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ABSTRACT 

Vibrational and electronic absorption spectra of metal alloy 

molecules and small particles have been measured. The matrix isolation 

technique was used to produce the samples. Dissimilar metals were 

combined to provide far infrared vibrational activity. Through the 

study of the electronic and vibrational excitation spectra, metallic 

interatomic binding potential charateristics could be investigated. The 

absorption spectra of the molecular systems were modelled using the 

extended Hueckel method, for the electronic excitations, and a 

dynamical matrix-normal mode technique for the vibrational excitations. 

Surface plasmon absorption, from the metal alloy particles, could not 

be measured but surface phonon absorption was measured. Electronic 

and vibrational absorption lines in alloyed metal molecules were 

measured and compared to the calculations. A surface diffusion model 

was developed to explain the dependences of molecule and particle size 

on the experimentally controlled system parameters. 

ix 



CHAPTER 1 

INTRODUCTION 

The electronic excitation spectra in metal molecules and 

microcrystals have been. studied for some years. Attempts to calculate 

these excitation spectra have yielded only approY"imate positions and 

strengths for the absorption features, but schemes for calculating the 

optical properties of the electronic ground states of these systems are 

simpler and more accurate. If a method could be found to probe the 

properties of the vibrationally perturbed electronic ground states of 

such systems, then the combined theoretical and experimental study of 

the optical properties of metals could be carried forward beginning 

with systems which are as Simple as possible. 

The presence of a far infrared spectrometer and personnel with 

expertise in measuring far infrared vibrational spectra provided a 

set ting suitable for exploration of vibrational excitation spectra in 

metals. The problem, however, was to find a method for coupling the 

metallic electronic ground state to the radiation field. It was 

proposed to combine metals of significantly different electro

negativities in an attempt to produce a net static electric dipole 

moment. An apparatus was constructed which permitted measurements of 

both the electronic and vibrational spectra in the same samples. This 

provided a link with metal electronic excitation spectra, which have 

been studied in some detail in the past, while simultaneously 

1 
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incorporating the new vibrational excitation experiments. 

The experimental technique chosen to produce the samples was 

low temperature matrix isolation of evaporated metals. These 

techniques have been highly developed at the Max Planck Institut fUr 

Festk8rperforschung in Stuttgart, West Germany, where the work was 

carried out. 

Understanding the processes through which the metal molecules 

and microcrystals formed required modelling the argon lattice and the 

metal atoms within the lattice. Silver metal atoms were theoretically 

introduced into the ideal argon lattice and the molecular formation 

diffusion processes studied. 

sensitivity of molecular 

parameterso 

The results provided information about the 

formation to the various experimental 

In this study, binary alloys among four metals were used to 

produce metal molecules and small particles. The mixtures were chosen 

to yield large enough effective charge differences, when combined in 

molecules and small particles, to provide electrostatic dipole coupling 

which could be probed by absorption measurements in the infrared. This 

allowed their vibrational structure to be studied. The metal mixtures 

chosen were: AgLi, AgNa, CuLi, and CuNa. 

In the followtng chapters we cover the theory, the experiment 

and the discussion of results for these mixed metal systems, followed 

by some conclusions of how these results contribute to the general 

understanding of the vibrational and electronic excitation spectra in 

metal molecules and microcrystals. 



CHAPTER 2 

THEORY 

Interpretation of experimental results can be greatly improved 

through the use of appropriate theoretical models. The electronic and 

vibrational excitation spectra of molecular systems can be very 

complicated. Fortunately, as the molecules grow in size to become 

small particles, the structure becomes much simpler and interpretation 

less problematic. Because the molecular spectra are complicated and 

difficult to interpret, the theoretical models used to interpret the 

electronic and vibrational spectra of the alloyed metal molecules will 

be presented in this chapter. In the following chapters the 

theoretical background will play an important part in the 

interpretation of experimental results. 

Coupling of Electromagnetic Radiation to Matter 

The quantum mechanical Hamil tonian of a particle coupled to a 

classical electromagnetic field can be written by taking over the 

classical Hamiltonian in which the principle of minimal electromagnetic 

coupling has been applied. This Hamiltonian is gotten by substituting 

p- qA for p in the usual Hamiltonian. 
c 

units) is: 

3 

The Hamiltonian (in Gaussian 
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H CI +V 
2m 

where: p is the quantum mechanical momentum operator 

c is the speed of light 

A is the electromagnetic field vector potential 

m is the mass of the particle 

V is the E.M. scalar potential and may include 
any other potentials acting on the 
particle 

When the first term is expanded and the dipole approximation, which 

assumes that the particle is smaller than the wavelength of the probe 

light, applied, the expression reduces to: 

where: 

2 
H = L + qr·E + V 

2m 

E is the electric field 

r is the Q. M. position operator 

In this series of experiments, the particles were never larger than 25 

Angstroms in radius and the wavelength of the light never shorter than 

2000 Angstroms. 

In the molecular calculations to follow, the dominating mecha-

nism for coupling to the radiation field will be through an electric 
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dipole excitation. The appropriate selection rule for such coupling, 

requires that the states change total angular momentum by ±1. In 

calculating the transition probabilities, this selection rule must be 

obeyed. 

Extended Hueckel Calculations 

It was desirable to find a theoretical framework which could 

yield approximate transition energies and probabilities for small 

molecular clusters with a minimum of effort. Baetzold (1976) has uti-

lized the extended Hueckel molecular orbital approach to compute 

excitation energies for silver molecules with up to 60 atoms. Although 

the technique has limitations, Welker (1978, 1979) has had some success 

in using this technique to identify molecular clusters of Ag, Na and Li. 

After considering the available options, it was decided that the 

extended Hueckel approach would supply the needs of this investigation. 

In this section the fundamentals of the extended Hueckel theory will be 

given. This will aid the reader in understanding the limitations in the 

interpretation scheme. 

The starting point for the extended Hueckel theory is to write 

the molecular orbitals as a sum of atomic orbitals centered on each 

atomic site. This is written: 

n 

'jIj = L Cij ~ i=1 
for j=I,2, ••• ,n 

where: ~i are the molecular orbitals 



Cij are the linear combination coefficients 

~ are the atomic orbitals centered on the atomic 

sites 

n is over sites and orbitals 

6 

Two assumptions are made in this choice. The core orbitals, due to 

their localized nature, are neglected and the atomic orbitals are 

assumed to provide a sufficient basis to describe the molecular 

orbitals. 

Variation of the coefficients, Cij , to achieve an energy minimum 

yields a secular equation of the form: 

n 

f"'l[Hij-E Sij]Cij '" 0 for j=1,2, •••• ,n 

where: 

E '" atomic orbital energies 

In the calculation of the matrix elements, Slater orbitals were used. 

The parameters for the Slater orbitals and the Hamiltonian potentials 

were derived from pseudopotential calculations by Cohen and Lam (1980). 

The potential parameters were adjusted to yield the optimum fit to the 

experimentally measured absorption line energies. In addition, the 

potentials were adjusted to give approximately the experimental inter-

atomic spacing, binding energy and potential second derivatives. 



7 

Particular attention was paid to the fitting of the harmonic potential 

parameter for the pure metal dimers. 

The Hamiltonian matrix elements for the metals of interest can 

be written in terms of six independent parameters. These parameters 

are: 

H = matrix element between two s orbitals on nearest s 
neighbor atoms 

H ... matrix element between two p orbitals on nearest p 
neighbor atoms 

H = matrix element between an s and a a orbital on so 
nearest neighbor atoms 

Ha = matrix element between two a orbitals on nearest 
neighbor atoms 

H = matrix element between two n orbitals on nearest 
1f 

neighbor atoms 

One further problem arises during the calculation of the spectra of 

interest. It concerns the equilibrium configurations of the molecules. 

The dimer presents no problem being linear. The trimer can have many 

configurations and the optimum gas state configuration is not 

necessarily the matrix isolated configuration. For this reason, several 

configurations were calculated and compared with the observed spectra. 

In all cases, the configuration of the molecule, which best fits the 

electronic absorption spectra, also fits the vibrational spectra best. 

This emphasizes the self-consistency of the method used to determine 

the interatomic potentials a!H~ the overall calculation scheme. 
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It was also useful to have an idea of the relative strengths of 

the transitions. An arbitrarily normalized transition probability was 

calculated and compared with the experimental data. 

Dynamical Matrix-Normal Mode Calculations 

The equilibrium configurations found by comparing the extended 

Huecke1 calculations with the observed electronic excitation spectra, 

were used for calculating the vibrational spectra. The equilibrium 

configuration was taken and the 3N x 3N derivative matrix numerically 

calculated. This matrix was then multiplied by the appropriate inverse 

mass matrix to yield a matrix containing the "spring" constants between 

the various atoms divided by the proper atomic mass. Diagonalization 

of this matrix produces the normal mode frequencies of the molecule 

squared. The eigenvectors were then used to calculate the dipole 

matrix elements of the normal modes. These arbitrarily normalized 

oscillator strengths gave an indication of the relative strengths of 

the absorption lines. The strongest infrared active modes were 

compared with the experimental measurements. 

comparison are left to chapter 4. 

The results of this 



CHAPTER 3 

EXPERIMENT 

Optical absorption measurements are able to provide information 

on electronic and vibrational states in molecular and solid state 

systems. 11atrix isolation is a technique which allows the investigation 

of molecular and microcrystal samples within the same sample. In this 

chapter, details are given concerning the materials suitable for matrix 

isolation, the apparatus used for production of the molecules and 

microcrystals, the instruments used for the optical absorption 

measurements, and some representative experimental results. 

Matrix Properties and Preparation 

Matrix isolation utilizes a host material to suspend the 

species of interest while simultaneously minimizing interaction between 

the constituent members of the test species. Ideally, the host matrix 

should not interact with the system of interest. This is not a 

completely realizable criterion in general, but is well approximated 

through the use of rare gas solid host matrices. 

Optical, Isolation and Thermal Properties 

At the high energy end of its range, the matrix had to be 

transparent to photons of approximately seven electron volt energies 

and remain transparent well into the far infrared. In addition, it was 

desirable to have a material, with a sublimation temperature above 40K, 

9 
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allowing the use of a simple flow-through liquid helium cryostat for 

freezing the matrix. Although neon transmits to the highest energy of 

the rare gas solids, it requires a freezing temperature below 10K 

(figure 3.1). This precludes the possibility of performing we1l-

101 

100 
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0 --Q,) ... 
~ 
VI 
VI 
Q,) ... 
Q. 

.... 
0 
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~ 10-5 

10-6 

10-7 

0 20 40 60 80 100 
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Fig. 3.1 Vapor Pressure Curves for Various Rare Gas Solids 

controlled tempering experiments on the sample. Studies of the matrix 

isolating capabilities of rare gas solids by Schultze and Abe (1978) 

have shown that metal systems isolated in neon typically do not provide 

well-defined spectral lines. Figure 3.2 shows absorption spectra for 

neon and argon. Neon's absorption edge appears at approximately 15 eV, 

while argon's is slightly lower at 11.6 eVe Argon, therefore, easily 
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Fig. 3.2 Absorption Spectrum for Argon and Neon Films 

Argon film thickness 120 Ang. 
Neon film thickness 100 Ang. 

satisfied the transmission requirements in addition to providing 

acceptable temperature and isolation characteristics. 

The temperature and spectral dependences of the refractive 

index of the host material are also of interest to the experimenter 

since the isolating material must be used at various temperatures and 

wavelengths during the deposition and measurement processes. Figure 

3.3 shows these dependences for argon. Transmission measurements on 

argon films indicate that the transmission, and hence the index of 

refraction, does not vary strongly as one moves into the infrared. 
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In the far infrared it is essential that the phonon density of 

states for the matrix material not have an appreciable contribution in 

the energy range where vibrational absorption in the metallic clusters 

and microcrystals is expected. This is in order to minimize interaction 

between the host matrix and the metal molecules. Figure 3.4 shows the 

theoretical phonon density of states for argon (Klein and Venables 

1977). -1 
Below 77 cm • it is anticipated that vibrational excitations in 

the metal system would couple strongly to the argon lattice '~brations. 

Calculations given in chapter 4 determined that the vibration spectra 
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Fig. 3.4 Phonon Density of States for Solid Argon. 

of the metal molecules studied do not have absorption lines which lie 

-1 below approximately 70 cm • 

Proper isolation of the test species is an important aspect of 

the matrix isolation experiment. Being relatively inert, rare gas 

solids provide the optimal solution to this problem. Schultze, Kolb 

and Leutloff (1977) have investigated the influence of various rare gas 

host matrices on isolated noble metals. They measured the positions, 

widths and splittings of spectral lines for Cu, Ag and Au as a function 

of temperature. This was done in an attempt to understand how the 

lattice of the rare gas solid produces splittings in the monomer lines 

of the metals. The model, proposed to account for the observed 
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dependence, states that the isolated metal atoms and clusters "see" a 

net negative charge distribution surrounding each site. The negative 

charge contributes a repulsive term to the total binding potential of 

the metal system. This leads to an overall reduction in the depth of 

the potential the binding electrons find themselves in. As the lattice 

is heated, two possible effects come into play. As the temperature 

rises, anharmonicity in the potential of the host lattice produces a net 

increase in the lattice constant. Simultaneously, the amplitude of the 

harmonic vibrations of the lattice itself increases, causing the "impu

rity" metal atoms to feel an increased repulsion from the crystal cage. 

Since the anharmonic character of the lattice is a higher order prop

erty of the lattice, it is expected that the change in vibration 

amplitude more than compensates. With increasing temperature, the 

result is a net reduction in the binding potential the valence electrons 

"see". This explanation considers only static deformations due to the 

crystal lattice. It is possible that Jahn-Tel1er coupling in the 

excited states could produce splitting and broadening of the spectral 

lines. Macfarlane and Wong (1968) have applied this dynamic Jahn

Teller interaction in an effort to explain the spectral composition of 

some molecular systems. Unfortunately, there are typically more free 

parameters than experimental quantities to fit, leaving the 

interpretation somewhat uncertain. 

The argon used in these measurements was purchased from Messer 

Grieshe1m Inc. and was of better that 99.9997 per cent purity. The 

transmission of pure argon matrices was measured both in the visible 
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and in the far infrared. This was done to determine if impurities in 

the argon would cause undue absorption. No difficulty was encountered 

with this grade of argon. A minute amount of water vapor was 

introduced into the system in an effort to estimate the sensitivity of 

the optical measurements to the presence of trapped water molecules. 

The sensitivity was good enough to allow an easy determination of the 

electronic and vibrational absorption bands of matrix isolated water. 

Thickness Measurements 

In the course of these experiments, three methods were used to 

monitor the quantity of argon condensed on the silicon or suprasil 

substrates. The simplest and most frequently used technique involved 

the use of a ReNe laser to monitor the thickness of the argon layer on 

the substrate. Figure 3.5 shows the configuration used. For normal 

incidence one finds that the reflectance will be modulated as a 

function of the thickness of the argon. The expression for the 

reflected intensity is (Fowles 1975 p. 99): 

R ::I 

rr. 2 2 4 2- 12 r. 2 2 121 II n (1-n )coskx+(n -n )sin -kXj +L2n (n -n )sinkxj J L L ar s s ar ar ar s 

where: 

r. 2 2 2 2 2 2 ?- 12 In (1+n) cos kx+(n +n ) sin KXj 
L ar s s ar 

::I 1.29 

n ::a 3.50 s 

2lL 
k == ""T 
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Fig. 3.5 HeNe Laser Beam Path for the Sample Chamber used. 
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Figure 3.6 shows the situation for normal incidence. In this experiment 

the laser was not normally incident on the sample. but had a 27 degree 

angle of incidence as shown in figure 3.5. This req uires the 

introduction of a correction factor in the argument of the 

trigonometric functions above. Since the wavelength of the HeNe laser 

is fixed, the reflected intensity is modulated as a function of the 

thickness of the argon layer. The frequency of the modulation can be 

used to determine the rate at which the argon is being frozen onto the 

substrate. These rates can also be integrated and. using the 
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Fig. 3.6 Normal Incidence Condition for Argon Film-Silicon 
Substrate System. 
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monochromator to scan in wavelength, compared with total thickness 

measurements. The expression for the argon condensation rate is given 

by: 

dx dm 
dt - dt A cos(j)/(2narcOS(i» 

where: dx/dt - thickness change of argon film in ~m/m1n 

dm/dt - reflection modulation frequency (cpm) 

A - wavelength of the laser light used (.6328 1JIIl) 



n = refractive index of the argon (1.29) 
ar 

cos(i) & cos(j) = corrections for nonnormal incidence 
(i = 27 & j = 20.6 degrees) 
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The other two methods of measuring the argon condensation rate 

involved scanning in wavelength for a fixed thickness of argon on the 

substrate. The expression for this thickness at normal incidence is: 

x = m >..
2 /(2n d A.) 

ar 

where: x = thickness of the argon layer 

m = number of reflection modulation periods centered 
on A. and with spectral width d A. 

d A. = change in wavelength for m reflection modulation 
periods. 

At short deposition times, the visible-ultraviolet spectrometer was 

used to monitor total thickness, while at longer times, the far 

infrared spectrometer was used for thickness monitoring. These two 

systems provided the second and third checks on the overall argon 

deposition rate. 

To obtain some indication of the consistency of the three 

thickness monitoring schemes, pure argon was frozen onto the substrate 

and the appropriate monitoring instrumentation used. The total number 

of intensity modulation cycles from ReNe laser reflection off of the 

sample was counted, one cycle added to the start, and the total 

integrated thickness calculated. This thickness was then compared to 
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the thickness determined by a frequency scan of the finished argon 

layer. To test the correlation between the HeNe laser and the visib1e

ultra violet thickness measurements, argon was deposited for 60 seconds 

and the two total thickness determinations compared. In order to 

compare the HeNe laser and the far infrared i.hickness measurements, 

argon was deposited for 16 minutes and the total thicknesses compared. 

It was assumed that the index of refraction for the argon remained 

constant from the visible to the far infrared. The good correlation 

supports this assumption. The results are reported in Table 1. 

Table 1 Argon Thickness Measurement Comparison 

HeNe1 VisUV HeNe2 FIR 

numbers of cycles (m) 10 10 161 4 

A ( \.IDl) .6328 .2170 .6328 36.4 

d A (\.IDl) .065 46.6 

cos(i) .891 1.00 .891 1.00 

thickness ( \.IDl) 2.75 2.81 44.3 44.1 

n 1.29 1.29 1.29 1.29 
ar 

As a result of having more cycles to integrate for the far infrared 

measurements, the HeNe and FIR test correlation was better. 

Heat Transfer 

It was necessary to estimate the temperature, during 

depOSition, at various positions in the matrix to enable determination 



20 

of possible diffusion effects. The system modelled consisted of room 

temperature argon gas and 1300 K silver atomic vapor combining on the 

silicon substrate to produce the theoretical matrix. Thermal 

conductivity equations were applied to the silicon substrate-argon 

lattice combinat~ont yielding negligible temperature rises in the 

matrix. Silver was chosen as the metal to be co-deposited with argon. 

By using only one metal in this model, the calculations were 

simplified, while the results remained general enough to have meaning. 

The temperature dependences of the thermal conductivity coefficients 

were parameterized, enabling accurate interpolation of the reported 

data (AlP handbook 1978). Figure 3.7 shows the temperature dependent 

thermal conductivity for solid and liquid argon. The liquid argon curve 

was well fitted by the linear function: 

where: 

-3 -1 
K(T) Q -1.223xl0 T+2.279xl0 

w K is the thermal conductivity in -
m-K 

T is the temperature in Kelvin. 

The solid argon thermal conductivity proved to be a more complicated 

function which was well fitted by: 
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The temperature dependent thermal conductivity of the silicon substrate 

was also needed and is shown in figure 3.8. The temperature 

dependence, for temperatures between 4.2 and 18.8 K, was fitted by: 

K(T) ... 14.74T2 

The temperature dependence for temperatures between 18.8 K and room 

temperature was well fitted by: 

K(T) a 96.8(1+.00102T-9.6 lO-6T2)/T 
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The heat of fusion for argon is 6.503x103 and for silver is 

5 2.506xl0 Joules/Mole. Additionally, it was necessary to parameterize 

the temperature dependence of the heat capacities of argon and silver. 

Due to the complexity of the argon heat capacity between 5 and 100 K, 

the experimental data were input directly and a simple linear 

interpolation scheme used. From 100 to 300 K, the heat capacity is 

constant making the computation somewhat simpler. In the case of 

silver, the experimental data were directly input in the temperature 

region from 5 to 20 K, and a linear interpolation scheme used. From 

50 to 1300 K, the heat capacity was fitted using the function: 



where: 

C(T) = 4.39 Log (T-26.6) 
e 

C is the heat capacity in Joules/Mole-K 

T is the temperature in Kelvin 
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The thermal conductivity equation was now applied in the following 

form: 

where: 

~ = A K dT/dx 

dQ/dT is the power flowing through area A per second 

A is the area through which the heat flows 

K is the thermal conductivity of the area of 
interest 

dT/dx is the temperature gradient at the position 
of interest 

The flux of room temperature argon gas molecules was known and the 

flux of 1300 K silver atoms was known. 1/ A dQ/ dt could then be 

calculated using the following expression: 

1 dQ 
-A dt = n (L + C dT )+ n (L + C dT ) m m m m ar ar ar ar 
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where: I/A dQ/dt is the thermal power per unit area 

n is the metal deposition rate in Moles/e 2 ) m cm -sec 

L is the m heat of fusion of the metal 

C is the average heat capacity over the temp-m erature range dT m 

dT is the temperature change in the metal at the m layer under consideration 

N is the argon deposition rate in Moles/e 2 ) ar cm -sec 

L is ar the heat of fusion of argon 

C is the average heat capacity over the ar temperature range dT ar 

dT is the temperature change in the argon at the ar layer of interest 

It was necessary to sum the heat capacity contributions from all layers 

more distant from the cryostat cold finger than the layer presently 

being calculated. To compute the proper heat capacity contributions at 

a given layer required knowledge of the temperatures at all outer lying 

positions. Since those were not yet exactly known, the system was 

forced to iterate to self-consistency. Results for the 2 mm thick 

silicon substrate and a I mm thick argon film for several substrate 

temperatures are shown in figure 3.9. These calculations clearly 

indicated that the temperature profile in the matrix was quite flat and 

that, except for the outermost layer, one could expect the argon 

crystal to be frozen throughout. This demonstrated that the conditions 

under which the samples were prepared contributed significantly to 

aggregation of the metal species. 
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Fig. 3.9 Temperature Profile in the Argon Film-Silicon 
Substrate System for Various Substrate Temperatures. 

Surface Diffusion Model 

It was desirable to have an understanding of the processes 

involved in the formation of the metal molecules. In this section a 

model will be presented, which was used in understanding the delicate 

relationships between the experimental parameters and the final rare 

gas solid matrix. 
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Mass spectrometer analysis of the metal flux directly from the 

metal ovens, revealed that the metal vapor consisted primarily of 

single atoms with a small fraction of dimers. This need not have been 

the case, but no significant contribution from aggregates larger than 

dimers was observed for the metals considered here. This indicates 

that the metal clusters are produced at the surface of the matrix or 

within the matrix. After production, the transmission of the matrix 

isolated samples was measured over a time span of eight to ten hours 

and found to be stable. That is, the relative contributions of the 

various aggregates to the total absorption were not found to vary with 

the lifetime of the completed sample. This leads one to conclude that 

the aggregates must be created during the deposition and freezing 

process. The heat transfer calculations of the last section helped to 

show that the matrix itself was well frozen. Only the outermost layer 

of the matrix could have been mobile. 

It is reasonable to ask if the metal polymers can be created 

simply by chance meetings of the metal atoms on the surface of the 

matrix. No actual surface diffusion of the metal atoms after contact 

with the argon matrix surface is postulated. The probability for 

chance polymer production can be calculated, if one knows the crystal 

structure of the host matrix material. In the case of argon and for 

the conditions used in these experiments,both FCC and HCP structures 

have been seen. The HCP structure was taken as the basis for the crys

tal and the probabilities of chance production of the various metal 

polymers calculated. If c is taken as the average concentration of the 
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metal polymers in the matrix, the expressions for the first few 

polymer probabilities are: 

P(monomer) = (1_c)12 

P(dimer) m 12c(1-c)18 

P(trimer)-18c2(1-c)24+24c2(1-c)23+60c2(1-c)24+24c2(1-c)22 

The monomer probability is simply one minus the probability of 

occupation of the neighboring site by another metal atom raised to the 

power twelve, since there are twelve nearest neighbors. The dimer 

probability is calculated by first determining the number of nearest 

neighbors the dimer has in the lattice. In an HCP crystal the dimer 

has eighteen nearest neighbors. This means that the probability of 

having dimers is reduced by the probability that the dimer might have 

an occupied nearest neighbor site. This probability of having an 

occupied nearest neighbor site is given by: 

The number of dimers created is simply the concentration of atoms in 

the matrix times 12, reduced by the probability of nearest neighbor 

sites being occupied. The trimer and larger polymer probabilities 

become much more difficult to calculate since the polymers can have 

different symmetry forms. In the case of the trimer four physical 

symmetry types are possible in the HCP struture. The linear trimer has 
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24 nearest neighbors, the equilateral triangle has 23 nearest neighbors, 

the 120 degree triangle has 24 nearest neighbors, and the right angle 

triangle has 22 nearest neighbors. The trimer probability with these 

four contributions explicitily written is: 

2 24 2 23 2 24 2 22 P(trimer)a18c (I-c) +24c (I-c) +60 (I-c) +24c (I-c) 

This non-diffusing model was compared with the experimentally measured 

polymer concentrations and found to give polymer concentrations which 

were much too low. 

Through this series of tests it was determined that the most 

reasonable starting point for understanding the polymer composition of 

the samples was a surface diffusion model. The argon host lattice was 

theoretically modelled and the potential barrier to diffusion of argon 

and silver atoms calculated. Then equivalent square barrier parameters 

were calculated and the probability of tunneling through the barrier 

calculated. 

The argon-argon pairs on the surface were very weakly bound, 

the argon-metal pairs somwhat more strongly bound and the metal-metal 

pairs very much more strongly bound. The result was that, if two 

metal atoms met on the surface of the argon matrix, they stuck and 

remained together. A "seed" cluster beginning in a lower layer of the 

crystal could continue to attract metal atoms in the diffusing surface 

layer thus building three dimensional polymers. 
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The vibrational and electronic spectra of the smaller polymers 

indicated that the system preferentially produced planar molecules for 

polymers of up to four atoms. The model indicated that the effect of 

molecular clusters of under six atoms was relatively weak on the 

diffusing layer above the cluster. At between six and eight atoms, the 

cluster produced a large enough disturbance in the matrix to cause 

continuing aggregation onto its core. Thus the theoretical system 

preferentially produced planar molecules of up to about four atoms and 

then switched to a mode in which the cluster had a relatively uniform 

three dimensional form. 

The argon-argon potential used was a Lennard-Jones type taken 

from Klein and Venables (1977). The silver-silver potential was taken 

from Baetzold (1976) and adjusted slightly to fit the experimental 

potential parameters more exactly. The argon-metal potential was 

taken to be of the Lennard-Jones type. The binding parameters were 

then calculated using the techniques of Baetzold (1976) and fitted by 

the Lennard-Jones potentials. The argon and silver parameters used in 

the Baezold calculation were chosen to be consistent with the argon

argon and silver-silver potentials obtained by other independent 

calculations. 

Another aspect of the measurements addressed by the model was 

the temperature dependence of the average polymer size. Holding all 

other variables constant, it was found that the average molecular 

aggrega te size depended exponentially on the substrate temperature. 

The diffusing atoms were given a Boltzman distribution of energies and 
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the average tunneling probability calculated. The average theoretical 

polymer size was also found to depend exponentially on the temperature 

of the argon lattice. In addition an attempt was made to estimate how 

the average polymer size varied with average metal concentration, 

temperature, deposition rate, metal atomic mass, and crystal structure 

of the argon lattice. Abe and Schultze (1979) examined the sorp1;ioi.1 

capacities of various rare gas layers and found that they did not form 

a uniform single crystal structure but that many "pores" existed in the 

lattice. The diffusion model predicted a great deal of disorder in the 

argon lattice. It is suggested that the argon matrix forms into local 

crystals a few microns in size and that the macroscopic crystal is a 

moderately well ordered jigsaw puzzle of these microcrystals. 

Unfortunately, computer memory limitations prevented the study of atom 

arrays large enough to model such a system. The dependences of 

aggregate size on atomic mass, substrate temperature and metal 

concentration were well predicted by the diffusion model, but 

dependences on deposition rate and substrate roughness were not 

addressed by the model. 

It was desirable to produce molecular aggregates in the six to 

twelve atom size category. This was not possible without generating a 

very broad distribution of molecule sizes. This broad size distribution 

produced a broad background absorption rather than the sharp absorption 

structure of the small molecule case. The diffusion model showed that 

the metal to argon concentration ratio needed to be controlled to 

better than +0.2 per cent. It was not pOGsible even to monitor both 



31 

the argon and metal deposition rates to this degree and it certainly 

proved impossible to hold the system this stable. The model indicated 

that, if the metal concentration became too high, the probability of 

producing large molecules rose very rapidly. Likewise, when the 

concentration dropped too low, the system preferentially produced 

small molecules. The middle concentration region proved unstable to 

small perturbations of the average metal concentratione 

Metal Properties and Preparation 

The details of the experimental apparatus and techniques needed 

to produce and monitor the metal molecular clusters and microcrystals 

isolated in the rare gas solid host matrix are given. Specifically, the 

design and construction of the ovens for producing the metal vapor, the 

method of estimating the oven temperatures needed to produce the 

required flux of metal, and the techniques used to monitor the metal 

deposition rates, will be discussed. 

Oven Design and Construction 

Two different types of ovens were used for these experiments. 

The most commonly used one consisted of a 10 mm diameter 24 mm long 

graphite tube with 1 mm thick walls. Graphite caps were fitted to both 

ends and held in place by two graphite screws threaded into their re-

spective water cooled electrodes. 

in the front of the oven. The 

A 2 mm diameter opening was drilled 

oven was only filled half full to 

prevent the liquid metal from escaping through the front opening. 

Typical resistances of the filled room temperature ovens were 
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approximately 0.3 ohms. The second type of oven used consisted of a 

thin walled nickel-chrome stainless steel tube 10 mm in diameter and 

80 mm in length. The tube was wrapped with 1.4 meters of MgO 

insulated thermal co-ax. The thermal co-ax was then encased in 

another thin walled stainless tube 16 mm in diameter. Typical room 

temperature resi,stances of the filled ovens were 10.1 ohms. 

The stainless steel ovens were used to evaporate the sodium 

and lithium metals. This was necessary, because these two metals 

react strongly with graphite causing graphite ovens to fail after only 

a short usage. The thermal coax used on the stainless steel ovens can 

be used to only approximately 900 degrees C. This prevented their use 

for the silver and copper evaporations. As a result of the close 

proximity of the two ovens used, it was necessary to shield the ovens 

from one another. In the case where copper was evaporated, a 0.2 mm 

thick tantalum foil was wrapped around the graphite oven with a 

constant 2 mm separation between the foil and oven surface. The foil 

was then supported by a quartz insulator at one end and by the graphite 

oven support screw at the other end. The sodium and lithium ovens 

were surrounded by a 1 mm thick copper shield. This shield was 

fastened to one of the water cooled electrodes. It was not necessary 

to shield the graphite oven, used to evaporate silver, with a tantalum 

-
foil. Figure 3.10 shows a scale drawing of the oven setup in which the 

tantalum foil has been included. The silver oven arrangement was the 

same except that the foil was omitted. Figure 3.11 shows the oven 

system mounted on the vacuum flange. In addition, a water cooled 1 mm 
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thick copper shield was used around the entire oven assembly to reduce 

heating of the walls of the vacuum chamber and to prevent metal from 

being deposited on any surfaces other than the test substrate. Table 2 

gives the purities of the various metals used, the approximate 

operating temperatures of the ovens, the approximate currents to 

achieve these temperatures, and the voltages required. 
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Fig. 3.11 Drawing of the Dual Oven System Mounted on a 
Vacuum Flange. 

TABLE 2 Metal Purities and Oven Parameters 

Metal Purity T(K) I(amps) V(volts) 

eu 99.99 1610 46 2.5 

Ag 99.999 1390 65 3.5 

Na 99.999 485 .32 3.3 

L1 99.999 695 1.1 12.0 
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Metal Evaporation Rates 

The metal evaporation rates were computed using a formula 

appropriate for a Knudson cell. In the case of the graphite oven this 

was a good assumption since the heated metal atoms collided with the 

walls of the oven many times before escaping. This caused the interior 

of the oven to be near a state of thermodynamic equilibrium. In the 

case of the stainless steel ovens, the opening in the end was 

approximately the diameter of the oven. Here one would not expect the 

Knudson cell model to be as accurate. In actual application, the 

stainless steel ovens did approximate a Knudson cell reasonably well. 

The effective opening in the front of the oven was found to be equal to 

the oven diameter. The resistively heated thermal co-ax was wound in a 

spiral in the opening of the oven to reduce the aperture of the oven. 

This co-ax was significantly hotter than the oven interior, producing a 

rather strong temperature gradient near the front of the oven. The 

higher temperature acted to increase the collision probability of the 

metal atoms with one another and the oven walls. The collision 

frequency was raised enough to drive the system into a state which was 

well approximated by a Knudson cell with an opening the size of the 

physical opening of the stainless steel oven. The equation for the 

evaporation rate from a Knudson cell is (Knudson 1950, p. 14): 



where: E a the evaporation rate (Moles/(cm2-min» 

R = the radius of the oven opening (cm) 

A = the distance from the oven opening to the point 
of measurement (cm) 

T - the temperature of the oven (K) 

P = the vapor pressure of the metal (torr) 
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Wat = the atomic weight of the evaporated metal (amu) 

The problem of calculating the evaporation rate is now reduced 

to calculating the temperature dependent vapor pressure of the metal 

in the oven. The vapor pressure data were well fitted by equations of 

the form: 

Table 3 shows the fit parameters for the four metals. The R value is 

the RMS deviation of the eleven fit points from the experimental 

points. This is included to give an idea of the quality of the fit. 

The Gmelin handbook of inorganic chemistry was consulted for 

experimental data and for parameterized vapor pressure curves. The 

fits made using the functional form above were' found to be comparable 

in accuracy to the Gmelin functions. The Knudson cell formula and the 

parameterized vapor pressure curves were then combined to yield the 

evaporation rates for the various metals. This was advantageous in 

determining the oven temperatures. The oven temperautres were used to 
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Table 3 l1etal Vapor Pressure Fit Parameters 

Metal A B c R 

Ag 35250 37.90 -2.151 .216 

Cu 42250 42.99 -2.693 .111 

Li 19170 23.33 -.6467 .158 

Na 12780 22.11 -.6341 .084 

determine how much thermal shielding would be needed between the 

ovens. Knowing the required oven temperatures aided in the selection 

of oven materials and resistive power supplies. The oven resistances 

were then optimized for the power supplies available. 

Evaporation Rate Measurements 

The evaporation rates of the ovens were monitored using a 

quartz thickness monitor. The calibration of the thickness monitor was 

2 checked by using a 5 cm sapphire window placed at the same distance 

from the oven as the quartz monitor. The sapphire window was coated 

for a carefully controlled amount of time and then weighed on a 

microgram balance. The thickness monitor was positioned adjacent to 

the saphire substrate and used simultaneously to monitor the deposition 

rate. This thickness monitor deposition value was then correlated with 

the weight measurements. The deposition rates were calculated using 

the following equation: 



r :a F .! gf d v/ d t 
P 
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where: r m the rate of deposition in Angstroms/minute 

3 p ... the density of the material in g/cm 

gf = the geometric correction for the difference in 
position between the substrate and the 
quartz monitor 

dv 
dt ... the change in frequency of the quartz 

oscillation in hertz/minute 

F :a conversion factor 1.0 angstrom-gms/cm 3-hertz 

The uncertainty in the quartz monitor measurements was determined to 

be less than ±S per cent. This deposition measurement technique was 

then compared with the calculations of the evaporation rate equation. 

The calculated values agreed with the quartz monitor values to within 

±20 per cent absolute. By monitoring the oven temperatures between 

quartz crystal measurements it was possible to control the oven evap-

oration rate to ±10 per cent. The evaporation rates were also 

dependent on how full the ovens were, when the measurements took 

place. The ovens used here had a run time capacity of at least 

20 hours and were monitored with the quartz monitor every 

60 to 90 minutes. The change in the evaporation rates between these 

measurement times was less than ±S per cent. 

All of the deposition measurement techniques discussed up to 

this point have assumed that all the mass incident on the substrate 

stuck to the substrate. This is a bad assumption in the case of 
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magnes:1.um and a room temperature substrate. To test the unit sticking 

probability assumption for the metals used, an external electronic 

oscillator was designed for the quartz thickness monitor. This allowed 

operation of the thickness monitor down to liquid helium temperatures. 

Appendix A shows the temperature dependence of the oscillation 

frequency and a schematic of the electronic circuit used with the Sloan 

thickness monitor electronics. The sapphire substrate was cooled to 

several temperatures between room temperature and' 4 K. Metal was 

then evaporated at each temperature and the weight changes measured. 

It was found that there was no measurable change in the sticking 

coefficient for silver on sapphire from room temperature to 4 K. The 

same test sequence was performed using the quartz thickness monitor. 

~or silver it was discovered again that there was no change in the mass 

calibration of the quartz. 

possible change. First, 

Two factors actually 

the mass dependence of 

contribute to a 

the oscillation 

frequency could change. Second, the sticking coefficient could change. 

The mea- surements indicated that for silver there was no change in the 

overall mass calibration of the thickness monitor for temperatures 

ranging from 300 to 4 K. This study enabled determination of the 

sticking characteristics of the materials used in these experiments, 

thereby reducing uncertainties in the composition of the matrices. 

Cryostat and Sample Chamber Construction 

The cryostat used was a flow-through liquid helium cryostat 

built by Cryo Vac. The cryostat was equipped with a 100 ohm platinum 

resistor which was used to measure the cold finger temperature from 
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room temperature to approximately 35 K. A 100 ohm carbon resistor was 

then used from 35 K to 4.2 K. A Busch oiless rotary vane pump was 

used to draw the helium gas from the cryostat. The exit leg contained 

a needle valve to permit control of the amount of helium gas drawn 

through the cryostat. This proved to be an adequate temperature 

regulation method for the production of the matrices. 

two different sample holders were constructed for the cryo

stat. The FIR sample holder had two locations for substrates. The 

lower location was used to hold the liquid helium temperature quartz 

and the upper held the silicon substrate. The visible sample holder 

held the sapphire substrate used for ~he higher resolution measurements 

in the visible. The cryostat was able to rotate a full 360 degrees 

about its vertical axis. In addition, a fine pitch screw allowed the 

cryostat to be raised over a travel of approximately 40 mm. 

By positioning a microscope slide glass to block half of the 

oven metal beam, it was possible to produce a beam with an 

approximately linear number density profile. The density ranged from 

very low at one vertical edge of the beam to very high at the other 

vertical edge. Using the horizontal translation stage to move the 

sample in the tightly focused monochromator beam it was possible to 

measure up to 12 different metal/argon concentration ratios in each 

sample. 

Figure 3.12 shows the sample chamber used for the visible 

measurements. 

under 200 nm. 

Suprasil windows were used to allow transmission to 

The matrix was produced with the substrate turned 
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Fig. 3.12 Drawing of the Sample Chamber used for the High 
Resolution Visible Measurements. 
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perpendicular to the oven beam. A ReNe laser beam was introduced 

opposite the oven beam and used to determine the argon condensation 
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rate. The quartz thickness monitor was also mounted opposite the oven 

and the evaporation rate was monitored by raising the cryostat using 

its fine pitch screw. The wall separating the oven chamber from the 

sample chamber was water cooled to reduce thermal coupling between 

the ovens and the cryostat. A shutter in the oven chamber allowed 

precise control of the metal deposition time. The argon itself was 

transparent in the wavelength regions investigated, which allowed a 

somewhat more relaxed control of its actual deposition time. 

The geometric factor for the quartz monitor was checked by 

installing the liquid helium temperature quartz in the substrate holder 

and comparing the calibrations of the room temperature quartz with the 

cold quartz. The room temperature quartz was stabilized through the 

use of water cooling. It was still noted that the quartz did warm 

slightly when the oven shutter was opened. This radiation heating 

effect was included in the calibration scheme of the quartz. 

The far infrared (FIR) sample chamber resembled the visible 

chamber very closely. This was to enable the transfer of the cryostat 

and the ovens directly to the FIR instrumentation. Every effort was 

made to produce identical conditions in the two setups. Figure 3.13 

shows the sample chamber and oven chamber configuration for the FIR 

system. The suprasil windows of the visible system are now replaced 

with polyethylene lenses and two suprasil windows are added to get the 

visible-ultraviolet and ReNe laser beams in and out of the sample 

chamber. It was not possible to use the metal gradient technique in 

this setup because the FIR beam was not focused to a small enough spot 



Fig. 3.13 Drawing of the Sample Chamber used for the Low 
Resolution Visible and FIR Measurements. 
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on the sample substrate. The horizontal translator, therefore, was not 

used with the FIR instrumentation. During deposition of the matrix, the 

substrate was again perpendicular to the oven beam. The HeNe laser 

beam was then sent in through one suprasll window, bounced off of an 
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aluminized microscope slide, transmitted through the argon layer, re

flected from the silicon substrate, again transmitted through the argon 

layer, reflected from a second aluminized microscope slide, and finally 

passed out of the sample chamber via the second Buprasil window to 

where a photodiode was positioned. The visible measurements were made 

by rotating the substrate 180 degrees and passing the monochromator 

light through one of the suprasil windows. The coefficient of 

reflection for silicon in the visible is only approximately .30. For 

this reason it was therefore necessary to open the slit on the 

monochromator to obtain enough signal for these measurements. This 

reduced the spectral resolution of the instrument, but the absorption 

lines of the molecular clusters in the matrix were still broader than 

the resolution limit of the instrument. The FIR measurements were 

made by tUl"ning the substrate perpendicular to the beam passing from 

one polyethylene lens to the other. 

Rubber O-ring seals and a mild stainless steel were used in the 

fabrication of the sample and oven chambers. 

Measurement Instruments 

It was desirable to be able to measure the absorption spectrum 

of a given sample both in the visible-uv region and also in the FIR. 

This proved to be a problem since no single instrument has such a 

capacity. It was decided, therefore, to combine two instruments. The 

sample chamber on the FTIR was modified to allow the introduction of 

the visible-uv beam from an external grating monochromator. 
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Visible-Ultra Violet 

The monochromator used for the visible-uv measurements was a 

Jobin-Yvon model HRS.1 plane reflection grating monochromator mounted 

in the Czerny-Turner configuration. From 200 to 350 nm a 

1200 (line/mm) grating blazed at 250nm was used. The dispersion was 

16 angstroms/mm and slits of 0.33 mm width were used yielding a 

theoretical resolution of 5.3 angstroms. From 300 to 900 nm a 

600 (line/mm) grating blazed at 500nm was used. This gave a resolution 

of 10.6 angstroms. Figure 3.14 shows the configuration used for the 

visible-uv setup. Light from the source passes through the entrance 

slit. The entering beam is then collimated by a spherical mirror and 

the collimated light dispersed by the plane grating. A second 

spherical mirror images the entrance slit onto the exit slit. A 50 mm 

focal length suprasil lens collimates the beam from the exit slit. 

This collimated beam is chopped at 1000 hertz by the circular aperture 

chopper and re-imaged on the sample by alSO mm focal length suprasil 

lens. The beam diverges from the sample and is collected by the 

detector. Two light sources were needed. From 200-470 nm, an Oriel 

model 6130 150 watt Xe arc lamp was used and, from 450-900 nm, an 

Oriel model 6334 100 watt Halogen lamp was used. To block the higher 

order lines in the 450-900 nm region a yellow filter was used. Two 

different detectors were also needed. From 200-350 nm, an Oriel model 

of bias was used, and from 7064 photomultiplier 

300-900 nm, a UDT 

with 770 

PIN lOD/UV 

amplifier was a PAR model 124A. 

volts 

photodiode was used. The lock-in 

Its reference trigger Signal was 
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Fig. 3.14 Drawing of High Resolution Visible-UV 
Experimental Setup. 

provided by the chopper. The PAR's time constant was set to 0.3 sec 

and the scan rate of the monochromator was set at O.S nm/sec. The 

output of the PAR was fed into a Hewlett Packard digital voltmeter 

which digitized the data for the HP desktop calculator. A trigger 

pulse from the monochromator stepper motor drive helped to syncronize 
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the monochromator wavelength scale with the digitized data. The data 

were stored on floppy disks for later analysis. The grating 

monochromator was calibrated several times. Once adjusted, the 

monochromator retained its absolute wavelength scale calibration to 

:!D.2 angstroms. The wavelengths reported have been corrected for 

known wavelength scale errors and are deemed accurate to better than 

±2 angstroms. 

Far Infrared 

The spectrometer used was a model FS 720 fast Fourier 

transform spectrometer made by the Research and Industrial Instruments 

Divisioq. of Perkin Elmer. The source consisted of a 125 watt high 

pressure mercury lamp, which was collimated using an off-axis 

aluminized paraboloid. A polyethylene beam splitter of appropriate 

thickness divided the beam into probe and reference beams. A drive 

motor and gear reduction system translated the movable mirror 

providing a sweep in configuration space. A Moire grating, attached to 

the motor drive, provided accurate information on the position of the 

movable mirror. The sinusoidal waveform from the Moire grating was 

converted to a pulsed form which could be used to trigger the HP 

digital voltmeter. The probe beam was reflected from two aluminized 

mirrors and focused on the sample by a polyethylene lens. The 

divergent beam from the sample was relayed to the detector using 

another polyethylene lens. The detector was a diamond windowed Golay 

cell. Figure 3.15 shows the setup for the FIR and visible-uv combined 

system. The frequency limits of the FTIR were set by the choice of the 
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Fig. 3.15 Drawing of Combined Low Resolution Visible-UV 
and Far Infrared Experimental Setup. 

beam splitter and an order filter. The order filter was simply a black 

polyethylene disk, which was inserted into the beam just ahead of the 

detector. The choice of beam splitter was governed by the equation 

(RIIK Model FS720 Owner's Manual 1968, p.S7): 



where: 

K = N.j 1-~ /(2ndx 
(2n ) 

-1 K a the frequency cutoff in cm 
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n = the index of refraction of- the beam splitter (=1.6) 

x = the thickness of the beam splitter in cm 

N .,. 0,1,2,3,4, ••• 

The maxima in transmission occur when K = N/L. The minima occur when 

K .. (2N-1)/(2L). The two beam splitters used were 6 and 4 micrometers 

thick respectively~ Their corresponding wavenumber ranges were 

-1 0-700 and 0-467 cm respectively. The maximum wavenumber which could 

be sampled was related to the mirror step resolution dx by: 

K = 1/(2dx) max 

where dx is the step resolution (.00078 cm). 

K for this system was 641 max 
-1 

cm The spectral resolution of the 

spectrometer was related to the total travel of the movable mirror by: 

dK =- 1/(2Ndx) 

where: dK = the spectral resolution in cm-1 

N = the number of steps traveled (1024) 



50 

dK for the system was 0.63 
-1 

cm The wavelength calibration was 

performed by putting 1 torr of damp air in the spectrometer and running 

a spectrum. The water vapor lines served to calibrate the wavelength 

and to give an indication of the real spectral resolution of the 

system. The absolute wavenumber error was found to be less than 

±O.5 cm -lover the entire range of the spectrometer used. The actual 

-1 
spectral resolution was found to be approximately 1.1 cm 

The FFT was calculated using the HP desk top calculator and 

the frequency spectrum then plotted. Background subtraction and 

wavelength correction were included in the FFT algorithm. The 

wavelength calibration was checked after each run through the use of 

two polyethylene lines in the spectral region of the spectrometer. 

These two lines were at 
-1 -1 

73.3 cm and 382.6 cm • The wavelength 

calibration was never noted to shift by a measurable amount. 

Representative Results 

In this section a representative sample of the measured data 

will be given and the spectral features pertinent to the analysis of 

this work identified. This serves as an introduction to the discussion 

of the next chapter and to acquaint the reader with the language to be 

used during this forthcoming discussion. 

Only data from the CuNa alloying study will be examined here. 

Results from the other systems will be presented in the following 

chapter. The visible spectra will be separated into three different 

spectral regions as dictated by the performance of the lamps and 

detectors used with the grating spectrometer. Figure 3.16 shows a plot 
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Fig. 3.16 CuNa Transmission Spectrum in 28000-50000 
(200-350 nm) Region. 

50,000 

--1 
cm 

for the 28000-50000 cm -1 (200-350 nm) region. All of the absorption 

structures are identified with various Cu molecular aggregates. The 

-1 
triplet feature at approximately 33000 cm (303 nm) belongs to the Cu 

atom 4s-4p transition. The two weak absorptions to the left of the 

strong monomer peaks are thought to belong to the CU 4 molecule. The 

absorption line at 35800 cm -1 (279 nm) is identified with the CU 3 

molecule. The structures at 38450 and 42600 cm-
1 

(260 and 235 nm) are 

associated with the CU
3 

aggregate. The feature at 41700 cm-
1 

(240 nm) 



is itlentified with The features at 44800 and 45700 
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-1 
cm 

(223 and 219 nm) are thought to originate from CU
2 

and CU
3 

absorption. 

The three strong structures at 46900, 47800, and 
-1 

49000 cm 

(213, 209, and 204 nm) are associated with the Cu monomer where the 

ground state is a 3d9 4s 1 4pl configuration. No absorption features 

which might have been interpreted as belonging to the CuNa molecular 

complex were seen in this spectral region. 

-o -....... --g-0.6 
0' o -

-0.8 

Fig. 3.17 CuNa Transmission Spectrum in 11000-23000 
(450-900 nm) Region. 

-1 em 



Figure 3.17 contains a spectrum for the 11000-23000 
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-1 
cm 

(450-900 nm) region. This spectral region contains only absorption 

features associated with Na molecules. The triplet at approximately 

18400 cm-1 (540 nm) arises from the 3s-3p atomic transition in Na. The 

shoulders on the sides of the Na monomer triplet are thought to be 

additional monomer states in the argon lattice. The very strong 

absorption line at 22000 
-1 

cm (454 nm) is identified as 

molecule. The feature at 16000 cm -1 (626 nm) is associated with the 

-1 
Na

2 
molecule and the feature at 14750 cm (678 nm) with the Na4 

molecule. 

The spectral region between 21000 and 34000 cm -1 (300-470 nm) 

contains the absorption features in which atoms of Cu and Na are mixed 

together to form molecules. Figure 3.18 shows a typical transmission 

spectrum in this region. The strong Na
2 

feature at 22000 cm-1 (454 nm) 

and the Cu monomer triplet at 33000 cm -1 (303 nm) serve to bou~d the 

spectral regions already introduced. A pair of absorption features are 

apparent at -1 approximately 25000 cm (400 nm). 

produced by the Cu
2

Na
2 

molecule. 
-1 

At 26600 cm 

This absorption is 

(376 nm) the CuNa 

-1 absorption is seen and at 30000 cm (314 nm) another Cu2Na 2 absorption 

appears. The shoulder at 30100 cm -1 (332 nm), on the low energy side 

of the Cu triplet, belongs to the CuNa2 trimer. 

In the Fm the spectra are somewhat simpler since only the 

molecules with combinations of the two metals contribute to the 

vibrational absorption. This is because molecules composed of like 

metals contain no net static electric dipole moment so that coupling 
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Fig. 3.18 CuNa Transmission Spectrum in 21000-34000 
(300-470 nm) Region. 

-1 
cm 

between the FIR radiation field and the molecules must take place 

through Some higher order (and presumably weaker) process. Figure 3.19 

shows a FIR spectrum in which small molecules were preferentially 

produced. The very strong absorption at approximately 215 
-1 

cm 

(46.5 IJm) is identified with the CuNa dimer molecule. The two lines at 

180 and 126 cm -1 (55.5 and 76.9 IJm) have been identified with the 

Figure 3.20 shows a spectrum in which larger 

molecules were preferentially produced. A broad absorption centered 
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Fig. 3.19 CuNa Transmission Spectrum in 
(125-36 1lIIl) Region for Small Molecules. 

240 

80-280' -1 
cm 

55 

280 

-1 
near 180 cm (55.6 1lIIl) is seen. This is a phonon in very small CuNa 

alloy particles. Figure 3.21 shows the last step toward a smooth 

phonon spectrum. The sharp molecular absorption lines have disappeared 

and a much smoother phonon absorption has appeared. It is expected, 

from calculations on other systems (Martin 1977a, b), that the phonon 

mode should appear at a somewhat lower energy than the absorption of 

the CuNa climer. This is due to the screening of the interatomic 

potential by the bulk free electron gas. This screening causes the 
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Fig. 3.20 CuNa Transmission Spectrum in 80-280 -1 cm 
(125-36 11m) Region for Molecules and Small Microcrystals. 

lattice to relax, thereby reducing the vibrational frequency in the bulk 

crystal below that of its molecular counterpart. 

This concludes this introduction to the test data. Further 

discussion and presentation of data for all of the alloys measured will 

be given in the next chapter. 
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CHAPTER 4 

DISCUSSION 

The optical absorption spectra of metal alloy molecules and 

microcrystals contain information relevant to the understanding of 

metallic bonding. In this chapter the experimental results of this 

investigation will be given in full and the salient features helpful in 

the understanding of bonding in metallic systems discussed. Several 

metal alloys have been used in an attempt to identify what aspects of 

the bonding might be related to metals in general and what aspects 

might be related to the particular metals themselves. The metal 

mixtures investigated in this study were: AgLi, AgNa, CuLi and CuNa. 

The surface plasmon absorptions of the 4 metals used have been 

investigated previously and a table of the pertinent characteristics has 

been given by Bohren and Huffman (1983). Unfortunately, it was not 

possible to determine the positions of the surface plasmon peaks for 

these alloys. This may have been due to broadening of the surface 

plasmon absorption peaks by large particle size and shape distributions. 

This broadening prevented an experimental determination of the form 

which the surface plasmon in a mixed metal particle should take. 

The electronic excitation spectra of the metal molecular 

clusters contain absorption lines which have been identified with 

dimers, trimers and tetramers. In these metallic systems no absorption 

lines identifiable with larger alloy clusters were seen. When 
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conditions conducive to the production of larger aggregates were 

implemented, microcrystals formed and a broad surface plasmon 

appeared. 

The polymers were identified using two prodecures. First, the 

system was produced with a dominating monomer absorption and the 

concentration dependence of the polymer lines vs the monomer line 

computed. It was expected that, in the low polymer concentration 

region, the polymer concentration should be proportional to cn , where n 

is the number of atoms in the polymer. Second, extended Hueckel 

calculations were carried out on the metallic systems and a comparison 

between the calculated lines and the measurements made. Although the 

extended Hueckel calculations are rather crude for identification 

purposes, it was found that the parameterized fits did indicate the 

energies of the absorption lines accurately enough to assist in the few 

cases where the concentration dependence technique could not yield 

clear identifications. 

The absorption lines of the pure metals were already known 

from the literature and were remeasured as background preparation for 

this series of experiments. Moskovits and Hulse (1977) was used as an 

identification reference for argon matrix isolated Cu. Welker (1978) 

and Welker and Martin (1979) were used in identifying matrix isolated 

Li, Na and Ag. The spectra, in which only one metal was matrix 

isolated, were fit with the extended Hueckel calculations and then the 

absorption energies for the alloyed aggregates calculated with the same 

set of parameters. 
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The AgLi System 
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Fig. 4.1 AgLi Transmission Spectrum for 28000-5000 cm-1 

(350-200 nm) Region. 

Figure 4.1 shows the translation spectrum for AgLi from 

28000-50000 cm- I (350-200 nm). In this spectral region no new 

absorption features associated with AgLi alloyed clusters were 

identified. The dominant features in this spectral region belong to 

aggregates of Ag isolated in argon. The strong triplet with lines at 

32800, 32900 and 33400 cm -I (315, 304 and 299 nm) belong to the Ag 

monomer. The structures to the low energy side of the monomer lines, 

are left for a later figure where they appear more clearly. To the 
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high energy side of the Ag monomer lines, the absorption lines at 36600 

-1 
and 37000 em (273 and 270 nm) are identified with the Ag 4 molecule, 

-1 
the lines at 37900 and 38500 em (264 and 260 nm) with Ag

2
, the line 

at 40800 em -
1 

(245 nm) with Ag
3 

and the line at 44000 em - 1 (227 nm) 

with Ag
2

• 

The spectral region from 11000-23000 cm-1 (900-450 nm) 

Wavelength (nm) 
650 600 550 500 450 

1 

-1.0...._ ____ .....__...._____. _ __.__.......__"'------'-~-_.___,_____, 

14,000 16,000 18,000 20,000 
Wavenumber (cm-1) 

-L 
Fig. 4.2 AgLi Transmission Spectrum for 11000-23000 em 
(900-450 nm) Region. 

contained only Li molecular clusters. Figure 4.2 shows the 

transmission spectrum of AgLi in this region. Only two significant 

features are apparent. 
-1 

The absorption lines at 15000 em (665 nm) 



belong to the Li monomer. 

(475 nm) belongs to Li2• 

The absorption feature at 
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21000 cm-1 

The absorption lines identified with various combinations of Ag 

-1 and Li appear in the 21000-34000 cm (450-300 nm) spectral region. 

Figure 4.3 shows a transmission spectrum for AgLi from 

21000-34000 cm-1 (470-300 nm). The dominant pair of lines at 32000 and 

33000 cm-1 (315 ~nd 304 nm) belong to the Ag monomer isolated in argon. 

The other lines all include contributions from mixed metal molecules. 

Before continuing with the identification of the mixed metal 

clusters, it is helpful to discuss the methods used to aid in 

identifying the alloy metal molecules. The lines were deconvoluted by 

using a Gaussian line fit program on the pure metal matrix absorption 

lines. This fit determined the relative quantity of absorption present 

in each line for a given set of matrix parameters. Then these 

experimental parameters were held constant for each metal and the two 

metals combined in one matrix. The expected previously fitted 

absorptions for the pure metal clusters were subtracted from the mixed 

metal spectrum to yield the approximate absorption contributions from 

the combined metal clusters. The technique produced results which, 

when corr.elated for many concentrations, indicated the concentration 

dependences for the various new lines. For any particular set of data, 

it would be difficult to identify the new clusters with certainty, but 

when data from several sets of experimental data were correlated, it 

was found that the molecules could be relatively clearly identified. 
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The Hueckel molecular energy levels for the observed 
molecular forms are given along with their Schoenflies 
designations. 
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The various symmetry configurations, in which a given number of 

each of the metal atoms could be joined to form molecules, served to 

complicate this identification process. In some cases it was discovered 

that certain matrix . production techniqu.es preferentially isolated 

molecules of a specific symmetry, wb.ile other techniques produced a 

mixture of molecules with several different symmetries. The extended 

Hueckel caculations provided a check of the molecular designations. 

Alone the calculations are of little value in identifying molecules, but 

in conjunction with the fits to the pure metal molecule spectra and 

the concentration dependence determinations, the calculations proved 

invaluable in clearly deconvoluting the spectra. 

Keeping this process of identifying the mixed metal molecules 

in mind, the absorption lines attributed to the metal alloy molecules 

can now be studied with a proper perspective on how the results were 

obtained. The shoulder to the low energy side of the two strong Ag 

monomer lines in figure 4.3 belongs to the AgLi dimer molecule. The 

-1 
double humped structure at 28800 and 29600 cm (347 and 337 nm) 

constitutes an absorption line for the AgLi
2 

trimer. The molecule has 

the shape of an isosceles triangle. The next major structure has a 

-1 
double peaked shape, with underlying lines at 24800 and 25100 cm (403 

and 398 nm). This group belongs to the Ag
2

Li2 molecule. The molecule 

is in the form of a square in which each atom has nearest neighbors of 

the other atom type. The final feature of interest is the weak line at 

22800 cm -1 (439 nm). This line is a composite of absorption from the 

Ag
3 

trimer and the AgLi dimer. 
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A look at the background level for the transmission curves 

indicates that a rather broad smooth absorption loss :In the 

21000-34000 cm -1 (470-300 nm) spectral region is present. Extended 

Hueckel calculations, on the molecules identified in the spectra and on 

molecules larger than those identfied, show that a large number of 

weak molecular absorptions in this region could be contributing to this 

broad background. Only the strongest and best separated absorptions 

for the molecules identified are seen as individual lines. A number of 

other weaker absorptions are not directly visible :In the transmission 

spectra. 

Several attempts to produce surface plasmons of the metal 

alloy yielded only a broad absorption very similar to that underlying 

the molecular lines in figure 4.3. It was noted, during the course of 

these experiments, that a relatively sharp transition from isolated 

molecules to small particles took place for metal to argon 

concentration ratios between 5 and 7 per cent. Argon's FCC crystal 

structure would indicate that each metal atom has twelve nearest 

neighbors. When the metal to argon concentration approaches 8 per 

cent, it is expected that each atom will have a nearest neighbor which 

is also a metal atom. This "percolation threshold" defines a 

concentration region in which small particles can first form with any 

reasonable probability. Working near this threshold provides the 

possibility of creating samples in which both microcrystals and 

molecules can exist in sufficient number to allow the simultaneous 

study of their absorption spectra. Although the surface plasmon 
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absorption lines were not sharp and well enough isolated from the 

molecular absorption lines to allow a quantitative investigation of the 

surface plasmon absorptions of metal alloys, the phonon bands in these 

microcrystals were observable with the infrared instrument. The 

advantage in the far infrared was that only systems with alloyed 

metals exhibited absorption. This is because the radiation field has 

insufficient energy to stimulate the system into an excited electronic 

state. Since no dynamic electric dipole matrix elements are available 

between states of different electronic excitation, the ground state 

must itself have an electric dipole moment ~Yith which to couple to the 

radiation field. This means that the systems must have some net charge 

separation in the ground state, implying that systems containing 

different metals were sensitive to the radiation field. 

The simplification of the absorption spectra in the far infrared 

greatly improved the possibilities for study of systems in which some 

molecules and some microcrystals were present. This provided side by 

side comparison of the absorption properties of the microscopic and the 

macroscopic states of metals. Figure 4.4 shows the FIR transmission of 

-1 AgLi from 150-450 cm (66.6-22.2 IJm). The very strong pair of lines 

at 356 and 381 cm -1 (28.1 and 26.6 ilm) belong to the AgLi dimer mole-

cule. The satellite pairs on either side of the dimer lines are 

identified with the Ag
3
Li

3 
molecule. The lines at 206, 252 and 

-1 264 cm (48.5, 39.6 and 37.8 \.1m) also belong to the Ag 3Li3 molecule. 

A portion of the line at 228 cm -1 (43.9 Ilm) and of the absorption at 

-1 194 cm (51.6 \.1m) belong to the Ag 2Li2 polymer. A portion of the 
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broad absorption at 228 cm -1 (43.9 ~m) and of the 194 cm -1 (51.6 pm) 

absorption belong to the Ag2Li molecule. Calculations were also 

carried out for other AgLi molecules containing up to eight atoms. The 

computed absorption lines for these other molecules do not appear in 

any of the spectra measured on this system. The metal to argon ratio 

in this series of experiments was carefully tuned through the 

percolation threshold to provide matrices with isolated molecules and 

microcrystals. The transtion from the nearly perfect molecular 
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absorption spectrum of figure 4.4 to a regime in which both molecules 

and microcrystals exist in the matrix is a very sharp one. Attempts 

were made to produce larger molecules without introducing 

microcrystals into the sample, but the level of control needed was 

outside the realm of present possibility. 

Using the surface diffusion model previously discussed, it was 

found that the metal/argon deposition rate would have had to be 

controlled to better than ±0.2 per cent to produce the intermediate 

molecules not measured. For a slight overpopulation of metal atoms 

the system would precipitate into microcrystals. Figure 4.5 shows a 

transmission in which the concentration ratios were optimized to 

produce very large molecules of AgLi. Unfortunately, the concentration 

ratio drifted at a ±1 per cent level, producing a matrix in which the 

system passed frequently from producing small molecules to producing 

microcrystals. The result was a matrix in which small AgLi molecules 

and microcrystals could be simultaneously measured. 

Two of the lines apparent in the spectrum of figure 4.4 are no 

longer easily seen in figure 4.5. Calculations showed that the Ag 2Li 

molecule was not as stable to further aggregation as molecules of the 

type (AgLi) • 
n 

The weak hexamer lines on either side of the AgLi 

monomer are not seen but the calculations showed that these two 

satellite line pairs are much weaker than the lines at 206, 252 and 

-1 
264 cm (48.5, 39.7 and 37.8 ~m). In addition to a change in the 

relative absorption contributions of the polymer lines, one notices a 

-1 
much broader smooth absorption centered at 315 cm (31.7 ~m) with a 
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half width of approximately 45 cm- L (4.5 ~m). This absorption lies just 

below the AgIJ. dimer absorption doublet. Martin (1977 a,b) has matrix 

isolated alkalai halides in argon and observed the existence of a 

surface phonon between the dimer absorption line and the bulk phonon 

absorption. The phonon absorption band in figure 4.5 was observed for 

three other metal alloy combinations and displayed an optical phonon 

like dependence on the reduced mass of the two constituent atoms in 

the crystal. 
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In an effort to clarify the identification of the phonon 

absorption seen in figure 4.5, the experimental setup was adjusted to 

250 300 350 400 450 
Wavenumber (cm-t) 

Fig. 4.6 Tral!_~mission Spectrum of AgLi Microcrystals in 
the 150-450 em (67-22 ~m) Region. 

give a metal to argon concentration which would produce purely 

microcrystals. Figure 4.6 shows a transmission spectrum of AgLi which 

contains a distribution of moderately sized microcrystals. One sees 

immediately that only one sharp molecular absorption lines are present 

in the spectrum. Matrices with various concentrations in the 
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microcrys tal regime were measured and the optical phonon absorption 

proved quite repeatable in width and frequency. 

It was desirable to repeat the experimental series for several 

different combinations of metals. Lithium was replaced by sodium to 

see if the vibrational frequencies corresponded with the optical phonon 

mode. Copper was substituted for silver in an effort to see if the 

surface plasmon spectrum of the alloyed microcrystals could be seen. 

This would improve the chances of resolving the alloyed microcrystal 

surface plasmon from the pure metal surface plasmon of the Li or Na 

microcrystals. In all cases it was necessary to choose the metal 

combinations in such a way that a significant electrostatic dipole 

moment would result in the mixed metal molecules and microcrystals. 

The AgNa Sys tem 

The next system investigated was the AgNa system. The first 

concern was to see if the phonon absorption had the proper optical 

phonon dependence on the masses of the constituent atoms. Figure 4.7 

shows a transmission spectrum for AgNa in the 11000-23000 cm-1 

(900-450 nm) region. (The spectral region from 28000-5000 cm-1 

(350-200 nm) is not included since no features attributable to a AgNa 

complex were identified.) 
-1 

The strong feature at 21800 cm (458 nm) is 

identified with the Na2 molecule. The closely spaced triplet, centered 

at 18350 cm-1 (545 nm), belongs to the Na monomer. The absorption line 

just to the lower energy side of the monomer line at 
-1 

15900 cm 

(628 nm) derives its primary absorption strength from the Na 2 dimer but 

also is thought to contain a small contribution from the Na3 molecule. 
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-1 
11000-23000 cm 

-1 
The final distinct structure at 14600 cm (683 nm) belongs to the Na4 

polymer. It should also be noted that a weak Ag 2Na2 absorption at 

approximately 19300 -1 cm (511 nm) is expected; however, correcting 

adequately for the Na monomer absorption to allow study of an 

absorption at this energy was not possible. 

Figure 4.8 shows a transmission spectrum for AgNa in the 

-1 21000-34000 cm (470-300 nm) region. In addition, the calculated level 

structure for the various AgNa polymers is given. The spectrum is 
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The Hueckel molecular energy levels for the observed 
molecular forms are given along with their Schoenflies 
designations. 
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bracketed by two strong absor.ptions by pure metal molecules. The 

-1 absorption on the low energy end at 21800 cm (458 nm) is due to Na
2 

and the very strong sharp pair of lines at 31750 and 32900 cm -1 (315 

and 304 nm) belong to the Ag monomer. The doublet structure, at 24600 

and 25300 cm -1 (407 and 395 nm), contains contributions from several 

polymers. The dominant contribution to both lines comes from the 

Ag2Na2 molecule. In addition there is a contribution 

25300 cm -1 (395 nm) from the AgNa dimer and the Na
3 

shoulder on one of the Ag monomer lines at 31000 cm-1 

to the line at 

trimer. The 

(323 nm) also 

contains absorption contributions from more than one polymer of Ag and 

Na. The two polymers are the AgNa2 and the Ag2Na2 molecules. The 

calculations indicated that other absorption lines for these polymers 

were possible. The effects of the argon matrix on the symmetry of the 

molecules is difficult to estimate. Attempts to do rela::ation 

calculations on matrix isolated clusters have yielded ambiguous data. 

Changes in the symmetry of the molecules from their gas phase 

symmetries could change the relative oscillator strengths of the 

various calculated transitions. The surface diffusion calculations, 

presented earlier in this work, indicated that the argon matrix may not 

form its normal crystal structure when metal atoms at the 

concentration levels used here are introduced into the matrix. Abe and 

Schultze (1979) have done a series of experiments on rare gas solids to 

determine if deposition rate, temperature at deposition and substrate 

roughness might influence the sorption capacity of rare gas solid 

matrices. They have found evidence that the structure of such systems 
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is not single crystal of one symmetry but that the actual structure of 

the matrix consists of well correlated microcrystals, of possibly 

differing crystalline struture. It is not too surprising that instead 

of a single matrix isolated Ag monomer line one finds a well separated 

triplet structure. Such a symmetry breaking is not possible by simple 

crystal field considerations. In an FCC crystal the substitutional 

lattice has oct,lihedral symmetry 0h' and the two interstitial sites have 

tetrahedral symmetry Td and 0h respectively. From tables of 

irreducible representations of the point groups, one finds that the 

term P3/2 is irreducible under 0h and not split by the fields of that 

symmetry. In an RCP lattice of ideal cia ratio and taking only nearest 

neighbors into account, the interstitial sites are the same as in FCC. 

The RCP lattice site has axial symmetry D3h which can, in principle, 

produce a splitting of the P3/2 level. In order to get a threefold 

symmetry splitting of the P3/2 level it is necessary to assume a 

lattice distortion in the FCC case or a non-ideal cia ratio in the RCP 

case. 

Figure 4.9 shows a transmission spectrum of AgNa molecules in 

-1 
the 100-300 cm (100-33 ~m) region. The strong pair of lines at 205 

and 210 cm -1 (48.8 and 47.6 ~m) belong to the AgNa dimer molecule. The 

two lines at 121 and 172 cm -1 (82.6 and 58.1 ~m) are identified with 

the Ag
2

Na trimer. Dynamical matrix-normal mode calculations were 

carried out for molecules containing up to eight atoms. All attempts 

to produce intermediate sized alloyed molecules proved unsuccessful. 

Figure 4.10 shows a transmission spectrum in which the system 
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parameters were chosen to yield medium and large sized alloy 

molecules. Instead, the small molecule absorption lines remain with 

reduced strength, and a new broader absorption just below the AgNa 

dimer absorption lines in energy has appeared. The width of this 

-1 
phonon absorption line is approximately 23 cm (7.0 ~m). Additional 

samples, with experimental parameters chosen to produce very large 

molecules and microcrystals, were made in an effort to substantiate 

the phonon frequency and half width. Figure 4.11 shows a transmission 
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spectrum of AgNa with purely microcrystal constituents. In this case, 

the AgNa molecular absorption lines are missing and only the somewhat 

broader phonon line is present. 

The CuLi Sys tem 

Two systems containing Ag have been investigated and the phonon 

lines have the expected dependences on the constituent atom masses. It 

would be of interest to replace Ag with another noble metal to see 

which aspects of the absorption behavior are Ag dependent and which 
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aspects depend more on the general metallic behavior of the atoms. 

Figure 4.12 shows a transmission spectrum of CuLi in the 

28000-50000 cm- 1 (350-200 nm) region. The curves contain a great deal 

of structure. The strong triplet at 32700,33100 and 33550 cm -1 (306, 

302 and 298 nm) is due to the Cu monomer. This is produced by the 

4S1/2-4P3/2 (3d9 4s 1 4p1) transition while the strong structures at 

47200, 48300 and 49500 cm- 1 (212, 207 and 202 nm) are thought to belong 

to the 4S1/2-4P1/2.3/2 (3d 10 4s0 4p1) transtion in the Cu monomer. The 
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The Hueckel molecular energy levels for the observed 
molecular forms are given along with their Schoenflies 
designations. 
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broad structure from 35000-38500 em - 1 (285-260 nm) contains too many 

lines to allow clear identification. In the pure Cu spectra, a Cu
3 

molecule absorption is seen. In the mixed metal case there are several 

lines from Cu
2
Li and CuLi

2 
molecules and on the higher energy side, a 

line from Cu
2
u

2
• At 40200 em - 1 (248 nm) a clear Cu

2
u

2 
absorption is 

-1 
seen. The line at 41700 em (240 nm) belongs to the Cu

2 
molecules and 

-1 
the line at 42500 em (235 nm) has a contribution from Cu

3
, Cu

2
Li and 

Cu
2
Li

2 
molecules. The line at 45000 em - 1 (222 nm) and at 45600 em -

1 

(220 nm) belong to Cu
2 

and cu
3 

but determining which polymer to assign 

to which line has not been possible with reasonable certainty. Using 

the Schoenflies designations, the Hueckel molecular energy level 

designations have been given for the mixed clusters. 

Figure 4.13 shows a transmission spectrum of CuLi in the 

-1 
11000-23000 em (900-450 nm) region. The absorption structures are 

identical with those of the AgLi spectrum and so will not be repeated. 

Figure 4.14 shows a transmission spectrum of CuLi in the 

-1 
21000-34000 em (470-300 nm) region. The Hueckel molecular energy 

levels for the observed molecular forms have been given along with 

their Schoenflies designations. The features are bracketed by the Li
2 

absorption at 21000 em -l (475 nm) and the Cu monomer absorption at 

32700 and 33100 em -l (306 and 302 nm). As with the 28000-50000 em -l 

(350-200 nm) spectrum, there are many close packed absorptions 

complicating the identification of the lines. The absorption at 

-1 
30200 em (331 nm) belong to the Cu

2
u

2 
molecule and the absorptions 

at 27700 and 31300 cm- 1 (361 and 319 n~) belongs to the CuLi2 molecule. 
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Fig. 4.13 _1uLi Transmission Spectrum 
11000-23000 cm (900-450 nm) Region. 

in the 

The far infrared spectra of CuLi are much simpler and less 

cluttered. Only the molecules containing a mixture of Cu and Li are 

present and this makes identifying the molecules much easier. Figure 

4.15 shows a transmission spectrum of CuLi in the 
-1 50-450 cm 

(200-22 ~m) region. 
-1 

The strong pair of lines at 378 and 389 cm (26.4 

and 25.7 ~m) belong to the CuLi dimer absorption. The four lines at 67, 

102, 128 and 236 cm -1 (149, 98.4, 78.0 and 42.5 ~m) are all thought to 

belong to the CU
2
Li trimer. The satellite pairs on either side of the 

CuLi dimer are thought to belong to the Cu
3

L!3 hexamer. The absorption 
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designations. 
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-1 
at 67 cm is close enough to the edge of the phonon density of states 

for argon that there is some concern if it really represents a true 

polymer absorption frequency. Its position fits the dynamical matrix 

calculations well, and no other polymer lines are apparent in the 

higher frequency region of the spectrum. It is of interest to see what 

happens when the experimental parameters are adjusted to produce 

somewhat larger molecules. Figure 4.16 shows a transmission spectrum 

of CuLi in the 50-450 cm -1 (200-22 ~m) region. The relative strengths 
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Fig. 4.16 Transmission Spectru~ff CuLl Small Molecules and 
Microcrystals in the 50-450 cm (200-22 ~m) Region. 

of the dimer and trimer lines have changed. In addition, a phonon line 

has appeared at 343 cm -1 (29.2 \.1m) with a width of 44 cm -1 (3.7 \.1m). 

It should be noted that when the Gaussian line fits were done on the 

spectra containing microcrystals, additional absorption on both sides 

of the CuLl line was found. It is thought that the CU3Ll3 hexamer has 

two sets of satellite absorption lines on either side of the CuLl dimer 

absorption, but they are not as easily resolved and therefore are 

producing a background responsible for this additional absorption. The 
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spectrum also contains a pair of very weak absorption lines at 4l}0 and 

470 cm -1 (22.7 and 21.3 llm) which calculations show belong to the 

This supports the assumption of a CuLi hexamer 

absorption surrounding the dimer molecule lines. In addition, two new 

lines at 268 and 283 cm -1 (37.3 and 35.2 llm) are thought to belong to 

These are the largest aggregate lines clearly 

distinguished in this study. 

The CuNa System 

One question which came to mind at this point concerned the 

width of the phonon absorption line. The phonons for the two Li 

systems had approximately the same width of 45 cm-1• The AgNa phonon 

band is only half this broad. Is this saying something general about 

the characteristics of Li and Na or is it a much more complicated 

question? It was certainly worthwhile matrix isolating a CuNa complex 

to test this hypothesis. Figure 4.17 shows a transmission spectrum of 

CuNa in the 28000-50000 cm -1 (350-200 nm) region. In this case the 

spectrum in this spectral region is not complicated by molecules 

containing mixtures of Cu and Na. The triplet at 32600, 33100 and 

33400 cm -1 (306, 302 and 298 nm) belongs to the Cu monomer. The 

absorption at 35800 cm -1 (279 nm) is thought to belong to the eU3 
-1 molecule. The line at 38500 cm (260 nm) belongs to the eU3 molecule. 

The line at 41700]cm-1 (240 nm) is identified with CU 2 and the line at 

-1 
42500 cm (235 nm) with eu3• The remaining lines are identified as in 

the CuU. spectrum and belong purely to eu aggregates. 



-o -'" --o 
J o ... 

Wavelength (nm) 
O~~~~~~2~7~5 __ ~25~O ____ ~2~2~5 ______ _ 

-1 en -,..., 
Cu en .

N 

CU3 ~--

I 
<:) 
CD 
N I 

N -N 

-2 

-1 
Fig. 4.17 CuNa Transmission Spectrum for 28000-50000 cm 
(350-200 nm) Region. 

86 

The transmission spectrum for CuNa in the 11000-23000 cm-1 

(900-450 nm) region contains only lines from the tla molecules already 

identified in the AgNa section. No spectrum in this spectral region 

will be given here. Figure 4.18 shows a transmission spectrum of CuNa 

in the 21000-34000 cm- 1 (470-300 nm) region. The Hueckel energy levels 

and Schoenflies designations have been included. The spectrum is 

bounded on the low energy end by the Na2 absorption at 21800 cm-1 

(458 nm) and on the high energy end by the Cu monomer at 32700 and 
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33100 cm-l (306 and 302 nm). The pair of absorption lines at 24600 and 

25300 cm-1 (407 and 395 nm) belong to the Cu2Na2 molecule. The weaker 

line at 26600 cm -1 (376 nm) belongs to the CuNa dimer. A very weak 

-1 absorption at 30100 cm (332 nm) was noted and is thought to be a 

CuNa2 absorption. The shoulder on the Cu monomer line at 31400 cm-1 

(314 nm) also belongs to the Cu2Na2 tetramer. 

The far infrared spectra are now of interest to see what the 

phonon absorption line characte~istic8 are. Figure 4~19 shows a 

transmission spectrum of CuNa molecules in the -1 80-280 cm 

(125-35.7t~m) region. The strong doublet at 215 and 219 cm-1 (46.5 and 

45.7 Ilm) belongs to the CuNa dimer molecule. The two lines at 180 

and 126 cm-1 (55.6 and 79.4 ~m) are identified with the Cu2Na2 

molecule. The system was then adjusted for preferential production of 

large molecules and small microcrystals. Figure 4.20 shows a 

transmission spectrum of such a sample. The CuNa dimer absorption 

lines at 215 and 219 cm-1 (46.5 and 45.7 ~m) remain, but their relative 

strength is somewhat reduced. The two lines at 126 and 180 cm-1 (79.4 

and 55.6 ~m) appear stronger and additional structure between the 

180 cm-1 line and the CuNa dimer lines at 215 and 219 cm-1 is present. 

The calculations suggested that the structure most likely consists of 

absorption lines from the Cu2Na2 and Cu3Na 3 molecules. In addition to 

the sharper structure, a relatively weak broad absorption is present in 

the absorption spectrum. The underlying phonon absorption is centered 

at 193 cm -1 (51.9 ~m) and has a half width of approximately 24 cm-1 

(6.5 Ilm). Other matrix samples were produced in which attempts were 
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Fig. 4.19 _transmission Spectrum of CuNa Molecules in the 
80-280 cm (125-35.7 ~m) Region. 

made to create purely microcrystal strutures. In all cases some 

residual molecular lines were seen. 

General Discussion 

The optical phonon po~itions and widths seem to correlate well 

with the lighter element masses. Experiments with various conditions 

which presumably produced different sized and shaped particles 

demonstrated no noticeable change in the positions or widths of the 

phonon absorption bands. 
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Fig. 4.20 Transmission Spectru~ff CuNa Large Molecules and 
Microcrystals in the 80-280 cm (125-35.7 ~m) Region. 

It was observed that the width of the phonon absorption was 

proportional to the energy of the phonon resonance. Attempts to 

explain this phenomenon in terms of free electron dielectric function 

properties led to a width which was proportional to 2 w • Since the 

width was found to be independent of particle size, it is doubtful that 

boundary scattering of the lattice phonons is contributing to the 

broadening of the phonon resonance. At this point the only explanation 

rests with the light mass constituent of the alloy. The phonon band 
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widths corr.elate very well with the choice of the light mass metal 

atom. One hopes that future studies with different alkali metals will 

test this hypothesis more carefully. 

Through the use of an expanded form of the extended Hueckel 

technique, calculations were made in an effort to understand the 

characteristics of the bonding in the metal mixtures studied. The 

effective charge transf~r in the bond was estimated by integrating the 

total charge inside a sphere centered on each atomic site and with a 

radius chosen to be consistant with the spacing of the atoms in the 

molecules. These results were used to calculate an approximate 

ionicity of the bonds in the four metal mixtures. The computed 

ionicities were: AgLi 0.068, CuLi 0.076, AgNa 0.084, and CuNa 0.090. 

The surface diffusion calculations produced an estimate of the 

fraction of the total deposited metal which formed particles with 

infrared activity. An estimate was made of the approximate strength of 

this phonon mode using the measured band pictured in figure 4.11. The 

-3 2 
total mass of alloy deposited was estimated to be 2.2 x 10 gm/ cm • 

The mass forming infrared active particles was approximately 

8.1 x 10-4 gm/cm 2• Using this value of the mass density gives a mass 

3 2 
absorption coefficient of approximately 1.99 x 10 cm /gm. The volume 

4 -1 
absorption coefficient is estimated to 3.62 x 10 cm • This value is 

comparable to the measured volume absorption coefficients for irregular 

SiC particles and for highly ionic MgO particles (Bohren and Huffman 

1983 p. 364). 
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Although several attempts were made to measure surface 

plasmons in the alloyed particles, the broad widths of the absorptions 

prevented one from locating the central peak of the alloy absorption. 

It had been hoped that something could have been learned about the 

dependence of the surface plasmon mode on the particular metals used 

in alloyed particles. 

After reviewing the results of this study what might one 

conclude about the dependence of metallic bonds on the particular 

metals involved in the bonding? 

frequencies and the ionicities 

By comparing the phonon 

given above, one concludes 

resonance 

that the 

character of the metallic bond depends more strongly on which column 

of the periodic table the metal comes from than on the choice of the 

particular metal. Ag and Cu interacted with the other two metals in 

very si~tlar ways. Although the phonon resonance energy of a 

particular alloy Cha'.lged strongly with the choice of Li or Na, the 

effect was almost entirely due to the mass difference of the two 

metals. In the end analysis one might conclude that neglecting the 

core electronic states in metallic systems is a reasonable first order 

assumption. The optical properties of the alloys studied in this work 

were most strongly related to the manner in which the outer valence 

electrons interacted to form the bond. That is, the optical properties 

of the metals were well approximated when the core electronic states 

were essentially ignored. Refinements in predicting the differences 

between systems using metals from the same rows of the periodic table 

do require considering the effects of electron correlation in the 
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allowing an admixture of the core state 

wavefunctions into the bonding calculations. These refinements do not 

change the overall behavior of the metallic systems rather they merely 

serve to improve the accuracy with which specific predictions are made. 



CHAPTER 5 

SUMMARY AND CONCLUSION 

The ability to produce alloyed metal molecular clusters and 

small particles has been established. Through the use of consistent 

interatomic potential calculations for the electronic and vibra.tional 

molecular excitation spectra, the shapes of the molecules have been 

identified. 

At the outset, it was not certain that the metals under con-

sideration would alloy to form molecules. Not only did the systems 

form molecules, but it also proved possible to produce small particles. 

Electronic and vibrational excitations were investigated in the 

molecular systems, and the same molecules were identifiable in both 

the uv and infrared systems. Molecules containing up to six atoms were 

identified. A surface diffusion model provided an explanation for the 

lack of larger molecules. 

Surface plasmon absorption peaks were not observed in the 

alloyed particles presumably because of broad size and shape 

distributions which caused the absorption peaks to be excessively 

broadened. This broadening may have caused the peaks of the pure metal 

particles to blend with the alloy particle peaks preventing resolution 

of the peaks. While the suface plasmon peaks were not found, the 

attempts to measure the vibrational mode absorption in the metal 

alloy particles were successful. Since the pure element particles 
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contained no net static electric dipole moment and could not couple to 

the far infrared radiation field, the only broad absorption which 

appeared in the far infrared spectrum was due to the vibrational mode 

in the metal alloy particle. This optical phonon resonance was found 

always to lie lower in photon energy than the dimer molecule 

absorption lines. This has been explained as a relaxation of the 

crystal lattice due to screening of the interatomic potential by the 

free electron gas. The screening is thought to weaken the potential 

causing a softening of the vibrational spectrum. 

Measurements on particles prepared under varying conditions of 

concentration and temperature suggest that the width and position of 

the phonon resonances did not depend strongly on the size, shape or 

temperature of the particles. The ratio of the width of the phonon 

resonance to the position of the resonance was found to be a constant 

for the four systems measured. Attempts to explain this in terms of 

the free electron dielectric function for metals failed to yield the 

correct energy dependence for the width of the optical phonon 

resonance. The weak size dependence also ruled out boundary scattering 

as the lifetime determining mechanism for the phonon state. 

By combining metals of two largely different 

electronegativities it has been possible to explore the far infrared 

vibrational character of molecular and small particle metallic systems 

for the first time. To date, no comprehensive theoretical calculations 

exist for modelling these metal alloy systems. The next generation of 

activity in this field will need to center around accurate calculations 
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of the molecular and small particle optical properties of these alloys. 

Background for such calculations is found in the work of Cohen and Lam 

(1980) and Chadi (1979). Comparison of the calculated vibrational 

excitation spectra with the measured spectra will provide a detailed 

check of present interatomc potential characteristics. Vibrational 

excitations provide information about the electronic ground states of 

the molecules and microcrystals. Calculation of the electronic ground 

state optical properties is much simpler and concequent1y more accurate 

than calculation of the electronic excitation spectra of identical 

systems. The metallic vibrational spectra, measured in this work, 

provide data which can be compared with the simplest and most accurate 

optical property calculations which can be done on metals. 

Once a comparison of the experimental and theoretical 

vibrational systems has been done, the electronic excitation spectra of 

these systems can be used to test calculations of the electronic 

excitation spectra. It is anticipated that such a step by step 

procedure, beginning first with the simplest and most accurate 

calculations and then proceeding to the more complicated calculations, 

will provide a corner stone to the general understanding of optical 

electronic and vibrational excitations in metals. 



APPENDIX A 

LIQUID HELIUM TEMPERATURE QUARTZ THICKNESS MONITOR CHARACTERISTICS 

This appendix includes data concerning the liquid helium 

temperature quartz oscillator used in this series of experiments. 

Figure A.I shows the temperature dependent oscillation frequency of the 

cut quartz disc. A Sloan model DTM-4 quartz thickness monitor was 

adapted for low temperature operation. The usual oscillator head 

electronics were removed and the external electronics coupled, via a .2 

mm diameter wire, to the quartz disc in the head. The standard Sloan 

power supply and readout meter were used. A schematic diagram, of the 

external drive electronics, is given in figure A.2. 

97 



-N 
.s:: 
~ -
CD 

o 

-I 

g' -2 
o 

.s::. 
o 
>-
u 
c: 
CD 
:::J 

~ -3 ... 
IL. 

-4 

-5 

300 250 200 150 100 50 

Temperature (K) 

Fig. A.l Temperature Dependent Oscillation Frequency of 
Quartz Thickness Monitor Disc. 
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