� �e�x�p�o�s�i�n�g� �t�h�e�m� �t�o� �u�l�t�r�a�v�i�o�l�e�t� 

�r�a�d�i�a�t�i�o�n� �a�n�d� �d�i�s�s�o�l�v�i�n�g� �t�h�e� �e�x�p�o�s�e�d� �p�h�o�t�o�r�e�s�i�s�t� �i�n� �M�i�c�r�o�p�o�s�i�t� 

�d�e�v�e�l�o�p�e�r�.� �T�h�i�s� �m�e�a�n�s� �o�n�l�y� �h�a�l�f� �o�f� �t�h�e� �s�u�r�f�a�c�e� �a�l�o�n�g� �t�h�e� �l�e�n�g�t�h� 

�o�f� �t�h�e� �s�a�m�p�l�e� �w�i�l�l� �b�e� �e�x�p�o�s�e�d� �t�o� �t�h�e� �e�t�c�h�a�n�t�.� �T�h�e� �s�a�m�p�l�e� �i�s� 

�t�h�e�n� �p�l�a�c�e�d� �i�n� �t�h�e� �e�t�c�h�a�n�t� �(�w�i�t�h� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �w�a�t�e�r� �p�e�r�p�e�n�d�i�c�u�l�a�r� 

�t�o� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �s�a�m�p�l�e�)� �a�n�d� �f�i�v�e� �m�m�.� �o�f� �t�h�e� �s�a�m�p�l�e� �i�s� 

�d�i�p�p�e�d� �i�n�t�o� �t�h�e� �e�t�c�h�a�n�t� �e�v�e�r�y� �2�0� �s�e�c�o�n�d�s�,� �w�i�t�h� �t�h�e� �a�i�d� �o�f� �a� �r�a�c�k



�4�1� 

�a�n�d� �p�i�n�i�o�n� �m�o�u�n�t�,� �f�o�r� �a� �t�o�t�a�l� �o�f� �8�0� �s�e�c�o�n�d�s�.� �T�h�e�n� �t�h�e� �s�a�m�p�l�e� 

�i�s� �r�i�n�s�e�d� �i�n� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r� �a�n�d� �i�m�m�e�d�i�a�t�e�l�y� �d�r�i�e�d� �u�s�i�n�g� �l�e�n�s�-� 

�c�l�e�a�n�i�n�g� �p�a�p�e�r�.� �T�h�e� �r�e�m�a�i�n�i�n�g� �p�h�o�t�o�r�e�s�i�s�t� �i�s� �d�i�s�s�o�l�v�e�d� �i�n� �a�c�e�t�o�n�e�.� 

�T�h�i�s� �p�r�o�c�e�d�u�r�e� �y�i�e�l�d�s� �a� �s�e�r�i�e�s� �o�f� �s�t�e�p�s� �a�l�o�n�g� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� 

�s�a�m�p�l�e� �a�s� �i�n� �F�i�g�u�r�e� �2�.�1�.� �T�h�e� �s�t�e�p� �h�e�i�g�h�t�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �u�s�i�n�g� 

�a� �W�Y�K�O� �T�o�p�o�-�3�D� �o�p�t�i�c�a�l� �p�r�o�f�i�l�o�m�e�t�e�r�;� �i�t� �h�a�s� �a�n� �e�r�r�o�r� �m�a�r�g�i�n� 

�(�a�v�e�r�a�g�e� �p�o�i�n�t� �b�y� �p�o�i�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�w�o� �s�u�c�c�e�s�s�i�v�e� �p�r�o�f�i�l�e�s� 

�o�f� �t�h�e� �s�a�m�e� �a�r�e�a�)� �o�f� �t�h�r�e�e� �t�o� �s�i�x� �A� �u�s�i�n�g� �a� �1�0� �x� �m�a�g�n�i�f�i�c�a�t�i�o�n� 

�l�e�n�s� �w�h�i�c�h� �g�i�v�e�s� �a� �p�r�o�b�e� �a�r�e�a� �o�f� �o�n�e� �m�m�?�.� �S�t�e�p� �h�e�i�g�h�t�s� �a�s� �a� 

�f�u�n�c�t�i�o�n� �o�f� �t�i�m�e� �a�r�e� �p�l�o�t�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�2� �f�o�r� �b�o�t�h� �(�1�0�0�)� �a�n�d� 

�(�2�1�1�)� �i�m�p�l�a�n�t�s�.� �T�h�e� �s�l�o�p�e�s� �o�f� �t�h�e�s�e� �g�r�a�p�h�s� �h�a�v�e� �a� �d�i�f�f�e�r�e�n�c�e� 

�(�.�0�1� �A�/�s�)� �t�h�a�t� �i�s� �w�e�l�l� �w�i�t�h�i�n� �e�x�p�e�r�i�m�e�n�t�a�l� �e�r�r�o�r� �i�n� �t�h�e� �r�a�t�e�s� 

�b�e�t�w�e�e�n� �t�h�e� �t�w�o� �i�m�p�l�a�n�t�s�.� �T�h�e� �e�t�c�h� �r�a�t�e� �i�s� �1�0� �A�/�s� �(�6�0�0� �A�/�m�i�n�,� 

�s�i�m�i�l�a�r� �t�o�,� �b�u�t� �s�l�o�w�e�r� �t�h�a�n� �t�h�e� �r�a�t�e� �f�o�r� �t�h�e� �B�e�-�i�m�p�l�a�n�t�e�d� �s�a�m�p�l�e�s�)�.� 

�U�s�i�n�g� �L�S�S� �t�h�e�o�r�y�,� �G�i�b�b�o�n�s� �e�t� �a�l�.� �t�a�b�u�l�a�t�e�d� �t�h�e� �p�r�o�j�e�c�t�e�d� 

�r�a�n�g�e� �s�t�a�t�i�s�t�i�c�s� �f�o�r� �s�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �i�o�n�s� �a�n�d� 

�i�m�p�l�a�n�t�a�t�i�o�n� �t�a�r�g�e�t�s�.� �T�h�e� �p�r�o�j�e�c�t�e�d� �r�a�n�g�e� �(�t�h�e� �p�e�a�k� �p�o�s�i�t�i�o�n� �i�n� 

�t�h�e� �G�a�u�s�s�i�a�n� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �d�o�p�a�n�t�s� �a�l�o�n�g� �a�n� �a�x�i�s� �n�o�r�m�a�l� �t�o� �t�h�e� 

�s�u�r�f�a�c�e�)� �a�n�d� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �f�o�r� �5�0� �k�e�V� �2�°�S�i�*� �i�m�p�l�a�n�t�e�d� �i�n�t�o� 

�G�a�A�s� �i�s� �4�2�4� �a�n�d� �2�5�4� �A� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �s�l�i�g�h�t� �d�i�f�f�e�r�e�n�c�e� �i�n� 

�a�t�o�m�i�c� �m�a�s�s�e�s� �f�o�r� �t�h�e� �T�I� �i�m�p�l�a�n�t� �c�o�n�d�i�t�i�o�n�s� �(�*�?�S�i�*� �i�n� �o�r�d�e�r� �t�o� 

�d�i�s�t�i�n�g�u�i�s�h� �t�h�e�s�e� �i�o�n�s� �f�r�o�m� �7�8�N�2� �i�n� �a� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�e�r�)� �w�i�l�l� 

�n�e�g�l�i�g�i�b�l�y� �a�l�t�e�r� �t�h�e� �r�a�n�g�e� �s�t�a�t�i�s�t�i�c�s�.� �A�l�s�o�,� �s�i�n�c�e� �t�h�e� �i�m�p�l�a�n�t�s� 

�w�e�r�e� �d�o�n�e� �w�i�t�h� �t�h�e� �i�o�n� �b�e�a�m�s� �a�n�g�l�e�d� �a�w�a�y� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e� 

�n�o�r�m�a�l�,� �L�S�S� �t�h�e�o�r�y� �a�p�p�l�i�e�s�.� �H�e�n�c�e� �t�h�e� �t�o�t�a�l� �d�a�m�a�g�e� �d�e�p�t�h� �i�n� 

�t�h�e� �T�I� �s�a�m�p�l�e�s� �i�s� �a�b�o�u�t� �1�2�0�0� �A� �(�4�2�4� �A� �+� �3� �*� �2�5�4� �A�)�.� �T�h�e
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�T�o�p�:� �T�o�p�o�g�r�a�p�h�i�c�a�l� �p�r�o�f�i�l�e� �o�f� �a� �s�e�c�t�i�o�n� �o�f� �t�h�e� �(�1�0�0�)� 

�S�i�-�i�m�p�l�a�n�t�e�d� �G�a�A�s� �s�a�m�p�l�e� �a�f�t�e�r� �t�h�e� �e�t�c�h� �c�a�l�i�b�r�a�t�i�o�n� 

�f�o�r� �t�h�e� �e�t�c�h�a�n�t� �s�o�l�u�t�i�o�n� �1�:�1�:�1�0�0� �H�2�S�0�O�4�:�3�0�%�H�2�0�O�2�:�H�2�0�.� 

�B�o�t�t�o�m�:� �a�r�t�i�s�t�'�s� �s�k�e�t�c�h� �o�f� �t�h�e� �s�t�e�p�-�l�i�k�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� 

�e�t�c�h�e�d� �s�a�m�p�l�e�.� 
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