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OPl'ICAL SPECTROSCOPIC STUDIES OF METALGATOMS AND 
MOLECULES IN THE' LCW 'TEMPERATURE MATRICES 

Chin-An Chang 

Inorganic Materials' Research Division, Lawrence Radiation Laboratory 
and Department of Chemistry; University of California, Berkeley 

'Berkeley, California 

ABSTRACT 

Lead has been trapped in various matrices to 'study the matrix effects 

on both the atomic and molecular lead absorption spectra.Pb is also 

codepositedwithAg to study the possible surface diffusion on the target. 

The observed spectra of Pbat various temperatures.are correlated with 

some model calculations to get information about the origin of the 

matrix effects. The earlier theories on the matrix effects are discussed. 

A model is proposed to try to account for the observed matrix effects on 

most of the trapped metal spectra in a generalized way. 
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axes aredis:torted. Second, one nearest neighborAr atom is missing. In 

both cases,' the authors obtained the right ,order of magnitude of ,the 

splitting energies, but only doublets can be expected from these two models. 
I· . . 

Therefore, two or more Ar neighbors must be missing ,in order to account 

for the observed triplet. However, as Brith and Schnepp pointed out, 
, , ' 

either lattice distortion or: missing,neighborsmustbe highly regular 

throughout the matrix to account for the observed ,dfs:crete lines. Neither 

of these can be explained by the authors. In addition, the reversible 

frequency shift of the triplets of many metals on:warming up the matrix 

st!,ongly opposes the missing neighbor mechanism. ' 

Andrews andPimentel
l 

suggested the possible roles of nonnearest 

neighbor meta l-nieta 1 interi:l'ctions in determining the multiplet' structure 

and the splitting energies. Li was trapped in ?Ce, Kr and Ar matrices, 

and Li2 molecular potentials in the gas were used to obtain the energy 
p • • 

shift a,t' various nonnearest neighbor distances. Rough agreement with the 

experiment was obtained. However, the fact that the observed splitting 

persists even with extremely high M/R ratios led the authors to conclude 

that this cannot be the only cause of the splittings. 

Brewer and King7,8 studied the possible contribution of metal-metal 

interaction in the splitting energies' by codepositing Au and Ag in Kr 

matrix. The mixed metal matrix spectrum showed'two triplets corresponding 

'respectively to thos e of pure Au ,and Ag in Krmatr:ix.. All the components 

had the same frequencies as in the pure metal spectra, with the same 

relative intensities and breadths of the absorption pe'aks, and ,no extra 

features appeared. This seems to eliminate the possibility that the 

metal-metal interaction could be responsible tor the multiple structures, 

J 

/.' ~ 
'""-, 
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., 

because the interacting potential between Ag and Au is expected to be 

quite different from Ag-Ag and Au-Au potentials. 

3 8. . 
In addition, Brewer and cmvorkers' studied the spectra of Cu, Ag 

and Au trapped inXe, Kr a~d Ar matrices. The gas phase transitions 

2 22 2 -1 
P
3

/ 2 +- . Sl/2 and Pl / 2 +-· Sl/2 of Cu, Ag and Au are separated by 248 cm 

-1 8 . -1 921 cm and 3 13 cm , respectively. The observed triplet for all three 

metals in the matrices has two components close infrequencies to that of 

2P3/2 +- 2S1/2' and one to 2Pl/2 +- 2S1/ 2 transitions. Because the 2P3/2 . 

and 2Pl/2 states split under Stark effect into two and one states, respec

tively, Brewer et al. suggested that the observed triplet could be due 

t.o Stark splittingscaused by the matrix field. 

Very recently McCarty9 proposed an explanation for the observed 

triplet of Hg in the matrices. One line was attributed to the completely 

isolated Hg atoms, and two lines due to resonance interaction between 

two Hg atoms being nearest neighbors to each other. In relating his 

10 work to the Ag-Au codeposition work by Brewer and King, McCarty argued 

that (1) the presence of a different metal atom as a nearest neighbor of 

Hg atom will not give two lines due to resonance interaction, but can 

only broaden the line wn:ich is due to completely isolated Hg atoms; 

(2) the distribution of solute atoms in the matrices is not random like, 

but being dependent on the energy differences associated with nearest 

neighbor solute atoms as opposed to nonnearest solute atoms. Therefore, 

even in matrices with small metal concentration, the metal monomer-dimer 

ratio does not change much from a concentrated matrix; (3) Hg-Hg has a 

re:LativelY small interaction-potential well-depth compa red to other 

metals like Na, Cu etc., therefore for the latter metals (a) the potential 
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combining relation should not hold, and (b) the distortion of the crystal 

in the neighborhood of either a metal monomer or dimer is likely to be 

qualitatively and quantitatively different from McCarty's expression for 

the Hg work. 

As was mentioned earlier in this section there are static as well as 

dynamic matrix effects. All the above theories tried to interpret the 

possible origin of the multiplet structures observed in the matrices, 

but only by considering the static matrix effects. The possible relation 

between the dynamic matrix effect and the origin of the multiplet structures 

was mentioned oBly in the works by Brewer et. ale The work done in this 

thesis is therefore devoted to a better understanding of those matrix 

effects. Pb was trapped:im a number of pure and mixed matrices an,d its 

absorption spectra were studied. The possibility of polymer formation 

on the target during the deposition is also studied. The Pb spectra 

observed were correlated with some theoretical consideratiog? to try to 

understand both the static and dynamic matrix effects in a generalized way. 
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II. EXPERIMENTAL 

A.General 

In the experiments an atomic or molecular beam of the metal under 

study is generated by heating the metal in a furnace. The furnaces used 

in this thesis include resistance-heating cell, elE;!ctron-bombardment-

heating cell, and radiation-heating cell. The metal beam generated is 

then cocondensed with the matrix gas on a sapphire or cesium iodide tar-

get which has been cooled to 200 K by liquid hydrogen in a liquid hydrogen 

dewar, or the liquified hydrogen gas in a cryo-tip. The cryo-tip is 

mainly used to study the temperature dependence of the metal spectra in· 

the matrices, while the L-H2 dewar is mainly used for trapping metal 

species from furnace temperatures higher than 800°C. The spectral regions 

studied extend from IR, visible to the ultraviolet. 

B. Cryostat 

1. Liquid Hydrogen Dewar 

The liquid hydrogen dewar used is shown in Figs. 1 and 2. Its 

retailed description has been given in B. King's thesis. 8 The advantage 

of this dewar is its larger content of liquid hydrogen and thus better 

cooling efficiency which is useful in well isolating the metal species 

generated'from temperatures higher than 800°C. On the other hand, it 

has the disadvantage of having to deal with the large quantity of liquid 

hydrogen both in the dewa~ and in the tank. Safety precaution therefore 
i 

has to be taken into consideration in using this dewar. Also, target 

temperature can not be well controlled above 200 K to study the temperature 

dependence of the matrix spectra. 
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Figure 1 . Liquid hydrogen dewar and the set up . 
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Figure 2. Cut -away drawing of liquid hydrogen dewar. 
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2. Cryo - tip 

The cryo-tip used in this work is of the model number AC-21-110 

built by Air Products and Chemical Inc. A general view of it is shown 

in Figs. 3 and 4. Detailed description of this cryo-tip can be found in 

J. L. Wang 's thes i s .
4 

Typically, it has the advantage that target 

temperature can be well controlled by monitoring the hydrogen gas pressure 

above the liquid gas at the bottom of the heat exchanger. Also, the 

abs ence of large quantity of liquid hydrogen in the cry~ -tip and in the 

room causes less expensive precaution for safety concern . 

C. Furnaces 

1. Stainless Steel Knudsen Cell 

The stainless steel Knudsen cell is mainly used to generate metal 

beam from 600°C to 800°C. The orifices of the cell used are 1.0 mm, 

1.5 mm, 2.0 mm and 2.5 mm, with the 1.0 mm one used most often. I t is 

believed that equilibrium state is obtained inside those cells because 

of the small orlfices used relative to the surface area of the material 

under evaporation . The Knudsen cell is heated in a quartz tube which 

i s warpped with resistance heating wire. A tungstun foil is lined be -

tween the cell and the inner wall of the quartz tube to prevent the metal 

vapor from reaching the quartz tube . The temperature of the cell is 

measured with a Chromel Alumel thermocouple (Type K) which is spark -

welded on the stainless steel Knudsen cell . The output is coupled to 

a Simplyrometer (API Instrument Company) with a temperature range from 

o to 1000°C . These are shown in Fig. 5 . 
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Fi gure 3 . The cryo - t i p sys t em . 
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Figure 4. The cryo -tip system . 
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Figure 5. The stainless steel Knudsen cell 
and the optical system. 
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2. Resistance-Heating. Graphite Cell. 

The resistance-heating grapnite cell used is shown in Fig. 6. It 

has been described in B. King's thesis.
8 

This cell is used for Pb and 

for Cu. The furnace temperature needed to evaporate Cu is around 900°C. 

The temperature of the cell above 800°C -is measured using a disappearing 

filament optical pyrometer. 

3. Electron-Bombardment Heated Cell 

The. electron-bombardment heated cell is mainly. used in the two 

metal codepositing experiments where one metal needs to be heated to 

above 900°C. The cell used is shawn in Fig. 7, and the double furnace 

shown in Fig. 8. Those were constructed by B. King, and their detailed 

descriptions are also given in King's thesis.
8 

The cell temperature 

again is measured using· a disappearing filament optical pyrometer. 

D. Targets 

Sapphire target is used in most of the experiments, while cesium 

iodide target is used in the TIt region. The 3. mmthick sapphire plat e 

uSed in both cryo-tip and liquid hydrogen dewar is clamped in a copper 

target holder between indium gaskets to ensure better thermal contact. 

Either quartz or sapphire windows are used along the optical path. 

The temperature of the target is measured using a high thermoelectric 

power thermocouple made of copper versus alloy of gold-2.l atomic % 

cobalt. The junction of the thermocouple is clamped between the target 

and indium gasket. The output is coupled to a potentiometer and the 

temperature changes be measured. 
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Figure 6. Resistance heating graphite cell 
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Figure 7. Electron bombardment heated graphite cell 
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,XBL 6810-6062 

Figure 8. Double i'urnaceof' electron bombardment 
heated' cells. 
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E. Gas Handling System 

The matrix gas entering the liquid hydrogen dewar and the cryo-tip 

is handled by a dual channel system similar to the ones used by KingS 

4 
and Wang. ,The flow rate of the gas is regulated by precision Nupro 

needle valves, and monitored by calibrated Fischer-Porter flowmeters 

equipped with sapphire floats. The flowrate used is normally 0.5 

millimoles per hour. In some experiments it is varied over a range of 100. 

The gas mixtures of rare gases, and rare, gas - SF6 mixtures are 

prepared'by mixing the gases into an empty l-liter bulb immersed in 

liquid N2 . The mixed gases are warmed up to room temperature and 

allowed to mixing for at least forty-eight hours before use. 

Research grade purity rare gases ( > 99.99%) and SF6 gas (99.99%) 

are used without further purification. 

The metals used in this work include Pb, Ag and Ca. The metallic 

Pb used in this work is provided by the American Smelting and Refining 

Co., with 99.999+% purity. The chemical and, spectral analysis showed 

that the maximum impurity contents are: Mg < 1 ppm, Fe < 1 ppm and 

Cu < 1 ppm. Metallic Ag was provided by the Englehard Industries, Inc. 

with purity of 99.95%. The Ca in granules was provided by Gallard 

Schlesinger, Chemical Mfg. Corp., Carle Place, N.Y. The purity was 

F. Typical Experimental Parameters 

Before deposition the pressure in the vacuum system is :: 3X10-
6 

torr, and rises during deposition. Target temperature used for deposition 

is 200 K in most experiments,and lSOKat cryo-tipwhen Ar is used as the 
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matrix gas. Because of the uncertainties of the amount of matrix gas 

that actually condensed ori the target, the gas phase M/R ratio becomes 

unreliable in dealing with the degree of isolation of the metal a toms 

in the matrix film. A relative basis is therefore established by find

ing the minimum amount of Xe gas needed to isolate Pb at a fixed fur

nace temperature, and gives weak discrete atomicPb spectrum in the 

matrix film. The M/R ratio in such a matrix film is approximated to 

be 30. Xe was chosen for this basis because it is believed that Xe 

has highest tendency to be condensed at 200
K than Kr and Ar. The MiR 

ratios for Kr,Ar and SF 6 are then ,estimated· on this relative basis. 

It is emphasized that because of the different sticking coefficients 

and extents of diffusion on the target among the rare gases, the same 

M/R value in Kr and Xe would mea n less efficient isola tion in Kr than 

11 in Xe .. The surface diffusion of matrix gases on the target were found 

to take place at temperatures above 1/2· Tm of the gases. Tm being the .. 

melting points of the matrix gases. The actual difference due to these 

two factors is not known, however. The M/R ratios used in this work 

are varied from 30 to 4500 on the above basis. 

G. Optical Systems 

Spectra in the visible and ultraviolet regions are photographed with 

a 0.75 meter Jarrell-Ash plane grating spectrograph, model 75-000. It 

has a nominal exit aperture of f/6.3. A plane grating blazed at 

7500A is used for both visible and ultraviolet regions, which gives 

a dispersion of 20A/mm in the first order. Another grating blazed at 

3000A is also used in the ultraviolet region, which gives a dispersion 

of 5A/mm iri the first order. The optical arrangement is shown in Fig. 9· 



-19-

--~~~~:=:~-~/ 
. L I L2 . o· . /7--

. T // MI 

. . . r~, M2 
G , 

" , , 
I ", 1---------
p 

XBL 6810-6064 

Figure 9. Optical systems used 
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The light sources in the ultraviolet region are a .150 watt xenon-mercury 

arc lamp operating at 8 amp, and a l-kilowatt hydrogen discharge lamp 

which is mostly used for the region below 2500A. A high intensity 

tungsten lamp is used for the visible region. The reference source 

used for the whole spectral region is a low pressure Germicidal mercury 

lamp. Kodak 103a-0 spectroscopic plates are used for the ultraviolet 

region, and 103a-F plates for both the ultraviolet and visible regions. 

Kodak l-N plates are used for the region between 7000A and 9000A. 

Spectra in the infrared region are made with a Perkin-Elmer 421 

Spectrophotometer using Dual Grating Exchange with a spectral region 

covered from 4000 to 600 cm-l . 



-,. 

-21-

III. RESULTS AND DISCUSSIONS 

A. Matrix Work 

Among the earlier matrix works reported in the literatures, atoms 

with P f- S transitions have been studied very extensively. It is 

therefore interesting to study some atom which has ground-state P 

configuration and the first transition allowed excited state in S 

configuration. The observed spectra are expected to differ in certain 

aspects from atoms with p f-. S transitions. Pb was chosen for this 

purpose and was studied extensively. 

12 
Some of the lowest energy levels of atomic Pb in the gas are tabu-

lated in Table 1. AlSo included in the last column of Table 1 are the 

transition probabilities13 expressed in gA unit,where g is the statis-

tical weight of the upper level, and A is the Einstein transition 

probability. Only those states are included which lie above the ground 

state within the energy differencies covered by the spectral region 

-1 
studied here, i.e. with energies less than 50,000 cm above the 

ground state. 

Pb2 molecules are formed in the Pbvapor at higher temperatures, 

and its vapor pressure increases with increasing Pb vapor pressure. 

The Pb vapor pressure is 1X10-3 torr, 1.4x10-
2 torr and 1x10-l torr 

at 900°, 1000° and llOOo~ respectively. The vapor pressures of Pb2 
-8 at the corresponding temperatures are estimated to be 1x10 torr, 

-6 -5 1.3xlO torr and 2)(10 torr, respectively. 

. 14 
Mass spectroscopic studies of Pb and Pb2 by Drowart and Honig . 

lea:ds to a dissociation energy of 1.0±').2 eV for the ground state Pb2 

molecules. It is to be noted that this value is quite different from 
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TABLE 1. Energy levels of atomic Pb in the gas phase. 

Config. Desig. J Level 8 
gA (10 /sec) 

6s26p2 6p2 3p 0 0.00 

1 7819.35 

2 10650.47 

6s26p2 6p2 ~ 2 21457.90 

6s26p2 6l 1 .' S 0 29466.81 
2 . 

6s 6p7s 78; 3po 0 34959.90 

1 35287.24 1.8 
2 6s 6p7p 7p 3p 1 42918.68 

0 44400.92 
2 6s 6p7p 7p 3D .1 44675.00 

2 44809.41 
2 6s 6p6d 6d 3Fo 2 45443.26 

3 46328.81 
2 6s 6p6d 6d 3_0 

.. 11 2 46060.90 

1 46098.57 0.68 
2 6s 6p7s 7s 30 p 2' 48188.67 

7s l po 1 49439.57 
2 8s 3po 48686.87 0.44 6s 6p8s 1 

0 48726.16 

' ... 
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the value of 0.69 eV by the Birge-Sponer extrapolation from the spectro

scopic data of Shawhan. 15 

The absorption and emission spectra of gaseousPb2 have been studied 

. 15 . ' . t b W . 16 0 d 01 by Shawhan, . and the absorptlon spec ra y enlger In more etal. 

Shawhan studied the transition between the ground state and the first 

excited state of Pb2 . The transition has its band heads represented by 

the formule 

v = 19570';&1- 159.22(v'+1/2) - o.882(v'+1/2)2 + O.00518(v'+1/2)3 - 256.5(v"+1/2) 

+ 2.96(v"+1/2)~ 

The first observed band is v'=3 and the band spectrum has its highest 

intensity at v'=6 and 7. This corresponds to an increase in r in going . e 

from the ground state to the excited state involved in this transition. 

The observed band spectrum is attributed to diatomic 

based on the following reasons: 

(1) The band system appeared only when Pb was present in the carbon. 

or iron tube. This then clearly indicated that Pb must be one of the atoms 

of the diatomic molecule which gives rise to this band system. 

(2) Since Pb was heated in tubes open to the air PbO is formed. 

However, althought the observed band system is in the same region as that 

of PbO (with T ~ at 19863.3 cm -1), an assignment to any system of PbO is 

-1 
impossible because for the observed bands here ru " = 255.6 cm while for 

e 

PbO, (1), tI 722.5 -t 
e - cm 0 

(3 ) The fact that II- 255. 6 -1 
rue = cm for this system indicates that 

the molecule is heavier than PbS, the latter has ru" of 428.14 cm -1 This 
e 

indicates that the second atom in the molecule must be heavier than Sand 

cannot be any of the lighter elements like C, N, 0 or Si. 
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(4) The analysis of deta.iled spectrum is consistent with that 

. expected from the isotope composition of the Pb used. 

« 6 -1 -1 The fact that Pb2 roe = 25 .5 cm . and roe ,= 159,22 cm implies a 

change in force constant of about 2.6. This could mean a bond-order change 

of more than one-half in going from the ground state Pb
2 

to the A state 

Also, it means a larger r 1 than r If, and a weaker bond in the A 
e e 

.... 17 
state Pb

2
. 

Weniger studied the absorption spectra of Pb2 in more detail. In, 

addition to the A ~X transition, other transitions were found as described 

below: 

This is the same as Shawhan 1 s observation. The vibr'ational spectra 

can be separated into three series of bands corresponding to P, Q, R 

branches. Thus, Weniger pointed out that A ~X transition is of 

~ - n type electronic transition. The intensity distribution is similar 

to that observed by Shawhan, and it again indicates a larger r value 
e 

in the A state than in the X state. 

B~X 

v = 34,202 + 110(v ' +l/2) - 0.9(v'+1/2)2 _ 256 .5(v"·+1/2) + 2.96 (v lf+l/2)2 

D of B·state is calculated to be 3361.1 cm -1. 
e 

E ~X 

v = 41965 + 110(v'+1/2) -220(v"+1/2) 

a: .J-A 
v = 15601 + 110(v'+1/2) - 164(vlf+l/2) 

b ' ~X 

-1 
This takes place between 31,000 and 33,000 cm , and b ' state could 

be a repulsive state. 

In addition, the resonance atomic transition at 2833.lA (3Pl ~ 3 Po ) 

.. 
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is also observed at 1100oC. At higher temperatures, other atomic transi-

tions are observed. 

Lead was studied briefly by DUley18 in Xe, Kr and Ar matrices at 

4°K and briefly by Wang
4 

in Xe and Kr matrices. ,In all three matrices 

a strong absorption band wa,s observed at 2647A, 2617A and 2440A in Xe, 

Kr andAr matrices, respectively. This band was assigned to the 

6p7s 3Pl ~ 6p
2 

3Po transition. In addition, one strong band and two 

weaker broad bands were observed in Xe, situated at 23 49A, 2553A, and 2169A, 

respectively; two weak, broad bands in Kr, at 2787A and 2453A; one broad 

band at 2340A and many other bands at shorter wavelengths in Ar. The 2553A 

band in Xe, 2453A band in Kr, and 2340A band in Arwere temporarily assigned 

to the6p6d 3D2 
0 ~ 6p2 3p 0 transition. However, Dm interpretation was 

given by Duley about the observed Pb spectra in these matrices. 

Wang reported observing two bands in both Xe and Kr matrices. One 

strong band was observed at 2647A and 2613A in Xe and Kr matrices, respec

tively, and was assigned to the Pb 6p7s 3Pl ~ 6p2 3Po transit-ion. In addi

tion a broad band was observed at 2544A in Xe and at 2397A in Kr matrices. 

In this work Pb has been trapped in the following matrices: Xe, Kr, 

Ar, Xe-Kr mixtures, Xe-Ar mixtures, SF6' and Xe-SF6 mixtures. Also, Pb 

was codeposited with Ag in the Kr matrix to study the solute-solute inter-

actions and the diffusions on the target. The experimental results are 

shown and the implications discussed. 

1. Xe. 

The absorption spectrum of Pb in Xe deposited at 200 K consists of 

two strong bands, situated at 2648A and 2259A, respectively. Two weak 

bands appear in thicker films deposited, situated at 2809A and 2402A, 

respectively. When a higher Pb evaporation temperature from the furnace was used 
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another band appeared centered at 2552A, which has a half-width of the 

-1 . . 
order of 900 to 1000 em and showed blue-shaded structure . At still 

higher Pb evaporation temperatures while keeping the total Xe used the 

same, this band shows rapid intensity increase and increases its half-

width as well as its blue-shaded structure. The spectra are shown in 

Fig. 10 with increasing Pb evaporation temperature. The temperatures 

6 0 6 ° 6 o· ° used ar~· 10, 50, 70 and 700 C for the spectra a d, respectively. 

The M/Rused i:r.these spectra are 1500, 560,300, and 150 respectively. 

The film deposit time is one hour for the spectrum a, and 20 minutes each 

for the spectra b, c, and d. The microdensitom.eter tracings of the 
/ 

spectra c and d are shown in Fig. 11. In all the spectrum tracings repor-

ted in this thesis, the ordinates represent~absorption intensities wh ich 

increase from bottom to top in the figures shown. It is pointed out that 

because of the increasing background absorption below 2300A, the 2259A 

band does not show up except when longer exposure time is used at which 

the other longer wavelength bands appear very faint on the spectrum. 

Therefore, this band does not show in Figs. 10 and 11 where shorter exposure 

times are used in order to show up the bands around 2500A region for the 

comparison of their intensity changes when the Pb evaporation temperature· 

is varied. The band wavelengths and frequencies of those bands are shown 

in Table 2. Also included is Duley's result of Pb in this matrix at 4°K.· 

As the Pb evaporation temperature is :in:xeased a molecular band spectrum 

is observed around the 5000A region, along with 8 weak band at 6268A which 

-1 
has a half-width of 220cm . The molecular bands observed are assigned 

to the Pb2A ~X transition for reasons to be shown later. The spectrum 

of this Pb2 molecular band is shown in Fig. 12; and the band wavelengths 
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Figure 10. Absorption spectra of Pb/Xe vs Pb evaporation 
temperature used which increases in the order from a to d. 
See the text for the M/R' s and temperatures used. 

a 

b 

c 

d 
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(a) 

( b) 

2200 2400 

XBL 707-1357 

Figure 11. Absorption spectra of Pb/Xe vs Pb evaporation temperature 
used. (a) fran spectrum of Fig.10c,(b) from spectrum 
of Fig. lOd. The absorption intensities increase upwardly. 
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TABLE 2. Absorption spectrum of Pb in Xe. 

This work (at 200 K) Assignment Duley (at 4°K) Assignment 
'.' 

A.(A) ( -1 vern) V lL2{ em -1) . A.(A) ( -1 v cm ) 

2809(w) 35596 -570 

2648(s) 37770 -500 6p7s 3p~ ~ 6p2 3Po 2647(s) 37780 6p7s 3p~ ~ 6p2 3Po 

2552 ' 3 0 2 3 
(w blue 39187 > 900 Pb2(E ~ x) 2553(w) 39170 6p6d P2 ~ 6p Pl shaded) 

2402(w) 41630 -240 

2259(s) 44277 -550 2249(s) 44460 

2169(w) 46100 

" ; 
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and frequency are tabulated in Table 3, along with the halfwidths measured 

as well as the relative intensities of the individual bands. The relative 

intensities are obtained by integrating the areas under the absorption peaks 

using a. planimeter on a relative basis. 

The Pb2 spectrum shows no shift on warming up the matr:i;x and disappears 

between 80° and 85°K. The 6268A band shows red shift on warming up and dis-

appears at about the same temperature as Pb2 bands., The warm up spectra 

of Pb2 recorded on photographic plate are shown in Fig. 13. 

The assignment of the observed molecular band system to Pb2 A ~X 

transition is based on the following facts: 

1. The observed band frequencies are in the right region as those 

of the gas phase Pb2 A ~X transitions, observed by Shawhan and Weniger, 

except for some red shift which is usually expected for the matrix trapped 

molecular spectra. 

2. The observed vibrational spacings of the upper state are all less 

-1 -1 than 180 cm and close to the 0) value 159.22 cm of the gaseous Pb2 A state. 

This eliminates the possibility that the molecular species could be PbO 

-1 
whose ~ r is 451.7 cm In addition, the absence of PbO vibrational mode 

e 
-1 at 722.5 cm in the IR spectrum is a further evidence that PbO is not 

responsible for the molecular spectrum observed. 

The assignment of the absolute vibrational number to the molecular 

band system observed .is difficult in the absence of emission spectra des-

pite numerous attempts using tungsten lamp as a light source to excite the 

molecular system. However, some information can be obtained about the 

relative vibrational numbers among Pb2 spectra in different matrices, 

and hence the relative frequency shifts in the matrices. These will be 

discussed later in this chapter. 
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TABLE}. Absorption spectrum of Pb2 .' (A ~X) in Xe. 

A(A) -1 
6G1/ 2cm 

-1 
v1/ 2cm 

-1 Relative vcm Intensity 
~ 

5211 19191 55 74 

168 

5166 19359 56 39 
165 

5122 19524 55 21 

163 

5080 , 19687 83 13 

174 

5035 19861 68 5 

153 

4997 20014 49 2 

155, 

4985 20169 
* 6268 ' 15954 220 

* Unidentified 
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Figure 13. Warm-up spectrum of Pb2 (A ~X) in Xe. 
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Among the bands observed in the region 2800A to 2200A, only the 

strong one at 2648A shows strong temperature dependency of its frequency. 

On warming up the matrix, the 2648A band shifts reversibly to longer 

wavelength and disappears between 80° and 85°K. The warm up spectrum of 

this band between 20° and 77°K is shown in Fig. 14, and the frequencies 

observed at each temperature recorded are shown in Table 4. 

Because this band appears strongest in all rare gas and mixed rare 

gas matrices used in this work,and shows strong temperature dependence 

of its frequency, it is assigned to atomic Pb 6p7s 3Pl ~ 6l 3Po transition 

which takes place in gas phase at 2833.9A (35287 cm -1) and is the strongest 

transition from the ground state If so assigned, the frequency 

shift in Xe· at 200 K amounts to 2483 cm -1 to the blue. This is normally 

• I expected for the trapped metal atomic traps;i.tion wh~n there 1S large 

orbital expansion in going from lower to a higher state. More of the 

matrix shift and other matrix affects will be discussed in Chapter IV 

where the observed frequency shifts are compared with the calculated 

values from intermolecular force ca.lculations. The half-width of this 

band in Xe is around 550 cm -l,. about twice as much as the absorption bands 

.of other metals which range between 150 and 250 cm-l.for the multiplet 

components. Again, in Chapter IV it will be seen that this broader half 

width for the Pb atomic band is expected in the matrices. 

The dependencies of this Pb atomic transition frequency on the experi-

mental conditions are studjed by varying the film deposit rate in the 

following ways: 1. The amount of Pb coming out from the furnace per unit 

'time is kept constant and Xe gas is varied from M/R == 30 to 4500. No 

effect on the Pb 2648A band frequency is observed. 
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Figure 14. Warm-up spectrum of Pb/Xe. 



TABLE 4. Temperature dependence of the Pb/Xe 3 ° 3 PI +- Po Band 

° Temperature K A.(A) 
. I 
v( em - ) 

20° 2648 37770 
.30° 2650 37744 

40° 2655 37666 

50° 2659 37604 
60° 2663 37547 
70° 2667 ~7497 

Tt 2671 37435 

/ 



-37-

2. Pbevaporation temperature is kept constant while varying the Knudsen 

cell orifice size. The amount of Pb coming out per unit time is increased 

by a factor of 6.25. Again, no effect is seen on the 2648A band. 3. Pb 

-4 
vapor pressure in the Knudsen cell is varied between 3~lO torr and 

. -2 I 6XlO torr while keeping M R constant, Le. to vary the deposit rate of the 

whole matrix. No effect is seen on the 2648A band. 

Attempts have also been made to study the dependence of the absorption 

intensities of Pb 2648A band and the Pb2 bands on the M/R used. Pb evapo

ration temperature is so chosen and kept constant that there is signifi-

cant amount of Pb2 in the vapor. The first deposit has a high M/R to 

ensure the efficient isolation of Pb and Pb2 from the vapor. The second 

film is then deposited on top of the first one with lessM/R. Several 

other films with decreasing M/R are then deposited on top of the first 

two. This is to keep the experimental conditions as well the photographic 

alignment, etc. constant to make the comparisons as reliable as possible. 

The relative absorbtion intensities of Pb and Pb2 of each deposit are 

obtained by integrating their absorption bands from the microdensitometer 

tracings of the photographic plates. The intensities from spectra of same 

exposure time are compared for Pb and Pb2 to try to see if decreasing M/R 

leads to less efficient Pb isolation while enhancing Pb2 formation on 

the target. Unfortunately, the unsteadiness of the H2 -lamp intensity 

used makes the Pb comparison difficult and a meaningful conclusion from 

this study impossible. 

Although the above test failed to work out, experimental results do 

show t.hat some Pb2 molecules are formed on the target, especially when 

the Pb evaporation temperature is increased and yet the Pb2 in the vapor 



-38-

still remains negligible. A clear idea about this will be obtained after 

results for all rare gas matrices have been discussed and compared. 

The band at 2552A in Xe is rather difficult to assign. This band 

always appears broad and blue shaded. Both the breadth and blue shaded 

character'increases as the film deposited becomes thicker, or when higher 

Pb evaporation temperature! is used. Figure lOshow8 that as higher Pb evapo-

ration temperature is used, this band gains.intensity more than the other 

bands and, in the l!1st spectrum shown in Fig. 11, dominates all the other 

bands. Its broadness and blue shaded structure imply that this band has 

the similarity of a molecular band. It is therefore assigned to the 

Pb
2

E +-X transition, which has its Te at 41965 cin-l (2383A) in the gas phase, 

for the following reasons: 

1. Its broadness and blue shaded structure, as mentioned above. 

2. The appearance of this band strongly depends on the matrix gas 

used. It was found that at ordinary Pb evaporation temperature, this band 

does not show up in Xe matrix until a thick film is deposited. In Kr 

matrix, it appears very easily, while the ease of appearance in Xe-Kr mixed 

matrices increases with increasing Kr content in the mixed gases. In Ar, this 

band appears very strongly and dominates even the pb 3p 1 +- 3p 0 absorption 

band although very high M/R is used. 

The above comparison of the ease of appearance of this band goes 

exactly as that of the molecular bands which are assigned to the Pb2 A +- X 

transition. It was found that in Kr, when very high M/R is used, both 

Pb2 A +-X and the broad band discussed here are absent in the matrix. 

3. When this band is assigned to Pb2 E +-X transition, the approximate 

red shift in T in all matrices compare very well with those of the Pb A +- X 
e 

transition in the·same matrices. An exact treatment is difficult 
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because of the lack of fine structure of this band. 

4: It is rather insensitive to warming up the matrix, like that 

of Pb2 A +-X absorption bands. One way to prove this assignment would be 

to excite.this band using a high power monochromatic beam and observe the 

fluorescence emitt~d. If the above assignment is correct, one would 

expect to see the fluorescence spectra of Pb2 A+- X transition. The 

matrix environment has long been known effectively to quench the excitation 

energy from higher excited states to the lowest excited state, from there 
. . 

the fluorescence is normally observed to the ground state. This would be 

of great value because it has three important contributions -- to confirm 

the above assignment, to help assigning the absolute vibrational levels 

of the bands observed in Pb2 A +- X absorbtion spectra and to gain 

information about the ground state of Pb2 . 

5. An indirect experimental proof about the molecular origin of 

this band comes from.the work of codepositing Pb with Ag in Kr matrix. 

It is observed that when high concentration of Ag is used, the Pb 

3Pl +- 3PO band appears strong,while both the brQadband discussed here 

and the Pb2 spectrum are absent. More about this work will be shown later. 

18 6 6 Duley, however tentatively assigned this band to the Pb p d 

3D2
o "'--o·6p.2 .. 3p_.L ~ . transition, based solely on the absorption frequencies 

observed in the matrices. The above observation of the behaviors of this 

band strongly conflicts with any assignment of it to atomic Pb transition. 

Furthermore, the population of 6p23Pl state at 200 K is completely negli

gible because it is higher in energy than theground state 3Po by 7819.4 
-1 cm One may argue that thermal excitaiion in the vapor may populate 

this state to some extent, and those Pb atoms are then trapped in their 

excited state. This can be checked by estimating the population at the 
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temperature used. The normal evaporation temperature used for Pb is 

between 600°C and 800°C, whi~h gi~es Pb pressure between 5XlO-
4 

and 

5X10 -:-2 torr. The population ratio of 3Plstate to 3p 0 'state would range 
, . . 

between exp (-13) and exp (-10.5). Therefore, the negligible population 

of the 6p2 3Pl state in the temperature range used for evaporating Pb from 

the furnace rules out such possible transitions starting from the 3Pl state. 

Other possibilities like forbidden transitions, multiple site, etc. 

are also ruled out due to the behaviors of this band as well as the fact 

that it does not disappear on warming up the matrix and cooling back, 

as some alkali metals do in the matrices. 

The possibility that this band could be due to PbO also suffers 

from the fact that the gas phase PbO E +- X takes place at T 
e 

-1 cm 

This would require a blue-shift of the order of 4000 cm;'l inXe matrix, 

which normally is not observed for molecular transitions except in the 

Rydberg transition where an expansion of the orbital is involved during 

the 't t' 19,20 eXCl a lon. 

The strong band at 2259A is difficult to assign. Duley also reported 

seeing this band. The consistent appearing of this band and its persis-

. ° " , 
tence to warming the ma~-rix to 77 K and cooling back seem to oppose the 

multiple site possibility. If one assumes a blue-shift from the gas phase 

transition, the absorption energy is 

6p2' 3p . which in the gas has a value 
o 

3 close to the transition 6p7p Pl +-

of 429~9 cm-~, and is parity forbidden. 

This transition might gain some intensity through the heavy atom pertur-

bing effect of the Xe matrix atoms. This seems to be consistent with 

the absence of a similar band in Kr matrix which is same as Duley's 

observation and in Xe-Kr (10%-90%) matrix. Only the Xe-Kr (7%-2%) 

'.~ 
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matrix shows a diffuse band in the same region. However, such an excita-

tion would involve an even larger orbital expansion in the upper state than 

3 the 6p7s . P
l 

state, and the absorption frequency should be temperature 

dependent, like that of the 2648Aband in Xe matrix. The fact that this 

2260A band is rather insensitive to warm up the Xe matrix casts doubt on 

the above assignment. 

On the other band, if one assumes a ~ed shift from the gas phase 

transition, the rather insensitive temperature dependence brought up the 

possible transition 6p6d 3D~ ~ 6p
2 

3Po with a gas phase frequency of 

46069 cm':"l. The red shift could be from the pushing down effect due to 

perturbations by higher state with energies close to that of the 3D 0 
1 

state. Another contributing factor to the red shift could be a larger 

attractive interaction of the 3D~ state with the Xe matrix than the 

ground state 3Pl state. However, this suggestion must be tentative and 

the assignment still remains in question. 

The two weak bands located at 2809A and 2402A, not observed by 

Duley, are also observed in Kr matrix with similar respective half-

widths. The band at 2402A is more atomic transition like, with a half-

-1 -1 
width of 240 cm ,while that at 2809A is 570 cm .• Both bands are rather 

temperature insensitive. The broad band centered at 2809A could be 

related to Pb2 B ~ X transition which lies in the region 3000A to 2800A. 

The identification of the 2402A band remains unclear. 

As was mentioned earlier, the appearance of the Pb2 A ~ X spectra 

in Xe matrix is accompanied by a weak single band at 6268A (15954 cm -1). 

This band has a half-width of 220cm-l and shows red shift on warming up 

the matrix. In all the matrices studied in this work, a similar band 
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consistent:LY accompanies the Pb
2 

A ~ X bands, even in the SF6 matrix. Here 

it suffices to mention that no discrete Pb atomic band can be seen in SF6 

matrix in the region 2200A and up. This could imply interaction or reac

tion between the Pb atom and SF6 molecules. The former could be of the 

charge transfer type, and the latter could be chemical reactions leading 

to fluorides or sulfides. In either case, the d'iscrete bands attributed 

to free Pb atoms should be absent. However, at higher Pb evaporation 

temperature where Pb
2 

becomes appreciable in the vapor, the Pb2 A ~ X 

spectrum is observed, again accompanied by a sirigle band at 6054A 

(16519 cm-1 ) which has a half-width of 135 cm-l and shifts to the red on 

warming up the SF6 matrix. This fact implies that the band observed at 

6200A region in all the matrices studied here could not be attributed to 

the free Pb atoms. From the energy levels of Pbatoms in the gas in 

Table 1, one notices that there is no transition from the grrund state 

that gives comparable transition energy to the ones observed at 6200A 

region in the matrices. Therefore, the possibility always remains that 

impurities in the matrices could be responsible for the bands observed 

at 6200A region. 

It was observed that when the matrix film shows strong Pb2 A ~X 

absorption, the region below about 2600A becomes continuously .. opaque. 

At still stronger Pb
2 

absorption, the film was opaque below 3100A. Pb
2 

molecule in the gas has two repUlsive e' and p' stat~s, located at the 

region 2380A and 2930A, respectively. These states could be responsible 

for the continuous absorptions observed above. In some of the experiment, 

very weak molecular band, spectra are observed at the edge of continuous 

absorption below 3000A. This could be Pb2 B~X transition which is located 

close to the b' ~x transition for the gas. 
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The matrix work of Pb in Xe reveals some information about the Pb2 

formation on the target during the film deposition. It was noticed that 

when the amount of Pb coming out the furnace per unit time is kept about 

the same, the use of a radiation shield in front of the Knudsen cell helps 

to decrease significantly the amount of Pb2 in the matrix film as shown 

from the absorption spectra. This indicates that some Pb2 are formed on 

the target because of the radiation heat coming out constantly from the 

furnace. The radiation heat could cause a decreasing cooling efficiency 

of the target, which in turn increases the mobility of Xe gas, and enhances 

the chance of some Pb atoms to form Pb2 because of poorer isolation and 

surface diffusion, in a way described latter. 

It was also noticed that depositing Xe gas prior to depositing Pb/Xe 

film also helps to decrease the Pb2 in the matrix film. This seems to 

be contradictory because prior deposit of aXe thin film could cause 

larger temperature gradient from the target and cause poorer isolation 

of Pb atoms due to decreasing· cooling efficiency of the target. One 

possibility is that prior deposit of p1T"e rare gas could lead to a better 

thermal contact with the target due to a better sticking of the film on 

the target. This would help to cool the matrix film more efficiently and 

to decrease the Pb2 formation on the target. Another contributing factor 

could be the penetration effect of the metal atoms during the film deposi

tion. The Pb atoms coming out from the furnace, because of the thermal. 

energies they carry, might knock off someXe atoms on the target due to 

the quick releasing of its thermal energy. This would bring the Pb atoms 

penetrating several layers deep into the Xe film. Because of the heat 

released, Xe atoms in the neighborhood would gain mobility and fill the 
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vacancies knocked out by the Pb atoms and help dissipating the heat 

released by Pb. The Xe atoms coming afterward would strike on a film 

with slight temperature'gradient from the target, and stick on, the film 

easily. Thus, several layers of Xe atoms could be added on the old one 

before the next Pb atom arrives on the film. This process could lead to 
! 

an efficient isolation of t:he Pb atoms. If, however, there are not enough 

layers of Xe atoms present before a Pb atom arrives on the target, the 

vacancies might not be filled enough, and the heat released by the Pb 

atom not dissipated enough. This could decrease the efficient sticking 

of the later Xe gas atoms because of a warmer film present. This would 

mean that the second Pb atom coming on the target had less layers of 

Xe atom to penetrate before it met the first Pb atom and formed a Pb2 

molecule. The idea here is that it is easier for the Xe atoms already 

in the film to be warmed up to a higher temperatUr:e and yet still remain 

sticking on the target than that of aXe atom coming from the vapor. The 

higher the film temperature the smaller is the sticking coefficient for the 

Xegas atoms. The presence of certain thickness of Xe layers prior to the 

matrix deposit might then lead to a better isolation of the Pb atoms. 

The a1;)ove idea of Pb2 formation on the target is supported by the 

facts that: 

1. Within a temperature range where Pb2 in the vapor remains negli

gible, ,and keeping the M/R constant, increa sing Pb evaporation temperature 

leads to easier Pb2 formation on the target. 

2. Since above idea is closely related to the sticking coefficient 

of the matrix gas used, Pb atoms should be isolated most efficiently in 

Xe, l.ess in Kr, and least in Ar. This is just what is observed. In the 

,., 



meantime, the appearance of Pb2 in the spectra also is found to be. easiest 
, 

in Ar, less in Kr and least in Xe, when the same Pb evaporation temperature 

and same M/R are ~used. 
I 

The possibility of forming Pb2 by diffusion on warming up the matrix 

is also tested. Xe film which shows only discrete Pb atomic spectrum is 

warmed up and traced at 5000A region. No Pb
2 

spectrum is observed up 

·to and above the temperature of the disappearence of atomic Pb spectrum. 

'This could be due to several factors: 1) Pb atoms are too heavy to 

diffuse, unlike light atoms like Li, which forms dimer on warming up the 

matrix. 2) Pb interacts strongly with Xe atoms which could also keep 

the Pbatoms from diffusing around. 3) The time span involved on warm-

ing up the matrix may not be long enough to observe the diffusion taking 

place. 

Another test of diffusion was done by allowing the matrix film which 

shows both Pb and Pb2 spectra to stay at 500 K for two hours. The only 

effect seen is that the film becomes a little foggy, which causes the 

region below 2800A to be opaque and also makes the comparison of the Pb2 

absorption intensity difficult. This could be due to the higher evapora-

tion rate of Xe gas from the matrix film at 50o K. Such evaporation'from 

the upper layers would leave the Pb atoms behind in dimer or polymer 

forms. The nonuniform absorption could then cause the fog problem. 

2. Kr 

At ordinary M/R ratios the Pb in Kr matrix shows one strong band at 

-1 2614A, with a half width about 400 cm and another band at 2440A 

with blue 
, -1 

shaded 3tructure and a half-width larger than 900 cm . Two 

very weak bands situated at 2783A and 2360A,respectively. These. are 
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shown in Table 5. The tracing of the spectrum is shoID in Fig. 15. The 

M/R used here is 200. 

At higher Pb evaporation temperature, a molecular band spectrum 

appears at 5000A region which is assigned to Pb2 A ~ X transit(On. A 

single band is seen at 6126A (16323 cm -1), which has a half wi,dth about 

-1 150 cm and shifts to the red on warming. The Pb2 spectrum is shown in 

Fig. 16, and the band wavelengths and frequencies are shown in Table-6. 

The Pb2 bands and the 6126A band persist to 65°K on warming the matrix. 

The plate of absorption spectrum is shown in Fig. 17. 

The strong band at 2614A is assigned 3 2 3 
to Pb 6p7s PI ~ 6p Po 

-1 
transition, the shift from"gas phase transition thus being 2972 cm 

to the blue. It shifts reversibly to the red on warming up the matrix. 

The spectrum remains observable to 50o K. Around60oK it becomes very -

weak and hard to observe, partly due to the poor transparency of the film 

due to quick evaporation of Kr from the target. The absorption frequencies 

of this band at various temperatures are shown in Table 7, and the warm-

up spectrum in Fig. 18. 

The band at 2440A is very similar to the Pb/Xe 2552A band- in its 

band shape and broadness. Both the breadth and blue-shaded structure 

increase with thickness of deposit. There is one difference, however, 

the ease of appearance of this band between the ~o matrices. In Xe, 

it was recalled that the 2552A band appears only in concentrated matrices 

or when high Pb evaporation temperature is used. In Kr, this band almost 

always accompanies the strong 2614A band, and is a·bsent only when very 

large M/R is used. Based on the previous discussion in Xe matrix work, 

this band is assigned to the Pb2 E ~X transition. 
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TABLE 5. Absorption spectrum of Pb in Kr. 
~ 

This ,work (at 200 K) Assignment Duley (at 4°K) Assignment 
... -1 -1 ' -1 

A.(A) v(cm ) v1L2 cm A.(A) v(cm ) 

2783 (w) 35927 2787 35880 
(broad) 

2614(s) 38261 ~400 3 0 2 3 6p7s P1 t- 6p Po 2617(s) 38210 6p7s 3p~ t- 6p2 3p 
, 0 

2440 30 2 3 (w blue 40987 > 900 Pb2 (E t- x) 2453 40770 6p6d D2 t- 6p Pl 
shaded) (broad) 

2360(w) 42373 
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Figure 15. Absorption spectrum of Pb/Kr. 
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.. 

TABLE 6. Apsorption spectrum of Pb2 {A +-X)in Kr. 

A.(A) v(cm-1) !§J1/ 2cm 
-1 -1 

Relative v1/ 2cm 
intensit~ 

5083 19673 '60 20 j 

173 

5039 . 19846 55 20 

161 

4998 20007 62 17 

157 

4959 20164 62 11 

159 

4921 20323 63 7 

147 

4885 20470 69 5 

163 

4847 20633 ' 75 3 

6126* 16323 150 

* Unidentified 
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Figure 17. Warm-up spectrum of Pb2 (A ~X) in Kr. 
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TABLE 7. Temperature dependence of the P1:>/Kr 3P1
o +-3p 0 band 

. Temperature oK t-.(A) v cm 
-1 

20 2614 38261 

30 2617 38215 

40 2619 . 38183 

50 2622 38145 

( . 
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Figure 18. Warm-up spectrum of Pb/Kr. 
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The strong band observed inXe at 2259A finds no counterpart in Kr 

UP. to 2l00A region •. Duley did not report any such band either down to 

the vacuum UV region. 

The two very weak bands at 2783A and 2360A correspond, respectively, 

to the 2809A and 2402A band in Xe. 

The single band at 6126A (16323 cm-l ) corresponds to the 6268A (15954 cm-
l

) 

band 'in Xe except with narrower half-width than the latter. 

It was found that to observe Pb
2 

spectrum in the Kr matrix, lower 

Pb evaporation temperature is needed than that·for a Xe matrix. Accord.,.. 

ing to the previous:ly proposed mechanism of dimer formation on the target, ' 

this is attributed to the lower sticking coefficient of Kr than that of 

Xe. This also explains the fact that the 2440A band in Kr appears more 

easily and strong than the 2552A band in Xe, which supports the assign

ment ·of these two bands to the Pb
2

E 'pX transition. 

The effects of changing deposit conditions on the observed absJrption 

frequencies of both 'Pb and'Pb2 are studied, in a way similar to those done 

in the Xe matrices. The same conclusion is drawn here, i.e. the observed 

frequencies of both Pb and Pb2 in Kr do not depend on the deposition 

conditions. 

3. Ar 

Depositions of 'Pb in Ar were carried out in two ways. First the 

M/R ratio was about the same as in the Xe and Kr work. It normally 

takes seven hours of deposit to show up very weak absorption spectra, 

while one hour of deposit is enough for Xe and Kr matrices to show clear 

Pb spectra. Second, M/R as high as 3000 is used to get a stronger spec

trum in less than an hour. The spectra obtained from both deposits show 

\ i'\ 
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the same absorption frequencies. This is in agreement with the observa-

tions in the Xe and Kr matrices. The band frequencies observed are shown 

in Table 8, and the spectrum from the M/R :::: 3000 deposit is shown in 
I 

Fig. 19. 

Pb
2 
,A~ X molecular bands are also observed, . accompanied by a single 

band at6053A (16521 cm -1) . . The Pb
2 

bands show no frequency shift on 

warming up the matrix and stay to 45°K. The spectrum of Pb2 and its warm 

up spectra are shown in Figs. 20 and 21, respectively, and the frequencies 

shown in Table 9. 

The strong broad band at 2334A is similar in its blue':'shaded struc-

ture to those bands in Xe and Kr wbich are assigned to the P0
2 

E ~ X 

absorption bands. It is therefore assigned to the same transition of Pb
2

. 

The medium intensity band at 2449A shifts to the red on warming up the 

matrix, and remains observable to 4o°K. It is assigned tothe Pb 6p7s 

3p ~ 6p
2 

3p transition. The warm-up spectra are shown in Fig. 22. 
1 . 0 

It is noticed that the 2449A band, although appears with medium inten-

sity in the spectra in Fig. 22, appears only asa shoulder on the strong 

uv absorption edge in the spectrum tracing in Fig. 19. This makes it 

difficult to measure the exact frequency change of this band at higher 

temperatures. 

The 2334A band appears much stronger than the 24400 band in all the 

Pb/Ar experiments. The sticking coefficients among rare gases lie in th~ 

order Ar < Kr < Xe, and this is just the reverse of that of the ease of 

appearance of the observed broad, blue-shaded band in the matrices. 



TABLE 8. Absorption spectrum qf Pb in Ar; 

This work (at200K) Assignment Duley (at4°K) Assignment 

r-.(A) v(cm -1), r-.(A) -1 
v cm 

2503(w) 39960 2528(b) 39560 

2449(m) 40840 6p7s 3p~ -~ 6p2 3Po' 2440(s) 40980 . 6p7s 3p~ ~ 6p2 3p 0 

2334 
6p6d 3D~ ~ 6p2 3P1 (s broad) 42838 Pb2 (E +-- X) 2340(b) 42660 

2094 47760 

2069 48330 

2044 48920 6p6d 3D~ ~6p2 3p 0 

2002 49950 6p6d 3D~ ~ 6p2 3Po 

1960 51020 

1818 55000 

1793 55770 
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Figure 19. Absorption spectrum of Pb/Ar. 
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Figure 2l. Warm-up spectrum of Pb
2

(A ~ X) in Ar. 
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TABLE 9. Absorption spectrum of Pb2 ,(A~X) in Ar. 

A(A) -1 
!::£J1/ 2 cm 

-1 -1 Relative 
v cm v1/ 2 cm intensity 

4992 , 20032 49 12 

167 

4951 20199 39 ' 18 

162 

4911 20361 . 79 19 

166 

4872 20527 68 14 

166 

4833 20693 41 10 

155 

4797 20848 32 7 

153 

4762 21001 27 6 

6053* 16521 130 

* Unidentified 

::I'i' 
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Figure 22. Warm-up spectrum of Pb/Ar. 
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4. Xe-Kr Mixtures 

Three Xe-Kr mixed matrices were used; 7<J%Xe-2$Kr, 3f!/'jJXe-6c1oKr and 

lo%Xe-9o%Kr. In all three matrices one set of Pbspectrwn and one set 

of Pb2 spectrum are observed, and are more diffuse 

and pureKr matrices. ,The observed frequencies of 

than those,in 

Pb and Pb}in 
I 

pure Xe 

these 

three matrices are shown in Table 11, spectrwn of Pb and Pb2 are shown 

in Figs. 23 and 24, respectively. The M/R used are between 500 and 600. 

In a 11 three Il13. trices, the band around 2650A appears strongest. It 

shifts reversibly to the red on warming up. The disappearance temperature 

of this band and the Pb2 spectrum are about 700 K in 7r;P/oXe-2%Kr, 700 K 

in 38%Xe-6c1oKr, and 600 K in lo%Ke-9o%Kr matrices. The strongest band 

3 2 around 2650A in the three matrices are assigned to thePb 6p7s Pl +- 6p 

3~G transition, and their frequencies at various temperature are shown 

in Table 12. 

The broad band in the matrices between 2540A and 2460A are similar 

to t.he broad band observed in Xe and in Kr in the same wavelength region. 

It wa,s observed that with increasing content ofKr in the mixed matrix, 

this band appears easier and easier. This is completely consistent with 

the trend found so far, i.e. easiest in Ar, less in Kr and least in Xe 

matrices. 

All the bands observed appear more diffuse than the corresponding 

ones in the pure Xe or Kr matrices. This could be due to the less regu~ar 

trapping site in those matrices. The most interesting feature is that 

in all three mixed matrices, only one set of Pb spectra and one set of 

Pb
2 

spectra are observed, both being intermediate between those in the 

pure Xe and pure Kr matrices. This clearly ,shows that in those mixed 

wi 



TABLE 10. Absorption spectra of Pb in Xe-Kr mixed matrices at 20
o

K. 

t-.(A) ( -1 v cm ) Assignment 

75% Xe - 25% Kr , 2660(s) 37590 
3 0 2 3 

6p7s P1 ~6p Po 

2530(w, b) 39526 Pb
2

' (E ~'X) 

38!fo Xe - 6210 Kr 2660(s) 37601 
30 2 3 

6p7s Pl ~ 6p Po 

2508(w,b) 39877 Pb
2 

(E ~X) 

lCY/o Xe - 9CY/o Kr 2655(s) 37946 
3 0 2 3 6p7s Pl ~ 6p Po 

2467(w, b) 40540 Pb
2 

(E ~X) 
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TABLE II. Absorption spectra of Pb2 fA f- x) in the Xe~Kr mixed matrices 

-1 -1 -1 -. 
A.(A) v cm D.G1/ 2cm v1/ 2 cm Relative 

intensity 

7% Xe-2% Kr 5189 19272 100 18 
177 

I 

5142 19449 78 \7 

141 

5105 19590 79 4 

174 
5060 19764 82 3 

145 

5023 19909 6~ 1 

6240 * 16026 180 
i:;, ! 

38f/o xe-62{o Kr 5166 19358 87 38 
184 

5117 19542 95 17 
144 

5080 19686 91 11 

158 

5039 19844 92 9 
147 

5002 19991 94 8 

* 16066 6224 175 

lCf'/o Xe -9~ Kr 5115 19550 89 49 

157 
5074 19707 100 28 

147 

5037 19854 83 18 

155 
4998 20009 93 8 

167 



TABLE lL ( C ont inued) 

A(A) 
-1 

6G1/ 2cm 
-1 -1 

Relative v cm v 1/ 2 cm 
Intensity 

4956 20176 86 7 
156 

4918 20332 66 5 
148 

4883 20480 50 2 

6165 * 16221 2(}4 

* Unidentified 

Ii 

.. 1 
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(a) 

( b) 

(c) 

XBL 707 -1353 

Figure 23. Absorption spectra ofPb in (a) 7~ ~e~2~ Kr, 
(b) 38% xe-6'4 Kr, and (c) lCJ{o Xe-9CJ{o Kr. • 

: Ii 
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Figure 24. Absorption spectra of Pb2 (A4.- X) in (a) 7ry/o Xe-2ry/o Kr, 

(b) 38% xe-62% Kr, and (c) 10% Xe-90% Kr. 

II 
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TABLE 12. Temperature dependences of the .. Pb 3po ~ 3p 
.1 0 band in the 

Xe-Kr mixed mat.fices. 
.. 

7'Y/o Xe -2 % Kr 3~ Xe-6~ Kr 1CJ'jo Xe -9rf/o Kr 

Temp oK t..(A) -1 t..(A) -1 t..(A) -1 
vcm vcm v cm 

20 2660 37590 2660 37601 2635 37946 

30 2661 37580 2663 37559 2640 37885 
, 

40 2666 37504 2667 37502 2644 37819 

50 2669 37473 2669 37470 2647 37779 

60 2673 . 37411 2673 37418 



matrices, Xe and Kr cocondense on a microscopic scale, at least around 

the trapped Pb and Pb2 . The fact that the observed frequencies lies 

intermediate to those in pure Xe and pure Kr, and approach those in Kr 

as Kr content is increased in the matrix, gives very good hint about 

the origin of the frequency shift of the trapped species absorption 

spectra from their gas phase values .. This will be discussed in more 

detail later in Chapter IV. 

It is recalled that in Xe a strong band is observed at 2259A which 

is absent in Kr. Among the Xe-Kr mixed matrices, a similar but more 

diffuse band is observed only in the 7%Xe-2%Kr matrix. This band appears 

weakly upon longer exposures than the one used for Fig. 23b. This ex-

plains to some extent the absnece of such a band in Kr matrix, but its 

actual cause as well as transition attributed to this band remain un

clear. One possibility is that this band could be the same 3Pl f- 3p 0 

transition of some Ph atoms trapped in an unstable site, or in an inter-

stitial site. Such multiple site should occur most easily in the matrix 

with least mobility at the temperature of condensation, i.e. being 

easiest in Xe, less in Kr and least in Ar, because of their different 

melting points. The unstable site is expected to change into the stable 

one on annealing the matrix and to lead to disappearance of the observed 

spectra. However, the fact that the band observed in Xe persists on 

warming up the matrix to 77°K and cool back seems not to support this 

possibility. On the other hand, an interstitial trapping site is 

expected to lead to larger blUe shift of spectral frequency than that 

from a Pb atom in a sUbstitutional site, because of the smaller site 

space and larger squeezing effect on the Pb '7s orbital. This seems to 

be in agreement with the large energy difference of 6200 cm-l between 



-70-

the two bands observed. However, one would expect a larger red shift 

in frequency of such a band on warming up the matrix due to relaxing 

the squeezing effect. The rather insensitive dependenee of this band 

on the matrix temperature seems not to be in favor of this possibility. 

Another possible interpretation is that the Pb/Xe 2259A band could 
I 

be from transition other than 3PI f- 3Po ' Its absnece in Kr and Kr con-

tainingmatrices could then be due to a different pertrubing effect 

between Xe and Kron the absorption intensity of this transition. Such 

intensity perturbing effect have been observed- on some matrix trapped 

molecules. More works, both experimental and theoretical, have to be 

done to well understand the Pb band discussed here. 

The work of Xe-Kr mixed matrices gives some information on the 

sticking coefficient difference between Xe and Kr at 20o K.Taking 
.•. .. . 33 

the 10'/0Xe-9CP/oKr matrix for example, thePb Plf- Po frequency is shifted 

- . -1-
from its gas phase value by 2660 cm to the blue. The shifts in Xe and 

-1 ·-··-1 
Kr matrices are, respectively, 2483 cm and 2972 cm . The rare gas 

crystal have face center cubic structure with twelve first nearest neighbors, 

twenty four next nearest neighbors etc. If one assumes only van der Waal 

type interaction between a Pb atom in a lattice site with the matrix 

gas neighbors, toa first approximation only the first twelve nearest 

neighbors are involved in the interactions. The observed blue shift in 

frequencies are then due to the twelve pairs of Pb-Xe or Pb-Kr interactions, 

if additive pairwise interaction is assumed. In this way one can find 

out the approximate numbers of Xe and Kr atoms around the trapped Pb atom 

in the 10'/0Xe-9c:!{oKr matrix. The relation needed has the form 

2483 (X/12) + 2972 ((12~X)/i2) = 2660 
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Here Xis the number of nearest Xe atoms around the Pb atom in the mixed 

Xe-Kr matrix. Xis.found to be 7.7. Therefore, the twelve nearest neigh-

bars around the trapped Pb atom consist of about 8 Xe atoms and 4 Kratoms. 

The Xe-Kr ratio is 1:8 in the gas, while in the solid at least around the 

trapped Pb atoms, it is about 2: 1. This result can to a large extent 

be attributed to the difference of sticking coefficients between Xe and 

Kr atoms at 200 K used in this work. 

5. Xe 4r Mixtures 

Two Xe-Ar mixed matrices were used, 4%Xe~96%Ar and 16%xe-84%Ar. 

Only a very fast deposit rate of matrix gas was used that gave M/R 

ratio between 2700 and 3100. This is to try to reproduce the situation 

in sputtering technique when Ar gas is used to sputter the solid species 

in. study and Xe is used to trap the species being sputtered out. The 

Ar-Xe ratio could range from 10 to 1000. It is found that when 4%Xe-

96%Ar is used with a rate of Xe-Pb about 100, the spectrum observed is 

quite different from that in the pure Xe matrix and is shown in Fig. 

25. Three broad bands are observed. One extends between 2875A and 

2672A; the other two are narrower, centered at 255SA (39096 cm -1) and 

2433A (41102 cm-
l
), respectively. These three bands are thought to 

correspond to the 2809A, 2648A and 2552A band of Pb in Xe, respectively. 

This is based on the fact that these three bands are expected to fall 

between the corresponding ones in Xe and in Ar. The spectrum remain to 

about It-OoK. No clear bands of Pb
2 

A r X are observed. 

The spectrum of Pb in the 16%xe-84%Ar matrix shows two bands, one 

extending between 3326A and 284SA and the second one is narrower, centered 

at 26lSA (38194 cm -1). The spectrum is shown in Fig. 25. The 261SA band 

HI 

I 
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(a) 

( b) 

00 
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2800 .3000 . 

XBL 707 -1355 . . 

Absorption spectra of' Pb in (a) 1&/0 Xe-84% Ar, and 
(b) 4%Xe-96% Ar. 
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is assigned to Pb 3Pl +- 3p 0 transition, while the~'first broad band 

corresponds to the ones in other matrices in the same wavelength region. 

It is to be noted that in this matrix, Xe content is high enough to pre-

dominate the nearest neighbors around the trapped Pb atom, and gives a 
I 

3p +- 3p absorption close in energy to that in the pure Xe matrix; 1 . 0 I 

while the band in the 4%Xe-96%Ar matrix lies in even high energy and closer 

to that in the Ar matrix. If one estimates, in the same way as shown 

before, the number of Xe and Ar atoms that constitute the twelve nearest 

neighbors of the trappedPb atom in th ~ matrix, one comes out with 

seven Xe atoms and five Ar atoms in the 4%Xe-96Ar matrix, and ten Xe atoms 

and two Ar atoms in the 1~Xe-84%Ar matrix. Again, the effect of sticking 

coefficients difference between the ccmponent rare gases shows up in the 

matrix composition. 

The above estimated number of neEcrest Xe atoms around the trapped 

Pb atom support the assignment of the bands observed in these matrices. 

In the l6%Xe -84%Ar matrix, Xe atoms dominat~ in being nearest to Pb 

atom and the spectrum is more similar to that in pure Xe matrix. This 

means that the broad band, which is assigned to thePb2 E +- X transi

tion and is hard to observe in Xe, should also be hard to observe in this 

matrix when compared to that in the l6%xe~84iAr matrix. In the 

latter, the spectrum should be closer to that in an At matrix which 

gives a very strong Pb2 E +-X broad band. The clear broad banq observed 

in this matrix is therefore consistent with the predicted feature. 

6. ~ 

There is no discrete band in the spectrum of Pb in SF6. Only 

two very weak and diffuse bands are observed between 2800A and 2600A 



-74-

region. One band extends between 2848A and 281M, the' second band between 

2709A and 2655A. The spectrum is shown in Fig .26. 

However, when high Pb evaporation temperature is used with signifi-

cant Pb2 in the vapor, a clear spectrum of the Pb
2 

A +-X transition is 
. .' 1 . 

obtained. Also, one single band appears at 6054A (16520 cm - ) which 

shows red shift on warming up the matrix. In addition, a broad band 

appears which is centered at about 4380A and extends between 4510A and 

4250A. The spectrum remains to 900 K and disappears between 90° and 

100oK. The spectrum is shown in Fig. 27, and the wavelengths tabulated 

. in Table 13. The Pb2 bands show no shift on warming up, and the warm 

up spectrum is shewn in Fig. 28. 

It is observed that when the Pb2 spectrum becomes strong, the matrix 

absorbs continuously below 3250A and gives a pale yellow color 'which 

deepens as the Pb2 spectrum gets stronger. The color becomes grayish 

when the matrix is warmed up to above ° . 100 K and has lost the Pb2 spectrum. 

The absence of discrete Pb bands in SF6 could mean (1) an interaction 

between Pb atoms and SF6 such as charge transfer type which leads to 

Pb +SF6,' or (2) a chemical reaction between Pb and SF 6' In both cases 

the discrete Pb bands observed in rare gas matrices would be absent. There 

is another possibility, however. The fluorine atoms in SF6 molecules 

could be partially negative charged and interact strongly with the 

trapped Pb atoms. The field created by the fluorine atoms could be 

so strong that it did not fade away rapidly beyond the near est neighbor 

SF6 molecules. This quasi-continuous field could then smear out the Pb 

absorption bands normally observed in the rare gas matrices. 
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XBL 707-14311 

Figure 26. Absorption spectrum of Pb/SF 6 . 
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TABLE 13. Absorption spectrum of' Pb2 
(A ~'X) in SF6• 

A.(A) 
-1 

M 1/ 2cm 
-1 ;"1 Relative v cm v1/ 2cm intensity 

5006 19916 96 25 . 

148 

4969 20124 85 53 

158 

4930 20282 98 60 

151 

4894 20433 81 48 

155 

4851 20588 14 32 

151 

4822 20139 16 .... 18 

144 

4789 20883 10 8 

143 

4156 21026 53 5 

6054 * 16520 130 

One broad band centered at 4380A, and extending between 4510A and 4250A. 

One broad shoulder between 4660A and 4580A. 

* Unidentif'ied 

.. 
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Figure 28. Warm-up spectrum of Pb2 (A ~X) in SF6. 
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Experimentally the charge'-transfer interaction could be best tested 

using ESE technique. However, without information from ESR work on this 

problem, it is studied in several ways. + First, because the Pb ion 

absorbs in the vacuum uv region, Ca is trapped in SF6 to try to observe 

2'~ + 
the 4pPl/2,3/2 ~ 4s Sl/2 transition of the Ca ion which are at 4000A 

region in the gas. Second, the conductivity of the Pb/SF6 film is 

checked in a hope to measure the excessive current carried by the electrons 

which are loosely bound to the SF 6 molecules and might hop from one SF 6 

molecule to the next throughout the matrix film. The latter work is 

discussed in the next section, and the work with Ca is discussed here. 

The spectra of Ca in rare gas matrices have been studied in detail 

4 
by Wang. Therefore, Ca was first trapped in Xeat 200 K and the spectrum 

observed was compared to that by Wang, as are shown in Table 14. The 

results agree very well with Wang's work. 

Next, Ca was trapped in SF 6' The spectrum showed no absorption 

bands in the region 2200A to 6000A. The matrix film also shows pale 

yellow color, similar to the Pb/SF 6 film, while the Ca/Xe films shows 

red color. 

Ca was then trapped in a 7?%Xe-23%SF6 matrix. Again, the pale 

yellow colored film showed no absorption band. 

In addition, 'the ill spectrum of the Pb/SF 6 matrix is checked between 

4000 cm-l and 6' 00 cm-l • b t· b d h th h No a sorp :Lon an ot er an t ose due to 

SF6 vibrational modes is found. Because of the strong SF6 absorption 

-1 around 900 cm region, SF6 waE trapped in thin Pb films while keeping 

the films transparent. The SF 6 concentration was about 5 atomic %. 

Again, only bands due to the SF6 vibrational modes were seen. This could 

'" ,'.{ 
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TABLE 14. Absorption spectrum of Ca inXe at 20o
K. 

" i 
This work Assignment Wang Assign- i 

:>';(A) 
-1 

:x.(A) 
-1 ment 'v em v em 

4378 22844 4377: 22840 

4338 35052 ~ i 4337 23052 Ip 1 
+-8 +-8 

4310 23200 4311 23192 

:1' ", 
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mean either (1) no.chemical reaction, or (2) SF6 is not well isolated, 

or (3) the reaction products, if formed, have vibrational absorptions 

6 -1 
below 50 cm and escaped observations. Therefore, no definite conclusion 

can be drawn here. 
I 

The most interesting feature about the Pb/SF6 work is the appearance 

of strong Pb2 A ~X absorption spectra and yet an absence of the atomic 

Pb bands. The Pb2 molecules are believed to come from the vapor because 

thick deposit using low Pb evaporation temperatures showed no Pb2 spectra. 

In fact, this could be used to eliminate the possibility that the absence 

of Pb spectra could be due to faster diffusion of Pb atoms in the· SF6 

matrix to form Pb2 molecules. Therefore, one comes to the conclusion 

that the interaction or reaction between atomic Pb and SF 6 does not take 

place between the Pb2 molecules and SFh in the matrix. If what takes 

place between the Pb atom and SF 6_isdf charge_transfer type interaction, 

thenthe.formation of molecular orbitals in Pb2 would change the atomic 

nature of the valence electrons, and bound them more tightly to the .moie-

cule. No transfer to SF6 is allowed. On the other hand, if chemical 

reaction is responsible for the absence of the Pb atomic band in _SF6, 

one could use a similar !3-rgument to explain the different behavior of 

Pb2 toward the SF6 molecules. The initial stage of the chemical reaction, 

if taking place, between Pb and SF6 could also involve transfer of the 

valence electrons of Pb to the surrounding SF6 molecules. If this is 

true, the entering of those Pb valence electrons into the Pb2 molecular 

orbitals might again prevent such reaction to take place. 

Another interesting feature to notice is the appearance in the SF 6 

matrix ofa single band at 6054A, like those in all the rare gas matrices • 

. However, this band rema ins unidentified, as was discussed in the Xe work section. 
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Because of the bigh melting point (218°K) of SF 6 and that the Pb2 ' 

spectrum in SF6 
persists to between 90 ° and 100oK, deposition of Pb in 

SF
6 

was aiso carried out at 77°K. However, no Pb2 
absorption spectrum 

could be seen. Instead, as will be· shown later, the film deposited at 

77°K shows a much b.etter electrical conductivity than the films deposited 

at 20oK. This implies that the poor isolatiori of Pb at 77°K leads to 
., 

cluster formation ofPb which is then responsible for the better electrical 

conductivity measured. 

7· Xe~SF 6 Mixtures 

Two Xe-SF 6 mixed matrices were used, 77foXe-2Y/oSF 6 and 64%Xe-38%SF 6' 

No discrete Pb atomic bands were "observed in both matrices, only two weak 

broad bands were seen, like those in the SF6 matrix •. At higher Pb 

evaporation temperature, bands correspond to Pb2 spectrum appear. The 

vibrational bands can be resolved in the Tr%Xe-23%SF6 matrix, but only. 

a broad band is seen in the 64%Xe-3&fo SF 6' The wavelengths of the bands 

observed are included in Table 15, and the spectra shewn in Fig. 29. 

The most interesting result of this part. of work is the abserI! e of 

discrete Pb bands and the appearance of only one set of Pb2 spectra in. 

the mixed matrices. This implies (1) Xe and SF6 crystallized together 

on a microscopic scale around the trappedPb atoms and molecules; 

(2) it is necessary to have only a few SF 6 molecules around to cause 

the absence of discrete Pb atomic bands in the matrices. However, an 

estimation of the number of SF6 molecules being nearest to the Pb atoms 

in the mixed matrices is difficult because of (1) lack of knowledge about 

the SF6 crystal structure and· .. (2) uncertairities in the vibrational 
. ,.:I;r,::' ' 

numbers of the Pb'2 bands oh~~iwed in pure Xe and SF 6 matrices. Some 
" '. 

" 
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TABLE 15. Absorption spectra ofPb2 . (A ~X) irL'the Xe-SF 6 mixed matric~s. 

A(A) 
~1 

vcm -1 
!:"G1/ 2cm 

5208(?) 19203(?) 

254(?) 

5i40 

170 

5095 

19770 

5017 19932 

159 

4977 ·20091 . 

153 
20244 

,. 164 

4900 20408 

I 

6263 * 15966 

-1 RelLative 
v 1/ 2 cm "t"t In enSl Y 

2 

9 

82 12 

99 14 

9 

83 8 

4 

103 4 

250 

One broadband centered at 4490A and extending between 4633A and 4345A. 

One broad shoulder between 4806A and 4700A 

64% Xe-36% SF 6 

No clear bands of Pb2 spectrum, but one broad band centered at 4920A; 

and extending "between 5152A and 468lA,. with a shoulder between 468lA and 

457lA. 

One broad band centered at 4416A and extending between 457lA and 4200A .. 

One single band* at 621lA (16400cm-1) with v
1
!2 = 330 em-I. 

* Unidentified 
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Figure 29. Absorption spectra of Pb2 (A X) in (a) 77'/0 Xe-23% SF 6' and (b) 64% Xe-3&fo SF 6' 
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qualitative discussion about Pb2 spectra in the SF6 matrix will be carried 

out later in Chapter V. 

8. Codepositing Pb and Ag in the Kr Matrix 

In order to confirm the.possible dimerization of Pb on .the target, 

Pb is codeposited with Agusing the double furnace constructed by King.
8 

Kr is chosen for the matrix gas because, from the previous work on Pb, 

it is better than Xe in allowing for the surface dimerization, and yet 

better tiRn Ar in obtaining enough metal atoms in the isolated form in a 

shorter period of deposition time. 

The spectra of Ag trapped in matrices were studied extensively by 

Brewer et'. a1.3 Therefore, Ag is trapped in Kr at 20o K.and the observed 

spectral frequencies are listed in Table 16, along with those by Brewer 

et. al. The agreement is very good for the strong triplet in the 3000A 

region. The additional doublet and a weak shoulder observed in this worl<: 

were not .observed in the earlier work, and could be due to impurities. 

When concentrated Ag/Kr films are deposited, a broad band is observed 

. 21 
at 4000Aregion and could be attributed to the Ag2 molecules. 

Next Pb and Ag are codeposited in the Kr matrix. The Pb evaporation 

temperature is kept such that Pb2 in the vapor is low but the Pb2 band 

and the Pb 2440A broad band appear in the matrix when only Pb is trapped 

in the·Krmatrix. It is found that when the Ag concentration is comparable 

to that of Pb, no significant effect is seen on the Pb2 and the Pb 2440A 

band intensities. However, when high concentration of Ag (1 to 2 atomic 10) 

is used, it greatly decreases the Pb2 and the Pb 2440A band intensities. 

One set of spectra and tracings are shown in Figs. 30 and 31. In Fig. 30 

spectrum of (Ag + Pb) /Kr is shown along with those of pure Ag/Kr and pure 
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TABLE 16. Absorption spectrum of Ag in Kr at20oK. 

This work Assiin- Brewer et al. 
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Figure 30. Absorption spectra of (a) Pb/Kr, 
(b) Ag/Kr, and (c) (Pb + Ag)/Kr. 
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(a) 

( b) 
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Figure 31. Absorption spectra of (a) Ag/Kr, from Fig. 30b, and 
(b) (Pb~g)/Kr, from Fig. 30c. 
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Pb/Kr, and the tracings of the last two spectra (b, c) shawn in Fig. 31. It 

is' clearly seen that the 2440A broad band of Pb/Kr is absent when Ag 

concentration is high, the Pb2 spectrum is also absent in this film, 

compared to that when only Pb is trapped in Kr. The tracing of the (Ag+ 

Pb)VKr ~pectrum shows a broadening of the Pb/Kr 2614A atomic band. This 

could be due to the 'effect of some Ag atoms in the neighborhood of some 

of the trappedPb atoms. The interaction between Ag and Pb therefore 

reinforces that between Pb and Kr,and broadens the Pb 3Pl ~Po absorption 

band •. The same broadening effect should also be seen on the Ag absorption 

bands. However, because of the high concentration of Ag in the matrix, 

such effect is expected to be small compared with the natural breadth 

of concentrated Ag in the matrix. 

No effect is seen on the Pb and Ag atomic absorption frequencies in 

all the (Ag+Pb) /Kr films deposited. This confirms the work on Ag and 

Au by Brewer and King7,8 in that the observed triplet of Ag is not caused 

by the metal-metal interaction in the matrices. The absence of clear 

spectra in the (Ag+Pb)/Kr films which could be attributed to the Pb-Ag 

species is not surprising. No information is known about the spectral 

region of such species in the gas phase, and the spectra could be broad 

up to escape observation due to various factors, like the nonuniform 

environments around such species, quenching effect by the matrix, etc~ 

However what demonstrates in this work is the clear effect of concentrated 

Ag on the trapped Pb spectra. Two conclusions can be drawn from this work: 

1. At lower concentration of Ag, the Pb atoms can be trapped in the 

isolated form. However, when high concentration of Ag is used, Ag and 

Pb atoms do intercept one another during the deposition of the matrix 

film. This confirms the earlier work on Pb about the possible Pb2 formation 
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on the. target. 

2. When Ag concentration is high in the matrix filml;i the simultaneous 

absence of the 2440A broad, blue-shaded band of Pb/Kr and the Pb2 bands 

indicates strongly, although indirectly, that the former band is also 

of molecular origin. This supports the earlier assignment of this broad 

band the Pb2 E ~x transition. 

B. Conductivity Measurements 

1. Introduction 

In a dilute rare gas matrix, the trapped metal atoms are well isolated 

and quite far from one another. The matrix film is therefore expected to 

behave like an insulator to an electric current, in a way similar to a 

dilute metal vapor. The latter, however, starts to become conductive 

as the vapor pressure is increased to a critical ·one.
22 

The same idea 

is here tested for the matrix trapped metal atoms: when the meta 1 concentra-

tion becomes high and yet the metal atoms are still isolated from one 

another. Whether most of the metal atoms are well isolated is checked 

spectroscopically. 

Pb is used for this work. In the previous matrix works, Pb shows 

no atomic spectra in the SF6 matrix. This could mean that either a charge 

+ -transfer interaction is taking place to form Pb SF 6' or Pb reacts with SF 6 

to form other products, like the Cs work in liquid NH3 which is reported 

later in this thesis. The charge transfer interaction, if taken place, 

would be expected to show electric conductivity even when the Pb atoms 

are low in concentration in the SF6 matrix. The electron which is 

tnrsferred to SF6 from the Pb atom might be further transferred to the 

next SF 6 and so on, and thus gave rise to a conducting film. The resis-
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tance of the matrix film is expected to be very high at liquid hydrogen 

temperatures. But it is hoped that at higher temperatures the resistance 

might be low enough to give measurable conductance. Also, the larger 

evaporation rate of the matrix gas at higher temperatures might bripg the 

Pb atoms closer to one another and enhanced the conductivity of the matrix 

film. By tracing the isolated Pb2 spectrum as the temperature is increased, 

one might get information about the· possibility of obtaining conductance 

and yet still keeping the Pb or Pb2 in the isolated forms. 

2. Experimental and Results 

A chromel-constantan thermocouple wrapped on thecryo-tip by the 

company is indium soldered on the sapphire target. A commerical Triplet 

model 630 voltmeter is used which measureS a minimum current of 60 ~. 

From the soldering spots on the target to the outside leads, the residue 

resistances for chormel and constantan wires are, respectively, 220. and 

160.. 

a. Pb Thin Film A pure Pb film is deposited at 200 K on the target 

until measurable conductance shows up. The film is then annealed at a 

higher temperature and cooled back to 20o K. On warming up again, the 

measured resistance vs temperature is shown in Table 17, which is 

reproducible on cooling down. 

In all the later experiments of Pb in matrices, the total Pb amount 

deposited in the matrices are at least twice as much as that used in the 

pure Pb film. This is to assure that enough Pb is present in the 

matrix to offset for the insulating effect of the matrix gas atoms or 

molecules. 
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Res.istance vs temperature for the pure Pb film· after 
annealing. 

TOK Resistance 12 

20 1.1 X i05 

30 
. .. 4 
. 9.8 xlO 

40 9.2 X 10 
4 

50 8 4 .7 X 10 

60 8.3 X 10 
4 

67 
. 4 

2.3 xlO . 

70 2.3 X 10 
4 

77 2.2 X 10
4 

104 1.9 X 10 
4 
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b. Pb in Xe Xe matrix containing <Jfo Pb is deposited at 20
o

K. The 

film shows strong Pb2 spectrum. At 20o K, the film shows no measurable 

conductance. On warming up at a rate of 10 deg per 10 min., the film 

shows weak conductance of 2.5xlO-6 n-1
at 79°K. At 79°K the film shows 

brown color and has lost the Pb2 spectrum. The conductance decreases 

on cooling back, and becomes unmeasurable at 20
o

K. On warming up again, 

-5 -1 ° the film conductance increases and becomes 3xlO n at 102 K. 

Thinner Xefilm containing 5% Pb is also deposited at 20o K. On 

warming up at the same rate, the film shows veryweak conductance of 

1. 6xlO -6 n -1 at 79°K. Again, the film becomes brawn at this temperature, 

and has lost the Pb2 spectrum. On cooling back the conductance decreases 

and becomes unmeasurable at 20o K. When warming again, a conductance of 

-8 -1 ° ° .. -6 -1 lX10 n shows up at 79 K. At 121 K, the conductance is lxlO n . 

In the above Pb/Xe experiments, the warm up rate is slower than 

that normally used for the Pb and Pb2 warm up frequency shift studies. 

The latter rate is 10 deg per 4 min. and the Pb2 spectrum in Xe remains 

to ahout 82°K. When the warm up rate becomes slower, more Xe gas is 

evaporated from the matrix film per 10 degincrease than that from a 

faster rate, although the exact evaporation amount is not known. There-

fore, the discrete Pb2 spectrum may disappear at temperatures lower than 

those from a faster warm up rate. However, what concerns us here is not 

the highest temperature the film can retain the Pb2 spectrum, but that 

whether the Pb2 spectrum is retained at the moment the film conductivity 

becomes measurable. The main reason of using the slow warm up rate is 

to allow us to follow theconductivity behavior more closely, and to cool 

the film back to 200 K as soon as very weak conductivity shows up. This 
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step is essential to tracing thePb2 spectrum because it minimizes further 

evaporation of the matrix gas, and keeps the film composition as close as 

possible to the composition at which conductivity becomes measurable. 

c. Pb in SF 6 and Xe-SF 6 Mixture The Pb/SF 6 matrix film, which shows 

. - ° 
strong Pb

2 
spectrum, shows no measurable conductance at 20 K. On warming 

up the Pb
2 

spectrum disappears between 90° and 1000K. At 1100K the film 

becomes grayish, and remains so at higher temperatures. At 1200K a very 

weak conductance of lxlO-
8

n-l shows up. The conductance hardly increases 

at higher temperatures. 

Pb/SF 6 matrix is also deposited at 7tK to measure its conductance. 

A fuick :film -containing rJta Pb is deposited. The film shows no Pb2 spectrum, 

but is transparent, like the films deposited at 200K. The film shows no, 

measurable conductivity at 77°K. However, it starts to show conductivity 

at l20o K, and increases to l'.5X10-4 n-lat 199°K~ and lxlO-3 n-l at 2l5°K. 

cf ' 
At 215 K the film left on the target is blowed with SF6 gas. No effect on 

the measured conductance is seen. 

Pb is also trapped in a 77%Xe-23%SF6matrix to a concentration of 5%. 
At 200 K this film shows no conductance. It becomes grayish at 83°K, and 

shows no conductance even at 197°K. 

3. Discussions 

The Pb/Xe film conductivity experiments show that no conductance 

could be measured in the temperat,ure reg:i,on where discrete Pb2 spectrum 

can be observed. By the time the matrix film starts to conduct, both Pb 

and Pb2 spectra have been lost. This indicates that, within the experimental 

measurability, no electron jump from one isolated Pb to the next is observed. 
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In the ~ Pb containing SF6 film deposited at 20
o

K, a large portion 

of Pb atoms from the vapor is expected to be trapped in the isolated 

form. The absence of atomic Pb spectrum implies that Pb atoms either form 

a charge transf~r complexes with SF6, or react with SF6 to give fluorides 

+ -a nd sulfides. The Pb SF 6 complex is expected to cause an increase of 
-

conductance of the film compared to that of a Pb/Xe film where Pb atoms 

are in the netural form. The latter reaction products will, however, 

behave like insulators and will lower the conductance of the film. The 

fact that much lower conductance is measured from Pb/SF6 film is in 

favor of the reaction possibility. 

Pb in the Xe-SF 6 mixed matrix deposited at 200 K shew s no measurable 

conductance up to 2200 K is in agreement with the above discussion. 

When Pb/SF6 film is deposited at 77°K, a much higher conductance 

is observed at higher temperatures. This is expected from the above 

discussion, because at 77°K the isolation of Pb in SF6 is very poor, 

even for the Pb2 molecules whose spectrum 1.S absent in this film. The 

Pb exists in the film in the form of small aggregates which are expected 

to be inert to SF 6 molecules, like the Pb2 molecules. After the SF 6 

gas is evaporated at higher temperatures, these Pb aggregates connect 

to form a rather intact Pb film which is responsible for the high con- . 

ductance observed. 

c. Piscussions 

1.Pb Atomic Spectra 

In all the rare gas matrices used here, one strong absorption band 

3 3 is observed and is assigned to the Pb Pl ~ Po transition. Although 

some weak features appear in thick films deposited and might be due to 
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3 3 atomic transitions, only the Pl ~ Po atomic feature was extensively 

studied in this work. In Chapter IV the observed frequency shift on this 

band as well as the warm up frequency changes in the rare gas matrices are 

correlated with some model calculations. The singlet structure and 

observed breadth of this band are also discussed. 

2. EEe Molecular Spectra 

The Pb
2 

A ~X spectrum is observed in most of the matrices used in 

this work. The frequency of the first band observed is lowest in Xe, 

higher in Kr, and highest in Ar and SF6 . When mixed matrices are used, 

the first band frequency always lies between those in the pure matrices. 

However, the absolute frequency shifts fran gas phase value are difficult 

to determine due to the lack of knowledge about the absolute vibrational 

numbers of the observed bands. In this section, the observed intensity 

distributions are used in an attempt to estimate the least relative 

frequency shifts among the matrices. The possible trapping site geometry 

of Pb in the matrices is discussed by considering the size ratio of Pb2 

to the various lattice sites. The effects of SF6 lattice on the trapped 

Pb2 molecule is briefly discussed by comparing the Pb2 frequency shift 

in this matrix to those in the rare gas matrices. 

a. Relative Vibrational Numbers and Frequency Shifts of the Pb2 A ~X 

Spectra in the Matrices. According to Franck-Condon principle, 

the intensity distributions of the molecular absorption and emission spectra 

depend on the relative positions and the shapes of the potential curves of 

the upper and lower states involved. Pb2 A ~X absorption spectrum in 

matrices shows different intensity distribution, and this fact is used 

to try to obtain information about the relative vibrational levels involved 
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in the observed spectra. The information thus obtained is then used to 

approximate the relative frequency shifts. of Pb2 A ~ X transition in the 

various matrices. 

The intensity distribution of Pb2 shows the same trend ,in Xe and 

Xe-Kr mixed matrices. The first band has the maximum intensity which 

is most significant in pure Xe, and less so in the Xe-Kr mixed matrices 

as the K~ is increased. This intensity distribution changes in pure Kr 

with the first two bands highest in intensities. In Ar, the second and 

third bands have maximum intensities. As will be shown, this maximum 

intensity distrtrbution changes are expected from Xe to Kr to Ar. Let 

us consider the lattice size difference among these three matrices. At 

20o K, the nearest neighbor distances in Xe, Kr and Ar lattices are 4.34A, 

3.999A and 3.f76lA, respectively.23 The attractive portion of the Pb2 

potential curves is therefore squeezed most in Ar and least in Xe lattices. 

Such squeezing has two effects on the potential curves: the internuclear 

distance may be shortened slightly, and the vibrational levels be pushed 

up in energy .. Both effects are expected to be larger in the excited 

state than the ground state when the former has a larger r~. In the absorp

tion spectra at 20o K, these effects on the ground state are at their 

minimum because transition starts from VII == 0 level which has smallest 

r among all the vibrational levels considered. It can be seen easily 
e 

that both effects mentioned above will tend to change the intensity dis-

tribution pattern as these two effects become larger, i. e. transition 

to the lower v' levels will start to appear in the absorption spectra. 

With a difference in intensity distribution of Pb2 in Xe, Kr and Ar, it 

is easily expected that the first band observed in Kr has its vibrational 
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quantum number smaller than that of the first band in Xe by at least one. 

Same relation holds between Kr and Ar. 

Next, the observed Pb2 spectra are related to the Pb spectra to see 

if more information might be obtained. The Xe-Kr mixed matrices are used 

in this respect. It is recalled that in thePb work discussed earlier the 

la%Xe-9a%Kr matrix was approximated to be composed of eight Xe atoms and four 

Kr atoms as the twelve nearest neighbors of the trapped Pb atoms. Here the 

same approximation is adopted by assuming that the nearest neighbors in 

this matrix of the trapped Pb2 molecule consist of Xe and Kr atoms in the 

same 8 to 4 ratio. Random distribution of Xe and Kr atoms is assumed. 

Therefore, the observed frequency shift of Pb2 A ~ X transition in this 

matrix is approximately equal to the sum of 8/126V (Xe) and 4/126v(Kr), 

here 6.,,'s are the frequency shifts of the molecular bands in the matrices. 

To compare Pb2 absorption frequency shifts, it is best to use the 

shifts of the electronic transition energy of the A ~X transition. Pb2 

molecules at the zero points of the two states interact with the matrix 

environment, and the net difference between these two interaction magnit\;des 

determines the net shift of the electronic transition energy T. Because 
e 

of the difficulties mn assigning the absolute vibrational numbers for the 

Pb2 spectra observed in the matrices, all possible assignments are included 

to calculate the corresponding.6T 's . The smallest possible v' value for the . e 

first observed band is 0, and the largest possible one is six. The upper 

limit of VI value is determined by the fact that the maximum intensity band 

in the gaseous phase is at v' = 6, and that the matrix environment can 

squeeze the A state potential curve to allow only the lower v' levels to 

become highest in intensity. 

... 
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~ T is calculated in the following. way: e 

vmatrix = 
obs 

Tmatrix + ro I (VI +1/2) 
e . e (I) "(v"+1/2) 

e 

At 200 K one expects that only the v"=O level is well populated, and that 

all the observed transitions start from this level. Therefore 

with 

matrix 
v-b o s = 

Amatrix 

Amatrix + ,n I (VI +1/2) "(, +1/2)2 ...... -(I) x . v e . e e 

= Tmatrix _ 1/2 (I) " 'r 1/4 a:'x" 
e e· e e 

To a first approximation, gas phase ro" and CD"X" values are used in the 
e e e 

matrix. This would introduce some error if the ground state is strongly 

perturbed in matrix. The effect in this case, however, is small enough 

to be neglected, as is seen later in this section. Here it is helpful 

to mention two such cases. The gas phase CD" and ro"x" of S are 722.8 and 
e e e 2 

2 85 -1 . 1 I h . 24 ." 1 . em, respect1ve y. n t e matr1ces, the changes 1n O)e are. ess 

than 12 cm-l , and in ro"x" less than 0.3 cm-l . Another case is CO. 25 Its 
e e 

(0" = 2169.8 cm -1 and (O"x" = 13.3 cm -1 in the gas. In the solid, roe" e. e e 

2160.8 cm -1, and ro"x" = 11.3 em -1. These can be used to support the 
e e 

approximation adopted in this work. 

The first three observed band frequenices in each matrix are used to 

solve for A, 0)' and (j)'x' and therefore .6T , which is equal to (Tmatrix _ 
e e e e e 

T
gas

). The calculated ~T 's are shown in Table 18. e e 

All combinations are tested, and the best suited ones with the observed 

~T 'sin lC/foXe-9Cf1/oKr matrix are listed in the last column of Table 18, along 
e 

with the corresponding vi values of Xe and Krmatrices 
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TABLE 18. Possible T' shifts of the Pb spectra in the matrices e 2 
~ 

VI 
.6.T Obs(Xe) tiri obs (Kr ) obs m calc. 1 m'e (10% Xe- (10% Xe-assigned e -1 / e -1 e 

9C/fo Kr) . -1 cm cm cm-1 9Cf'/o Kr) cm .. 

0 ~593 -117 -202 

1 -765 .,307 -4di 

2 -940 -507 -582 

3 -1119 -719 -772 -785 (Xe (3) _Kr(O)) 

4 -1300 -940 -972 -969 (Xe( 4 ) -Kr( 1)) 

5 -1485 -1175 -1182 -1159 (Xe (5) -Kr( 2)) 

6 -1678 -1419 -1398 -1359 (xe(6)_Kr(3)) 
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from which the 6T 's are chosen. It is seen that based on the above . e 

assumption, the observed 6T in the lo%Xe-9o%Kr matrix for each v
l

' . e 

assignment can only be obtained if it has the same vibrational number 

as vl
r (Xe) while that of v

l
' (Kr) be smaller by three. This is in 

agreement with the previous deduction that v l ' (Xe) ~ vl ' (Kr) +, 1. 

In calculating the T 's the assumption is. made that m and m x 
e e e e 

for the X state are the same as those in the gas phase. The observed 

OOer values f.or the assignment of vl'(Xe) = 6, vl ' (Kr) = 3, and v ' 
1 

... .. -1 -'1 
(lo%Xe-90%Kr) = 6 are, respectively, 189 cm , 217 cm and 224 

-1 
cm 

., ... 1 
with the correspondingm'x' values 1.5, 5.5 and 4.75 cm- for Pb2 in 

e e 
, -1 

the three matrices. Compared to the gas phase ro' = 159.22 cm , it 
·e 

clearly shows an increase of m ' values in the matrices. The actual 
e 

, 

ro II values in the matrices are also expected to incroo.se but to a less 
e 

extent than that of ro ' because of the smaller r ··in the ground state. 
e e 

In the limit, when 15 cm -1 increase in (De" is used in Xe matrix, the 

-1 T observed will be 15 cm more to the red. This has very small 
e 

effect on the discussions above. 

The larger m'x' values in all three matrices than that in the gas 
e e 

indicate an increase in the anharmonicities of the A state potential 

curve in the matrices . 

. In the calculations of 6T , the observed frequencies of the first 
e 

three bands are used to obtain m', m'x', and 6v. e e e These values are then 

used to calculate the frequencies for the other bands and compare with 

the observed ones. One set of calculated values is shown in Table 19 in 

which the first observed bands in Xe, Kr and 10% Xe-90% Kr matrices are 

assigned to vl ' values of 6, 3, 6, respectively. 
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TABLE 19. Calculated .6.v' s of the Pb
2 

(A+oX) band,s in·X~, Kr;and Xe,..Kr matrices 

v' assigned 
v obs v calc v obs v calc -1 

1 -1 -1 cm 
cm cm 

.. 
Xe 6 19191 19191 0 

'J 19359 19359 0 

8 19524 19524 0 

9 19687 19686 1 

10 19861 19845 16 

11 20014 20001 13 

12 .. 20169 20154 15 

Kr 3 19673 19673 0 

4 19846 19846 . 0 

5 20007 20007 0 

6 20164 20158 6 

7 20323 20298 25 

8 20470 20427 43 

9 20633 20545 88 

lCP/o Xe -9$ r .6 19550 19550 0 

7 19707 19707 0 

8 19854 19854 0 

9 20009 19992 17 

10 20176 20120 56 

11 20332 20239 93 

12 20480 20348 132 

. 
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Pb
2 

iri Kr shows larger pushing-up effect of the higher v' levels 

than in Xe. However, the effect is even largeriri the mixed matrix. 

This abnormally large effect in the latter matrix is reflected by its 

00' value which is larger than those in Xe and Kr matrices. This could 
e 

be due to the irregular vibrational spacings in the first three levels 

observed in this matrix. If effort is made to make CD' in this matrix 
e 

-1 
fall between those in Xe and Kr, 6T . will change by 80 cm 

e 
This would 

change the above relation to v
l

' (Xe) == v
l

' (Kr) + 2(or 3), but is still 

in qualitative agreement with the relation vl ' (Xe) :::: vl ' (Kr) + l. 

The relative frequency shifts in Te of Pb2 A ~ X transition can now 

be approximated. With the relation that vl " (Xe):::, vl ' (Kr) + 1 :::: 

Kr, arid more than 

-1 difference in 6T is more than 500 cm between Xe and, 
e 

400 cm-l between Kr and Ar.· If the assumption used 

in the above Xe-Kr mixed matrix work is adopted, the difference in 6IT 
e 

between Xe and Kr could be as large as 740 to 960 cm 
-1 

b. Possible Trapping Site Geometry of Pb2 in the Matrices The 

discussions in the last section indicated large red shifts of T in Xe 
e 

and possibly Kr matrices. This implies that the excited Pb2 molecule 

in its equilibrium state must be stabilized more than the ground state 

by interacting with the matrix environment. The vl==O level, therefore 

must be free from strong repulsive interaction with the environment due 

to orbital overlapping, although the higher VI levels might suffer great 

repulsive interactions. Bass and Broida
26 

observed that the Schumann-

,Runge bands of O2 in the matrices showed diverging increase of 6G
l

/ 2 

. values above VI == 14. The absence of such diverging effect in all the 
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Pb2 A "rX spectra in the matrices could be due to the failure of 

observing transitions to higher VI levels because of the rapid decrease in 

the absorption intensities toward the higher v' levels. The above in-

formation of Pb2 is here used to try to get some idea about the possible 

trapping site geometry of Pb2 molecules in the. matrices. 

The intensity distribution of the gas phase' Pb2 A r X absorption 

~ectrum indicate that r' > r", although no exact values were reported. e e . 

The ground state r was reported to be 3 .0SA. 27 This value is here used e . 

in comparing the sizes of Pb2 and the lattice sites in the matrices. 

2 3 The ground state Pb2 molecules correlates to two 6p Po Pb atoms. 

2 3 . 28 
The atomic radius of the 6p Po Pb atom is reported to be 1.80A. 

Taking the above r (X) into consideration, the center-to-edge distance e . 

of Pb2(X) is about 3.34A. In a Xe matrix at 20
o

K, the nearest 

neighbordistance is 4.3lJAandthe (J value betweentwoXeatoms is 2.23A. 

Because the rare gas atoms have closed valence shells, orbital overlapping 

between two such atoms will lead to large repulsion. Therefore, one 

can approximate the (J value between one Xe atom and one Pb 6p2 3po atom' 

to be (2.23+1.80) = 4.03A. Let the Pb2 molecules lie in the center of a 

substitutional site ofaXe lattice. The internuclear distance between 

. the Pb a tom and its nearest Xe neighbor is 2. 80A or 3.10A for an align-

ment of Pb2 on the ,long or short axis, respectively, of the Xe hexagon 

in the same plane. In the former each Pb atom overlaps with one Xe atom, 

while in the latter with two Xe atoms. Both distances are smaller than 

the (J value between Pb and Xe. This implies that, for a Pb2 molecule in 

a SUbstitutional site in a Xe lattice, the repulsive interaction is very 

large even for the Pb2 molecule in the ground state. The repulsive 
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interaction will be even larger in the excited A state when its 

r > r (X) and makes the Pb-Xe distances even shorter. Such large 
e e 

increase in the repulsive interaction would cause a large blue shift 

of the T (A ~X) value. However, red shift is instead observed in a . e . 

Xe matrix. This implies that Pb2 molecule cannot be in a perfect 

substitutional site in the Xe matrix. Some Xe atoms must be missing 

to remove the huge overlapping even with the ground state Pb2, e.g. 

the two nearest Xe neighbors on the hexagon Tong axis. The earlier dis-

cussion on the Pb2 formation mechanism indicated that during deposition 

the matrix atoms in the neighborhood of trapped pb atoms have high 

enough mobility due. to the releasing heat from the Pb. In addition, as 

will be. shown in Chapter IV, the reported thin film work indicated that 

under some conditions the rare gas atoms have high mobility even at a 

deposition o temperature of 7 K. This could be used to support the 

proposal here that during deposition, the two nearest Xe atoms moved to 

the next positions to avoid orbital overlapping with the Pb2 molecules. 

The new geometry would not only stabilize the ground state Pb
2 

but also 

the A state Pb2 due to the absence of orbital overlapping in both states. 

It is emphasized, however, that this geometry is different from the 

one proposed by Brith and Schnepp for the Ar trapped Mn atoms. There, 

Ar atoms are thought to be missing to allow for the removal of Mn orbital 

degeneracy in order to account for the observed multiplet structure. 

On warming up such a Mn/Ar ."la:tt"ice" there is possibility that other Ar 

atoms could move in to fill the vacancies near the Mn atoms. This is 

allowed because no orbital overlapping exists between a Mn atom in the 

perfect sUbstitutional Ar lattice site and the surrounding Ar atoms. 



-106-

The Mn/Ar case is therefore an unstable state which Will change to a 

stable one on warming up the matrix and allowing for annealing. The 

Pb
2 

case, however, is in an equilibrium state, and would remain so on 

warming up the matrix film. Because of the absence of orbital overlapping, 

both ground and excited stat es Pb
2 

,interact with the environment attrac

tively, with the excited state dominated in Xe and Kr matrices. It is 

this attractive interaction, which is less sensitive than a repulsive 

one to the lattice expansion at higher temperatures, that causes the 

observed temperature-independence of the Pb2 absorption frequencies 

in all the "matrices reported in this work. 

c. Effects of SF6 Matrix· on the Trapped Pb2 Molecules 

Because of the lack of knowledge about the SF 6 crystal structure, 

a reliable comparison of its effects on the trapped Pb2 molecules with 

other rare gas matrices is difficult •. Therefore; only a brief discussion 

is made here. 

The IR spectrum of SOlidSF6
29 reveals t~at the center of symmetry 

is maintained at the site in the solid. This is based on the fact 

that solid SF6 deposited at 77°K does not show any of the Raman active 

fundamentals in its IR spectrum. Both Raman30 and IR29 spectra of solid 

SF6 show splitting possibly due doth to site group and factor gro~p 

splittings. This indicates that the symmetry at the site in the solid 

is lower that 0h which is the point group of SF6 molecule. If one 

assumes that SF6, because of its spherical symmetry and nonpolarity, 

crystallized into closed pack structure,31 one would expect that hexagonal 

close::-racked lattice (site grcup D6h) be more proba bJ e than cubic close

packed lattice (site group 0h) based on the IR and Raman works cited above. 
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In the discussions of Pb2 spectra in the rare gas matrices, the 

lattice geometry used is the same for both hcp and ccp (fcc) lattices 

because only pair interactions are included, and the orientational effect 
. . 

is neglected which distinguished hcp from fcc lattices. The values for 

a and E at the potential well minima of a' L,,:,J 6-12 potential for Ar, 

Kr, Xe and SF6 are compared in Table 20. 

Table 20 implies that, if solid SF6 had a hcp structure and with 

a similar geometry for the trapped Pb2 molecules as in the rare gas 

matrices, the predicted red shift in SF6 matrix of the Te of Pb2 

X ~ A transition would be smaller than that in Xe, but could be of com-

parable magnitude with those in Ar and Kr. This comparison would be in-

valid if Pb2 in SF6 has a rather different trapping site geometry as 

that in the rare gas matrices. 

In the proposed geometry model for Pb2 in the rare gas matrices, 

two of the nearest neighbors have to be missed to remove the huge 

repulsion with X state Pb2 molecules. Similarly, if hcp structure 

is assumed for a SF6 lattice, with the re value about 6.0A, the same 

two nearest neighbor SF6 molecules have to be missed as in Xe, Kr and 

Ar. The distance between the Pb atomic center and one of these two 

SF6 molecules is (6.0-1.54) = 4. 46A, compared to apb-SF6 

500A. 

In addition, the observed smaller v.ibrational spacings of the Pb2 

spectrum in SF6 than those in the rare gas matrices implies that Pb2 

in the SF6 matrix is more gas phase like than in the other matrices. 

This could be expected :if SF 6 matrix had similar structure as the rare 

gas matrices, and with the larger trapping site in this matrix. 
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TABLE 20. Comparisons of CJ and .€ values among the matrix 
gase's 

CJ (A) €/k(deg K) 
• 

Ara 3.87 1l.9.3 

Kra 4.04 159 

Xea 4.46 228 

SFb 
6 6.19 200·9 

a. Reference 20. 

b. Reference 26. 

l 
" 
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Dr. DISCUSSIONS OF MATRIX EFFECTS ON THE 
"TRAPPED METAL ATOMIC SPECTRA 

A. Matrix EffeCts on the Pb 3Pl f- 3PO Abso"rpt ion fund 

It is recalled that the Pb absorption spectra in all the rare gas 

matrices contains a single strong band, which is assigned to the Pb 

6" 3 6 2 3 p7s PI f- p Po transition. 
-1 

This band has a half-width around 400 cm 

-1 
and is blue-shifted from the gas phase value by several thousand cm 

On w8.1rming up the matrix, a reversible red shift is observed for this 

band. These observed matrix effects are discussed in this section. 

The reversible red shift of the atomic Pb band on warming up the 

matrix suggests that the absorption frequency of Pb may be closely related 

to the interacticn between Pb atom and the surrounding matrix atoms. This 

is based on the facts that 1) the rare gas crystals expand reversibly as 

the temperature is increased,23,33 and 2) The rare gas atoms are expected 

to interact differently with the ground and excited states of the Pb atom; 

the net difference. between these two interactions is very possibly respon-

sible for the observed fr~quency shift in the matrices. The latter is 

very similar to the cases of pressure-effect studies of rare gases on the 

alkali metal atoms. 34 To test the possible relation cited, calculations 

are carried out using Lennard-Jones 6-12 potential. The Lennard-Jones 

potential, although physically less plausible than" say Buckingham 

(6, exp) potential, is more convenin~nt to use. In addition, the cal-

culated values' of the various properties of the rare gas crystals using 

the Lennard-Jones potential are very close to those obtained by using 

other potentials. 23 ,35 Therefore, this type of potential is used in 

this "ivork. 
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The Lennard-Jones 6-12 potential has the form 

v( r) = E ( ( 0/ r) 12 
6 

2 (air) J ( 1) 

where a is the equilibrium distance between the two interacting molecules, 

E is the well depth of the potential at a. Since both the ground and 

excited states are concerned in the absorption frequency shifts, two 

equations are needed, one for each state. The surrounding matrix atoms 

are in the ground state in both cases, while only the trapped species 

changes its state. The observed shift in absorption frequency is then 

the difference between the two v (r)' s involved. A positive value for 

,6Y implies a blue shift, and a n~gative value a red shift relative to 

the free atom transition. 

The pure rare gas crystals are found to be in cubic close-packed 

(face-centered cubic) structures, The interaction of the trapped species 

with the nonnearest neighbor matrix atoms should also be included in the 

calculation. The potential constants were calculated by Kihara36 to be 

C6 = 14.45 and C12 = 12.13. These constants were obtained by assuming 

an infinite crystal as well as an additive pairwise potential. The repul-

sive part of the interaction quickly fades away as one goes to the next 

nearest neighbor and beyond, but the attractive part persists to larger. 

distance. 

::r:n the calculations here the combining relations 

are adopted. 

and = 

20 The values needed for the rare gases are 
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158.5 
..;1 

4.46A EXe cm aXe = 

110.5 
-1 4.04A EKr cm a

Kr 

82.9 
-1 

3.87A EAr cm aAr 

The E value between two ground state Pb atoms is approximated by the 

dissociation energy value of the ground state Pb2 molecule which correlates 

to two 6p
2 3Po,Pbatoms~ The a value of the ground state Pb atom is approxi-

28 
mated by its atomic radius which is 1.80A. The idea of using this atomic 

radius is to forbid orbital overlap between a Pb atom and a rare gas atom. 

The atomic radius of Pb in the 6p7s 3Pl state is not known, and is approxi-

2 mated by that of the ground state Ra, 2.15A, in a state of 6p 7s. This 

is a lower limit for the 6p7s 3Pl state Pb atom. The € value between 

two 6p7s 3Pl Pb atoms is treated as a parameter and obtained empirically. 

The observed frequency shift of Pb in Xe matrix is used to obtain 

Epb(A) -Pb(A)' here A denotes the excited 3Pl state, while the X ground 

3Po state. The predicted frequency shifts inKr and Ar matrices are then 

compared with the observed ones. 

The E value between the two 3Pl Pb atoms is found to be 3602 cm-l 

-1 The frequency shifts in Kr and Ar are calculated to be 3300 cm and 

5480 cm-l , respectively, while the corresponding observed values are 2974 

-1 
and 5553 cm , respectively. 

The calculated frequency shifts in Kr and Ar, as mentioned before, 

are lower limits. As the actual atomic radius of the excited Pb atom 

becomes larger than the one used here, the calculated frequency shifts will 
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increase and deviate more from the observed values. However, the fair 

agreement in the Kr matrix offers some insight about the or~gin of the 

absorption frequency shift observed in the matrices. The calculated 

E values indicate that when the Ph atom is at equilibrium distance from 

the matrix gas atom, the stabilization energy is larger for the ground 

state Pb atom than that for the excited Pb atom. The observed frequency 

shift is determined by the position of the Pbatom on the two interaction 

potential curves. From the set of a values used one notices that the 

observed blue shift of the Pb absorption frequencies is mainly due to 

the larger ground state stabilization energy created by the matrix gas 

atoms. 

A similar calculation is carried out including only the interactions 

of Pb with its twelve nearest neighbor matrix gas atoms. The calculated 

frequency shift is 3545 cm -1 in Kr, and 5940 cm -1 in Ar. The agreement 

with the experiment is poorer than that when all the neighbors are included 

in the calculations. Here it suffices to mention that the observed 

frequency shift in Ar is abnormally high, as will be seen in the later 

calculations. This explains why the two calculated values for Ar lie on 

the different sides of the experimental value, while those of Kr'are 

both higher than the observed value. Taking the Kr case for example, 

it is found that when the a values are changed to give a calculated fre

quency shift lower than the observed one, again the calculated value with 

all neighbor interactions included is superior to that with only twelve 

nearest neighbors included. This suggests that all neighbors should be 

included in such type of calculations to get better agreement with the 

experiment. The abnormally high value in Ar is explained later in the 

proposed mode'l for the matrix effects observed. 
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In the above calculations, the (J value betw.een the ground state Pb 

atom and the rare gas atom is taken to be the sum of the atomic radius 

of Pb and half of the (J value between two pure rare gas atoms. This is 

based on the fact that the orlllital overlapping between the interacting 

species involving closed shell atom leads to huge repulsive interactions. 

The uncertainty in choosing the Pb excited state atonic radius makes the 

quantiative correlations .. difficult. Therefore, the frequency change on 

warming up the matrix is not checked using this method. Instead the 

method by McCarty and Robinson is adopted in serving this purpose. 

McCarty and Robinson5 used the Lennard-Jones 6-12 equation in the 

forrtl 

here (Jab is the distance between species a and b at which the attractive 

interaction balances the repulsive interaction. Its relation with the 

equilibrium r is that (J . = r' /2
1

/
6 . The coefficients in the bracket o ab 0 

are potential constants, same as those used in the earlier calculations. 

McCarty and Robinson then made the assumption 

(4) 

based on perturbation derivation. The difference ~·v between excited 

state and ground state 'V. I s has the form after rearrangement 

0.84 (J 3 
a (~..[€b(J~) - ~ ( ..[€b(J~) 

(5) 
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the single prime refers to the excited statE' while the double prime 

to the ground state. 

to be ~ and /:).6' respectively. Tl:le final form to .be used is 

6v d b6/ 57 •8 !ea t5 ~ 
ab a a a 

0.84 a 3 
a 

d 6 
ab 

( 6) 

The advantage of using the Lennard-Jones 6-12 equation in the form 

of Eq. 6 is that the empirical values of the trapped species, i. e., a, € 

are all included in [:,6 and [:,i2· Therefore, only [:,6 and [:,12 need to be 

solved from two different experimental values of Av. The equatipn can 

then be applied to a different matrix involving the same trapping species . 

. The observed frequency shifts of Pb in Xeand Kr at 200 K are used 

to solve for the parameters /:).6 and~, and lead' to the values 

-1/2 3' 4 1/26 [:,6 = ... 65.9 cm A ,and /:).12 = 3.796xlO crll A. The equations used 

have the general forms 
·,6 

[:,v abd~b/45420 .~. 

for Pb/Xe 

for Pb/Kr 39. 2 

d 6 
ab 

[:,12 ., /:).6 

(8) 

Therefore, after plugging in the values for [:,6 and [:,12 into Eqs. 7 and 

8, the only variable left is dab that can affect the [:,v values observed. 

Equations 7 and '8 are now used to calculate the Av's at various tempera-

tures higher than 20o K. The lattice parameters of Xe and Kr are taken 

20 
from Pollack's paper. So far it has been assumed that the trapped 

species is at the SUbstitutional site in the matrix gas crystal lattice, 

so the rare gas lattice distance at each temperature is directly used 

for the dab needed. 

dl 
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The results of the calculations of /::'v in Xe and Kr at various 

temperatures are shawn in Table 21, along with the observed values. 

The calculated blue shifts in Xe parallel those of the observed 

ones, but being larger than the latter at all temperatures. This meens 

.. 3 3 
that on warming up the Xe matrix, the Pb P

l 
f- Po band decreases in 

frequency faster than are predicted from the calculations. However, 

the opposite is found for Pb/Kr. The Pb 3p f- 3p .band shows less and 
1 0 

less red shift at higher temperatures than are predicted from calculations. 

It is to be noted that better agreement in Xe and Kr are expected becaus.e 

,vaiues from these two matrices are used to determine the 66 and 6
12 

values. 

When the set of 6 6 and 6
12 

obtained above are used to calculate frequency 

o -1 
shift in Ar at 20 K, a value of 4017 cm is obtained. The observed shift 

in Aris 5553 cm-l . Again, the calculations fail.to predict a right 

frequency shift in Ar. As will be seen later, this failure in Ar case 

as well as the negative deviation in Kr are expected after a model is 

proposed to explain the observed spectra of various metal atoms in 

the matrices. 

It is interesting to see how the correlation is in the Xe-Kr mixed 

matrices; The lCJ{aXe-9CJ{aKr matrix, as noted in Chapter III, is assumed 

to consist of eight Xe atoms and four Kr atoms around each Pb atom trapped. 

It is therefore interesting to see how this relation holds at higher 

temperatures, compared to the calculated values using the same relation. 

The frequ~ncy shifts in Xe and Kr at each temperature are summed proportion-

ately according to this compositon relation, and compared with the observed 

ones in Table 22. 

The agreement is faily good in this case. It seems that the two 

opposite effects in Xe and Kr mentioned cancel each other and leads to 
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Calculated and observed warm-up shifts 
.3 0 

of.the Pb Pl band in Xe and Kr matrices. 

Temp. 

20 

30 

40 

50 

60 

70 

77 

20 

30 

40 

50 

fX dab (A) 

4.34 

4.345 

4.352 

4.361 

4.371 

4.380 

4.389 

3·999 

4.005 

4.014 

4.025 

.IJ. calc 
-v~l 

cm 

2483 

2451 

2408 

2355 

2296 

2245 

2196 

.2974 

2930 

2860 

2771 

~3p 
0 

!:J. obs 
v -1 
cm 

2483 

2437 

2379 

2317 

2260 

2210 

2148 

.2974 

2928 

2896 

2858 

• 
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TABLE 22. Calculated and observed warm~up shifts of the Pb 3p ~ 3p 
band in the lafo Xe-9afo Kr matrix. 1 0 

Temp "K' D;. calc* . obs* obs :/: 
y -1 D;. v -1 ~ -1 
em cm cm 

20 2646 2659 2659, 

30 2601 2590 2598 

40 2551 2551 ' 2532 

50 2498 2492 2492 

* Those are the values from the correspondd.Iigt ones in the Xe and 

Kr matrices from Table 21, using the approximation that 

:j: The experimental values. ' 

8 
12 
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better agreement obtained here. 

Because the frequency shift of the Pb 3Pl ~3Po transition in Xe 

and Kr matrices could be fairly well correlated with the calculated 

values, it is interesting to see whether one can apply this method to 

other metals to check for the assignment of the bands observed. In 

other words, the observed frequencies in Xe and Kr matrices are used 

to check the gas phase frequency they correspond to. Pb is here checked 

for this possibility. 

It is noted that in the calculations usingEq. 5 there are two such 

, equations one for Xe and one for Kr. The two parameters .66 and ~ 

can be solved provided that the .6v's are known. The frequency shift 

.6v = '\I - v and v is the corresponding gas phase transition obs gas' gas 

frequency. If v is treated as unknown, one more equation is needed. gas 

This could be another equation containing Ar as the matrix gas. However, 

since the deviation in Ar is very large, an alternati've -iTay is used as 

described below. 

The boundary condition of the 6-12 potential is that as r """* 00, v """* 0. 

In real case, we can always find a limit r beyond which v becomes 

negligible. This limiting r value can be plugged into Eq. 5 with 

.6v"""*O. In this way, there will be three equations for the three 

unknowns and v can be solved approximately. If, instead of using gas 

a finite value of r, one uses r """*00, the whole equation will vanish and 

no information can be obtained. 

To find the limit r fClr""_Av """* 0, the frequencies for the Pb 3p 1 ~ 3p ° 
4 . -1 

band are used. It is calculated that in Xe at r =:10A; 6v. = 0.1 3 cm, 

-1 and at r = 20A,.6v = 0.002 cm Apparently r = lOA is a good choice. 
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The three equations needed are 

(v obs - v ) (dab)6/45420 ~ 
52.7 .6

12 
-.6

6 6 gas 
dab in Xe 

in Kr (v - 11 gas) (dab6)/28333 :=::l 22.2 
.612 - .66 obs 

dab 
6 

and 

the last one reduces to 

2 :=::l. 

When the values of the observed frequencies of Pb in Xe and Kr are 

plugged into these three equations, the v is found to be 35490 cm -,1 gas 

compared with the true 11 .. of ·35287 cIil-lfor.the Pb 6p7s 3Pl r 6p2 3Po gas .. 

transition. 

Here, it is important to point out that the calculated 11 gas is 

an upper limit for the true v gas If lOA separation is not en~ugh 

to eliminate the .6v, and one has to go to, say, 20A the calculated 

6 -1 
value would be lower than the first one by about 1 00 cm . 

The agreement with the true gas phase 3Plr3po value is very good. 

The same method of approximating gas phase vwill be used later fO~ the 

other metals to check for the reported assignments of the bands observed. 

B. The Predicted Dynamic Matrix Effect From 
the Earlier Theories 

It was mentioned in the "Introduction" section that multiplet struc-

tures were observed for many matrix trapped metals with p ~ s resonance 

transitions. Various theories have been proposed to explain this ·fact. 

It was also pointed out that only the static frequency shifts were used 
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in those theories to explain the multiplet structures. However, on 

warming up the matrix, the two lower frequency components shift to the 

red while the highest frequency component to the blue, all being rever

isible on cooling back to original temperature. This experimental fact 
, 

:is closely related to the real cause of the multiplet structures observed. 

Therefore, any model proposed to account for the multiplet structures 

must also. be able to predict correctly the observed different temperature 

dependence of the multiplet components. The earlier theories are now 

checked individually in this respect. 

Brith and SChnepp6 proposed neighbor-missing or distortion model 

to explain the observed triplet of Mn in Ar. The neighbor-missing model 

can not give a reversible frequency shift of the bands observed, irrespec-

ti ve of the shift directions. The warming up process would anneal the 

matrix film and fill and vacancies in the neighborhood of the trappedMn. 

This would cause disappearance of two of the triplet components on cool-

ing back, in contradiction to the observed reversible shift. The distor-

tion model, although giving the right order of magnitude of the splitting 

energies, predicts only two bands instead of three. Therefore, these 

two models could not explain the facts observed. 

Andrews and Pimental
l 

suggested the role of non nearest metal neighbor 

inte~action in the appearance of mUltiplet structures of Li in the matrices. 

If one assumes no mobility of the metal atoms at higher temperatures, i.e. 

the distances between the Li atoms remain the same, all multiplet compo

nents should not show any frequency shift on warming up the matrix. On 

the other hand, if the metal atoms move while the matrix film expands 

with increasing temperature, the metal atoms are expected to move toward 
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one another because of the attractions among them at the distances they 

are separated, as proposed by the authors. This would give blue shifts 

for all components according to the potential curves they used. Also, 

it is doubtful that on cooling back the Li atoms would move back to their 

original positions against the attractive force among them. Therefore, 

the observed multiplet structures of Li could not be explained using the 

nonnearestmetal-metal interaction mechanism. 

Brewer eta1.3,7 suggested Stark splitting as a possible cause of 

the triplet st~uctures of Au, Ag and eu in the matrices. In order to 

check this model for its predicted temperature dependencies of the trip-

let components, one has to go in some detail about the nature of the Stark 

splitting. This is discussed later in a separate section. Here it 

suffices to mention', that this model also fails to predict the correct 

temperature dependencies observed. 

McCarty9 discussed the Hg triplet spectra in the matrices. One 

component is attributed to the completely isolated Hg atoms, and two to 

the two Hgatoms being nearest neighbors to each other. On warming up, 

the line due to isolated Hg atoms would give a red shift due to crystal 

expansion, while the other two lines would also shift to the red if the .' 
;:' 

two Hg atoms remain the same distance apart. Even if these two Hg atoms 

do move closer yet without forming a Hg2 molecule, the two lines they give 

rise to should show the same sign of frequency shift. In short, this 

model predicts either' red shift for all three lines, or one red shift and 

two blue shifts. Neither prediction matches the observations .. 

None of these theories accounts satisfactorily for the observed 

frequency shifts of those metals in the matrices •. Therefore, a different 

approach is taken to try to solve this problem. 
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The problem is takcled by considering the formation and structure 

of the matrix thin films. For a pure rare gas thin film, all the atoms 

are identical, the main factor determining the s.tructure ofthe._'film is 

, the mobility of the atoms on the target. This is determined by the 

vapor temperature, target temperature, deposit rate and the attractions 
I 

among the gas atoms. If the first three are constant, the mobilities 

on the target among different gases will depend upon their melting 

points T relative to the target temperature. 11 Chopra37 reported in 
m 

his book that metal films, when deposited at or below the temperature 

of 1/3 T , have disordered or amorphous structure. This 1/3 T can 
m m 

therefore be treated as the annealin~~' temperature for the individual 

metal films. Rare gas atoms are similar to many metal atoms in that 

they are single atoms and spherical like, the deposited film structure 

is therefore not complicated by the orientational problems of many 

molecules. For the matrix-trapped alkali metals,2 multiple trapping 

sites are formed because the deposit temperature is too low (4°K) 

for the matrix gases. After annealing at a higher temperature, the 

spectra corresponded to those metal atoms in the"abnormal" site dis-

appear, while the main spectra remain. For the Pb spectra, since the 

films are deposited at 200 K and the spectrum persists after annealing, 

conclusions can be drawn about the stability of the trapping site formed 

When the metal vapor is cocondensed on the target with the matrix 

gas, the much higher T of the metal greatly reduces its mobility on the m . 

target. Because of this, it is not unreasonable to expect that each 

metal atom is not in the center of the SUbstitutional site, but penetrates 

. , 
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toa certain extent toward the inner-layer matrix atoms. If there is 

further asymmetry in the other two directions (the two mutually perpendi-

Ollar directions b~th -parallel to the target surface), this can completely 

destroy the three-fold degeneracy of the p orbital. The p suborbital 

which is normal to the target suffers greatest distortion and accounts 

for the highest frequency line in the triplet. On warming up the 

matrix, the metal atom, because of its high T , can not obtain the same 
m 

mobility as the rare gas atoms. The mobility of the metal is therefore 

neglie;i1lle compared to that of the matrix gas atoms. The matrix film 

- - -

will expand three-dimensionally on warming up. However, because of the 

blocking effect of the target, the normal-to-target direction expansion 

will be completely outward from the target~ This increases the distor-

tion between the metal atom and the inner layer matrix gas atoms and causes 

a blue (,hift of the transition line. The other two directions, however 

expand witllOut being blocked. This lowers the energies in these t' .. :o direc-

tions and causes red shifts for both. On cooling back, the reverse takes 

place. 

It is emphasized tha< in the p ~ s transitions the ground state is 

spherically symmetric while the upper state is strongly oriental-sensitive 

because of the three p orbitals involved that are mutuclly perpendicular 

to one Clnother. It is this_ strong orientation sensitivity tm.;rard the 

matrix environment that causes that splitting vlhenthe symmetry is 

removed. 

In the Pb work here only one strong band 

gas rW_1 1:.1'1(: (~:: trl'1 t C'l): be as~;ignec1 to the bp7;: 

This is also expected from the proposed model. 

is observed in "11J Y"lre 

-;> / r, 
.J p bp c.:. jp Lr'unsitJon. ~-

1 0 

The 3p _, state consists of 
1. 
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one 6p and one 7s electrons. The 7s electron has a larger orbital size 

than that of a 6p electron. Therefore, in the excited state, the 7s 

electron is expected to interact with the matrix environment much more 

strongly than the 6p electron which lies in an inner orbital. I The 6p 

electron can be in one of the three sublevels of 6p state, therefore 

giving rise to three fold degeneracy. The penetration of the Pb atom 

toward the inner layer does affect this degeneracy. But the net diffe-

renceamong the iriteractions involving 6p electrons with the matrix 

environment is expected to be small due to the much larger interaction 

involving the 7s electron. Therefore, the excited state has only neg-

ligible splitting and is included in the breadth of the absorption band. 

The ground state contains two 6p electrons and is also three rold degene-

rate. The penetration again destroys this degeneracy, but one expects 

only a small difference in energy among the three nondegenerate states· 

created. Again this only shows up in broadening the absorption band. 

Because the 7s orbital has a spherical structure and interacts with 

matrix environment much stronger than the inner 6p electron, the net 

233 absorption from 6p Po to 6p7s P
l 

gives one single band. The breadth 

of this band is therefore expected to be twice or more than those of the 

triplet components for the metals with p +- S transitions. 

It is interesting to note that DUley18 reported a similar strong, 

single band in matrix-trapped Bi atoms absorption spectrum which is 

" t th t"" 6 2 4 6 3 40 Th f· asslgned 0 e resonance ransltlon p 7s Slj2+- p S3/2 " e re-

4 -1 -1 -1 
quency shift from gas is 3 00 cm in Xe, 3800 cm in Kr arid 6000 cm 

in Ar. It also shows red shift on warming up. It is obvious that the 

same idea for Pb can. be applied to explain this band of Bi in the matrices. 
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As was mentioned, the penetration of metal atoms toward inner layer 

matrix atoms destroys the degeneracy between the normal-to-target axis, 

z , with the other two axes x and y. x and y axes will rema in degenera te 

in a fcc lattice but not so in a hcp lattice. A knowledge about the 

impurity-containing matrix film structure is therefore essential to a 

conclusive interpretation of the observed multiplet structues. Although 

such a knowledge is lacking at present some understanding of it can be 

obta ined by knowing the structures of both pure and impurity-containing 

crystals and thin films of the rare gases. This is discussed in the 

next section. 

c. Structures of Pure and Impure Rare Gas Crystals 

Experimentally only the cubic close-packed structure (ccp) is found 

for the crystals of pure Xe, Kr, Ar and Ne. The unit cell in this 

lattice is face-centered cubic (fcc) and therefore possesses cubic symme

try. Most of the theoretical ca lculations, 34 however, predicted that 

the rare gases should crystallize in the hexagonal close-packed form (hcp) 

The hcp structure is calculated to be more stable than the ccp structure 

by about 0.01% of the cohesive energy of the crystal. In those calcula-

tions the, Lennard-Jones type potential was used with the assumption of 

additive pairwise interactions. Let us compare these two structures in 

the number of neighbors and their distances from the atom at the origin. 23 

If R is the radius for the rigid 'sphere atom, both ccp and hcp structures 

have twelve first nearest neighbors, with distance 2R; and six second near

est neighbors, with distance 2R ~2. However, the number of the third 

nearest neighbors in fcc is twenty-four, with distance 2R(3)1/2, and 

th,t in hcp is two with distance 2R(8/3)1/2. 



-126-

. 38 
Jansen and coworkers included the three body interactions in their 

calculation of the crystal energies. They used Gaussian charge distri-

bution and only considered the exchange interaction. Only the first 

nearest neighbors were included. The fcc was calculated to be lower in 

Energy than hcp by about 4% of the cohesive energy. However, the diffe

rence in energy between the two types of structures was estimated by Meyer39 

to be at best 0.1,% of the lattice energy, the latter being approximately 

the heat of sublimation. Using Trouton's rule the difference in energy 

between fcc and hcp near the melting point was at best of the order of 

1'% of the SUblimation energy. Therefore, Jansen's work, although predic-

ting the right sign of stability, overestimated the three body interactions. 

However, it is interesting to notice that when Jansen applied the s~me 

idea of three-body interactions to alkali halides,40 he could correctly 

predict the cesium chloride structure for cesium chloride, bnomide and 

iodide. Also, the calculated transformation pressure of the alkali 

halides from sodium chloride structure into cesium chloride structure 

agreed better with the experimental values than those calculated using 

the old Born-Meyer model which predicted sodium chloride structure for 

all alkali halides. 

41 
Alder and coworkers, however, pointed out tha t the failure of the 

previous pair-potentials in predicting the higher stability' of the fcc 

crystals could be due to the restrictions imposed on the analytical forms 

of those potentials. Since fcc and hcp have the same set of first and 

second neighbors and the same over-all density, the energies for the two 

crystals differ only due to, the different lattice sum for the· intermediate 

neighbors. Therefore, Alder et al. construct~d a numerical pair-potential 
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for the Ar gas to fit with all the available dilute gas equilibrium and 

transport data. This potential differs from the Lennard-,Jones 6-12 

potential in that: 1) the bowl of this potential is wider and deeper 

than that of the L-J potential, and the reuplsive side is less steep, 

and 2) at large atomic separations, the attraction of this potential 

is weaker than that of the L-J p6tential. 

Using this numerically tabulated pair-potential for Ar, Alder et al. 

obtained calculated values in sat is factory agreement with all da ta on ga s 

phase viscosity, thermal diffusion, and second virial coefficients. 

It is also interesting to notice that Burtori
42 

applied the potential 

by Alder et a1. to the sol:id Ar. The calculated heat of sUblimation and 

equilibrium nearest neighbor separation in solid Ar agreed very well 

with experiment. This is particularly striking since the potential 

by Alder et al was determined exclusively from gas phase data. Burton 

a Iso found that the static binding energy of fcc phase Ar was O.l'J% 

greater than that of the hcp phase. The zero point energies of the two 

phases, however, were neglected in this comparison, which inight affect 

their relative stability. 

The structures of the mixed Ar-Kr and of mixed Ar-Ne thin films were 

studied by Curzon and Mascall. 43 The films were deposited both at 7°K 

and i+oK. For Ar-Kr mixed crystals, only the fcc structure was observed 

and the lattice constant was intermediate yet n.onlinear to those of the 

pure compments. In Ar-Ne mixed crystals, two phases were observed, one 

due to pure Ne and the other being very disordered and probably consisting 

mainly of Ar. Pure Kr and pure Ar films were also deposited at 7°K and 
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were both found to be single phase fcc structure. 

Barrett and Meyer studied the structures and phase diagrams of 

. A 44 . A 45 . A 46 CF' A 47Th d t N2 In r, CO In r, 02 In r ,and 4 In r. ex-ray e er-

mination of the phase diagrams showed that in Ar-N2 the solid phase in 

e.quilibrium with the liquid is hcp from 1% to 10C1{o nitrogen. This hcp 

phase is stable at all temperatures for compositions. in the range from 

55% to 77% N2 . A martensitic transformation from hcp to fcc takes 

place at the Ar-rich end of the diagram. 

The phase diagram of Ar-CO indicates that a solid solution of hcp 

form extends over almost the entire range of concentration at temperature 

just below the solidus. The hcp phase, however, eutectoidally decomposes 

at 53°K into an! IAr-rich fcc phase and a CO rich primitive cubic phase. 

The eutectoid point is at 66% CO. The miscibility gap at 53°K 

extends from 5% to 8'Y/o CO and is probably complete at OOK .. 

Pure N2 and pure CO both crystallized in hcp forms. However the 

high temperature (~) phase of 02 is cubic and the addition of no more 

than 1% 02 to fcc Ar produces a stable hcp structure. The phase dia

gram of Ar-02 shows that on the Ar-rich side, a phase having hcp struc

ture exists under the solidus. This phase undergoes a strained-induced 

transformation at low temperature to fcc in mixtures from 1% to 2C1{o 02. 

From 2C1{o to 5Cf/o·02 the hcp persists to OOK. 

In all three cases, the temperature-composition line of the hcp-

fcc transformation, when extrapolated to pure Ar, led Meyer and Barnett 

to conclude that Ar should be stable in the hcp form at higher tempera-

tures with the hypotehtical equilibrium tempera turebetween hcp and 

fcc being a few degrees above the melting point. 
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D. Comparison Between Observed and Predicted Multiplet 
Structures Using fcc and hcp Trapping Site 

Geometries . 

From the review o~ rare gas crystal structures we know that impurity~ 

containing Ar crystals have a stable hep structure over wide ranges of 

the impurity composition. This equilibrium phase forms when the mixed 

liquid are solidified and annealed. Also, the work on pure Ar and pure 

Kr films deposited at 7°K showed only one fcc phase. Because the x-ray 

diffraction patterns have sharp rings in both films this indicates that 

the mobilities of the Ar and Kr at 7°K are still high enough to give a 

well ordered crystal, at least on a microscopic scale. Macroscopically· 

the films might be amorphous, as is the case in many metals when 

deposited at a.temperature less than one-third of the metal melting 

point. 37 Therefore, the possibility always rerriians that the matrices 

with trapped species have hcp structures. In this section the relation 

of the matrix structures to the spectra of the trapped species is 

discussed. 

As is seen, hcp differs from fcc only in the number and distances 

of the third nearest neighbors, and beyond. The potential constants of 
. 36 

Lennard-Jones 6-12 equation for the two structures are for hcp: 

C6 = 14.45489, C12 = 12.13229; for fcc: C6 = 14.45392, C12 = 12.13188. 

The differences between the corresonding pairs are very small. This is 

why the calculated crystal energies are very close for the two structures 

when such type of intermoleculatpotentials are used. The calculations 
f . 

3 3 for the Pb Pl +- Po band are therefore va lid for both fcc and hcp struc-

tures. This is true because for this transition of Pb the upper state 
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is spherically symmetric and is only sensitive to, the distances between 

the interacting atoms. A sUbstitutional site in fcc crystal has the 

cubic syr)1Illetry if all the first few layer neighbors are identical 

species. However, as was discussed before, a penetration of the metal 

I toward the inner layer matrix atoms is expected. This is now investi-

gated to see whether the three fold degeneracy of the p orbitals can 

be lifted after such a penetration takes place. 

When the rare gas atoms deposited on a target, the layers of spheres 

parallel to the target surface are in closed pack arrangement. An 

atom in any of the layers after first one will have six nearest neighbors 

in the same plane in a hexagonal arrangement. There are three nearest 

neighbors each in the inner and outerlayer. In a cubic closed pack crystal 

the two triangles in these two. planes are in inverse alignment. The 

unit cell of the ccp matrix film, however, is face center cubic, and 

the layers of atoms parallel to the target surfaces constitute the [111] 

48 
planes of the fcc crystal. The relations can be seen in Fig. 32. 

The twelve nearest neighbors of the central atom labelledM are thus 

seen to come from three parallel planes. If the coordinate is taken 

to be along the cube edges, the interaction between the central a tom at 

M with its twelve nearest neighbors can be represented as shown in Fig. 

33(a). Here each sphere represents the summation of the fields of the 

four neighbors in the S3me directions, e.g. sphere A totals the neighbors 

1, 2, 3, 4, in Fi&. 33(a) etc. Because of the cubic symmetry of the 

crystal, the distances as well as the interaction magnitudes between M 

and all sum-field spheres are the same. This implies that the p orbi ta Is 

of the atom M sitting in a sUbstitutional site of ccp crystals is three-

fold degenerate. 



-131-

XBL 707 -1587 

Figure 32. A ccp lattice with fcc synunetry 

.. 
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(a) 

--+-ot---M o (b) 

XBL 707-1586 

Figure 33. Force field representation in a ccp lattice, 
(a) before penetration, and (b) after penetration along 
the [iii] axis of the fcc lattice. . 
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If during the deposition M penetrates into the inner layer, it would 

penetrate along the [111] axis of the fcc crystal. . The figure symmetry 

of the interactions is now shown in Fig.33(b).· Again the spheres in the 

drawing represents the swn-fields as before, except that their magnitudes 

of interaction and distances from the M are no longer the same. However, 

because the penetration is along the [111] axis, it symmetrically changes 
. . 

the distances and the magnitudes of interactions in such a way that the 

representing spheres are two sets of three equivalent ones. The cubic 

symmetry is destroyed but the interactions between,the sum-fields aI,ld 

the p orbitals of Matom st.ill give the same interaction magnitude. Each 

p orbitaLhas one of its lobes distorted to the same extent and the other 

one less distorted than before, again to the same extent. Therefor~, 

the penetration in a fcc crystal does not split the three fold degeneracy 

of thep orbitals involved in the transition. However, as will be seen 

in the next section, this penetration does create a net asymmetric field 

on Malong the [111] axis which is interesting in the discussion of the 

Stark effect in the matrices; 

The above discussion showed that the observed triplets of the metal 

p +- s transitions in the matrices cannot be accounted for from a fcc 

structure either in a sUbstitutional site or when the penetration is 

taken into account. On the other hand, since it has been reported that 

impurity--c,onta ining Ar crystals showed a stable hcp structure, it is 

worthwhile to see what effect the hcp structure may have on the trapped 

metal spectra. 

A metal atom at thesbustitutional site of a hcp lattice cannot 

maintain its three-fold degeneracy of the p-orbitals. This is shown in 

Fig.3L~. We are mainly interested in the difference in interactions between 
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Figure 34. Overlapping between the metal p-orbitals and the matrix 
atoms in a hcp lattice. 
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the metal and its nearest neighbors along x and y directions. From the 

diagram we see that for an s orbital of M the interaction is spherically 

symmetric with all the twelve nearest neighbors. The p orbitals, however 

do not. interact the same in the x and ydirections.· As the orbital size 
I 

becomes large, the overlap will set ih wi~h the neighbors on x axis while 

being much less so in the y axis. The coordinate c8.n be rotated as one 

wishes, but the interactions along any two mutually perpendicular axis 

in the x and y plane are not the same. When penetration a long inner Z 

axis is taken into account, the interaction with the inner neighbors due 

largely to the repulsive interaction will always make the interaction 

along z axis the largest of the three. When the matrix film is warmed up, 

the whole film expands outward from the target surface and increases the 

distortion between ,the p orbital and the inner matrix atoms. Expansion 
z 

along x and y axes, however. riHie"tes the repulsion. This expla ins why 

it is always the absorption line highest in frequency that shifts to the 

blue when the film is warmed up, 

to the red. For the Pb atom 3Pl 

and the two lower frequency components 

~3p transition the upper state consists 
o 

of one 7s electron and one 6p electron. The 78 orbital extens fUrther 

out than the 6p inner obrital, one therefore expects that the interaction 

of the excited Pb atom with its surroundings is dominated by the 78 

electron. This implies that only one band is observed because of the spheri-

cal symmetric nature of the s orbital. There is distortion of the inner 

layer matrix atoms due to -z penetration. The repulsive interaction due 

to ,this distortion is expected to increase from Xe to Kr to Ar. In fact, 

the repulsive interaction in Ar could be so large that the frequency shift 

in Ar could deviate by a large amount from the value based on a perfect 
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substitutional site geometry. The previous calculations indicate that 

"-1 
the predicted shift in Ar is larger than that in Kr by 1100 cm , if only 

the size effect is taken into account for a Pb atom in a substitutional 

site. However, the observed value is even larger than the predicted one 

6 -1 " 
by 1 00 cm which can.not be explained by merely considering the size 

effect between Kr and Ar lattices, but can be explained at least qualita-

tively using the model proposed here. 

In addition, ,this model predicts increasing distortion from the inner 

layer which offsets some of the relaxation effect along the x and y axes 

on warming up the matrix. The increase in distortion is expected to be 

largest in Ar, less in Kr and least in Xe. This might explain the 

increasing negative devation observed in Kr matrix at higher temperatures 

from the calculated values. The deviation in Xe is however much less. 

Therefore, within the accuracies of the experimental measurements and 

the calculations used in this work, the different deviations in Xe and Kr 

between the ca~culated and the observed frequency shifts at higher tem-

peratures could be explained us.ing the model proposed above. 

The above discussion on hcp trapping site also implies that for 

p ~ s transitions the larger the trapped metal p-orbitals involved in the 

transition, the larger the observed frequency difference between transitions 

to p and p , and the smaller the difference between transitions to p x y x 

and p orbitals. Let the observed triplets of those metals be denoted z 

as vl ' V
2

' v3 in increasing frequency order, and corresponded to the 

transitions involving Py' p and p orbitals, respectively, refering to 
x z 

Fig. 34. If ~1,2 is for the difference in frequency between v
l 

and v
2 

etc., this model predicts that for a large trapped atom, or atoms with 
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large increase of orbital size in the transition, t\,2 > t::,2,3; and this 

difference decreases from Ar to Kr to Xe •. The experimental observations 

from various literatures are shown in Table 23 .. 

The .observed changes in t::,1,2 and t::,2,3 except for K and Ca, follow 

exactly as was predicted using the above model. These facts therefore 

support the possilibity of having hcp structure in the matrices. X-ray 

works about the matrix structures are therefore very urgent in confirming 

this proposa 1. 

Ofi~Ltheory remaining to be considered is the Stark splitting in 

determining the multiplet structures observed. This is discussed in the 

next section. 

E. Stark Effect .;. Its Possible Role in Causing the 
Multiplet Structure· of the Trapped Atoms in the Matrices 

As was mentioned before, the Stark splitting of the transition lines 

of the trapped metal by the matrix environment is a very promising possibi-

lity. This is based mainly on the following facts: 

1. For most metals with p ~ s transitions, Stark splitting does lead 

to three lines, in agreement with the experiment. There are exceptions, 

however. Ca and Mg, with lpl ~ lso transition would give only two lines 

with a Stark effect while a triplet is observed in both cases in the 

matrices.
4 

When the matrix is warmed uP, .. both triplets have their highest 

frequency components shifted to the blue and the lower frequency compo-

nents to the rdd. The shifts are reversible on cooling back. 

2. For 

2 
state P

3
/ 2 

metals like Au and Ag with large splitting in the upper 

2 -1-1 
arld Pl/2 in the gas phase (3815 cm in Au and 921 cm 

in Ag), the observed spectra in the matrices have two of the triple t 



TABLE 23 

t 
Metal 

* Li, Na, K , Rb 

Cs 

Au 

Ag 

Cu 
but 
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Observed differences 
between ~,2 and ~2,3 

~,2 < ~,3 
. ~,2 > ~2,3 

~l 2 > ~2,3 , 
~1,2 > ~,3 

~l 2 < ~,3 in Xe , 

~,2 - ~2,3 in Kr 

~ 2 > , ~2,3 

dependence of (~,2-~,3) 
on matrix gas 

not reported 

in Ar > in Kr > in Xe 

in Kr > in Xe 

inAr > in Kr > inXe 

in Kr > in Xe 

tMetals in the same series should be compared to eliminate complexities 
other than the orbital size change and interactions involved. 

* K does not follow this trend too well 

tCa shows just the 9Pposite with ~1,2 < ~2,3 in Kr and ~,2 > .6~,3 in Xe 

.' 
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2 
components close in frequency to that of gas phase P3/ 2 and 

2 2S t 't' one to that of Pl / 2 ~ 1/2 ranSl lons. 

other than the exceptions of Ca and Mg, the idea seems to be promi-

nent in being able to account for the multiplet structure and the splittings 

in many cases. Therefore, it is helpful to study this possibility in 

more detail. This is done by considering the following questions: 

1. Is the electric field created by the matrix environment large 

-1 
enough to cause the usual splittings of the order of 200 cm ? 

2. Using Stark splitting idea, how does the assignment of the compo-

nentscheck with the calculations similar to that used for Pbdiscussion? 

3. Does Stark splitting predict the correct sign of the warm up 

shift of the multiplet components? 

These are discussed below. 

1. Magnitude of the Electric Field Created by the Matrix Environment 

Before estimating the magnitude of the electric field created by 

the matrix environment it is helpful first to review briefly the important 

aspects of the Stark effect theOry.49 

When an. electric field E is applied to an atom with an electric 

-a 
moment Po the Hamiltonian for the atom in the applied field is 

-- .... H = HO - E ' P 

where HO is the unperturbed Hamiltonian. Therefore, the alteration of 

energy levels and proper states is governed by the matrix components of 

~ ~ -... 
P. Since the only component of P that is effective is that alongE, the 

axis can be chosen such that it is z-component. P is the same quantity 
z 

that governs that part of the dipole radiation of atoms which is polarized 

with its electric vector para llel to the z-axis. If the matrix component 
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of P which connects two unperturbed energy states A and Biswritten as z . 

(AlpIB), the selection rules for (AlpIB) not to vanish are: 

L A and B are of odd pa rity. 

2. J
B 

= J
A 

orJA±l, where J
B 

and JA are the resultant angular 

momentum quantum numbers of B and A, respectively. 

3· MJA = MJB, where MJA and MJB are the z~components of resultant 

angular momentum of the atom in the two states measured in h/27T units. 

These three rules are rigorous. In addition, 

4. Configuration A may differ from configuration B at most by one 

unit of electronic nand 1 values. 

In an electric field the shift of an energy state due to the coupling 

with another state allowed by the above selection.rules is 

( 1) 

from the second-order perturbation theory. Here, WA and W
B 

are the un-

perturbed energies of states A and B, respectively. The matrix I (A I EP I B) I 
6 42 -1 5 has the value of the order .em for a field of 10 volt/cm, n being 

the principal quantum number. The calculated energy shifts for the indivi-

dual atoms in various strengths of the electric field showed good agree

ment with experiment. 50 This supports the theory described above in 

treating the energy shift of an atom in an electric field. Because of the. 

selection rules different sublevels of an energy states usually are per-

turbed to different extents by the neighboring energy levels. The diffe-

rences in the energy shift among the sublevels then give the splitting 

energies observed. 
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In Eg. (1) the energy shift is proportional to second power of the 

electric field magnitude and inversely proportional to the energy diffe-

rence between the two states A and B. For atoms other than hydrogen, 

the energy levels are usually widely separated and the splitting energy 

is expected to be small when compared to that of hydrogen atom in the field 

of same strength. In Pb 'the nearest state which can pertrub 6p2 3Po is 

3 -1 6p7s Po separated by about 35,000 cm Therefore, the field created by 

the matrix must be large enough to compensate for this buge difference 

in energy. 

Take Pb for example, it is reasonable to estimate, from the previous 

calculations on Pb absorption spectra, the interaction energy of Pb and 

Xe at the 

is of the 

no'rmal separation in a ,matrix to be about 103 cm -1/3 . 90A. This 

6 order of 10 volt/cm. Using this estimated field magnitude 

and Eg. (1), the expected shift in energy is calculated to be about 150 

-1 . -1 
cm for an energy difference 35,000 cm between the two states. 

If the trapped metal atom is at a sUbstitutional site, with no dis-

tortion the symmetric environment cannot cause ar~ splitting of the above 

type, because no unilateral field exists. However, an asymmetric field 

can be introduced by the matrix as soon as the trapped metal is distorted 

nonuniformly. As was discussed in the last section, a matrix of fcc 

structure with metal penetration can create an asymmetric field along the 

[iii] axis. Also, the hcp structure with penetration creates an asymmetric 

field. Such fieid is expected to approximate that for a single Pb-Xe pair 

interaction in its order of magnitude. For metals like Au, the interaction 

with Xe and Kr could be larger than those for Pb as will be shown later. 

-1 2 
A splitting of several hundred em from P

3
/ 2 state is therefore quite 
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possible to be accounted for by the field created in this matrix. 

In most cases, in addition to the splittings observed all the triplet 

components of the trapped metals shift from the gas phase absorption fre-

quencies. This can be explained on the basis of calculations for Pb 

frequencies. There, the shift is mainly due to the difference in the 
I 

interactions of the ground and excited states Pb with the surrounding 

matrix atoms. Such shift still exists even for Pb in a perfect substi-

tutional site. Further splitting of, the sublevels of metals with p ~ s 

transition comes in only when there is a net asymmetric field in the matrix, 

caused by distortion, for example. In this way, one can explain the 

observed shift and splitting of the multiplet components in the matrices. 

Because the estimated field is large enough to cause this further splitting 

to match the observed values, the discussion so far is in favor of Stark. 

splitting as a possible cause for the multiplet structures of the trapped 

metal atoms. 

2. Investigation by Calculations to Correlate the Observed Multiplet 
Frequencies 

As was mentioned before, Au has very large energy separation between 

2 2 
its 6p P

3
/ 2 and 6p P

l
/ 2 states. In Xe and Kr matrices two of the triplet 

components of Au lie close to the gas pha'se 2P3/2 level whll e the third 

2 
one close to the Pl / 2 level. All the other metals which can give trip-

let under Stark effect .. h .2 d 2 II conslderatlon ave thelrPl / 2 an P
3

/ 2 eve s 

much less separated in gas phae and so are the separations among the trip-

let components in the matrices. Au therefore represents an extreme case 

in concerning the role of the Stark effect in the multiplet structures. 

It is for this reason Au is treated in more detail in the following calcula-

tions to try to generalize to the other cases. 



The data needed for Au is summarized in Table 24.
8 

The same 

assignment of the observed lines is adopted here to compare with the pre-

dicted .assignment from calculations. 
. . 

. Caiculations like that forPb can also be done for the Au spectral 

lines by 'first finding the €Au(A) -Au(A) from empirical values in Xe and 

then applying it,to the Au in Kr.It is empnasized that in using the 

L-J6-12 potential the only two parameters important in determining the 

interactions are € and cr. Here assumption is made that the only diffe

rence between 2Pl/2and 2P3/2 states in their interactions with the 

matrix atoms is in €. Th'is is not unreasonable because both states have 

the sall}e principal quantum numberjand orbital sizes, the only difference 

is in their couplings between orbital and spin 8nt;ular momenta. '1~he 

difference in this L-Scoupling is assumed to have its effect mainly on the 

well depth and width of the interaction potential curve; and the cr values 

of the two curves are expected to be approximately the same. Bearing this 

in mind, and using the atomic radius for Au grrund state from Slater's 

26 
book and estimating the excited state Au atomic radius in the same way 

as for Pb, the parameters needed for the calculations are 

:in Xe A state r =2.23 + 2.10 = 4.33A o ' 

in Kr 

€Au(A) -Xe unknown 

X state rO = 2.23 +1.35 = 3. 5BA 

EXe-Au(x) = (158 .5x17991)1/2 

= 1689 cm-l 

A state 1'O"~ 2.Cl2 + 2.10 = 4.121\ 

CAu(A) -}<l' unl{!lowlI 
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TABLE 24. Absorption spectra of gold in the matrices by King 

v(cm-1) Gas Phase ( -1 Ma.trix. Assignment Frequency v-v
O 

cm ) 

cm-1 

Xe 36860 ~ 2 (37359) -499 .p 1/2 t- Sl/2 

40355} 2 2 -819 

40969 P3/2 t-S1/ 2 (41174) -205 

38300 
2 2 

(37359) -+941 Kr Pl/2 +-Sl/2 
424

99} 2 2 +1325 

43011 P3/ 2+-S1/ 2 (41174) +1837 



X state 2.02 + 1.35 ::: 3.37A 

EKr_Au(x) ::: (110.5>< 17991) L/2 ::: 1410 
-1 

cm 

The € values for Au ground state is taken from Hef. 51. Using the Au 

-1 ... 
36860 cm llne and the value for y-v 0 the calculated €Au (A) -Au (A) ::: 5110 

-1 -1 
cm This leads to a calculated frequency shift for Au/Kr of -560 cm 

-1 
i.e. a red shift, compared with the observed blue shift of 941 cm 

The agreement is rather poor which can probably be atrributed to: 

1. The uncertainties~ in estimating the Au excited state atomic 

radius. 

2. The deviation of the actual trapping site configuration from 

a perfect substitutional one. For ~b, it is found that a decrease of r 

of O. JA in Kr from the normal rO value at 20o K1ed to an increase of about 

1000 cm-1 

3. Failure of the L-:J potential calculations in dealing with 

excited states involving p orbitals. 

However, it is interesting to see how the calculated values compared with 

the experimental ones. 

The same calculation for the Au/Xe 40355 cm-1 line and the value of 

-819 cm-
1 

for the V-yo leads to about 5270 cm-Ifor the €Au(A)-Au(A) and 

1 -1 
a predicted shift in Kr of -760 cm - , compared to the observed + 1325 cm 

The agreement is even worse than the first line of Au. Since the 

same errors, if any, in using L-J potentials in the Au work are involved 

in both calculations, the results imply that either the idea is wrong to 

2 2 
treat the interactions between the P3/2 and P1/ 2 states with the matrix 

atoms in the same way, or the assignment of the 6v 's is wrong, i.e. the 
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Au/Xe 40355 em -1 line does not originate from 2P3/2 +- 281/ 2 transition. 

Between these twoa-lternatives the latter seems more probably to be the 

case. This, is justified by the appr~imate validity of the idea in treating 

2 2' . 
the P

3
/ 2 and P

l
/ 2 states the same way, and that when all three lines 

are attributed to originating from the sa~e 2Pl/ 2 ~ 28
1

/ 2 transition the 

calculated frequency shifts in Kr are in betterqualitat'lve agreement 

with experiment under this new assignment. 

Next, the same calculation for Pb in finding VO is applied to all gas 

the multiplet components of Au, Ag, eu and some alkali metals where 

.', 8 52 reliable experimental data can be found in the lll.terature.' The 

absorption frequencies in Xe and Kr matrices are used here, and the cal-

culated results are shown in Table 25. 

All the calculated VO values are lower than the experiment,al ones. , gas 

The validity of this calculation therefore needs to be discussed to some 

length before one considers the;' significance shown by thesecalculat'ed 

results. 

The validity of this calculation was checked before for the Pb 

3p +- 3p transition band and the agreement with experiment was found 
1 0 

to be satisfactory. The different behavior of all the metals included ih 

the above calculations is attributed to the directional sensitivity of the 

excited p orbitals involved when there is an accompanying large increase 

in orbital size during the electronic excitation. The individual p orbital 

interacts with strong orientational dependence' and cannot be treated as 

point or sphere charges. The use of the L-J 6-12 potential is therefore 

no longer justified as for a spherical electronic distribution. The 

excited state of Pb, 3 6p7s PI' however is almost spherical symmetric and 

can be treated well with L-J 6-12 potential. 
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TABLE 25. Calculated Y values of the various metals gas 

Metal v (M/Xe)cm 
.... 1 

v(M/Kr)cm -1 calc. -1 . expt -1 v cm V cm gas gas 

36860 38300 30832 
2 2 

Au 37359 ( P1/2~ 81/ 2 ) 
.. (3495) (4199) (501) (3815) 

40355 42499 31333 
1',· 2 2 . (615) (512) (1067) 41174 ( P3/2 ~ 81/ 2 ) 

40969 43011 32400 < 

29886 30989 
c 2 Ag 25313 29552 ( Pl/2~ 81/ 2) 

(667) (~9) (-313 ) (921) . 

. 30553 31888 25003 30473 
2 2 

( P3/ 2 ~ 81/ 2) 
(445) (433) (493) 

30998 32321 25496 

Cu 30647 31766 26002 . 30535 (2 2 ) 
P1/ 2+- 81/ 2 

(246) (378) (-309 ) (248) 

30893 32144 25693 

(347) (376) (224) 2 2 
30783 ( P3/ 2 ~ 81/ 2 ) 

31240 32520 25917 

12424 12623 11741 
·22 K 12989 ( P 1/2 +- 81/ 2) 

(263) (315) (43') (58) 

12687 12938 11784 2 2 
(265) (277) (214) 13047 ( P

3
/ 2 ~ 81/ 2) 

12952 13215 11998 

10807 11036 10008 
2 2 

Cs 11181 ( P 1/2 +- 81/ 2 ) 
(433) (497) (162) 

11240 11533 10170 ( 555) 

(403) (403) (277) 

11643 11936 10347 
2 2 

11 '06 ( P3/ 2 +- 81/ 2 ) 

* The numbers in the parenthesis are the differences between the two conse-
cutive values. 
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To support this, matrix work by Duley on Bi atoms is tested here. 

18 Dul;e-y trapped Bi in Xe, Kr and Ar. One strong absorption line is ob:;;erved 

. -1 1 1 
at 35971 cm J 36363 cm - and 38610 cm - in Xe, Kr and Ar, respectively. 

2 
They- are assigned to 6p 7s 

32605 cm-l in the gas phase. 

4 3 4 
Sl/2 ~ 6p S3/2 transition which is at 

Here the excited state is also spherical 

symmetric like,similar to the Pb 6p7s state. Using the values in Xe and 

Kr for Bi the calculated VO is 34330 cm-l This is an upper limit gas 

because of the assumption that at lOA separation the interaction between 

Bi and a matrix gas atom becomes negligibly small as is the case of Pb. 

For Bi, the frequency shift is 3366 cm-l and 3758 cm-l in Xe and Kr respec-

tivelywhich are larger than those for Pb, and lOA separation may not be 

far enough to eliminate the interaction between Bi and Xe or Kr. When 

20A is used, which should be more than enough, V.O is found to' be 32600 
gas 

-1 
cm This agrees very well with the gas phase :value for the assigned 

transition. The large red shift on warm up for the.above absorption line 

of Bi led Duley to the above assignment. The good agreement between 

calculated and experimental-Yo values fUrther supports the correctness . gas 

of this method for the atoms involving spherical~y symmetric excited states. 

Although the method of locating.vo works well for Pb and Bi, it gas 

does not work at, all for the metals with p ~. s transition. This might 

served as an example that one should be cautious in using the calculated 

values when an excited p electron is involved in the L-J type calculations. 

Therefore no conclusion can be drawn from this part of the Stark 

splitting analysis due to the uncertainties in the calculations involving 

excited p electrons. 



• 

3. The Predicted Warm-Up Frequency Shift of the Multiplet Components 
by the Stark Effect 

As was emphasized before, both the static and dynamic matrix effects 

should be considered in explaining the multiplet structures observed. In 

this part the predicted warm up shift by Stark effecto.is investigated. 

2 
With the Stark effect, the P

3
/ 2 state of Au, Ag and Cu and alkali 

metals are splitted into two substates with M
J 

= ±3/2 and ±1/2, respectively. 

According to the theory both substates are shifted to the same direction 

with increasing strength of the electric field. Since the local field 

strength on a trapped atom changes on warm up the matrix this implies that 

the transitions to these two states shOUld shift to the same direction 

with increasing matrix temperatures. Another effect in the absorption 

frequencies upon warming the matrix is the decreasing interaction between 

the metal and the matrix atoms. The sum of these two effects again would 
.. 2 

in most cases predict that the two components of the P
3

/ 2 state shift to 

the same direction. This is in clear contradiction with experiment. 

Next with a Stark effect the 2Pl/2 state gives only one component 

with M
J 

= ±1/2. This state should behave very similarly to theM
J 

= ±1/2 

component from the 
2 

P
3

/ 2 state. The latter should be lower in energy than 

the component with MJ = ±3/2 because, taking Au for example, the perturba-

tions from the higher levels are larger than that from the lower levels 

due to the closer spacing in energies in the former. All the higher states 

havingsubstates with J = 3/2 also have J = 1/2 substates, but the reverse 

is not necessarily true. This means every state which perturbs 

M
J 

= ±3/2 level also perturbs M
J 

= ±1/2 but not the reverse way . The . 

MJ :::: ±1/21evel is therefore pushed. down more than the M
J 

= ±3/2 leveL 

2 2 
From Eq. (1) one notices that as .6E ( Pl / 2 -+ P3 / 2) approaches zero, 
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so is the difference in energy between the two levels with M
J 

= ±1/2. 

Again the triplet components are labelled as vI' v
2

' v
3

' in increasing 
2 . 2 

energy order, and correspond to the components Pl / 2 (MJ = ±1/2) , P3/ 2 
2 2) When 6E ( Pl / 2 ~ P3/ 2 

is not too large, (V2 -V
l

) should approach 6E, and should be quite·inde

pendent of the field change from Xe to Kr. The latter should be a more 

reliable criterion because the former depends on the relative importance 

of .6E to (WA -WB) in the calculations using Eq. (1).· However, after 

taking this correction into account the criterion that (V
2

-V
l

) be tempera

ture independent should be more rigorous. 

From Table 24 one notices that this is not what is observed. The 

change for (v
2

-v
l

) in going from Xe to Kr matrices is rather large for 

-1 -1 -1 . F t· h . the metals, being 700 cm in Au, 230 cm in Ag and 130 cm . In.cu .. ur . er-

more, it is interesting to notice the rather small change in (v
3 

-v
2

) 

-1 -1 -1 
which is 98 cm , 12 cm ,and 30 cm in Au, Ag, eu, respectively. The 

small (v
3

-v
2

) change between Xe arid Kr matrices is again in contrast to 

what is predicted from the Star~ theory. The field is expected to change 

quite significantly from Xe to Kr, this would cause large changes in the 

2 
splitting energy for the ±3/2 and ±1/2 substates from the same P3/2 state. 

Summarizing the discussions in this section, the Stark splitting 

accounts well for the very large splitting energies observed for Au in Xe 

and Kr matrices, but has difficulties in predicting some other behaviors 

of the triplet components at increasing matrix temperature. On the other 

hand the model suggested in the earlier sections could also be used to 

explain the large splitting in Au which is an extreme case. The work on 

Pb showed that large energy shifts can be expected. If the predicted hcp 
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structure is proved to be true, the larger orbital expansion of Au during 

the excitation will give a large distortion on thep orbital which could x 

approximate in energy to that o~ Pz' the latter suffers large distortion 

from the inner layer matrix atoms due to the metal penetration. However, 

this must be proved by reliable calculations. The t-J 6-12 equation is not 

suitable·for interactions involving strong overlap with the p orbitals. 

Quantum mechanical calculations are needed to properly take into considera-

tion the orientation effect and the correct trapping site geometry. The 

main point here is that at least qualitatively the large splitting in 

Au can be expected, ,in addition to the successful interpretation of many 

other experimental facts using the model proposed in this thesis. 
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v. REACTION BEl'WE.E:N". CESIUM AND SF 6 IN LIQUm NH3 

See appendix A. 
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VI. CONCLUSIONS 

Pb has been trapped in various matrices to study'the matrix effects 

on the absorption spectra of both Pb and Pb2 . The observation of discrete 

Pb2 spectra is used to study the dimerization mechanism of Pb on the target 

during the deposition. The matrix effects are studied in detail to find a 

suitable model for the observed facts., The conclusions from this work 

are shown below. 

l.It is observed that surface diffusion on the target is controll-

able to certain extent by y-arying the experimental conditions. Two factors 

which.help to decrease such diffusion are the use of a radiation shield 

in front of the furnace, and prior deposit of matrix gas before depositing 

the metal-matrix gas mixture. 

2. Ag is codeposited with Pb in the Kr mat'rix to study (a) surface 

diffusion, (b) metal-metal interaction, and (c) possible origin of the 

broad band which is assigned to the Pb2 E f- X absorption. The results 

show that (a) Surface diffusion does occur under some experimental condi.-

tions.The use of high Ag concentrations provides direct experimental 

demonstration of surface diffusion by the interference with Pb2 formation. 

(b) The metal-metal interaction is observable when the Ag concentration 

is high enough. This is based on the observed significant broadening 

of the Pb 3Pl f-3Po band in such matrices. However, the center frequencies 

of both Pb and Ag absorption bands are not affected by varying the Ag 

concentration used. These facts indicate that the Pb-Ag interaction differs 

enough from that of Pb-Pb to cause the observable broadening effect, but 

not enough to give any new features other than broadening the Pb 3Pl f- 3Po band. 



(~) The absence of both the broad band, assigned to the Pb2 E ~X transi

tion, and the Pb2 A ~ X bands when Ag concentration is high in the Kr 

matrices supports the molecular origin of the broad band which is assigned 

3 3 The observed frequencies of the Pb Pl~ Po band in 3. 

. I . 
Xe, Kr and 

to the Pb
2 

E f- X absorption spectrum. 

Ar matrices are correlated with model calculations. The calm lated fre-

quency shifts in Ar are always too low compared to the observed value. 

·33 The observed frequency shifts of the Pb P
l 

f- Po band in Xe and Kr 

matrices at higher temperatures are also compared with the calculated 

values. The values of (6\1 -6'1') are all positive in Xe matrix, calc obs 

but negative at higher temperatures in Kr matrix. This as well as the 

deviation observed in Ar matrix are then explained·by the model proposed 

in this thesis. 

4. A method fus demonstrated to relate the gas phase transition 

frequency to the observed frequencies in Xe and Kr matrices. The pur-

pose is two fold: (a) to predict the frequency shift in Kr when the 

frequency shift is known in Xe, and (b) to predict the gas phase Vo using 

the band frequencies observed in Xeand Kr matrices. The latter is especi-

ally valuable in identifying the absorbing species in the gas by locating 

its resohance transition in the gas phase spectrum using the data in the 

matrices. 

The results of this work show that both purposes can be accomplished 

for the metal atoms with s f- p resonance transitions, but not so for the 

metal atoms with p f- S resonance transition. This is explained as due to 

the validity of using the Lennard-Jones potential calculation in the former 

case but not so in the latter. The work indicates that if one observes 

a single, strong absorption band in the Xe and Kr matrices, which shifts to 

.. 

q,. 
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lower frequencies on warming the matrix, one may approximate with some 

confidence the gas phase 'Y of this transition using the method shown o 

in this work. On the other hand, when multiplet bands" are observed, 

one should be cautious in doing so, and should keep in mind that the 

calculated gas phase v is lower than the true v
gas 

It is hoped, 
00· 

however that this calculated value can sometimes be used as the lower· 

limit of the real v
gas 

and offers some helpful information one needs. 
o 

5. The earlier theories on the observed matrix effects on various 

metal atoms have been compared "and". d.iscussed. It is found that none of 

them accounts for the observed temperature depen¢lencies of the absorption 

frequencies of the multiplet components. A model is prcposed to try to 

account for both the static and dynamic matrix effects for those metal 

atomic spectra. Thep~sed model is based on an assumed hcp structure 

of the trapping site in the matrices which is Qased on various indirect 

experimental observations. Direct structure determination is needed to 

confirm this assumption. However, the analysis in this thesis clearly 

indicates that the trapping site geometry must be playing a central 

role in the observed static and dynamic matrix effects on the trapped 

atomic spectra in the matrices. 
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CONTRlBurION FROM TilE INORGANIC MATERIALS RESEARCH DIVI~;IO:-i OF' THE LAWRENCE RADIATIU:-i LAIlOI,ATO,RY 

AND THE DEPARTMENT OF CHEMISTRY, UNIVERSITV OF CALIFOR:-iIA, BERKELEY, CAI.IFi)RNIA 947:20 

Sulfur Hexafluoride. Its Reaction with Ammoniated Electrons and Its 
Use as a Matrix for Isolated Gold, Silver, and Copper Atonls 

By LEO BREWER, CHIX-.\X CHANG, AND BALDWIN KING 

Recei"cd S"/J/cmber 24, 1969 

The reactivity of SF. with reactive metals was studied to explore the use of SF, asa matrix material for lo\v-temperaturc isola
tion of metallic atoms, At :212°K SF, rapidly decolorized the blue liquid ammonia solutions of alkali metals to produce 
whitc precipitates of alkali fluoridcs and sulfides. The ('odeposition of Au vapor with SF, at :20 0 K gave well-i,;olated matrices 
with very sharp atomic speetra comparable to those outained with inert-gas matrices, but Cu and :\g spectra in SF6 \\"cn~ very 
broad. II-Perfluoroiwptanc was also examined as a matrix material, b.ltt Ag and Au gave very complex spectra. 

Introduction 

The J:are gases, which have been widely used I for 
matrix isolation of rcactive species, are restricted to very 
low tt'111pl'r:l t Ilrcs beCil11 'il' or their low melti I1g poinb. 
SF" with :1 Illt·ltillg (inill( "r :,'1.>.;"1-: iti all ,iI.(t'itcti\'\\ 11011·· 

polar 1I1o)"cule for malrix ';ludil:s that could Ll: extended 

(1) H. !\[cyt'r in "Low Tl'I11J1Cratun: !;pcctroscopy; Optical llroperties of 
~'[oteculc:-; fll t\latriccs, ~·Iixed Cr.\~lals. and OrJ;anic G"iasscs," Elsevier, 
Puhli~;hing Co., .:s-cw York, ~.Y .• 1:"170, l:lulJ,tf'r H. 

to above liquid nitrogen temperatures. It is knowIl to 
be chemically inert toward aqueous or fllsl:d alkali, 
ammonia, alld oxygen and dol'S not H:act appreciably 
with sodiulll 1I1ctaP below :?IHlo or \\'ith CF:,or CH. 
/'ndkllls~ "I' (fJ :\li:l Q. 'I'll" Iti l : II (·1,·(·( 1'<111 :I Hi lI·it \,4 alld 

(2) U. C. CO\\,;lU, F. Reding, alit! E. \V.Hhur:,l, J. C hOH ..... :VI: .• ·1108 . 
(1~5:!), 

(:I) H. F. I.e F<nc. ]. D. Kat". nud R. Il. Timmons . .1. J'/;ys. Chon .. 73, 
1(il·1 (196!). 

(·1) W. 1\1. l1ickalllllnd R,I':. F<>x. J. Cho", rhys.. 26, G:I~ (19;;0). 

) 
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ready fonnation5 of SF6 - offer the interesting possibility 
of the study of charge transfer from one trapped species 
to another through the intermediary of SF6-. . 

In contrast to the inertness of SF6 with virtually all 
reagents, Demitras and MacDiarmid6 found that SF6 

reacted with solutions of sodium in biphenyl-ethylene 
glycol dimethyl ether to produce Na2S and NaF slowly 
below _10 0 but within a few minutes at room temper
ature. They also reported rapid reaction. with a sohi
tion of sodium in ammonia at -640 but did not iden
tify the products. The reaction of SF6 with hydrated 
electrons7 has also been reported. The proposed mech
anisms for the reactions in both the aqtii!ous and ether 
solutions involve the intermediate SF&- followed by 
fonnation of SFs. 

The present study was designed to detennine if SF6 -

could be a stable species in liquid ammonia or if SFa-
could be stabilized by precipitation with a stabilizing 
cation just as unstable 0 2- can be stabilized in solid 
MgO by the coulombic interaction with Mg2+. It can 
be predicted8 that salts of a large anion such as SF6-

will be less soluble the larger the cation; therefore am
monia solutions of Cs were largely used for the study 
of SF6 with alkali metals. Cu, Ag, and Au atoms were 
trapped in SF6 matrices as a test of the use of SFa 
matrices of metal atoms. 

Experimental Section. 

Liquid Ammonia Solutions.-In preliminary experiments,SFG 

gas was bUbbled through liquid ammonia solutions of potassium 
held in dewars open to the atmosphere. A white product pre
cipitated which was found to be paramagnetic in a Gouy balance. 
This suggested the formation of K+SF6-. However diffusion of 
oxygen to the solution of metal in ammonia could have contami
nated the product with paramagnetic peroxides or superoxides. 
The reaction was repeated in a vacuum line as described below, 
but the product was still paramagnetic and esr measurements 
yielded a g factor of 2.008. The infrared spectrum of the product 
in Nujo! had absorption frequencies at 870, 1145,1258, 1360, 
and 1646 cm -I in addition to those of the Nujol blank. After 
exposure of the Nujol mixture to air for several minutes, the first 
four peaks disappeared and the last one became weaker and 
shifted to 1670 cm-1• A new broad peak, which could be due to 
reaction with moisture, appeared with the center frequency at 
3420 cm-1 • Repetition of the preparation with better efforts to 
clean the metal to reduce oxygen contamination produced a 
similar product but with reduced paramagnetism. 

A more direct test of the stoichiometry of the reaction was 
devised. Predried ammonia was passed through a vacuum line 
and condensed into a reaction tube containing a known amount of 
cesium metal. The ammonia was allowed to melt t6 dissolve 
the cesium and form a blue solution which was then immersed 
into a -61 ° bath. A known amount of commercial SF6 (mini
mum purity 98%) was introduced into the vacuum line and the 
solution was stirred magnetically until the blue color had dis
appeared. This was repeated with different ratios of SF6 to Cs. 
With lit. mol of SF./mol of Cs, the blue color persisted. With 

(5) B. H. Mahan and C. E. Young, J. Cht .... Phy •. , M, 2192 (1966). We 
wish to acknowledge Professor Mahan's sugiestion that SF. - might be 
.tahiti •• d in Il conden •• dph" ••. 

(0) G. R DemltrnB and A. G. MacDiarmid, Ino'll. Che .... , 8, 1198 (1964). 
(') K. D. Asmus and J. H. Fendler, J. Phys. Ch ..... , VII, 4285 (1968); 'IS, 

1583 (1909). 
(8) G. N. Lewis, M. Randall, K. S. Pitzer, and L. Brewer, ·'Thermody. 

namics," McGraw· Hill Book Co., Inc., N.w York, N. Y., pp 525-531 
and problem 32·8. 

SULFUR HEXAFLUORIDE 

1/8. mol or more of SF6/mol of Cs, the blue color disappeared. 
The qUantitative reaction thus corresponded to 

8Cs + SFe = 6CsF + Cs.S (1 ) 

The"ratio of the weight of the white precipitate to the weight 
of cesium metal was found to be 1.14, 1.13, 1.12, and 1.16 com
pared to 1.14 expected on the basis of reaction 1. Any products 
.other than CsF and Cs.S which could be responsible for the ob
served paramagnetism and ir spectra must be produced in low 
yield. 

Since SF., as gas or solid, has a very low solubility in liquid 
NHa and it took about 4 hr for enough SF6 to dissolve to react 
completely with the metal, the solution contained an excess of 
metal during the reaction. An experiment was performed to 
test whether a different reaction might take place if SF. were in 
excess as there would be a large excess of SF 6 over metal if SF 6 
were used for matrix isolation of metal atoms. 

The high vapor pressure and low solubility of SFe make it 
difficult to provide an exCess of SFe in the NH3 solution. The 
reaction tube was modified to have a side entrance on its wall 
which was covered with a cap. A known amount of SF6 was 
condensed at the bottom of the reaction tube. NHa was con
densed on top of the SFe to completely cover it. The whole 
vacuum line was then filled with latm of pure nitrogen gas while 
keeping the condensate at liquid nitrogen temperature using a 
dewar. The side entrance was opened; a portion of Cs solid was 
quickly poured in. The entrance was capped and the vacuum 
line was evacuated immediately to minimize the amount of Cs 
being oxidized. More NH. was condensed into the reaction tube. 
The dewar was then lowered to just the level to keep the SF. 
condensed while allowing the NH8 to melt. The reaction tube 
was swirled to get a uniform solution on top of the condensed SF •. 
The dewar was then removed ~nd the SF6 was allowed to warm 
up. As soon as SF. started bubbling through the upper solu
tion, the reaction tube was quickly swirled. In about 30 sec 
the blue color disappeared. Everything was then condensed 
in the reaction tube and covered with another portion of con
densed NHa and more Cs was added in the same way. Because 
of the'low solubility of SF. in NHa, the rate-determining step was 
probably the rate of solution of SF. and we may not have 
achieved an excess of SF. in solution during the actual reaction, 
but with this procedure the rough stoichiometric ratio was again 
found to correspond to reaction 1. In both cases the product 
was a white precipitate which was completely soluble in water 
and H 2S was released when dilute HCl was added to the product. 

Matrix Isolation.-Although reaction 1 was found to take 
place quickly in liquid ammonia at -61 0, there is still the pos
sibility that SFe might be useful as a matrix for metal atoms at 
liquid nitrogen temperatures or lower. With a large excess of 
SFe at very low temperature, it would not be possible for a reac
tion to proceed beyond SF.. As a first test of the use of SFe 
as a matrix for metal atoms, Au atoms at 13500 K were isolated 
in SF. matrices at liquid hydrogen temperatures using the ap
paratus and techniques previously used for isolation of Ag atoms 
in rare gas matrices. 9 Excellent Au spectra were obtained com
parable to those obtained with inert-gas matrices10 except that 
the 2p,/, +- 2S,/. transition gave a single band in SF. and the 
2p,f, +- 2S,/. band was muehsharper than in Kr and Xe with 
half-widths of 100 and 450 em-', respectively. The half-width 
in SF6 of the order of 75 em-I at 20 0 K increased upon warming 
and the maxima of the lines shifted to the red, but warm-ups to 
liquid nitrogen temperatures and back to 20 0 K could be carried 
out reversibly. On the other hand, it was not possible to obtain 
spectra upon initial condensation at liquid nitrogen temperatures. 
The thermal radiation from the furnace and the high heat of 
condensation of SF6 must increase the surface temperature suf
ficiently to allow diffusion of the gold atoms during the condensa
tion process. For a typical experiment in which 2 X 10-7 mol 

(9) L. Brewer, B. A. King, J. L. Wang, B. Meyer, and G. F. Moore, 
J. Chem. Phy •. , 19, 5209-13 (1968). 

(10) Baldwin A. King, Ph.D. Thesis, UCRL·18618, Nov 1968. 
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of gold vapor from a furnace at 1336°K was codeposited with 7 X 
10-4 mol of SFs, the radiant heat input from the furnace amounted 
to 4 X 10-4 cal sec-l mm-2 at the center of the sapphire plate 
compared to 3 X 10-8 cal sec-l mm- 2 heat input from condensa
tion of the gold atoms and 10-6 cal sec-l mm-2 due to condensa
tion of SF.. Under these circumstanc~s, precooling of the SFs 
did not help. For metal vapor which could be generated from a 
cooler source, the use of precooled SFs might allow trapping at 
liquid nitrogen temperatures. 

Gold vapor at 1350 0 K was also trapped in an n-C7H 1S matrix. 
The matrix gas source was the liquid at room temperature. In 
contrast to the simple spectrum in SF., the spectrum of 0.13 
atom % gold in n-C7H16 was surprisingly complex with 13 bands 
similar to a molecular progression appearing between 268.7 and 
232.3 nm with most spacings in the range 480-500cm-l • A blank 
run with no gold showed no spectrum. 

The absorption spectrum of silver cocondensed with SF. at 
20 0 K had a diffuse appearance with no clear bands observable 
with less than 0.2 atom % Ag and with only two broad, weak 
continuous bands with ma;>tima at 333.0 and 329.0 nm discernible 
at high concentrations. At yet higher concentrations of silver, 
the two bands became still.broader with a weak very broad band 
developing around 315 nm. A broad but strong absorption band 
centered at about 214.5 nm was also observed. 

The spectrum of silver cocondensed with n-C7FlS vapor showed 
a weak continuum centered at about 310 nm with five weak but 
discrete bands at 268.7,258.8,252.7,246.9, and 236.8 nm. 

At fairly high concentrations (1 atom %) of copper in SFs, 
a strong continuum centered at approximately 315 nm extended 
over a 17 nm wide region. At lower concentrations two poorly 
resolved, broad components were observed at about 319 and 
312.5 nm. Upon warming the more concentrated matrix and 
recooling to 20oK, the overall intensity diminished but the broad 
continuun split into a band at 318.5 nm and a weaker shoulder at 
310.6 nm. Weaker bands were seen at 242.5 and 237.4 nm. 

Discussion 
The sharp Au bands can be unambiguously assigned to 

the 2Pl/.,./, -- 2S1;, transitions of the gaseous atom as 
shown in Table I. The Ag and Cu bands are too broad 
and poorly defined for a clear assignment, but a possible 
assignment is shown in Table I. 

TABLE I 

BAND PEAKS FOR Au, Ag, AND Cu 
IN THE SF. MATRIX AND FOR GAS (eM-I) 
..---2PI/! -+- 2S1/~ ---'P'/2"'- tSl/~ 

Atom Gas Matrix GllS Matrix 

Au 37,359 38,140 41,174 42,050 
Ag 29,552 30,000 30,473 30,400 
Cu 30,535 31,350 30,783 32,000 

Aside from the general difficulty of characterizing 
the broad Ag and Cu spectra, the assignment to the 
atoms is made uncertain because of the existence of 
Ag2 bands in the same spectral region. Also in view of 

the reduction of SFs by alkali metals observed in liquid 
ammonia solutions, it is tempting to propose the forma
tion of CuF and AgF to explain the complexity of the 
spectra of Cu and Ag in SFs and n-C7F 1S. Clements 
and Barrowll observed the absorption spectrum of 
gaseous AgF and reported that the strongest feature is a 
continuum centered at about 303 nm (33,000 cm- I ) 

with two discrete bands to the red and a third band 
system below 260 nm. However, Timmsl2 cocondensed 
Cu and Ag vapor with SF6 at liquid nitrogen tempera
tures and reported that he could recover the SFo quan
tiUitively with pure metal left behind. He found that 
SFs is also inert toward other transition metals. The 
possibility is still open that the broad spectra observed 
with Cu and Ag might be due in part to charge transfer 
to the SF6 or to substitutional and interstitial site occu
pation by the smaller Cu and Ag atoms. If the assign
ment of the spectra around 333 nm to Ag atoms is ac
cepted, one could also assign the band observed at 
214.5 nm, which has no counterpart in the spectra 
of Ag trapped in raregases9 ,IO to a red shift of the strong 
6p 2P'/"./. -- 2S1/, transitions observed in the gas at 
207.0 and 206.2 nm. 

Additional studies of the more reactive metals isola ted 
in SF6 will be necessary to define the extent to which 
SF6 can be used with strongly reducing species. SFs 
has been shown to be an excellent matrix for Au atoms 
and it has also been found to be a satisfactory matrix 
material for molecular species.l3,\4 It is hoped that 
precooling of the gas along with slow deposition rates 
will make it possible to isolate a wide range of species in 
SF6 matrices at liquid nitrogen temperatures. 
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