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I. RESEARCH MISSIOH 

This project concerns a search icr oxide naterials which nay have 

useful properties as infrared windows in the ranc« of 6-12 microns. 

Belov this wavelength there are many good window materials and above 

it, oxides would certainly be poor candidates. In the intermediate 

range there seems some hope of finding oxides from the lover part of 

the periodic table which have useful transmission properties. Oxides 

in general have certain advantages over the IR transmitting chalco- 

genide materials, which Justifies a careful search. These include high 

strength, better thermal stability, possibly lover cost, and chemical 

stability under ambient conditions. 

Previous knowledge suggests that candidate materials should be 

sought among structures with high cation mass and high coordination num¬ 

ber. Among the ionic solids, the 8-coordinated fluorite structure is a 

possibility. Since the infrared cut-off frequency Increases with the 

ioniclty of the compound, a second area of search is among the heavy 

metal oxides whose bonding is known to be partly covalent. The candi¬ 

date materials here are the oxides of lead and bismuth. 

It must be realized that the desired physical properties of high 

strength, high melting point, and high hardness Intrinsically imply 

strong bonds and low coordination numbers. Thus we are really seeking 

an optimum trade-off between the Infrared properties and the other phy¬ 

sical properties. 
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11 • FLUORITE STRUCTURE MATTOTAT.fi 

Th. fluorlt. structure 1. f«.-c,nt.m cubic nth th. «.te «tien 

in 8 fold coordination. SH.pl, oxide, nth thi. etructur. include euch 

materials a, Zr02, Hf02. Crt2. Th02, „d UOj. Of the.., Th02 ha. on. 

of th. highest cation ma..» va i. not b„et vlth problea, of 

rt.t. change, chasical .tability, or polymorphic phase changes. The 

fundmwntal vibrational spectrum of Ih02 va. measure by Ax, and Petit 

(1966). Thi. Structure permit. 2 triply degenerate vibration* mod.., 

T28 uu'” ln th* K“1“ •«»«. and Tlu «tiv. lu th. infrared. 

The transverse optic mod, i. 279 ^ (36 „a th, longltu4lMl 

is 568 cm (I7.6ym) according to Axe and Petit. 

Our work with ThOg has been to measure the infrared absorption cut¬ 

off on thick pieces. 

Single crystal, of Th02 were obtained from the Norton Company. A 

semi quantitative epectrochemical snaly.i, .hoved only trace impurities 

( 0.011) of Pe, Mg, Si, La, ï and Ca. Transmittance in th. infrared, 

from 2.5 to 30 micron., vu measured on a Perkin Elmer spectrometer 

(Model 621). Results .hov about 80-85* tranemittanc. (uncorrected for 

reflectivity loue.) out to 6.5 micron, but beyond thi. th. trum.it- 

tanc. rapidly drop, vith complete cut-off occurring at 9.5 micron.. 

The transmittance v. vavelength curve i. .hovu in figur, ! for » _ 

thick .«.pi., go appreciable .hift of th. 18 cut-off vu ob.erved for 

thinner samples of 1.59 and 1.07 thicknesses. 

Th. cut-off curve confome fairly veil to th. rule of thumb that 

the cut-off frequency should be about tvice th. longitudinal mod. fre- 

quency. 

It vould appear from th... initial ruult. that th. main application 

of Th02. if my, vould be u a protective coating. Addition* effort, to 

measure th. tranemiesion of Th02 in film thicknu... vill be made. 
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Infrared cut-off of single crystal Th02 
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HI. BISMUTH OXIDE MATERIALS 

Introduction 

Bismuth oxide is a yellow material with a high refractive index. It 

melts at 850°C to a highly fluid liquid. Above 730°C there is a phase 

transition to a stable cubic fom. In addition, metastable tetragonal 

and body-centered cubic forms have been proposed (Levin and Roth 1964-a). 

The stable low temperature form is monoclinic, space group P 21/C C' 
2h 

with k ïi203 per unit ell (Slll.n, 1940). Ih. only infr«.d d.ta on 

thi. compound knovn to th. vrit.r are in tha survey report on oxide 

«spectra by McDevitt and Baun (1964). 

Also of interest are a series of bismuth-rich compounds with divalent 

oxide. (Levin and Roth« 1964-b). Th. .y.tem PbO-Bl^ contain, a Lody- 

centered cubic compound, PbO.SBl^ vhich melt, incongruently at 730<>C. 

No infrared data are known for this compound. 

Our work with the bismuth oxides includes measurement of the vibra¬ 

tional modes on powders, preparation of Bi^ films for more precise de¬ 

termination of optical parameters, and growth of BigO and Pb0.6Bi90 
* 2 3 

crystals for measurement of the infrared cut-off. 

Preparation of MataHni« 

A vacuum bell Jar assembly has been adapted for depositing films of 

Big03 on substrates suitable for subsequent spectroscopic measurements 

(e.g. on KBr single crystals for infrared transmission measurements). A 

diffusion pump capable of attaining pressures to 10“5 torr is used for 

evacuating the bell Jar system which contains a platinum strip heater, 

appropriate mounts for supporting the substrate, and thermocouples for 

monitoring temperatures of the substrate and source material. 
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A aeries «xperlaentfl ha» h«„ t0 drteralnt the effect of ^ 

variable par„.t,r8 (praaaur,. tanparat^,. heater t0 .ub,tmt 

rn. Of evaporation, and oruolbl. «atería) on the 4uemy of th. dapo.i- 

ted fllM- ~ dr.de B1203 powder) wa. p!«^ 

in either a platinan or c.ratlc crucible which wa. In. direct contact 

with the platinan .trip heater. For the., prelmlnar* te.te, to det.r- 

«in. optinon condition., gl... vere U8ed „ 

permit convenient evaluation of th* ■fn»» v 
nation of the fita, by x-ray diffraction and opti- 

cal microscopy. 

sino, there are at l...t five pareneters which can be varied, . lar,, 

nunber of run» i. reared to brach« the optinon condition, produein, 

Ai,h quality fun,. Th. no.t unifom «d n.ohanlcally hono,.n«a. fil» 

were depo.ited when the ïi203 powder „d cracibl. were fir.t heated for 

several hoar, in the evacuated bell Jar at about 500-c. Thl., coupled 

with a .ub.tr.te to .cure, dl.tanc, of «out 2 inche, ellninate. .platter 

vhlch «cur. fron fa.t.r heatin, and/or lowerin, of the .ub.tr.te. After 

the bah.-out pro«.., power to the platinan »trip »., ,.i.,d untU nel- 

tin, w.. observed. The themocouple. pl.c^ .b0ut 2 . below the .trip, 

read T10"C, but the actu« t«p.r.ture of the crucible and nelt „. un- 

Aoubt^ly sonewhat hi,her. A yellow fim b.,an to depo.it «no.t i»Mi. 

«.ly on the .ub.tr.t. „d the color gradually darh.n.d with lncr.a.in, 

thichne... Substrate t«p,r.tur. during depo.itlon under the above con¬ 

dition» wa. «out 225«o. Since the .«.trat. doe. not have a .,p„.t. 

heating «it, the «nperatur. wa. controlled by the dl.tanc. fr« the 

Platin« «rip. »0 obviou, attach of the c.r«ic or platinan crucible 

V« detected for the relatively «0« heating tine. need, x-ray diffrac- 

tion patterns of all the films prepared to date indicate Bi^ as the 
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, Prl”ClP41 Ph“*- M““th ">«»1 «• present In each sSBple. Addl- 

tíonü «„Miou. peaks ver. also observed. Son. of the,, nay t. due to 

the presence of the beta and/or delta font of BIjOj. Identification of 

th... Phase, a. veil a. the assignment of other unidentified reflection. 

1. difficult due to the large number of alpha BljOj and B1 reflections 

vhich overlap and maak smjor petó positions of suspected contaminât.. 

Concurrent effort, ». Uso being mad. to pull crystal, of BljO 

free, th. melt. Result, to date, hovever. have not provided sufficiently 

coarse-grained .arpia, to be suitable for cutting «d subsequent .pactro- 

■copie metaurementa. 

Spectre of Bi:o:3 PoVder 

The monoclinic form of BijOj belong, to space group P^/c. c|h. There 

ere 4 Bl^ per unit call, xu (8mtn> 19ll0) a, on tbe ^ (e) 

general positions. The 60 degrees of frealom of th. 20 atoms m th. cell 

are thus distributed uniformly over th. 4 Irreducible representation, of 

C2h* 

Table 1 

Factor Group Analyais of oBi 0 
a 3 

Selection 
es 

The cnalysls predict, a total of 27 Infrared active modes. 

The IR spectrum of oBl^j press«! In a C.I pellet is shove In Fig. 

Ur. 2. At Inst 6 bands appear In the region above 200 cm'1 and many of 

these could easily represent more th«, one fundamental mode. 

a ii 'i loi iiitmö V ! 'i! ; i,! i, ffljJ 

HI lililíiiliiilJth!.—....J 
■ 
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Th. infrmr.d cut-off In th. ,.ll.t. 1. .„cour^lnglj, i„w> absorption 

beginning at -15 ». Th... p.llrt, contain about 1 ug Bi^ In 300 ug 

of Cl. Th. equivalent thlchn... of Bl^ üon. vou!! b. about 0.01 ■ 

hM.d on an average thlchn... of th. pellets tha...lv„ of 3 ». Hov 

flr th* ^ ïU1 ,hlft *1«> lnor.«ln* thlchn... mu.t avait a.uur.- 

ment« on single crystals or thick films. 

Th. .«pound PbO.öBlgOj vas aynth.sls«! by direct reaction of th. 

The Identity and phase purity of th. product vas established by 

h-rv diffraction. ^Thi. .«pound 1. body-c.«t.r.d cubic vith a unit 

0.11 edge of 10.25 A. Th. number of vlbr.tl .nal mod., in thl. c.n 1. 

l*rg. and a factor group analyal, hM not yet been performed. 

Th. Infrarad sp.otrum on po»d.r.d PbO.fiBl^ pressé In a Cal p.u.t 

1. shovn In figure 3. Only b or 5 brotó lnt.ns. Und. ar. obs.rvtó 1» 

thl. spectrum but much mor. fin. d.tail vould b. «peettó. TU «b.orp- 

tlon tó*. bum. at 12.5 » in thl. reparation - .«.vh.t bl«h.r tUn 

in the pure Bi203. 
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Fig. 2 Powder spectrum of BigO^ 



-9- 

NOISSIWSNVHl lN30H3d 

Fig. 3 Powder spectrum of PbO’öBigO^ 
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IV. LEAD OXIDE MATERIALS 
0 

Introduction 

Lead monoxide, PbO, exists in two different polymorphic forms, one 

a lov^temperature tetragonal modification known as red lead oxide 

(litharge) and the other, a high-temperature orthorhombic phase, yellow 

lead oxide (Massicot). The temperature of transition under atmospheric 

conditions is about 580°C. Both foms can be prepared under high tem¬ 

perature conditions and after quenching will remain stable under ambient 

conditions. Large crystallites of the yellow orthorhombic phase are 

pressure-sensitive with even moderate grinding in a mortar causing it to 

revert to the red tetragonal form. The pressure (0g)-temperature depen¬ 

dence of this transition at low to moderately high pressures has been 

determined by White and Roy (1964-a). Phase relations at low to less 

than atmospheric pressures have been reported by Otto (1966). Infrared 

spectra of both tetragonal and orthorhombic PbO in the KBr range were 

published by White and Roy (1964-b). These spectra were measured on 

powders only and extended only to 400 cm-1 (25 ym). 

Preparation of Materials 

Reagent grade PbO which is obtainable from chemical suppliers is 

never phase-pure, i.e. it is always a fine-grained mixture of the two 

polymorphs, litharge and massicot. A number of methods have been tried 

in order to obtain separate polymorphs. 

Massicot, the yellow form is easily obtainable in a stable form by 

heating reagent grade PbO (Fisher Certified Reagent) for several hours 

at a temperature Just above the litharge-*massicot transition. Even then, 

though,i the product is slightly sintered. With careful screening, a 

fine powder of this pure polymorph can be obtained without grinding. Mech¬ 

anical abrasion causes the yellow form to partially revert to the red form. 
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Attempts were made to grow sizeable, (i.e. cm size) crystals of yel¬ 

low massicot by slow cooling of a melt. Large crystals are always formed 

on solidification, however, on passing through the transition temperature 

(yellow^red) always spontaneously transform. This may be due to ther¬ 

mally induced strain in the crystallized massicot relieving itself as 

the stress required to activate the transition. 

Some attempts have also been made to grow PbO crystals by the Bridge- 

man technioue. Here again the phase transition disrupts the crystals. 

Yellow massicot has also been obtained by hydrothermal methods. The 

starting material consisted of SPbO.HgO prepared by precipitation from 

lead acetate solution with concentrated NH^OH. Temperatures used were 

around 500°C or less and about 10,ppp psi HgO pressure. In about 3" 

long by l/V diameter gold tubes, up to mm sized equant thin crystals 

have been prepared. None were suitable for infrared transmission mea¬ 

surements. Transparent, colorless crystals of a new lead oxide hydrate 

were also found coexisting with these yellow crystals in some runs. 

Red lead oxide (litharge) is much more difficult to prepare. When 

one tries to prepare it dry, analogous to the above dry preparation but 

heating at 525°C, only a mixture of Pb^O^ and yellow PbO was obtained 

with but a trace of red PbO. Inspection of the composite diagram for 

the POg-T phase relations reveals that the stability field for red PbO 

at 0.2 atmos. 0f¿ is very narrow and that it widens (temperature-wise) 

markedly for reduced Og pressures. To take advantage of this greater 

stability range, the same furnace was then purged with a small flow of 

nitrogen (both before and during heating). Experiments in this atmo¬ 

sphere over a temperature range 516° to 56l°C did not result in red PbO 

but rather mixtures of yellow PbO and Pb^. 
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Red litharge for this study vas prepared by hydrothermal methods. 

One run (12,000 psi HgO, 230 °C) showed small amounts of minute red 

flakes intimately mixed with yellow PbO flakes at the bottom of the 

gold capsule. Careful hand selection of these red flakes under a bino¬ 

cular microscope provided a sample for the infrared spectrum, estimated 

at about 9831 purity. This was then prepared for IR work by grinding to 

a fine powder under acetone. 

Several investigators report growing thin films of PbO under vacuum 

conditions, Drift, Horsman and Langereis (1968) report growing only yel¬ 

low massicot and while effects of substrate temperature and its orien¬ 

tation are rather well investigated, many other parameters were left un¬ 

described. They do, however, report the minute pressure in their vacuum 

as oxygen. Kramarenko et al (1968) give only very sketchy experimental 

descriptions of thin film preparation but claim either red or yellow 

modifications form depending on substrate temperature. 

The same vacuum deposition apparatus described in the Bi203 section, 

similar techniques, and similar experimental conditions were tried. All 

efforts to date have failed to produce a clear transparent film of PbO. 

Only glass substrates have been used. Yellow PbO was the only form ob¬ 

served to deposit regardless of substrate temperature and it was always 

intergrown with metallic lead. Some conditions, such as high vacuum, 

give only a lead film. PbO-containing films have been grown only with 

ceramic feed boats in agreement with vapor pressure measurements on PbO 

(Nesmeyanov, et al i960). Platinum feed boats give lead vapor rather 

than oxide vapor. We also confirm findings on the orientation of yellow 

PbO crystals in these films. 
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There appear to be a number of experimental variables that must be 

maximized before films of either polymorph can be obtained. These are: 

composition of remaining gas in evacuated bell Jar, feed boat composition, 

shape and height of walls of feed boat, temperature of feed boat, tempera¬ 

ture of substrate, distance of substrate from feed, and polymorphic fora 

of feed material. 

Spectra of the Polymorphic 

Factor group analyses to predict the number of normal modes of both 

PbO Polymorphs were perforaed. Tetragonal PbO belongs to space group 
J 

Pj/nmm, Dl;h’ with 2 Pb0 per unit cel1 (Leciejewicz, I96I). The Pb atoms 

are at the apex of a square pyramid with k oxygens for a base. The Pb 

atoms are on the 2 (c) sites with site symmetry C^. The oxygen atoms 

are on the 2 (a) sites with site symmetry The invariance properties 

of the structure and its reducible representation are summarized in table 

2. The reduction by factor group analysis yields the normal modes and 

selection rules shown in table 3. This anelysis predicts only two modes 

active in the infrared from this compound. 

The yellow, high temperature, orthorhombic fora of PbO belongs to 

space group Pbcm, with h PbO per unit cell (Leciejewicz, 196I). Both 

kinds of atoms are on 4 (d) sites with ca point symmetry. The coordi¬ 

nate system convention has been adopted which places the true mirror plane 

perpendicular to the b-crystallographic axis. The invariance conditions 

are then given in table U and the selection rules for the normal modes 
« 

in table 5. Seven infrared and twelve Raman active modes are predicted 

by this analysis. Of the infrared bands, three of symmetry are pola¬ 

rized along the a-axis, one B_ polarized along the b-axis, and three B 
3u 

polarized along the c-axis. 

'N 
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Table 2 

Invariance behavior of tetragonal FbO 

D4h E 2C4 °2 ^2 ' 2C2B i 28,, Oh 20v 20ä 

CW 

2Pb 
E 2Cl» C2.2av 2od 

2 2 2 0 00002 2 

20 X 

* ' °2 - - 28,, - 2ov . 

2 0 20 20202 0 

Total y 
r 

X(r) 

k 2 k 0 2 0 2 0 If 2 

^■2 ^ 0 -2 0 -2 0 4 2 

Table 3 

Vibrational modes and selection rules for tetragonal FbO 

Total 
Modes 

E 
g 

1 

0 

1 

0 

2 

0 

2 

0 

Acoustic 

z 

Selection 
Vibrations rules 

1 Raman 

0 

1 Raman 

0 

2 Raman 

0 

1 IR, E {I c 

0 

0 0 
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Table it 

Invariance conditions for orthorhombic PbO 

D2h E C2(z) Cg(y) c2(x) i a(xy) o(xz) a(yz) 

c 
s 

ItPb •t
" 

M
 

O
 

1 

O
 

1 

O
 

1 

O
 

1 

O
 

1 

1
=-
 

Q
 

cr
 

O
 

1 

1 

Cs 

liO 
X 

E - - - - 
°h 

0 OOOitO 

Total V 
i 

X(r) 

o
 

o
 

co 
oo 

o
 

o
 

o
 

o
 

o
 

o
 

o
 
o
 

o
 

o
 

oo 
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Table 5 

Noraal modes and selection rules for orthorhombic PbO 

Translation Selection 
D2h Nt nodes rules Vibrations 

A 
g 

it 

2 

it 

2 

2 

X 

y 

R + 1* 

R + 2 

R + 1» 

R + 2 

Inactive 2 

IR + 3 

IR + 1 
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Absorption spectra for both red and yellow PbO over the range 2.5 

to 50 microns were obtained on a Perkin; Elmer Model 621 Spectrophotometer. 

Specimens were prepared in a manner analogous to the KBr pellet technique 

with several modifications in the method. 

a) aIOOO mg Csl powder substituted for *300 mg KBr. 

b) pellets were pressure-annealed 

c) shaking rathei* than grinding to mix sample with Csl 

(a) Cesium iodide was used as a pellet medium so as to more closely match 

the high refractive indices of the leal oxides. This cuts down light 

scattering and facilitates transmission through the sample, (b) Three 

cycles of 5 minutes pressure followed by 5 minutes with no pressure were 

performed on the pellet while in the sample die. The technique is re¬ 

commended for maximum clarity of Csl discs, (c) Sample powder was mixed 

by shaking to preclude pressure transformation that might take place under 

mechanical grinding. 

Spectra of the powders are shown in figures U and 5. The tetragonal 

polymorph indeed exhibits only two infrared bands as predicted by the 

theoretical analysis. Measurements with polarized radiation on single 

crystals will be required to further assign these two bands. The 7 modes 

predicted for the orthorhombic form are not all observed in this frequency 

range. Whether some lie below 200 cm ^ or whether they are merely unre¬ 

solved remains to be determined. 

Tetragonal PbO has the lowest-lying frequencies of any materials yet 

examined. The cut-off of the dilute powder sample is *17 um. The ortho¬ 

rhombic phase is only slightly higher. Measurements on thick specimens 

will be required to test this further. 

\ 
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Powder spectrum of tetragonal PbO (litharge) 

o § 
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Fig. 5 Powder spectnan of orthorhombic PbC (massicot) 
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Spectra of Other Lead Conmounda 

Infrared apectra hare been examined of aoae other heavy element 

1.U oompound. Including SrPbOj and Sr^. Srf-bOj. although orthorhom- 

bically diatorted, glvee an Infrared epeetrum very almllar to thoae known 

for other perovakitee. SrPbjO,, 1. more lnt.re.tln*. It 1. the type com¬ 

pound for a structural family who., member. Include Cd^, CjPbO,,. 

042SBV C*2Sn0l,' c»2SnOt and the high presaure form of MnjOeO^. The 

•P«. group 1. Pb«. D’h. With 2 SrgPbOj. per unit cell. The .It. occupy 

tions of the ions are 

Equipoint 

Mh) 

2(a) 

Mb) 

Mg) 

Synmetry 

Thl. lead, to the Invariance condition, given In table 6 «d the normal 

modes and selection rules shovn in table 7. 

The Infrared .pectrum of S^PbO,, obtained lu . 0.1 pellet 1. .hown 

in figure 6. Of greateat lnt.r..t 1. the 515 cm*1 high frequency band. 

It 1. very .harp, which u.ually Indicate, highly covalent bonding, even 

In the .pectrum of preaced powder. The ab.orptlon cut-off 1, almo.t « 

low as the lead oxide., Thl. 1. somewhat unusual, since the lead Ion 1. 

tetravalent, which would normally Indicate a .trou* force coûtant and 

thus a high-frequency vibration. 
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Table 6 

Invariance conditions for SrgPbO^ 

D2h E Cg(z) Cg(y) ^2^*^ ^ cj(xz) o(yz) 

C. 

ItSr 

* - - - - s 

**0 0 0 0 U 0 0 

°2h 

2Pb 

E C. — -in _ 
2 1 °h 

22 0 022 0 0 

401 

E - - -- °h 

^ 0 0 0 0 U 0 0 

c 
8 E - - -- °h 

^ 0 0 0 0 1* 0 0 

Total V 
r 

XR 

2 0 0 2 11» o 0 

^2 -2 0 0 -6 14 0 0 

Table 7 

Normal modes and selection rules for SrgPbO^ 

j Total 
2h modes Acoustic 

Selection 
Vibrations rules 

g 
B, 

B 

B, 

2g 

3g 

B lu 

B< 
2u 

B 
3u 

6 

6 

3 

3 

h 

U 

8 

8 

z 

y 

X 

6 

6 

3 

3 

k 

3 

7 

7 

Raman 

Raman 

Raman 

Raman 

IR, E (I c 

IR, E II b 

IR, E II a 
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Fig. 6 Spectrum of powdered S^PbO^ 
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V. GUIDELINES FOR THE SELECTION OF INFRARED TRANSMITTING MATERIALS 

Although data on infrared vibrational frequencies, longitudinal mode 

frequencies, and infrared cut-offs are plentiful, few attempts have been 

made to relate these numbers to other crystallographic or crystal chemi- 

cal properties of the materials# A small portion of the present effort 

is in this direction. During the first six months, the effort has been 

mainly in stock-piling new and more reliable data from the literature. 

This is a necessary task before any analysis can be attempted. 

Relation of Vibrational Frequency to Structure 

It has long been known that there is a general inverse relationship 

between the highest frequency transverse optic mode [presumably with 

mainly stretching character] and coordination number. More detailed re¬ 

lations of the vibrational frequency with interatomic distances and bond 

type are less well known. Many of the attempts at finding such correla¬ 

tions were based on spectra measured on powders. Some materials give 

reliable frequencies measured by powder methods, and some are inaccurate 

in treacherous ways. [See the comments by Axe and Pettit (1966) on this 

point.] During the past perhaps four years, many precise mode frequen¬ 

cies measured on single crystals have been published. These data are 

gradually being assembled and the relationships with crystal chemical 

parameters will be tested. 

Relation of Absorption Cut-off to Vibrational Frequency 

As can be seen from the data on Th02 at the beginning of this report, 

low transverse mode frequencies may be a poor guide to long wavelength 

transmitting materials. Several "rules-of-thumb" such as vcut-off * 

2 VL0 exist. These and other possible relationships will be tested with 

the accumulated collection of highly selected data. 
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