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ABSTRACT 

During this report period, work t)as continued on a survey d the 

structure, electrical and magnetic properties of transition metal oxide-

phosphate glasses and glasses In the As2Te
3-As2

se
3 

system which possess 

e I ectr I ca I or magnetic devIce potent I a I . Resu Its r.)f magnetIc and e 1 ec-

trical observations In several transition metal-phosphate glasses have 

revealed a high degree of magnetic and structural order. The pronounced 

influence of glass-glass phase separation and compositional segregation 

has also been noted. 

Examination of a series of FeO-P2o5 glasses has revealed a glass 

for~ing range which extends to 80 mole % FeO. Low temperature suscep-

tibil ity and ~ssbauer spectroscopy results on these glasses are reported 

herein. Low temperature suscept I b i I I ty of the mangane!;e. vanadium anc.. 

iron glasses indicate that these glasses ar~ alI amorphous anti ferro-

magnetic syste~s with a distinctive downward curvatur~ of the recipro-

cal susceptibl lity versus temperature plot. 

Detailed studies of the As 2Te3-As2se3 system has shown switching 

behavior which can be control led with compositional variation. The 

compositional variation of the microstructure Is noted in micrographs 

included in this report. f/P.t('l:l~ of illustrations in 
thi~ d.xurnent may bo bottor 
Sllhl!ed on microli<.he. 
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y >- «.<» M^..., .. w^<sw ,1 , , mmmt u ( 

I. ,**, ^r.....   , ,1M1WW.„ .w.1„<Illl9 of ^ ^^^^ ^^ 

trie«I jna magnetic prop«rt|»t. 

ll 
£,,Ctr0n,C ö-*^»«' •• ««orphous sol ids NM beco^ the subject of 

{J        Interest to a number of theoreticians end nas been reviewed b/ Mott'.» 

^        GUbaoov3 and numerous others. Virtually all of these worKs have begun 

with an assumption that amorphous solids are uniformly random, even though 

they recognize glasses are generally heterogenous. These theoreticians 

have deve.oped ana.ytical descriptions of several systems which have been 

experi.entaily verified In some cases. Attempts to extend this approach 

to microscopically heterogenous systems have had notably little success. 

There remains a considerable body of experimental results, including 

Ha.l and Seebeck coefficients, whic, are not rationaiized by present theory. 

Pearson^ has suggested that heterogenous structure in these materials 

may explain these anomal ies if the separated phase is crystal IIne.  It 

appears that heterogenous transport analysis similar to that of Volger* 

or Bubee is required to ascertain the transport behavior in each phase. 

Another Important anomaly between theory and observation concerns the 

theoretica.ly predicted insensitlvity of amorphous semiconductors to doping. 

Early experimental observations by *>,imets, et al.7, confonned +0 +he 



I. 

•If* HW *morv •»• M «Hf *»». H •••■■^ •*•• IÜ •■■ 

jMi—111 tfWor«tlc«l »ro»i«w 

P^rMHT •via*«« »»»•» »»rwc»«nl t«t«reQt(iltlM il« tt tiw 'oot ot 

th*M •noMUM CM M lnf«fr^ fro« •ork by Klfttw, «t •!.•, I" "^O-^V 

V205fllM»w. TMt -orh Mt »r^-fl that «•rMd ch«ng»» In iMtftTll D^vlor 

occur öurlnfl th«rinl tr^tmontt cu»toiii«rllv uMd to ttro»t rolltvo glotMt. 

TnoM cn«ng«t h#vo boon «ho^n to f  tho ro»ült of »tructur.l cnan^s Involving 

precipitation of small amount» of crystal«. 

Wilson and Kinser10 nava obsarved similar, but somewhat more complex, 

behavior in FeO-P205 glasses after thermal treatments corresponding to 

annealing. Electron spin resonance (ESR) results have shown the onset of 

structural changes during thermal treatment prior to their observation by 

other commonly employed techniques11»12. 

It is thus apparent that homogenous glasses, semiconducting or otherwise, 

are the exception rather than the rule. 

General Methodology 

The electrical and magnetic property changes accompanying structural 

modifications during glass processing are of prime interest in the present 

work. The above questions can only be answered with detailed structural 

characterization of representative glasses from the oxide and chalcogenide 

groups. The initial oxide glasses examined were the FeO-P205, ^20b'P205' 

CuO-P 05, TI02-P205 and MnO-P205 systems. The chalcogenide glasses are from 

the As2Te3-As2Se3 system with Ag-As-S glasses in preliminary stages of study. 



t** —*  ••• '•»«§ -M to «IOÖ* C. fi«M ^MWlMW iailc«*« «Mt 

tiw 4i«i«etrie cooitvaA« •*• IMS *«<«9«o* «^ •••••»«•• i» »"MM"MM •• 

t«w«ti»r« o»«r •*• JWj—| '•«V MO to ltt000 l»V. r«r inlrtroi 

«Mk^fWAtt coAOuCtM «t 397 olcron« Indlccto turtt«r tu«« tn» tr«At- 

■IttiOA eontt«nt lor tn« M «rtonlc trir«llurlM 20 arMAic trlMAl«nid« 

91Mt It lntf«p«nd«nt ot t«^«r«tur« ovor tn« rang* fro* 10 to 300«*. TU« 

ji* dloloctric proportlot oro coapotirionoliy dopondtnt but ppoar to b« 

temporaturo intontltivo. Thot« rotults ar« ditcutsoo in further dotail 

In th« attached thasis of Mr. J. 0. Pearson. 

TRANS ITION-METAL PHOSPHATE GLASSES 

Manganese-pnosphate gljsses 

Magnetic behavior of two-phase manganese phosphate glasses was studied 

by means of variable temperature magnetic susceptibility and electron spin 

resonance techniques. The high temperature magnetic susceptibility follows 

a Curie-Weiss law. Figure one shows that the low temperature recipro- 

cal susceptibility bends downward indicating considerable influence by para- 

magnetic ions. The electrical conductivity of the glass Is extremely low 

suggesting that almost all of the manganese ions are in the divalent state. 

It has been determined that the manganese divalent ions exist in the glass 

In one of two distinct magnetic states-antiferromagnetically coupled pairs 

in the manganese rich phase, or isolated ions in the phosphate rich phase. 

Magnetic behavior was studied as a function of glass phase separation and 

as a function of glass composition over the glass forming range. The 

results were interpreted In terms of a model consisting of paired and isolated 

divalent manganese ions. These results were reported at the May American 

Ceramic Society meeting and the First International Amorphous Magnetism 
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A glM« tomlng «tutfy o* tti« Iron oulM piio*ph«t« «yftf«i ti«% »tio^t 

th#t tfi« glM» toming rang« •»r«nd» to 60 ■Di« p«rc«n» Urr .c o»-J« «hon 

tn« glatM« irm Mlt«d In an «tldixing «taoftptw« and qu«nch«d in t«all 

qu«ntltl«t. Glast«» abova 80 mola parcant farrlc OKida »pontanaoutIy 

crystallizad to alpha farrlc oxida «Mla Intantionai Iv davitrlflad gla»sas 

of lowar iron contant crystal Iizad to Iron pnosphata. Tha magnetic suscap- 

tibillty of glassas examined was described by a Curia-Maiss law over tha 

range 100 to 5250K. Susceptibility studies Indicated that the majority 

of the iron Ions are antlferromagnatically ordered over the temperature 

and compositional ranges examined. Below l00oK, the reciprocal suscep- 

tibllity bends downward and at approximately 10°« the susceptibility 

becomes constant as shown In Figure two. These results have been reported 

In two recent papers. Copies of the abstracts of these papers are appended, 

The coordination and magnetic structure of the 55 mole porcent ferric 

oxide glass containing various concentrations of ferrous and ferric ions 

were studied using Mössbauer effect spectroscopy at 77 and 300oK. Room 

temperature Isomer shifts in the range 0.107-0.110 cm/sec and 0.023-0.047 

cm/sec and quadrupols splittings of 0.217-0.265 cm/sec and 0.046-0.097 

cm/sec for the ferrous and ferric Ion, respectively. Indicate tetrahedral 

coordination states. 

Although no magnetic hyperflne structure was present at 300oK, 

splitting at 770K was interpreted as evidence of either long relaxation 

times or limited magnetic ordering. Mössbauer spectroscopy of samples 

hear treated for intervals up to six hours at 600oC showed progressive 

precipitation of oxides in several crystalline phases. A detailed dis- 
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cMian X m* «ork I» m tM »'<*—» MMt »» •• "• t" 

IM UtrlMt. '-«•' «*«»'o« •-« HWIIW«—' e«.r«wl.tlc. 

„ MM« P««»«.. 9<«- •>«• •"• •«■,- "e,,0• '' ea,*,•,,,0" 

ov^ . ..« «n,. .. «MM« r.« MVNltMM M M#N .'..•• <" «—»^ 

„«t.nlnS .»lot o»..rv.tloM. IM c^o.1.10«. ."O ».«...on d.p.no.«. 0. 

t« M«trlMl prop.rt>« - »icro.trxctur. 1. MM PI«««« >• t«™« »♦ ' 

MTMTV <liV» consls.irs oi t.o «IHMM «Mdl^ o.ld.s mi phosphorous 

penoox.p.. i »'.-" "• "•'»-' »^ th,S ^ ^ Vl 'eCtr'C" 
c0npu=t,v„, P.h.v.or ,s s..n to P. CsH, ..crostructur.l ly P.p.nP.nt .M 

, val,.v of .IMM conduCW.ty nerly corresponding to . sp.nod.l exposition 

.cross the t.rn.ry dl.gr... T*. .orK ..s Pr.s.nt,d at y American Mr»« 

Society and Is presently being prepared for publication. 
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CMAtOKÜiiOC OiASKS 

Tut «Icrottructwr» «no OC «nd «C «Itctrlc«! prop^tl«i o* • HTltl of 

•rMnlc trlt«l«nld»-«r*«nlc trlt«llurld« gla«M» »»«vt M«n lnv«itlg«t«d. 

Electron «Icrotcoplc oo»«rv«tlont Indlcat« th« pr«Mnc« of ph«»o »op^ritlon 

in thoto glatMt. A «»tatttblo mltclblllty gap acro»» tu« quasl-binary/ 

diagram is Indlcatad. Variation» In OC alactrlcal propartia» may ba dua 

to structural changas, compositional changas or a combination of the two. 

Structural hateroganltlas dua to phasa saparation appear to be responsible 

for Maxwell-Wagner-Si liars heterogeneous losses In these glasses. These 

results are discussed In further detail In the attached thesis of Mr. D. Hi I 

ar\C  dn abstract of a paper presented at the May American Ceramic Society 

meet Ing. 

Extensive bulk switching studies have t^en performed on the same group 

of glasses mentioned above. Both threshold and memory switching have been 

observed In these glasses. Breakdown voltage was independent of sample 

thickness. Switching delay times at low over-voltages were in the hundreds 

of milliseconds range. Results of breakdown voltage vs temperature studies 

were computer fit to an approximate solution of the heat flow equation 

appropriate for the geometry, yielding experimental values of activation 

energy for conduction and thermal conductivity. These results clearly sub- 

stantiate the thermal mechanism for electrical switching behavior in bulk 

samples of these glasses. A recently submitted paper detailing these 

experiments is attached with an abstract from a presentation at the May 

ceramic society meeting. 

The UHF and microwave dielectric properties dielectric constant and 

loss tangent of these glasses have been examined as a function of tempera- 

:■-. 



I. 

StrietMrti cMnctf iiti«i o» «MM« %ffmm it MIM^ •CCOR» 

«ting «Itctron mcroMOty, ftwHIy Otmitt «fay, •Iffrm •»m 

•ptcffotcopy, «tgnttiw ft«iK«9«i»ii i«y. «lactrofi «tcroproM. «i«l«cfrlc 

rtlanation. Kktfwf tptctrMcopy •«« «ltf«rwitui tfi«n«i anaiytl» t«c*- 

nlqutft. 

In conjunction «Irh ti* »tructural tools. It It ntcttttry thot fit« 

conductivity, ««Itcnlng tohftvlor and SooDock coofflcltnt by aonltorod to 

allow diroct structuro-proptrty corrolatlont. 



• ^iti«i mmr% •«•^ •*• HAM ••*«• «r« «p» ci«v •• w# «^i« 

MlMt 

2. At In e«r pr*riow% rgcowiimti»»», «• MMii^« to 

»-'••» pr«»«rat.oA ot UM glMMt, ■§ ■nticlitt« fff«t in» trwitlffioi ««i«! 

o--<j«-pno%ä>h«f«# »iilcar«, torat« an« gar«^«!« M»«|| praaantif la pc^ya»» 

»ill M e<yttlnua«. 

It It also anticlpatao that ratultt on a nav tytta« Ag«At-S «ill ta 

noftt halpful :n oavaioplng %«;tching aodalt. A datallaa tarnary phata tl** 

grain »as r«cantly published (30) and our analysas should Da ti^lifiad «ith 

this is a basis, it is furthar anticipatad that Cu and Au substltutad In 

the above system »III be q:ilte informative from an atomistic and mlcrdttruc- 

tural model point of view. 

3. The Massbauer studies should be continued to exwiine 37 Fe and 

127 Te in each of the systems presently under examination using other tech- 

niques. Thi3 Mill significantly aid In atomic structure model development 

in these systems ds an addition to the present tools. 

4. We recommend that the far Infrared "conductivity loss spectra. This 

will allow the loss behavior to be explicitly attributed (31) to each 

mechanism thus reinforcing both atomic and microstructural analyses. 
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11. £. j. Prl^cl«, L. K. nil»*!. A, «. 0etl«r and 0. I. liimr, •Afttlt^ro- 

n^natiM In an toloa SMiconduCting OIM*," **». S?at. JOK (6). O, 

323 (1971). 

12. £. J. Frlabala, L. K. Ml«! ana 0. L. Kln^r, l^rfiic a^mrior a«a 
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55.  164 (W*»). 
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% S-C-71   StMdiM 91 liw F».OrPA Om 
J. H. DAYANI.* D. L. Kmua ud L. K. WILSON, Vanderbilt 

University, Nashville. Tenn. 
A glass forming study of the Fc.O.-p.o, system has shown 

that the glass forming range exte.ids up to 80 mole% leO, 
when the glasses are melted in an oxjUmng a'mosphere. All 
glasses were melted in sir usms a piatmum ribbon furnace and 
rapidly quenched. Ulas«es above 80 moi«% Fe.Oi spontane- 
ously crystallized to o-Fe.O, while intem<onally deviinAed 
glasses of compüsition below 80% crystalluel to FePC),. The 
magnetic susceptibility of all glasses cxamim.d was described 
by a Curie-Weiss law over the range 100' IQ ■>*'>*K. Suscepti- 
bility studies indicated that the majority of the run ion« are 
antiferromaiincticaiiy ordered over the iemperai^re and com- 
positional rang« examined. (ResMrch tpaimiti by the U.S. 
Army Researcti Offlce-Ourham). 

MMft  Wwn—I mi CrniyMmal Di^iiiiwti el Pectrkal 
Switckuig In V.Te.-AaSe, Glasses 

II. R. SANnrns* I   K Wiisos. D J. Hm and D I   KiNsru. 
VamJvrbilt University, Nashville, Tenr 
Kxtcnsive bulK switching studies have been pcrformH n-y 

the xAsTe.f I -x) As Se. system as a function oi compiMitton 
Boil threshold and memorv swLtchina have been ithwr\r\} ,n 
all ..nnpio Breakdown voltage jnd switch.DI; subdiiv in 
crease with increasing Sc content. Breakdown V«IUL-<- **t 
esatnlialiv iMcpeadem of sample thicknets Switrfiint-' •K'l.v 
'im-s at low overvottagr w«re in the hundnds o* m .!!»■ 
raig.! Results of bcvakdown voiiage vs temperature MUüH* 
w-eie >.umpui.. in to an appro«.m«ii iwluiion ut in« beat flo* 
^f!^ y,eW">t »«Pe'»«»»«» values of aaisaiMM enrr»;* 
for conduction TV*; resutu i . irl» subMamtair the thermit 
mechanisms for ilecirtcal swnihtnn behavior m bulk tamnkv 
of these glasses ^ 

IliM-lliU «A 

: 

T I 
•»i-o-n. 
l 

2:20 - ajitggi 

E. J. FnitoiLr.* D i. KINM* and (. K WILSON Vandertiü 
University, Nashvilk. Tcnn 

I   Magnetic   heiuvior   oi   i««. phase   maoraaeee   •v.»;»' ,-, 
,ia«ses was stwited bv m- jn» «if vanabtr icmpi-rJ! .ir mj 
i«tic suscepii'Hiiiv ai«J veamn »i»- n-^onanr- iuS) tern- 
niquc«    Tnc    .^h umtietaiurp »«.•cei'tlMHv f.n- ,.« a Corn 
Weiss law     There i« a magMiic tr* ■».■...n ,n iiw iiUae at 
Iibout IS0*K. »f.xh i* aptwrvnt «Mh In the > ^., * h ,.i» and 

SR dal« Tbr elf ri> jl tonuiKtitiiv m 'M -, K* •% ii 
remely low, iml taiuu that almnu ail of . H man tnev; in-. 

are in the divalt u •• J It i.s *nrn ikirrm t*-1 ."-t ir*- 
Mn    tons CMS.' m Uie glass in one « t«« dtsttmt nugnciw 

1- iti   — in'iffT" -r*, f«.  i  »,iv rnupn-i pair« in «he niSf^anrw 
i< t\ pttf*-. or .»CMH-U (.«* i-i the f»,«!»»,*!**' f • 1 f» . H-     V*!- 

"•K   h.-tuvtw    •»%   sfiMbr I   a«   4   tunciKMI   of   l><|U U IIQUKI 
•«paratiiin ami a« a lumi»*« of KI«»« a»n{«»i;c ■» mir iir 
, »vs      -»mg rvgw«     the reau :» *ef« •Mrramnl m n    < 
It a model consisnng >•• potred and iniaieJ vv    ,-.    i H. 

arch apMOoroi bv the l » Aiwy Bogoorrh Jilr^OMftMi i 

A W Doma • E. J Fmmir. L K WISON and D L KIN 
s»». Vandrrbiii I n-v. r..iv. Nashville. TOM. 

The   eicctriral.   thirmal   espintion.   and  micraHnirtera' 
characteristics of bulk \ O Fu gUsses ha«« bivn r«am.n.-. 
•S a fuactMMi   g cnnt|«.M:ion     These /Mssr« rtb^Mt I* j«] 
liquid immis*ih.i.iy ov^ a »«le ran^e vt \ O iich ram^... 
lam«    Ihe pr.".icr .* tv miwditi.iv gap i* di«o rninit J m 
th* rlecirKa. aisJ oilUAinit pntm pi.wnaiMm«     the Hlr%, 
d ihtt«nictufal segrrgaiion on the 4c nsiMivgy M const «I. 
ir.nperaiurr as a («MKlioo of V   V    MI irw gla*t ia AacxisvM 
Mcaoorc«  sfuoaorod  by  Mo  US   Army  nnnrilt  -n!,. 

r »-»-n.  McroMswenral Md fhnm* rrapenws « 
AsTerAate. ctaoaes 

0 1  Mn    • I   K *    «is   II  K  !UNi4n »ndU L  K.ss,. 
Vandcrthi fmsti .is. Nashstülv. Tsnn 
■lorima m<mw •      jr and ac r «.l^riis^v ohnerv^iAos 

nmo.nl a« a  «enr« of /   fv A»V. glasen 
«■» «•*» inAcaie •»» pmnft «f mrMivv I*»** wpan- 

:   lotamcal nrti(Nftirs ot tnrmr ;■«••«•< »ut w*'. "rjcur-« 
—1  tewM.*-  m llwniul  ustuf)   are «MUrvu   inHr 

?. ..si*J n «U»     Ihr peeavM fv«w.u IIOK«.« a 
1 for ttiwrmai BMf rnaracirraonon   n pbvural 

PWpeHy ——1 Ml »is «U» usirm 

I 
I 
I 



ABSTRACT 

Submitted to 

International Symposium on Amorphous Magnetism 

ANTIFERR0MAGNETI3M IN THE VANADIUM. MANGANESE 

AMD IRON PHOSPHATE GLASS SYSTEMS 

L. K. Wilson, B. J. Friebele and 0. L. Kinscr 

Vanderbilt University 

Mashville, Tennessee 37235 

Variable temperature magnetic susceptibility and magnetic 

resonance measurements have been made on a series of concentrated 

vanadium manganese and iron phosphate glasses, the high tempera- . 

ture mdt letic susceptibility of all glasses studied obeyed a 

Curie-«exis law with an antiferromagnetic Curie temperature. At 

low temperatures, the magnetic susceptibility data have been 

interpreted in terms of recent theoretical models of amorphous 

antiferromagnetism (1*2). 

Heasurcnents of magnetic resonance line intensity and line- 

width at 9.0 GHz as a function of temperature have shown the 

existence of extensive antiferromagnetic coupling between the 

transition metal ions (3.4). The resonance measurexents have 

been shown to be sensitive to microstruetural inhomogene!ties 

(liquid-liquid phase separation and devitrification) in the 

glasses. Weak transitions at temperatures corresponding to the 

Heel temperfttures of crystalline transition metal oxidtis have 

been observed. 
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ELECTRICAL SWITCHING PHENOKEN'A IN THE 
As2Tc3-As2S«3 CLASS SYSTEM 

This paper reporis ch« results of eledrical switching studies of « series of 

As.Te.-As2Se. «lasset. Koloaelts end Nagsrovs (1) and Rolios (2), and aore recently 

Hill (3), have reported electrical conductivity stud.es of this s^stea. 

»Unser, et al. (4) have also reported electrical property studies in connection with 

• study of the alcrostructut« of this systesi. 

All of the glasses studied exhibit bulk threshold and ■eaory switching with the 

critical voltage for switching (breaKown voltage V.-) increasing wl:h As^Se. content. 

The switching process observed In these glasses has been found to occur by a theraal 

■schanlsa in agreeaent with studies previously reported by Uarren (S) for a single 

coaposttton of aaorphous As.Sa.Te ind Tanaka and his r<-workers (6-10) in i..e «aorohous 

A*-T*-Ce svstea. The theraal dependencv of the breakdown voltage has been fitted to a 

theraal aodel in agreeaent with the theoretical work of Boer an«i Ovshtnsky (11) and 

Sheog and »estgate (12). In these papera. m apprexlaate solution of the heat 'lew 

equation tf used to derive an equation for the teaperature dependence of breakdown 

voltage: 

[W"'".]-^]""1"'^] "«">•«» W"'",.- tar    T"' ifCT « 

where 

< • theraal cor.duct ivjt- 

At - activation energv of  tonduci on and 

o • oo  exp ['i* *"] 
where exp (-—J expresses the field dependency of conductivity. The effect of the 

field dependent tcra is negligable for bulk saaples although it becoacs increasingly 
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«ore »Ignlficant a« the thicknes» of the »a: .jle decreases. Although t..e results of 

t tear studies agreed well In al* caaes with a therraal description, no at tempt will be 

made to genarallie thaae results tu thin :i.«a, for «hich there it still controversy 

about the nature of the breakdown ■achan;«.  Stojker (13) and Warren (14) have jrgueo 

t.<at MM thar«al description still aopliea tor thin films, while otnera such aa Boer ai.o 

Ovshloaky (11) ■alntain that at least .n SOM cases, other effects are predominant. 

Ixperiaettal 

All ala.'es taaalned lr thie study were prepared by fusing tne appropriate 

■atetiala in evacuated Vycor a»?oules at 80C*C in a rocking turname.  IftM heatinf 

for one hour, the as^sules were rapidly quenched In water. Reagent grad« rsw aaterlals 

were eapli «ad after an Initial study revealed etsantially nr lapurlty effecta between 

reagent •■aterlals and 9i.99991 Baterials. All «aaplea were foracd into a^all platelets 

by briefly raaeltlng on a graphite place and quenching with a second piste. Sas^ea 

for a 1 ebaarvationa >iad a thlckoasa of between O.i and 1.5 BB. Meaauresents ware 

made on a «aapla bv sandwiching lt between braaa electrode» In a holding device dealgned 

to aalnca'n constant contact preasu'e.  »he ^anples atudied covered the corpoaltlonal 

range o*  80:20 (SOAe^Te,! 20Aa2Se3) to 40:60. 

"arlable teaperaure atudiea were performed b- placing the taaple holder in an 

thermostat teal:y controlled ovan. The aaepla temperature was monitored l- a thermocouple 

mounted In naa o* the braa« elac.rodea.  Initial measurement» were m^de a* a function of 

t.eating rate m order to determine a su'ftclratly alow rate !■ insure thermal equilib- 

rium. For temperature incrementa on the order of 10*C, It waa found that a 20 minute 

Interval between maaauremsnta waa aufficlent.  Studies were performed o-er the range 

of 2i*Z  to 140*C. 

n.e I-V characterlitlc« of Che 60:2^ and the 70:30 glass ver« obtained oy using 

• closed-loop vo'.tage-crntrolled constant current source whose X output impedance was 

in excess of IS megohms. The high source Ivtpedarre was neceaaarv in order to observe tne 
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negative resistance region oi  the «aterlais and was also useful in eliminating the 

tendency .<  so»e samples to switch at h.'gh rates between states of different current. 

The stability of the closec-loop system eliminated thermal hystersis caused by heating 

of the output tranaistors.  fha circuit was denigned to provide output currents o' 

0-KKJ ma over a dynamic output voltag. range o' 0-250 V.  The 60.40. 50:30 and 40:60 

glassea had breakdown voltages too high to be measured with the constant-current source; 

their l-V characteristica were detepeined bv connecting them to a manually controileo 

0-1500 V po-er supply through a large series resistance.  It waa ^ound experimentally 

t.,at aveep ratea of laaa than 10/aec wer« necessary in order to obtain an accurate repre- 

sentation of the l-V characterist lea. A «weep cycle time on the order of 1 ««c w«« 

u«ed for moct of th« »«aaura^nt«. with th« result« b«lng dlspl«««d on « «taraf« o«cll- 

lo«cop«. 

Swir-.,lag delay tlm« ■«•sur«^nts were p«rform«c onlr on t.i« 8ü:20 «nd 70:30 

gl«ss«« heceua« o«  th« lnordln«t«ly high volt.g«-   r«qulr«d to «tody th« oth«r aa^las. 

■M dalay tlm« w«« meaaured by «pplyln« « voltage pull« across th« sample through a 

lOOK Mrl«« r««l«tor.    .It« «p^lUd volt«g« «nd th« vclt«g« «cro^« th« ««api« w«r« «IBUI- 

tencoualy   'S<«rv«d os. « storag« ascilloscop«. 

ii««nlt« 

.-h« l-V ch«r«ct«rl«ilc« «hown In    Fig. i. «r« typic«l of «II th« s«apl«t studlec 

.irgln «aapl«« w«r« l-ltlaliy found In in« high r««l«t«nc« or '•of- «tat« H «hown in 

Fig.   I«.    .^«suMd values of    room temperature conductivity for this o'l Mitt v«rl«d 

from 11 « 10"* mho/c« for th« 80:20 gl««s to o.05 > 10"* mho/cm for HH 40:60 w:a«t. 

If tne »ampie« were «ujjected to br««kd«nrt«.  ti.« thre«liold «witching M«rf«i »how.,  in 

rig.   ID r««ul:«, and th« sampl« w-uld generall- evel« in thl« mawr loae'lulter . 

..ovever. « sufflcl«ntly «low r«turn sweer r«t« wnu'd I«ad to mmmorp t^« b«l.«vlor «• 

shown  in Fig.   Ic «nd H.  for which th« -ample  remained  in the  low re«l«t«nc« «t«t« M 

curr«r.t ma« f«dmc«d to ««ro.    lb« ««* « r«~ln«d In th« loir r««l«t«nc« ■t«t« until 
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pulsed by a high current (20-50 ma) of several millUeconds duration. 

Initial efiort» to determine the vTeakdown voltages of the 80:20 glasses were 

unauccesaful. A given saaple would exhibit breakdown voltage» over a ranpe jf 5 to 200 

volt», with a «ore or 1c»» random diatribution within this range.  To ild In the analysis 

of thi» lncon»lstency, a computer program was written which would plot a hiato^ram of 

the number of breakdown» vmraiM voltage and which wa» alao able to produce the hiatog.am 

with variou» degree» of »tatiatical »moor.iing. The mean value and »t»nd»rd deviation of 

the original and smoothed histogram» were calculated and were used as a mcaaure of the 

validity of the »moothing ttchnlque. The program also calculated the mean and the »tan- 

darU deviation of the Initial data sat. The standard devlstlon of the dsts was tsken as 

a meaaure of the data taking technique, with the assumption that a valid set of ^'sta should 

hsve s small stsndsrd deviation. The final program function wss to produce s heavily 

smoothed time plot of the dsts. A highly erratic lime plot wss taken aa an indication of 

poor data. Use of the progrtm in conjunction with various dsts taking technique» pro- 

duced a steady improvement in date until the oolnt waa reached where a consistent charsc- 

terisatlon of tlie device could be obtained. The Improvement U evioant in the fact that 

the initial data aet hsa a mean of 48 volts with s standard deviation of 36.4 volte while 

a data *et taken ualng improved techniques yielded s mean vslue of 100 volts with < stan- 

dard devis'.on of 5.6. The breakdown voltage was found to be virtually independent of 

the sample thlckneas. 

"Ig. 2 shows the results of measurements of breskdown voltage versus composition. 

Although there le aome ecattar In breakdown voltagea of different samples with the same 

composition, the compositional trend is obvious.  It waa alaj found that increasing Se 

content made the glsss s more stsble switch st the eapenee of much higher breakdown 

voltagas. The 50-J0 glsss, lor exsmple, enhiblted a very »table breakdown voltage over 

many breakdown cycle» »o long as the nample waa not eubjected to extremely high on-stste 

currents. 

fig. 3 shows the result» of switching delay time measurements on s 70:30 saer.ie. 
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Two interesting results are apparent froc this measurement.  First, the threshold 

iwitciilng voltage for the pulsed case Is nearly a factor of two higher than It Is for 

the DC or steady state switching.  Second, it is found that 'or values of applied voltage 

slightly greater than the threshold value, the switching dels-' time is extremely slow, 

ranging from 600 ma for the 70:30 sample to several seconds for some ot the 60:20 glas^eb. 

Th<* delav time wa* fjund to decrease sharpl •-■ith increasing applied voltage, teaching the 

low milllaccond region with over-voltages of several hundred volts. The delay time was 

also found to decrease when a &iven sample wan subjected to repeated breakdown at the 

»am* applied voltage.  Fig. 4 shows the results of the delay-time versus «pplied voltage 

■easurcaents nn the 80:20 glass. Curve 1 la for the virgin sample, which exhibits a very 

long iiltlal switching delay time which then decreases sharply with increasing voltage. 

Above around SS0 volts, the rate of decrease levels off. Curves 2  and 3 are auusequent 

runs taken on Che sea* sample. It Is seen that the behavior ft r lo<- volcag** *• quite 

different or the three curves, but that at higher voltages, all the curves converge. 

"ig. S show« the variaticn in I-v characteristics of a S0-S0 sample aa a function 

of temperature. The oacillograa S(a)( taken at room temperature, indicates a ver*' high 

off state realatance and no breakdown vith an applied voltage in excess of 1000 volte. 

Curves S(9j( 5(c) and »fd), taken at 6S*L, 102*C and 123*C. respectively, show successive 

oecreas.** in the off-state resistance and breakdown voltage as :he temnerature rlaea. 

la Curve S(c), taken at 140*Ct the off-state and on-state resistance are approaching one 

another in magnitude and the breakdown voltage haa fallen to below 100 volts.  Final1M, aa 

the temperature Is increaaeu further, the sample crystal1 lies and switch.ng ceases,  .he 

resistance cf the cryetalline state, shown in Curve JO . is estraaely !•»« A'ter crystalli- 

«ation, the sample remains in the low resistance state aa the temperature derreaaes. 

Fig. 6 ahewe a plot of breakdown voltage versus temperature 'or tne 50-SO glass. 

H '.he field dependent term in Iq. 1 is neglected, a valid approximation 'or bulk sample!«, 

tne equation can be restated es foliow«: 
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k  1/2 

VBR • " ^E     T «P ^E/2kT> (2) 

A nonlinear least-square fit computer program has been written to fit the V  versus 
BR 

T results to Eq. 2.  AE and K/O were taken as the variable parameters of the fitting 

process.  A very good fit to the above equation was obtained for all compositions. 

Table I shows the results of a least square fit of data from a 70:30 sample. Vn-(DATA) 
BR 

is the measured value of Che breakdown voltage, V(FUNCTION) is the value predicted by 

the fitted equation, and the error is the difference between the two. It can be seer 

that the error is In all cases within the range of experimental error. Table II shows 

the values of £E and </oo obtained over the compositional range of 80:20 to 50:50. 

T-iBLE I 

Least Squares Fit of the V      Versus T Data for a 70-30 Glass 

with </o0« 3.156 x 10      and AF - 0.40 ev 

Temperature V(Fuoctlon) V(i).-.ta) Error 

295 
?08 
317 
326 
330 
348 
357 
364 

TABLE  II 

Activation Energy and «/(^ Ratio fov a Scries of 

As2:«J-As;Se3 Compos I ».ion» 

Compoil.ion AE(ev.) 

50-50 0.46 
60-44» 0.42 
70-30 0.41 
80-20 0.47 

V(FuncCion) V(j.-.ta) 

188.7 190.0 
141.7 137.0 
117.9 120.0 
99.2 100.0 
80.1 82.0 
67.8 70.0 
58.8 58.0 
53.0 50.0 

1 
-4 

2 
0. 
1 
2 

-0. 
-3 0 

'/oQ(10"6) 

84.5 
102.9 
27.2 
2.U 
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Discussion 

As^Se. is a glassy material and has a low tendency to crystallize when cooled 

from the liquid phase.  Samples of As^Se- have been subjected to voltages as high as 

1.5 kilivolts without breakdown.  Pure ASjIe.,» on the other hand, normally does not 

form a glass, and accordingly has a high conductivity.  The system x As9Te„:(l-x)A8„Ser, 

can be prepared in a glassy state, the presence of the selenium being sufficient to 

stabilize the glass for x ^ 0.2 (15).  However, ail evidence indicates that the As-Se- 

is not actively involved in the switching process.  Rather, by forming a glass with a 

high As^'e. content, the As^Se- sets up the conditions for the switching process to 

occur. 

The initial breakdown mechanism is unquestionably thermal in nature.  This fact 

is subtantiated here by the independence of breakdown voltage on thickness, the good 

agreement of the temperature data with Sq. 2, and, in a qualitative way, bv the switch- 

ing delav time behavior, which agrees well with that predicted by Warren (5) on the 

basis of his solution of the heat flow equation.  When a voltage is first applied to 

a sample ir the off state, current tends to become concentrated in small or filamentary 

paths through the material, probably because of local inhomogenities. As the voltage 

is increased, the power dissipation causes a localized heat build-up.  Because of the 

low thermal conductivity of the glass, a point is soon reached for which the heat gene- 

rated is greater than that which can be conducted away by the adjacent cooler material 

and thermal runaway occurs.  This instabilltv accounts for the negative resistance 

portion of the I-V characteristic. Once runaway occurs, the temperature of the con- 

ducting path increases rapidly, and if the current is allowed to increase sufficiently, 

phas* separation and crystallization followed bv liqnification in the localized region 

will occur. As the current is reduced, the liquid material may return either to the 

glassy or crystalline state, depending on the rate of cooling.  This statement is demon- 

strated by the DTA data obtained for the As2fe3:A82Se3 system. A typical thermogram 
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shows an exothermic reaction at ■o.« temperature tj which represents cry.t.llla.tion 

of the material and an endothermic reaction at some higher temperature T2 which it the 

melting point. As the heating ratio increases, ^ approaches Jf,. and for very rapid 

heating rates, such as occurs in switching, the exothermic-crystallization reaction 

may not occur at all.  However, the cooling rate in switching is control^d by the 

external sweep circuit and can be made as slow as desired. DTA observations indicate 

that upon cooling trom the liquid state the material will become glassy if cooled 

rapidly, crystalline if cooled slowly. Thus, a rapid cooling or fast return sweep 

rate leads to threshold type switching, while a slow return sweep rate leads to memory 

behavior, where the conducting path is left in the -rystalline conducting state. 

The lack of consistency in the delav-time measurements of the 80:20 and 70:30 

glasses prevented any quantative analysis of this data. The inconsistency appears to 

result from areas of remanent crystallization brought about by the relatively high cur- 

rents associated with the pulsed switching.  To a lesser degree, a similar problem had 

been observed in steady state switching of the 80:20 and 70:30 glasses and is not sur- 

prising in view of the relatively unstable nature of these glasses. The 60:40 and 

50:50 glasses, which were considerably more stable under DC  switching, would prooablv 

yield useful delav-time data, but unfortunatelv these measurements are unfeasible be- 

cauje of the extremely high voltages required. 

Conclusions 

1. Both threshold and memory switching are exhibited by the As Te :A8 Se 

glass system. 

higher VBR. 

2. Switching stability improves with increasing Se content at the expense of 

BR' 

3. The switching mechanism in bulk As^^As^ glasses  is  thermal in nature. 
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HÖSSBAU» EFFECT SPECTHOSCOPY STUDIES OP 
SOME IRON PHOSPHATE GLASSES 

HERBERT LEE BUCHANAN III 

Tha»l» undT the dlfctlon of Proi«««or Urrv Wilion 

The co-ordination state« and aagnctic structure of Iron of a 

55 sole X PeO-45 mole % P.O. semiconducting glass containing various 

concentrations of Fa3*" and Fe2+ ions were studied using Hossbauer 

Effect Spectroscopy at 770K and 300OK. Roo« temperature iaomer 

shifts in the range 0.107-0.110 cm/sec and 0.023-0.047 cm/sec and 

quadrupole splittings of 0.217-0.265 cm/sec and 0.0A6-0.097 cm/sec 

for the Fe2+ ion and Fa1* ion, reapectively, indicate tetrahedral 

co-ordination states. Although no magnetic hyperfine structure «as 

present at 300oKt splitting at 77
0K was interpreted as evidence of 

either long relaxation timea or limited magnetic ordering. MES spec- 

tra of samples of the 50X Fe^/Fe glass heat treated for intervals up 

to six hours at 600oC showed progressive percimitation of oxides in 

several crystalline phases. The computer programmed curve fittings 

technique used throughout the analysis is presented and described. 
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CHAPTn I 

THEOatTICAi ASPECTS OF THE HÖSSBAÜER EFFECT 

In «pit« of n«« r«»Mrch tool« and rncnnt thwr.tlcnl advance» 

thnr« is «OM confunlon conc.rnlnt tb« chnalcnl nnd «.fnotlc «ttuctur« 

of th. iron in lroo-pho»ph«t« IU.M«. tocontly MÖwhnuor Effoct 

Sp^ctroneopy. MIS. ha« boon «uccoaofuny o«od to ougMnt dot« obtnlnod 

fro« th. convontlonnl optical and «agn.tlr nathoda. Thla thaal« da«- 

crtbaa tho uaa of HES to obtain na« »tructura and aatnatl«. Ufor^tlon 

«• iron-pboaphata gUaa ayata-a. Although Infomatlon obtalnod fro. 

NU la «inliar to ttat obtaUad by nuclaar quadrupola raaonanca. NQR, 

and nuclaar aatnatlr raaonanca, M. tha laportanc« dlffaranca llaa In 

tha fact that ^nadrupola manta of awltad autaa aa nail aa ground 

atataa nay ba obaarvad. ravaallng valanca and coordination Infomatlon 

concornlnt laotopoa auch aa fa57 uhlch haa no ground atat« quadrupola 

it. 

Th. fact that a photon. —Ittod by tha dacay of an aacltad atata. 

la characterItad by th» sano anargy a« tha Inconln« photon «aa danon- 

•tratad by «Ood In 1*04 In tho raaonant «cattarlng of light. The flnlta 

llfatla« of tha aacltod «tata glira« rla« to a lln«-«ldth. T,  of tha 

••Ittad radiation and la aaproaaad by 

T • n» 
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The excitation probability W(E) expressed as a function of the energy 

of radiation is given by the Brelt-Wigner relation, 

i    r2 
W(E) . _ _- 

(E-Eo)
Z + - 

which is «ore generally referred to as the Lorentzlan shape function. 

It will be noticed that a resonance occurs only if the probability func- 

tion of the source and that of the absorber overlap to an appreciable 

extent, that is, if 

E0-^lhV<Eo+^ 

The nuclear scattering process is characterized by a cross section 

paraaeter, o, for photons of energy E - hv by the relation 

a • ao W(E) 

where 

21+1       2 ex        -i *• TTX 0
0 " 2(lgr + 1) '  ""o 

I  and I  are the spins of the excited and ground states respectively 
ex    gr 

42 



and X is the wavelength at resonance. 

The difficulty in the observation of gamma-ray resonance in 

nuclear systems arises from the fact that t.  law of the conservcclon 

of momentum requires a non-vanishing energy of recoil for the emitting 

system, 

r    Z       2Mc    2Mc 

0 

where M is the mass of the system and c is the velocity of light. In 

the case of atomic radiation, the emitted quanta of radiation is con- 

siderably smaller than the llnewidth of the excited state. In nuclear 

transitions, however, the energy of the emitted and absorbed quanta is 

3 x 10 larger with a proportional increase in the free recoil energy. 

Since the linewidths of both phenomena remain about the same, it is 

0 

0 

understood that the energy lost in recoil is enough to bring the entire 

nuclear syst-em out of resonance. P. B. Moon, in 1955, showed that it 

was possible to add energy to the system, bringing the incident and 

emitted gemma ray back into coincidence.  He accomplished this by add- 

ing exactly twice the velocity of the recoil process to the source by 

placing it on a rapidly spinning wheel, thereby compensating for the 

velocity lost in both the source and the absorber. 

In 1958, Rudolf Mossbauer discovered a different method of ob- 

taining resonance scattering of high energy photons. He was investigat- 

: 

i 
i 
i 
? 

191 
ing the resonance absorption of the 129 Kev transition of   Ir. This 

'13 



line has a low recoil energy md Is considerably broadened by the random 

Doppler shifting of velocities due to thermal agitations. In an effort, 

to observe a decrease In the amount oL  resonance scattering, Mossbauer 

decreased the temperature to affect a decrease In the Doppler shift 

variations. Instead of a decrease in the resonant scattering, he ob- 

served an increase. At the apparent fail ire of the methods of classical 

mechanics, Mössbauer finally interpreted his results in terms of the 

Lamb theory (1939) for the resonant capture of  thermal neutrons in crys- 

tals. Thus, instead of compensating for a recoil energy loss, Mössbauer 

had found a method by which the recoil energy is reduced to zero and the 

emitted photons are resonantly absorbed. 

If the recoil energy, E , as calculated for the free atom case, 

la less then hv, the photon energy, and at the same time is less than 

the energy required to remove an atom from its lattice sire, a fraction 

of the processes that occur will be recoiless according to, 

-fe 

I 

Application of x-ray or neutron scattering yields 

f - exp [ 5—J 

where <x > Is the mean square vlbratlonal amplitude of the nuclear 

motion and A is the wave length of the gamma ray.  It is evident tuat 

44 



for u large effect to exist a small vlbratlonal amplitude, such as 

that found In a crystal lattice, is desired. For a Debye solid. 

/  3 Er n . A^ T w0/T iLjvi \ f - exp{ - -^ ^ LI + A( Q- ) /o  -jdx] } 
e 

where 6 » Debye temperature, T - absolute temperature, and k - 

Boltzmann's constant. Inspection of this equation will show how the 

reduction of the absolute temperature enabled Mossbauer to make the 

original observation of the recoilless emission of gamma radiation. 

Due to the narrow llnewidth of the nuclear transitions involved, 

the resonant absorption is quite sensitive to small energy variations 

in the gamma radiation. For this reason it is possible to observe di- 

rectly the interactions between the nucleus and the orbital electron 

cloud. The manifestations of these interactions on the positions of 

the nuclear levels are what make Mossbauer Effect Spectroscope valua- 

ble In chemical and solid state applications. 

Isomer Shift 

In atomic spectmscopy one notices that the positions of the 

electronic levels are n. . fixed due to the interaction which exists 

between the levels. There do exist, analogous to these Interactions, 

otht. Interactions between electronic levels and nuclear levels. A 

change In the s-elcctron density due to a change In valence would di- 

rectly affect the probability of finding that electron In the vicinity 

of the nucleus. As a result there is a Coulomblc interaction which may 



shift the positions of the nuclear levels. This effect, properly 

termed an "electronic monopole interaction" but more generally called 

the "isomer shift", arises from a difference in energy between an un- 

perturbed state and an electrostatically affected version of that same 

state called the isomeric state. The effect of this monopole interac- 

tion is to shift the nuclear levels without removing their spin degen- 

eracy. Thus, in the isomer shifting of these levels, the center of 

gravity of the entire Mossbauer spectra is seen to be displaced in 

velocity, usually in the positive direction. An expression for the 

expected isomer shift may be obtained by first expressing the electro- 

static energy of the nucleus, 6E, in terms of the nuclear radius, R, 

given a specific electronic configuration, |^(o)|, as, 

6E - ^Lze2|iKo)|2R2 

It is recalled, however, thzc  the nuclear transitions take place be- 

tween levels so that the energy of the excited gamma ray becomes 

fiEex-6Egd " f Ze2|*<0)|2(Rex2-Rgd2> 

At this point it is seen that the absolute value of the energy of a 

nuclear state is not as important as the energy of that state with 

respect to some arbitrary standard value. If this is the case then 

the isomer shift is given by '.he difference in the nuclear of two 

i ■ 



II 
Identical materials caused by a variation in electron parameters. Thus 

see Figure 1. 

[I 

0 I.S.    -   ^ (*J - Kgd
2){  l*al>.(0)|2 - llWCe<°>|2> 

Ü 

Ü 

Ü 

0 

or by separating nuclear and atomic parameters. 

i.S. - f ^.2R2<^)n*.b.Wl
2-l♦..urcJ2, 

nuclear atomic 

where 6R - Rex - Rgd • 

Of course the above expression does not include any correction 

for relatlvistic considerations or distortions of the electronic wave 

function at the origin. There have been more accurate expressions 

developed as reported in sinmary form by D. A. Shirley.3 As mentioned 

previously, the electronic contribution to the isomer shift is attri- 

butable directly to tbe activity of the s-electron density functions. 

For an element such as iron, chemical bonding Involves only a small 

percentage of the total s-electron density, therefore one should expect 

that for any appreciable shift to occvr there must he « dependence of 

T the s-elcctron wave functions on the wave ructions of the orbitale. 

As will be discussed later, the study of iron reveals that the u-elec- 

I tron levels have the greatest Influence of this type. As a result, the 

I :    T? 

* 
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values at the nucleus of the Is, 2s, and 3s restricted Hartree-Fock 

A n 
wave funcclons were calculated by R. E. Watson for different d con- 

figurations. The possible factors which influence the isomer shift 

have been summarized by Shulman and Sugano as either a direct contri- 

bution from As bonding or an indirect contribution from 3d bonding. 

The indirect contribution results from covalency effects between d- 

electrons and either filled llgand orbitale or empty ligand orbitale. 

Covalency Involving filled ligand orbitale tends to increase d-electron 

density thereby reducing s-electron density at the nucleus by means of 

electrostatic shielding, whereas covalency involving eupty ligand or- 

bitale ten s to reduce d-electron density in the target atom thus in- 

creasing interaction between s-levels and nuclear fields. As far as 

application is concerned, two quantities are determined from isomer 

shift investigations. These are the nuclear radius dimensions, used 

in verifications of nuclear models, and the electron density at the 

nucleus, of Interest in molecular ccructure and magnetic studies of the 

solid state. 

Quadrupole Splitting 

So far, it has been assumed that the electron distributions are 

spherically symnetric.  If the more general case is considered in which 

both prolate and oblate distortions are allowed, it If een that the 

(21 t 1) degeneracy is the appearance In a Mössbauer spectra of two or 

more lines separated by a difference in velocity representative of some 

energy ÄE. This splitting is cau 3d by an interaction between the nu- 

clear quadrupole moment, Q, »nd the gradient of the electric field of 

r   -is 



ü 
ü 

of the electron cloud and is given by 

U H - Z 

o 
where Q , - / pX^ d x , or 

u 

Ü 

10 

VE 

H " 41 
$L_ [3i2

2. ia ♦ i> ♦ f ci+
2 * *-2rt 

where n is the assymetry parameter and I+ and I. are raising and lower- 

ing operatcn. The Hamiltonian in this form has the eigenvalues 

.2 * 

*o '  Ä ^ - id + Dla^) 

mj - I. 1-1. " I 

[j It ig 8een that the second power of the magnetic quantum number insures 

n that states that differ only in the sign of ■, remain degenerate. Since 

U „orV m iron involves transitions only between the grand and first ex- 

[] cited states, it is seen than m, - 3/2. 1/2. - 1/2. - 3/2 vlll result 

in a single doublet for each distinct value of the electric field gradi- 

D ent. An evaluation of the electrical field gradient tensor is a rather 

n complex problem of solid state physics that has been dealt with to some 

^ 7.8 
extent with reference to iron compounds. 

D \ oO 
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D 

0 
D 
Q In general, the factors affecting the electric field gradient 

are charges on distant Ions and electrons In Incomplete shells of the 

D target atom Itself. If the lattice parameters rre known to good accu- 

racy it is possible to determine the gradient of the electrical field 

at the site of the target atom but this may be quite different from 

n the value of the same field at the target nucleus. An explanation of 

this is at hand when It Is recalled that the electric field of some 

[J Ugand charge configurations can lift the degeneracy of the five d- 

orbltal states. Originally the states appear as Illustrated (see Fig- 

ure 2). The llgands are usually negative Ions or neutral molecules 

[1 with a prominent lone pair of electrons and affect the d-electrons of 

a translton metal atom In two ways. One Is thmngh the -lectrostatlc 

D field of the negative charges and the other Is covalent bonding with 

n the d-orbltals. Those d-orbltals which have a large electron density 

U in the direction of the llgand are repelled and ha.e a higher energy. 

(1 Those orbltals which avoid the directions of the llgands are not pushed 

up in energy so high. Therefore In the octahedral coordination the dz
2 

and d 2 2 are Increased In energy by the same amount leaving d^, d^ 

at a lower energy. The situation Is exactly opposite In the tetrahed- 

B ral coordination placing d^, dyz. and dxz In a higher energy state. 

R The energy difference in the two orbital groups Is called the llgand 

field splitting. A. generally denoted by lODq.  If the coordination Is 

0 distorted from either the octahedral or the tetrahedral then the degen- 

eracy of the dc and da are lifted and there exists an energy. W. between 

■ each de or do suborbital. The population of these suborbltals Is now 

Q 1   51 
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determined by the Boltzmann factor, exp(- W/kT). It should be expected 

therefore that a considerable temperature dependence should be found 

for the quadrupole splitting. The detal  uf this temperature depend- 

ence, from which the magnitude of the crystal field splitting may be 

deduced, have been found for a number of materials. 

The above discussion has Ignored the relative intensities of the 

lines which do contain additional Information. It will be noted that 

the radiation resulting from the two possible transitions of iron are 

anlsotroplc aa shorn below, 

Angular 
Transition      Probability of Transition    Dependence 

± 3/2>±l/2 1 3/2(l+cos2e) 

±1/2-41/2 1 l+3/2sin2e 

where 6 is the angle from the axis of synmetry. Note that there is no 

angle for which either line vanishes and the maximum difference in in- 

tensity occurs for 9-0 and is 3:1. This effect has been explored in 

9       10 
some organic compounds of both tin and iron 

Haanetic Hyperflne Splitting 

The most noticeable part of the Mössbauer spectra results from 

the interaction of the nuclear magnetic dipole moment, y, with the mag- 

netic field of the electron cloud, H. The Hamiltonian for this inter- 

action may be written, 

H  - - M • H - - gM I • H 
m n 

I        53 
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where Mn Ifl the nuclear magneton and g is the gyromagnetlc ratio. The 

eigenvalues may be written. 

Em - -yHmj/l - -mjki 

»T  
-  If 1-1 - I 

indicating complete lifting of the (21 + 1) levels with a splitting be- 

tween adjacent levels of gpnH. For this reason, the spectra of metallic 

iron shows a six line pure nuclear Zeeman effect. It is at this point 

that the difference between the magnetic spectra from the Mössbauer 

experiment and those obtained in other nuclear resonance techniques be- 

comes apparent. In NMR experiments, for example, nuclear transitions 

take place between the split levels of a nuclear state (Am ■ ± 1) 

whereas in the Mossbauer experiment transitions occur between nuclear 

levels themselves with the condition that the z-component of the angular 

momentum transferred to the emitted quanta of gamma radiation, L, must 

be conserved. The final selection rules may then be written, 

I1! - ^l 1L1 I1! + ^l   L ^ 0 

Afflj - 0, ± 1 

The appearance of hyperfine splitting makes possible the direct 



coapueatlon of Ch« transition probabilllU*.    Thmm* ar« obtalnod frc 

tha square« of tha Clabah-Gordan coafflclanta which ara writtan 

(I1.2V2lI,I2ul-.2)
, 

It ia alao banaficial to cooaidar tha angular dapandanca of thaaa trana- 

aitiona. Thaaa ara alao givan in taraa of tha angle between tha nag- 

natic fiald and tha direction of propagation, 6.  It ia obaarvad fro« 

thaaa axpraaaiona that tha tranaitioo for As • 0 vaniahaa at 6 • 0 but 

that tha averaga over a sphere for «ach co«p aant angular dapandanca 

gives a relative probability ratio of 3:2tl:1:2t). The atai of tha angu- 

1 
lar axpraaaiona ia spherically symatrlc. 

It haa been ahown that In aone «atar laIs tha «agnetlc fiald aria- 

Ing fro« tha lattice itaalf ia aufflclent to cauaa «agnetlc hyperfine 

splitting. Invaatigation of iron foil haa yialdad an Internal fiald of 

3.33 x 10S KOa at roo« temperature.11 This value was derived fro« tha 

fact that tha internal fiald ia proportional to tha total splitting In 

tha apectrtsi (tha velocity difference between tha two «oat diatant 

12 
lines). Tha origin of thia internal field ia priaarily due  to 

a) Tha Farai contact interaction (direct coupling between tha 

nucleus and unpaired electrons). 

Hs - - ^- 0 < £(♦ ^(o) - ♦ ♦g2(o»> 

v; 
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b) The orbital magnetic moment contribution 

^    - - 2ß < ^ > <L> 

c) Dipolar interaction with electron spin 

Hp - - 2ß <   ^     ^3 

The appearance of these terms is based on the electron configuration. 

A complete treatment is given by Freeman an«». Watson. 

It is necessary to point out that the three primary features of 

the Hössbauer spectra isomer shift, quadrupole splitting, and magnetic 

hypcrfine splitting may occur simultaneously without regard to the mech- 

•nisms of their origin, aee Figure 3. In order to split a spectra into 

its separate components, some a priori knowledge of the system para- 

maters in conjunction with computer fitting techniques must be used. 

An interactive analysis program of this type was used by this author 

and la described in Appendix II. In order to successfully predict a 

spectra resulting from a number of interrelated parameters, it is nec- 

eanary to construct the Hamlltonlan matrices for both the ground and ex- 

cited states of the nucleus and then calculate the transition probabil- 

ities from the resulting eigenvalues and eigenvectors. 

£*; 
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the two low levels of Fe57 
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CHAPTER II 

MÖSSBAUER EFFECT STUDIES OF AMORPHOUS MATERIALS 

Before Moesbauer's discovery in 1958, the possibility of observ- 

ing hyperfine structure of the nucleus had been all but discounted. 

However, the fact that gamma ray absorption of a material with thermal 

vibrations of the order of 10 cm/sec could be affected by the addition 

to the system of s velocity of 10  cm/sec gave new life to areas such 

as magnetism, lattice dynamics, chemical bonding, and nuclear physics. 

Although most of the cnrly theoretical work approached the problem of a 

derivation of the expression of the absorption cross section area by 

assuming the nucleus was bound In a crystal lattice such as the work 

14 
done by Haradudln,  several experiments were undertaken to investigate 

the possibility of a Mo'ssbauer effect in glassy materials. Studies of 

this nature were reported by Gol'danskli  in 1963, who successfully 

used MES to study the chemical state of nuclei bound in both the crys- 

talline and the vitreous states. 

It is recalled from Chapter 1 that the recoil-free fraction in 

the resonant process may be written 

2  2 
r r  ATT <X > vl 
f - exp [ 5 )J 

2 
where <x > is the mean square amplitude of the vibration in the direction 

18 
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of Che enlsslon of Che ganna ray averaged over Che lifetime of the 

1 2 
nuclear state Involved.  It is seen Chac If <x > is large, chac Is Co 

say, If Che nucleus Is unbounded, Che expression for Che fraccion would 

vanish and no effect would be observed.  Ic would seem clear Chen Chac 

no Nössbauer effecc could occur in a liquid as was demonscrated by E. 

Segre (1933).   Although no long range order occurs in a glass, Che 

shore range order is sufficienC Co bind a nucleus Co sulcably small 

dimensions and has been shown Co give a subscancial effect. In addi- 

Clon Co Che work of Gol'danskil, early demonstrations of this include 

Fe in '"used quarcz and silicace glass,17 iron pencacarbonyl frozen 

in an organic aolvenC,  and   Sn in polymechyl methacrylace.19 

Although iron is not genrally a major constituent of inorganic 

glaas, except as a bochersome impurity, its atrucCural informacion may 

be very beneficial in deducing Che overall structure of Che compound. 

Because it is a transition metal, other magnetic and optical speccro- 

scoplc techniques in addition to Mossbauer specCroscopy make structural 

conclusions rather complete. For this reason, most of the recent stu- 

dies favor iron as th^ doping element.22•23,2*,27 

As a result of investigations using several experimental methods 

27 
it has been generally concluded  that iron in glass, in addition to 

the divalent and trivlanet states, may be present in various other coor- 

dination states: 

a) It may replace the groups 

[ S1 03/2 ] OM 

i i3 
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to give the structures 

[ Fe111 04/2 ] - M+ 

or 

[ Fe11 0L/,  I
2" 2M+ '4/2 

where the Iron Is the vltrifler with the coordination number 

4 (M - LI, Na, K); 

b) It may appear as a modifier In the composition of the 

groups 

and 

t P."1 o6 ] 

[ F." 06 ] 

with a coordination number 6, or; 

c) It may form oxides or alkaline ferrltes In the colloid- 

disperse states. 

If we assume that In the preparation of the glass, there exists 

some equilibrium distribution of the different forms of the Ion, then a 

27 chemical expression may be written of the form 

I 60 
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[ Pe"1 04/2 ] M    Fe3*    Fe2+    [ Fe" 0^  ] 2M 

(group 2) (group 3) 

[ F.111 0 ] [ Fe11 0 ] 

(group 4) (group 5) 

3+ 
where groups 4 and 5 can be considered Co consist of simply Fe  and 

Fe2+ Ions respectively. The fact that the divalent and trlvalent elec- 

tron configurations result In substatually different electric and mag- 

netic environments for the target nucleus should Insure that the spec- 

tra resulting from these two states will be readily distinguishable. 

As mentioned prevlcusly, the Isomer shift arises In the fact 

that the electronic configuration In the source and absorber are not 

Identical. This shift Is principally attributable to a perturbation of 

the wave functions of the 3s orbitals In Iron so that the difference In 

Isomer shift between spectra of Fe  and Fe , which differ only by one 

3d electron, Is not Immediately understood. Since a single 3d electron 

should not appreciably affect the electronic charge density, |iKo)| , 

the shift must originate In the fact that the 3s electrons are spending 

some of their time farther from the nucleus than the 3d electrons. As 

a result, the electrostatic Influence of the 38 electrons are directly 

affected by the screening effects of the lower 3d levels. The addition 

of a single 3d electron reduces the Coulombic attraction between the 3s 

61 
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level and the nucleus allowing the 38 level to expand. The result is a 

substantial shift. Belyustin et al. found from a compilation of isomer 

shift data in five systems of glasses that in variable concentrations 

of FeJ)« that the shift for each ion remained more or less constant in 

concentrations of more than 4 mole X at 0.037 ♦ 0.003 cm/sec. Along 

with other da.^a indicating that the linewidths also remained constant, 

they concluded that a "short-vange" order exists for iron atoms in both 
Ml 

valence states. Work done on alkali sil.'cate glasses  yielded values 

of 0.008 to 0.009 cm/sec for high spin Fe  and 0.083 cm/sec for big". 

spin Fe2+. Results of experiments done on silicate and phosphate 

24 
glasses are shown in Figure 4 along with certain similar crystals. 

3+ 
While Fe(P0 )., FetfO.) • 2H20, and NaFeSi^ are known to contain Fe 

in octahedral coordination, crystalline Fe(P04) and KFeSijOg are known 

to have the trivalent iron in tetrahedral coordination. The grouping 

in Figure 4 is evident and the results are generalized to show that 

3+ 
while silicate glasses tend to have Fe  in 4-fold coordinated, the tri- 

valent ion tends toward 6-fold coordination in phosphate glasses. This 

correlation between isomer shift and coordination number was shown by 

Walker et al.33 by comparing the behavior of the ion in both coordina- 

tion sites. Increased covalency in 3d and 3d compounds is generally 

34 
the result of increases in 4s electron contribution.   Since isomer 

shifts are directly dependent on s-electron densities, it is expected 

3+ 
that a change of coordination number from 6 to 4 for either the Fe  or 

Fe2+ would result in a decrease in the isomer shift. Kurkjian and E. A. 

Slgaty2* found isomer shifts for tetrahedral sites of the order of 0.001 

[ '  62 
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cm/sec while those for octahedral sites were substantially larger, of 

the order of 0.020 cm/sec. Although verification of this correlation 

for the divalent is less conclusive due to the small amount of work, 

some results are listed in Tables 1 and 2. 

Since it is widely accepted that the structure of glasses is 

vastly distorted from cubic symmetry, one would expect that there would 

be some value for the electric field gradient at the nucleus from the 

d-shell electrons of ehe target atom as well as the electrostatic field 

of the ligand structtre. It is, therefore, no surprise that in most 

glasses which contain iron quadrupole splitting is found for both ion 

states. The trivalent ion splitting in siJicate glasses has been to 

have a range of 0.07-0.10 cm/sec which can therefore be considered in- 

dicative of tetrahedral coordination. The phosphate glasses show a 

somewhat wider range for the octahedral coordination of 0.032-0.088 cm/ 

sec.20 Splitting less than approximately 0.03 cm/sec or greater than 

0.10 cm/sec would seem to indicate some combination of the two states. 

As with the isomer shift of the divalent ion, the quadrupole splitting 

has been incompletely explored, but reported values range from 0.200- 

0.229 cm/sec at 300 degrees Kelvin. There have been attempts to quan- 

titatively analyze the substantial temperature dependence of the split- 

ting values with respect to distorted octahedral synmetry by fitting the 

data to the values of the energy differences between the three-fold de- 

6 21 22 
generate de levels as published by Ingalls. ' * 

25 
Work done by A. Lerman, M. Stiller, and E. Hernon,  showed that 

the ratios of the areas under each of the two superimposed doublet spec- 

tra varied linearly with the relative proportion of each respective ion 
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TABLE 1 

,2+ 
FE  PARAMETERS IN SILICATE MATERIALS 

^•""Cu 
(cm/sec) C.N. 

0.053 4(square planar) 

0.060-0.077 4(tetrahedral) 

0.081-0.101 6(octahedral) 

0.110 8(distorted cube) 

TABLE 2 

,2+ 
FE  ISOMER SHIFT DATA FOR GLASSES AND REFERENCE 

Glass Type v  "Cu 
(cm/sec) 

Ref. 

Phosphate 0.115 46 

Phosphate 0.107 21 

Phosphate 0.095-0.097 47 

Silicate 0.089 48 

Silicate 0.080 46 

Silicate 0.067-0.089 27 

;    t5 
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In the material. Results of their experiments with mixtures of vlvla- 

nlte and amorphous ferric phosphate within 3% of conventional chemical 

35 
methods were reported. At about the same time, Karyagln  showed that 

the Intensities of the two peaks In the doublet should not be equal In 

the general case due to the anisotropy of the recoil free fraction re- 

gardless of the isotropy of the crystal. This "Gol'danskli-Karyagin 

Effect" may be employed to deduce the sign of V22 In both  Fe and 

IIQIB 36 
Sn spectra.   This fact would make the separation of a composite 

spectra quite difficult. However, It has been determined that a mechan- 

ical mixture of two glasses, each of which contain only one Ion and does 

give a symmetric doublet, yields an unresolved three line spectra that 

27 
Is quite similar to that obtained In most composite glasses.   There- 

fore, the assumptions that must be made for a glass under Investigation 

to allow this type of analysis are that the absorber Is thin enough to 

28 
allow pure Lorentzlan line shape,  both iron valence states undergo 

quadrupole splitting, and that there is no anisotropy in the reemission 

of gamma radiation. 

One of the outstanding capabllltlps of the Mössbauer Effect is 

the opportunity for evaluating the magnetic behavior of the Iron in 

glassy systems. Hyperfine splitting, hfs, has been observed in ferro- 

and antiferromagnetic materials as a result of the Internal magnetic 

29 
field.   In di- and paramagnetic substances, the ground state and ex- 

30 
cited state degeneracy is removed by an external magnetic field,  how- 

ever it should be possible to observe hyperfine splitting without an 

external field provided that the electron spin relaxation time is large 
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compared to the reciprocal of the hyperfine Interaction energy, that 

Vi 26 
is, if T > -rr where A is the magnetic hfs energy.   In investigations 

2A 

of dilute concentrations of iron in sodium trisilicate glass, Kurkjian 

and Buchanan  have shown that ae the temperature is lowered a fairly 

distinct six line spectra is evident with a large doublet completely 

obscurring the center two peaks. This could not be interpreted on the 

basis of a precipitation of an iron oxide since the hfs spectra de- 

creased with an Increase in iron concentration. The effect could only 

be explained in terms of a long spin relaxation time as discussed above 

since the glass was known to be paramagnetic at the low temperature. 

3+ 
As the concentration is increased, the proximity of neighboring Fe 

causes spin-spin coupling relaxation. 

The "Inverse spinel" effect was shown in work by Belyustin et 

al.  with various concentrations of Fe.O. in sodium silicate glass. 

Two six line spectra overlapping on the last three lines with an in- 

3+ 
tense trivalent doublet indicated eight Fe  on tetragonal A sites and 

%JL, 2+ 
eight Fe  and eight Fe  ions on octahedral B sites at room tempera- 

31 ture. Shaw and Heasly  have investigated heat treatment on Na20-Fe203- 

SiO. and Li-O-MnOj-SlO, glasses and have interpreted their results on 

the basis of superparamagnetism. 

Finally, it is understood that a combination of magnetic hfs and 

26 
quadrupole coupling may exist simultaneously. Kurkjian and Buchanan 

investigated the spectra of Fe(POjg in both the vitreous and the crys- 

talline states. While the crystal showed no quadrupole splitting, the 

value of the splitting for the divalent ion in the glass (20% of the 

; . 67 
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total Iron present) indicated octahedral coordination. Below 10 degrees 

the glass showed the same quadrupole spectra superimposed on a six- 

line hyperfine structure. Although the hfs presumably resulted from a 

large fraction of the iron atoms in an internal magnetic environment, 

the fact that the proportions of the amplitudes were not 3:2:1:1:2:3 as 

found in metallic iron, seemed to Indicate the possibility of other spin 

states of the trivalent ion that were not included in the hfs. It was 

postulated that although the glass was known to be paramagnetic, either 

some short range magnetic ordering is present or the degeneracies are 

lifted by a long relaxation time. 

Finally, we notice that, just as in most other methods of spec- 

troscopy, the linewidths are substantially Increased in glassy mater- 

ials. This broadening is usually explained as due to Che variation in 

site parameters. For paramagnetic glasses this broadening is most 

32 
likely due to incomplete relaxation of the magnetic hyperflne fields. 

27 
Belyustin et al.  concluded that the line broadening which occurs with 

a reduction in Iron concentration may be explained by the formation of 

II   2- 
Fe 0. ,.  (group 3) In which the iron acts as a vitrlfier. Although 

Fe  usually plays the role of a vitrlfier due to its smaller atomic ra- 

dius, the weak concentration may allow the divalent ion to appear in 

27 
the network.   This suggestion has also been made by other authors, but 

the data is inconclusive since small concentrations give low effects and 

statistical errors are great. Due to a half-life of the excited nuclear 

state of about 100 ns., the theoretical minimum value of half-width is 

approximately 0.010 cm/sec in iron. The minimum observable half-width 

I.   tH 
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Is alaply twice this due to the additive coablnetlon of source end 

absorber line widths. The InstrtSMittal Uoewldth obtained by 

Belyuatln et al. waa 0.040 ca/aec and the trlvalent doublet wss broad- 

ened by another 0.030 cm/sec. Thla «ay be due to the presence of the 

Ion In both tetrahedral and octahedral coordination states. Since the 

•s 
quadrupole splitting for Fe  la of the order of the llnewidth, the 

superposition of the two coordinations would be very difficult to re- 

solve. 

!      to 



;o 

CHAPTER III 

EXPERIMENTAL TECHNIQUES 

Mtosbauer spectra are obtained by Irradiating the nucleus of 

certain isotopes with a narrow band of monoenergetlc gamma radia- 

tion and tabulating the intensity of the emitted radiation with re- 

spect to some geometry of the system. Although detection of the gamna 

radiation is well accomplished through existing counting techniques, 

the problem of obtaining a swept range of gamma ray frequencies is a 

novel engineering problem. A workable solution is to use a radioac- 

tive source material which decays iso-energetically with the osotope 

contained in the absorber. A band of energies is the obtained by 

Ooppler shifting the effective frequency of radiation at the absorber 

by adding a velocity to either the source or the absorber. An ex- 

pression for this change in energy is given by E >■ (v/c)E, where E is 

the unshifted energy and v is the added velocity defined as positive 

when moving toward the nucleus. The resultant spectra is then given 

as absorption versus velocity. 

Basically there are two methods which have berni employed in 

Doppler shifting the source radiation. The simplest of these is the 

constant velocity method which Mössbauer used in his original experi- 

ments.  In this method, a displacement is added to either the source 

or the absorber by means of mechanical cams, moving screws and gears. 

30 
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rotating wheels piezoelectric crystals, or loudspeakers executing a 

39 
constant velocity motion.   During a predetermined time Interval the 

detected radiation Is counted and recorded. The velocity Is then 

altered by a small amount and the process Is repeated. This Is contin- 

ued until an entire spectra has been accumulated. An advantage of this 

method Is that any part of a spectra may be examined In detail simply 

by reducing the Increments of velocity and the limits to which it Is 

altered. 

The other method, the one used by the present author, applies 

motion to either the source or the absorber In such a way that all the 

velocities of interest are covered In one cycle. This motion is usu- 

ally applied by means of a loudspeaker coil upon which has been added a 

pick-up coll that indicates the actual movement being experienced. The 

coil is modulated with a triangular wave form and the pick-up coll gen- 

erates an error signal which is used by the drive uniL in a feed-back 

37 38 
control loop.  '   A multichannel analyzer having the same sweep rate 

as the drive unit samples each successive cycle in increments of time 

equal to the reciprocal of the product of the sweep frequency and the 

number of channels. The number of counts in each Increment are the 

stored separately. The non-availability of a multichannel analyzer can 

be overcome by reducing all detected pulses to the same height and then 

modulating these pulses with the velocity drive signal. The result Is 

then accumulated in a pulse height analyzer. This method provides an 

40 
automatic cancellation of an non-linearities In the drive signal. 

The apparatus used in the current investigations employs the 

F ■ 
i ,.    < 1 
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addressing signal for the last bistable address register of a TMC 

model A04 400 channel multichannel analyzer to drive a Nuclear Science 

and Data Corporation model AM-1 velocity drive unit (see Figure 5). 

The analyzer signal is a square wave with a period of 100 microseconds 

corresponding to the period of sweep of the analyzer. The AM-1 drive 

unit Integrates this square wave to produce the triangular signal used 

for the modulation of the drive coil. The feed-back control loop cor- 

rection coll is also utilized. The drive signal is passed through a 

D.C. power amplifier stage before driving the armature of the trans- 

ducer and a velocity control potentiometer sets the peak value of this 

driving waveform establishing the range of velocities to be scanned. 

The linearity specifications cover only 95% of the waveform, introduc- 

ing a 5%  nonllnearity at the apex.  Two bands of velocity are provided 

0-10 cm/sec and 0-60 cm/sec, of which the former was utilized exclu- 

sively. 

Detection of the gamma radiation was accomplished by means of a 

Reuter-Stokes 303PC331 proportional counter. The tube uses Krypton gas 

at a pressure of 72 cm/Hg and a Beryllum window 1" in diameter with a 

thickness of 0.010". The applied voltage was 1900 volts. Output pulses 

were amplified by a Tennelec model TCI33 FET preamplifier and a Tennelec 

model TC202 BLR linear amplifier with an intervening Tennelec model 

TC441 single channel analyzer. The single channel is required to iso- 

late the desired line of the source spectra. 

There are at least 32 different element» in which the Mossbauer 

effect has been found to exist in at least one of several isotopes. The 

objective In any study is to find a sinp1e line decay of an unstable 

i 
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parent isotope which is iso-energetic with the nuclear transition to 

be observed.  It is then generally desirable to diffuse the source 

material into a cubic host matrix in order to eliminate quadrupole 

coupling and magnetic splitting. The source used for the present work 

was Co  diffused into the cubic environment of copper foil manufac- 

tured by New England Nuclear Corporation. Afwsr electroplating, the 

source was annealed for three hours at 1000 degrees centigrade in hy- 

drogen and quenched. The width of the 14.4 Kev resonance line in a 

K4Fe(CN)6 • 3H20 single line reference absorber with a thickness of 

(1.5  mg/cm was 0.036 cm/sec. In order to reduce the intensity of the 

6.5 Kev x-ray present in the source spectra, a 3/8" thickness of Inc- 

ite was Inserted between the source and the absorber. 

The calibration of the apparatus was accomplished by comparing 

the positions of the six spectral lines obtained from 0.001" iron foil, 

see Figure 6, with the reference splittings published in the litera- 

41 
ture.   The velocity difference between channels was assumed constant 

although examination of Figure 7 indicates that some non-linearity did 

exist. All measurements of isomer shift were made with reference to 

the single absorption line of stainless steel. 

The accumulated data was extracted from the multichannel analy- 

zer by means of an IBM typewriter which printed the total number of 

counts in each channel. The count totals were then transferred to 

punched cards at the expense of considerable time and effort. As one 

can imagine, the novelty nnd practicality of such a method diminishes 

very rapidly and an alternative would have been desirable. 

r    ^1 
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Except for the Iron and stainless standard foils, all samples 

„ere finely powdered. A mixture of 400 mg of sample powder added to 

2 grama of powdered urea was then nlaced between two solid bras., cylin- 

ders and pressed in a hand vise. The result was an opaque disc 1-1/2" 

in diameter and 1/16 inch thick. This procedure produced an iron den- 

sity of approximately 13 «g/cm2.  In order to determine the amount of 

28 
broadening due to this heavy iron concentration.  the density was re- 

duced to about 0.25 mg/c«2 with only a 10%  reduction in linewidth. 

Resolution at this concentration, however, was very poor. 

After the discs had sintered, they were mounted in an aluminum 

holder which was then mounted to the bottom work surface of a Texas 

Instrument CLF 1 litre rryoflask with brass screws. In order to pro- 

vide good thermal conductio• fro« the disc, one face was coated with 

vacuum grease and pressed into contact with a thickness of alumln« 

foil which was then .iared into contact with the alumln« mounting 

bracket. The only difficulty enc. -tered with this arrangement was 

that when the system was brought to room temperature fro« 77 degree. K 

there was a tendency for the melting frost to dissolve the urea disc. 

This was re«edied 0/ allowing the evacuaclon pu-p to remain in opera- 

jIon during the wsr«-up period. 

The glasses were prepared using a physical «ixture of 55 mole X 

Ml and 45 mole X  P^. The mixture w.s melt«! in air at 1300 degree. 

C for one hour and poured into butto, s on. cm thick and two cm in dla- 

2+      3+ 
Mt«r. To vary the different t.iativ. concentration. F.  and Pe  in 

the gla... dextrose (s«ple preparations I. 11. and III. resr-ctively) 

*.s added to the «ixture to reduce F.3* to P.2* while in the melt. All 

I* M* 6 
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CHAPTER IV 

RESULTS 

GenTal 

The Motsbauer Iffeet Spectra of the 55-45 mole X  FeO-P.O 

glasses at roon temperature corsist of three partially rei-olved lines 

of unequal magnltuies. These lines sre asmned tc be the superposi- 

tion of two independent doublets which result fro« the presence of the 

two diftcrent ions. When the saaples sre cooled to 780K the observed 

affect is substantially decreased. This is acconpanled by an outward 

■igration of the line positions snd an increase in their linewldths. 

Heat treatment of the SO I Fe /Pe sample yielded additional lines 

considerably displaced from tero velocity. 

ROOM Temperature Data 

Room temperature spectra for the three iron ratios «.ere ob- 

tained and are shown as Figures 8, 9, and 10. Since the dextrose 

which was added to the melt in preparation of the samples served only 

to change the oxidation state of a portion of the Fe  ion concertra- 

24 
tion to Fe    , one wruld expect tK'.t the overall  iron concentration and 

thus the asraunt of total effect observed in all three samples remsins 

the same.    That this Is indeed the case is demonstrated in 'h*   fee' 

that the integral under the entire spectrum remains constsnr regard- 

leas ot  the -elatlve concentration.    By employing a least-squares ap- 

proximation procedure,  two sywmetrlc doublets were fit to the rsw data, 

38 
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and the r mltlng line positions and relative amplitudes are shown 

under each plot. The solid line passing through each set of experimen- 

tal data points shows the total fitted spectra. The actual numerical 

results for each fit calculation Is given In tabular form with the same 

title as the plot In Appendix II. In the case of each doublet, the 

amplitudes of the two corresponding peaks were varied simultaneously 

as one variable, whereas each position was varied Independently. In 

the case of the 15 % Fe /Fe sample. It was found that the best fit 

occurred for the case In which the negative peaks of both doublets were 

made to have the same position. 

Calculations of the relative Ion concentrations present were made 

using the ratios of the relative area values obtained In the computer- 

analysis output (Appendix II). Quadrupole splittings were obtained as 

the velocity difference between the two associated peaks and the Isomer 

shift values were obtained as the difference between the center of 

gravity of the two peaks and zero velocity. The final results are shown 

In Table III and Figures 11 and 12. In the case of both the dl-valent 

and the trl-valent Ion, the quadrupole splitting Increases with an In- 

3+ 
crease In the Fe /Fe concentration. Although the magnitudes of the 

trl-valent splittings are only about 30% of the dl-valent values, the 

two curves appear to have an almost Identical second order dependence. 

The similarity does not appear In the values for the Isomer shift. 

3+ While the trl-valent shift Increases with the Fe /Fe ratio, the di- 

valent shift seems to remain constant over the entire range of concen- 

trations. A more complete plcutre of Isomer shift and quadrupole split- 

ting activities could have been obtained using more data points In the 

!   82 
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Fig. 11 Quaxirupole splitting of the Pe3+ and Pe3+ Ion as a 
function of the concentration ratio, Pe /Pe. 
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extreme high and low ends of the range of concentrations, however, 

these samples were not available and were omitted. 

Low Temperature Dala 

A spectra was obtained for each of the concentrations at 78 K 

and are shown In Figures 13, 14, and 15. In each spectrum four Inde- 

pendent Lorentxlan line shapes were fitted to the data. The poBltlons 

of these lines are plotted with respect to the concentration in Figure 

16. As the tri-valent ion concentration is decreased, an alicoat linear 

migration of the four spectral lines away from a point slightly positive 

of zero velocity occurs. Accompanying this migration is a slightly non- 

linear increase in the line-width ranging from a value equal to that 

obtained in the room temperature observations for high Fe /Fe concen- 

trations to nearly six times as large in the low Fe^/Fe concentration 

(see Figura 17). As the line positions expand and the line widths in- 

crease, there is decrease in the amount of effect that is observed. 

This is expected since the integral under the spectrum is indicative of 

the total iron present, however, differences in this area and that ob- 

tained at room temperature would indicate a temperature dependence in 

the recoil-free fraction. The amount of effect that is observed becomes 

important when it is considered that the amount of noise present in all 

the data remains fairly constant at approximately 0.5% absorption while 

the amplitudes of the fitted peaks falls as low as 0.65% absorption. At 

this level lines are quite difficult to resolve and multiple lines are 

often completely obscured. 

85 
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Porcent Ke   /Ke ''e3+/l<'e 

Fig. 16   Litre posJtlons as a function of the concentration ratio, 
Po3 /Ke, for the four linos of the 77  K elvin sajnples. 
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Percent FeJ /Fe 

?i*   17 Line width as a function of the concentration ratio. 
Fe?VFe, for the 77 Kelvin samples. 
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HoasbM'jcr spectra «ere obtained at rooa teaperature of sample» 

a* 
of the bOX  Fe /Fe concentration glas« which were htit treated for 45, 

90, 180, and 360 ■inutaa at 600 C. These apcctn are shown as Figures 

18, 19, 20, and 21, res^acitvely. The spectrum of the glass without 

heat treatment waa included prevloualy aa Figure 9. No attempt waa made 

to coordinate the variablea associated with any two lines for the rea- 

son that no clear cut trend was di'-.overed. However, a graphic display 

of the line positions and relative amplitudes la shown as Figure 22. 

Llnea are numberJ ! In order of their appearance aa the time of heat 

treatment progreases. Examination of Figure 9 ahows that line 1 was 

initially considered to be a superposition of the two lines resulting 

from the doublets of lines 2 and 3. While thla probably remains true 

for the heat treated samples. It Is expected that lines 4 and 5 are due 

to a different mechanism so that a redundancy in the fitting procedure 

waa not altogether necessary. 

As In previous experiments, the line intensiries must decrease as 

more lines appear to conform to the fixed amount of iron present. This 

is consistent with a chemical analysis which was completed on all heat 

42 
treated samples. It was found  that the heat treating did not affect 

3+ 
the Fe /Fe ratio to within an experimental error of ±  0.5%. Also, it 

is noticed that as new lines appear and become more completely resolved 

the value of the fitted line half-width decreases. This would tend to 

indicate that each of the initial lines is the sum of two or more small- 

er lines in very close proximity. As the time of the heat treatment is 

[        91 
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90 Min. 

180 Min. 

I 
I 
I 
I 
I 
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I 

360 Mln. 

-.5 
i—"—'—'—\—TT -.3      -.2      -.1      0.0      .1 -2 o 

Velocity (cm/sec) 

T 1 
A       .5 

Pig. 22   Relative positions and amplitudes for the lines of the 
heat treated samples. 
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tncrMMd. Ch« tndtvlduat Kn«« bccoM aor« «pparcnt and dtapUy tlw 

natural lln« half-vldch. I» it rMtonabl« to «MUM that ■lac« ih# 

final half-vldrh valu« for tho haat traatad Maple coapnros favorably 

with the valua bafor* haat treating, thet aoat of the auperposltlona 

have bean dlacloeed. However, a aore draatlc heat treataent ualng 

larger aaounta of the aaaple at a longer tlae and at the eaae tempera- 

ture aay yield other Interesting Information. 

Chemical Analyal» 

KB  previously mentioned, the ratio, Fe /Fe, may be obtained as 

the ratio of the trlvalent doublet area to the area of the entire spec- 

trum. Since the accuracy of this method has been verified by quantita- 

tive chemlcti analysis, it was decided to use the concentration value 

obtained from the line area ratio throughout the analysis of all the 

data. 

S7 
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CHAfTa V 

DISCUSSION OF RESULTS AND CONCLUSIONS 

In an aaorphous Mapl« vith a high concent rut.on of a paraaag- 

natlc Ion«, as la present In Che 35-45 uola t  FeO-P.O. glass, nuaerous 

forms of Fe Ions may be present simultaneously making Interpretation 

of the Nb'asbauer spectra quite difficult. Retaining the assumption 

made In Chapter 4 that all of the Ion states are In equilibrium, either 

Ion may act as the predominate vltrlfler with the formation of stable 

groups of either the divalent or the trlvalent type, dependent on the 

amount of Fe.O present. Considering llgand field stabilization in 3d 

2+ 
ions, Fe  might be expected to display octahedral coordination in 

2+ 
glasses. However, since it is known that Nl  occurs tetrahedrally co- 

2+ 
ordinated in some glasses, the possibility exists that Fe  may act 

similarly. With regard to the high concentration of iron in the samples 

subject to the present discussion, one could expect numerous interac- 

3+ 3+      2+ 
tions between neighboring Fe  ions, between Fe  and Fe  ions, and be- 

2+ 
tween neighboring Fe  ions. Heat treatment could result in the percl- 

43       44 
pitation of several crystalline oxides as shown by Asm,  Bamford,  and 

27 
Belyustin et al.   Finally, it is recalled that these oxides may al- 

ready be present in the colloid-disperse state. This state is most pro- 

44 
bable at high iron concentrations. 

Examination of Figures 8, 9, 10, 11, and 12 suggests that the 

overall structure of the glass is not greatly affected by concentration 
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mm .f tmm m pr.*.,. ^illllt riittr, ( ^ Uhl9m 1 ^ || 

ch. IMH .hifc -Jy., of .ppro«i«i,.|y o.lO .„d 0.020-0.0*5 for «h, 

***m ^  trlvl«,, doubl.1. .r. coo.,.,«,, ,lth oth#r „„„^^ 

•U.^. .od .r. ch.r.c,.rl..4c of oct.^r.l coordiootlon for both ion.. 

Th. f.cc ,h.t th. Mste .hlft NMte, ^„u,., „^ i<|n8M ln con- 

c«.tr.rion would M to .how th.t the eloctronlc .tructur. ,„„lm< 

with MM. ion., p.rtlcul.rly th.lr 4. «.v. function., .re r.l.tlvly 

free fro. co-velency ch.n,e. due to the concentr.tlon of either Ion. 

However, the decre... of l^or 8hlft for the trlv.lent Ion with . de- 

cree., in the Pe^/Fe r.tio sugge.t. .n Incree.e In the A. electron 

denelty which would ...entlelly ..nount to .n Increa.e In cov.lency 

a-eocieted with the Fe3+ ion. One ni8ht therefore .ur^l.e that any co- 

valency or coupling effect, that are being obaerved would Involve only 

neighboring trlvalent ion.. This is,  however, an Idea not completely 

consistent with the quadrupole splitting data. 

THe experimental ranges of quadrupole splitting values of 0.046- 

0.0.7 and 0.210-0.270 cm/sec for the Fe3* and Fe2+ ions, respectively, 

are in good agreement with the values of Kurkjian and Sigety24 of 0.032- 

0.088 and 0.200-0.229 cm/sec for octahedral coordination. This does 

verify the earlier conclusions concerning the coordination states of the 

two ions. However, it is noticed that both the curves of Figure 5-4 

vary in a quite similar manner.  It is recalled that the electric field 

gradient for the ferrous iron case Is due to a 5D electron configura- 

tion, whereas the field gradient in the ferric iron with a 6S configura- 

tion is due prlmarry to nearby lattice contributions. The similarity 

US 
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In ihm äfndt**  of Ch« quadru^ol« «pi lit log on cho Po^/F« ratio of 

cho C«o ton« might,  thon, bo o rooult of a loaaor Intaratoalc dlatanc* 
H 

In highly couplod Ion palra In a ntxcvr« rich with the Mallor fa  Ion. 

On« could Chan cone lud« that aoac of cha Ion pair« at« ancifarronagn«c- 

Ically coaplax Fa^-Fa24, in «^reeaent with Frlabala, Wilson, Dorlar, 

and Rlnaar/2 who studied thaaa glaaaaa by ««ana of magnetic rrsonanc« 

teehnlqua. The spectra at 78° are more difficult to interpret. While 

work done on Fe(P03)3 glaas with 0.1-5.0 mole X Fe2O3(80% Fe /Fe) by 

26 
Kurkjian and Buchanan  showed little difference in spectra obtained at 

78° and 300oK, the high iron concentrations yield definite changes at 

the two temperatures. In addition, it would appear that the differences 

are more precisely attributable to the increase in the concentration of 

the divalent ion (decrease in the Fe /Fe ratio). While the curves of 

Figures 13, 14, and 15 were fitted with four lines with large values of 

half-widths, it is conceivable that the 50X and 15% Fe /Fe spectra are 

3+     2+ 
rather a combination of central Fe  and Fe  doublets and a 6-line hy- 

perfine set. Since the glass is known to be predominately paramagnetic 

this would resemble the results of Kurkjian and Buahanan at A K which 

were explained in terms of either a short range magnetic alignment or a 

long electronic relaxation time which would remove the nuclear spin de- 

generacy and lead to Hfs. More experimentation with various other iron 

concentrations and other Fe /Fe ratios at more temperatures would be 

valuable in resolving this question. 

Heat treatment of the glasses showed the appearance of new lines 

which may be Interpreted as a large central doublet superimposed on at 

! 1GO 
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!•*•( on« *-lln» hypcrflM •tmccur«. Ito tlalUrlty oC (hU data to 

chic obtain*! by tolyuacln « •!. for ch« Intwrod •piml scruccur« 

of f^.O. and cht daca for cha cryacal PaPO^ fro» flgura 4  Indlcacaa 

Chac a «txtur« of Chaa« tvo cayacalllna phaaaa la baing obaarvcd.    Thla 

42 
wan alao Cha concluiloi. of Friabala aC al.      on Cha baala of x-ray dif- 

fraction Maauraaanca      Haac  treatnant of Cha 1SX Pa    /Pa was not axaa- 

Inad aa this would probably produca other crystalline phases further 

complicating Cha apaccrr. 
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AfflMDIX  I 

TABVUTCP C/munt* ANALYSIS DATA 

MOnS«AÜ*R   SPfCTRUM  PARAMFT^RS 

TITLE I        r0l.DFD   SPPCTRA   Of   .001    I ROM  FOIL  AT   POOM   TFMP 

«INITIAL   F:;TIMATFS» 
(ORTAIMFO   FR0M   "r.FARCHM   INPJT) 

VF.L0CITY<CM/SP"r.> AMPLITUDF<7.) 

It .5«4f> 
9*6374 
5.9f>J>6 
6.741?» 
9.5457 

12.1306 

USER ESTIMATE Q?   LINE HALF WIDTW=     .0400 CM/SEC 
...ADOITIONAL CHANNEL CORRECTIONS ARE: 

10* II» 33* 43* 4")» 97#lRS,197#PSn*251 * 
P.69»PI \ #a72#314*316*3S2#335# 

--NO VARIABLE CORRELATIONS REQUESTED- 

It -.6600 
21 -.3850 
3t -.1210 
4t .0550 
II .3190 
it .5940 

♦AFTER ITERATION NO.  4* 

VEL0CITY<CM/SEC) AMPLITIJOE<%) 

11 .R303 
9.1199 
4.9096 
5.7212 
9.1054 
12.1666 

FIT VALUE OF   HALF WIDTH= 
MEAN SOUARED ERR0R OF FIT PR0CEDURE= 
DATA NOISE LFA'EL = 

1: -.6553 
2» -•3836 
3: -.1222 
4! .0614 
5: .32P5 
6: .5928 

RELATIVE AREA 

2.4096 
1 .8576 
1.0000 
1.1653 
1.8546 
2.4781 

.0458 CM/SEC 

.4876 % ABSORPTION 

.3440 7.   ABSORPTION 
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MfMHAUC«  WCTWg« PA»Ä»*Tf«f 

TiTi.ri     rtioco vrcTiiÄ tr %oi rr ^/»^   wnr äT JOO « 

• INITIAL  ItSTI^TfS« 
CMTAINTD  «•« fUTfAWAI.   |l«»»UT> 

vrLeciTv<CM/sKC> ANPLlTaOCCS) 

P4.33Tn 
6*K3^ 

USFR ESTIMATF 0F LINF HALF WlOTM-     .0400 CM/SfC 
...ADDITIONAL CHANNFL CORRECTIONS ARFl 

188* 

• * 
11 -•04«^ 
ot •.0160 
11 .0536 
41 •mn 

♦VARIABLE CORRELATIONS USED IN FIT PROCEDURE» 

INDEPENDENT RATIO DEPENDENT 

AMP< 1> 
AMPC J») 

AMP( 4) 
AMPC 3) 

1.000 
1.000 

♦AFTER ITERATION NO.  54 

VEL0CITY<CM/SEC) AMPL1TUDE<%> RELATIVE AREA 

11 -.0307 
f>J -.0134 
31 .0531 
At .2063 

FIT VALUE 0F HALF WIDTH' 
MEAN «inUAREn ERR0R 0F Fl 
DATA N0ISE LF:VEL= 

5.2661 
5.1548 
5.1548 
5.2661 

* * m 

1.0216 
1 .0000 
1.0000 
1.0216 

.0327 CM/SEC 
PR0CF.DIJRE = .2614 

.3301 
Z 
X 

ABS0RPTI0N 
ABS0RPTI0N 
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*•   «r*(t«,;*   r***m •**'-. 

lint!       »ffiL**t>   *r*'1»* §0   |%t   »,*"**     %***%§   Af   *M   • 

viueirrccn^ici 

it 

91 .MM 
«I .*>•• 

• ••AMiTitMiL CMAwirL cmwtifmt 

A^iiruttfti 

I.OJf« 
♦ •« 

•OMO ON/WC 

•VA9|AflLt  CtfWflATItNt   i'.'O   III  f IT 

AIV< I) 
VCLC t) 
AMP(   t) 

VTLC 
41 
l> 
91 

•AT 10 

I.000 
I 
1*1 

•ArTf« irrnATttM N«.   «• 

vrueciTYirM/nro       AMPLlTuOfffti RTUiTlvlt *•»'* 

It -.0I«4 
J?l -.0I»4 
11 .08«n 
4t .I9H7 

FIT VALUF 9r   HALF WIDTH« 
MFAN SOUARFD ^RR0R »F FT 
DATA N0ISE LF.VEL« 

7.1994 
4 

9.f349 
1«9099 1*0000 
1.R059 1.0000 
T.IS5A 9.9949 

.0405 CN/9CC 
PR9CE0URF« .1390 S AOSORRTIOM 

.3T3R t ABStf^TIOM 
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ntvti 

••• 

m ttt 9 Jt** 9 •? 

8 
N 
«t 

9%%%mf9 m 

«I 
VMMI 

»•Mit rostfC 

II 
C   - ♦ 

^1*4  I« »It 

|*0«**t1tf)<*t 

f     «I 
f    »I 

4*110 

I »000 
I »ooo 

it 
•t 
91 
4t 

•<IMf 
••10« 

• ••i 
A •■04% 

••tMI 

I«OOAO 

«•AM* 
i.eooo 

JI* tni^-» »•••• * fit MoefiKtf*    .JW t XSSI S 
OATH MIV itvn» «•■■ ■ A•^•^T,*,, 
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MMWA-jr» nwuTH-j* ****** vm 

TlTifi      rfi nrn *prr.v»* 9* snt n **/***  nAMPir mrkj TKfArro-^ «IN 

• INITIAI   fSTI*ATfS» 
ifinTAlNrn mo* »nrtnr.**" INPUT) 

uri«riTT«CM/srr» ÄWPLiTuorct) 

|| -.OIQ« 9,4974 
0| .OA'A §»lftl 
-%% »tlM 4.4041 

--NU  viARIAHI.f   CPORPI.ATI •>*•;   IFO'JPSTFn-- 

♦AFT^P  ITftMTItN Nü.    4» 

V»F| rTITYtCM/^FC) AMI»! I T'jnFf X) JFIATIVF   A^fft 

o,             .mA6 4.0757                                i.or.io 
It               ,o"MO 1.761^                                     1 .OOOO 

PIT   VAI 'JF   PF   MAI F   WtOTN« .049?   CM/SFC 
yFAN   «-.OiJARFn   FRRPR   rfF   FIT PRPrFnURF=      .P770   2   ARSBRPTION 
DATA   MilJW   I PVPI « •s''n9   T-   An*!fPPT10N 
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KPSSOAUFR   SPFCTfiJM   PARAMFTFRS 

TITITt rai nrn   "PPrTf?«   OF   SOt   F0   3+/Ft>   s^MPl.F   HRAT   TR^ATF.Ü-90   MIN 

♦ INITIAL   F.STiriöTFS* 
CtRTAINCO   FRßN,   FXTFRNAI.   INPUT) 

vn,0niTY<nM/«;Fn) 

it -.n\Af, 

<W   F«-TIM^TF   OF   I.INF   HALF   WIDTH = 

AMPLITUDFCX) 

/"i. 9 430 
1 .8R40 
5.nono 

.0300   CM/SFC 

--N0   V/ARIARLF   HBRRFLATI0N*?   RFOUFSTFO- 

♦AFTFR   ITFRATI0N   N0.      4* 

WFIflniTYCCM/^FC) AMPI ITIJDFC%) RFLATIVF ARFA 

11 -.017ft 4.P37!? 7.2340 
P: .0330 3.IP65 S.4401 
1i .P04,> R.09P6 3.57P5 
4: .?>9«6 .SR57 I .0000 

FIT VALUE 0F HALF WIDTH= 
MFAN SOUARFO FRR0R 0F FIT PR0CEDURF: 
DATA N0I,SF LF.VFL = 

.0463 CM/SFC 

.1RSP % ABS0RPTI0N 

.4035 % ABS0RPTI0N 
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MOSSRA'JER SPECTRUM PARAMETERS 

TITLE:   F0I.DED SPECTRA 0E SOX Ee ^+/fe    SAMPLE HEAT TKEATED-3A0 MIN 

♦INITIAL ESTIMATES* 
(OHTAINED FROM "SEARCH" INPUT) 

VELOCITY(CM/SEC) 

11 -.1163 
P: .noon 
31 .03RR 
At .PPP9 
St .3004 

AMPI.ITUDE(%> 

3.1064 
7.P13A 
3.6660 
1.7933 
?.3393 

USER ESTIMATE 0F LINE HALF WIDTH=     .0300 CM/SEC 
...ADDITIONAL CHANNEL C0RRECT10NS ARE: 

P99, 

•-N0 VARIARLE CORRELATIONS REOUESTED- 

♦AFTER ITERATION N0. A* 

VEL0riTY(CM/SEC> AMPI.IT'JDF(X) RELATIVE AREA 

11 -.ir3S I.S1S3 1.0000 
^1 -.0046 S.P796 3.4R4P 
31 .03«R 4.095P P.70P6 
41 .PIP« 1 .7647 1.1646 
St .30 74 I .6*3* 1.111'» 

FIT VAI.'JF 0F HALF WIDTH' .0316 CM/SCC 
MEAN SO'JARFD ERROR OF FIT PROCEDURE«  .1993 X   AHSORPTIitJN 
DATA NOISE LEVEL« .P7P}> t ARSORPTIPN 

lv8 



69 

MOSSnAUF!«?   SPFCTR'JM   PARAMFTFR«; 

TITIFt FflLOFn   -.PFrTRA   0F   SOX   Fe  3+/Fe    ^AMPl.f   HFAT   TRFATFO-l«0   «IN 

•IN1TIAI    FSTIMATFS* 
(OPTAINFO   Fn0K   rxTFf NAI.   IWPUT) 

\fr\ priTvcnc/sFr) ftMPlITüOF(l) 

1.66?0 
9.P0A0 
«.S930 
1.Ä370 
A.P070 

IMI   FST1MATF   0F   LINF.   HALF   WIDTH- .0100   ^K/SFC 
...AOniTI0NAl.   CHANNFI.   rflRKFCTIBNS   ARFl 

in7»l»»«» 

-•Nt  VARIARL«"   nORRFI.ATIOMS   RF.OJ'^TFO-- 

11 
Of 

-.»OOl 
-.0014 

11 
At 
SI 

.01S'» 

.P0| | 

.1017 

• AFTfR   ITFRATieAl   N«.      4» 

VFI eriTYcrw/^Fo AflPLlT'JOrCt» 

1 .A7S7 
4.Aon» 
4.4060 
1 .«.UM 
P.1SPI 

riT   VAI'JF   «F   HALF   WtDTMa 
HTAN  sogARro  TRRW»  er   FIT  PR»rrn»jRr 
DATA N0ISF ( rvFI." 

II -.H«A 
{»• -.0040 

•1 .0140 
41 • POOS 
«1 .1011 

RFLATIVE ARFA 

I .1177 
P.7464 
P.7447 
| .1.1000 
I .40 V» 

.oiPf r«/srr, 
,l<»7|   t  A«S0RPTI^ 
.«797   %  ARS0RPTI9M 

lyU 



M0«;«?flAjCR   «JprcTRUM PARAMFT^R«; 

TIT» «"I        FOI nro   «jPFCTRA   0F   |SI   Fe  JVF,.    SAMPI r   AT   77   K 

70 

•INITIA)    F^TIWATFS» 
(OnjAlMFn   FRflM   "^FARCM"    INP'JT) 

"F| oriTrcrM/srr) AMPI iTjorct) 

P*4ART 

J>.17»>1 
!».S77A 

'J^FO   r-,T t^-AT»    «F   I INF   MALF   WIOTM« .0100  C.H/%rC. 
...AOOITI0^AI    ONAMNrL   CtRRFCTItN^  ARFt 

I«»   4A«   47»   50,   M,   SA#   99#|07.|4S,|4A# 

I AS • I SA • I 41 • 104 • 109 ,1V»» 194 » 

11 -.PA49 
9| -.0944 
It .P90 7 
*l .SPFA 

--Nf   V44IA4LC   CORRFlATie^   RFQursTCO-« 

•AFTFR    ITFR^TI«.M   NO.       7« 

WF| PTtTYfCH/SFr) 

It -.194P 
»I -.0|A1 
11 .41t>0 
«t .4^71 

FIT V4I JF 0F M4UF WlOTH« 
•*F4M ^O'JARFH FRRgP HF FI 
DATA   N0|«;F   I FVFI.« 

AMPLrryOFff) RFLATIV«1 4RF4 

.9474 1.4S%9 
1.A09S 9.479V 
.49l>7 1.1R09 
• AAOK I.0000 

.PSAI »••»/SFC 
PROTFOUR'» .9444 t 44S0RPTI0N 

.4*11 t 4BSORPTI0N 

ltd 
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riCSSRA'jrR   SPRCTRUM  PARAMrTFRS 

TiTirt      rBtnr n  fjprnTRA  OF sot  Fe 'vT«   ■•HKI  AT  77 K 

• INITIAI    F«;TIv.ATrS* 
(ORTAINFO   FR0M  FXTFRNAL   INPUT) 

VFleriTY<CM/SFC) 

11 -.^P^A 
*• -.OP63 

•»1 .PIT«) 
41 .4433 

AMP|.ITUnF<X> 

p.onno 
P.0000 
r>.oooo 
■ .0000 

j-.r»   FVMMATF   §F   I.INF   HALF   WIOTM« .O100  CV/TS.C 
»••IMMtfttNMi ONMMKL CeP»rnTI(lNS ARFI 

77#?>73»074»3?»A»3ä3#3**» 

"NO  VARiAOIF   CtRRFLATIO.NiS   RFOU^TFO-* 

G 
Q 

D 
D 
I 
I 
I 
I 

• AFT^R   ITFT»ATION   N«.      Ü 

wFi.fr!TYcr«/SFr) AMPLlTgnUl) 

I.SAOA 
P.SPKP 
I.OOIP 
I . I 70S 

FIT   VALMF   »F   MALF   «/lOTM« 
HFAj^   <;0<JARF0   FRROR   BF   FIT   PRerFOUME1 

OATA NBfSF  urvrt« 

It -,*»»i»4 

JM -•0?»77 
3t .'•3|9 
4t .443" 

111 

»F|ATIVF   ARFA 
m m m m 

.333P 
P .1509 
1 .69*f» 
1 .oooo 

.|S3* CM/SEC 

.P339 S AOSfRPTiaw 

.3174 t AOStRPTION 
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MO«;SRAüFR SPECTRUM PARAMFTFRC 

TITLFI   FPLOFO nPFCTRA OF 79t Fe 3"*>Fe SAMPLF AT 77 K 

♦INITIAL ESTIMATES» 
(OBTAINEn FROM EXTERNAL INPUT) 

VFLeCITY<rM/SFC> 
• * 

It -.04S4 
5>l .OISA 
ll .0979 
At • 3140 

AMPLITUOECt) 

I.0000 
S.8870 
4.S000 
1.4400 

USER FSTI«AIF BF LINE HALF WIDTH-      .0300 CM/StC 
...ADDITISNAL CHANNEL C0RRECTI0NS AREt 

%4.|09.|PI#l^P»li»»l»R»W*»35,»396# 

--NB  VARIARLF   CBRRELATIBNS   RCOUESTEO-- 

•AFTER   ITERATIBN  N«.     *• 

VEL«CITY<CM/SEC) AMPLITUDECt) 

4.I76P 
P.9P73 
3.4774 
I.PI9S 

FIT   WALUF   af   MALE   WIDTH* 
MEAN   SOUAREf)   ERROR   OF   FIT   PROCE    JRE» 
DATA   NOISE   IFVFL» 

It -.0454 
Pt .OISP 
3t .09 7* 
4t .3140 

RELATIVE   AREA 

3.4P44 
P. 4004 
2.933S 
I .0000 

.0449 CM/8PC 

.pppn t ARSORPTION 

.493'» X ARSORPTION 

1V4 
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APPKNDiX  II 

MÖSSBAU« SPBCT»UH ANALYSIS PROGRAM 

Th. co-pufr prcr« Wm* I« thl. .pp«»di« — — to .«.ly. 

m of th. d-f obt.ln«! in th. pr...nt  Inv^tlMtlo«..    M U «rllt« 

I« Portr«. IV to b. Ml M th. XDS Si.M 7 cput.r.    With th. 

.«.ptlo« of ^ir.r.1 READ .od '*ITE .t.t-Mnt. I« «hlch .ritV«.tlc 

op.r.tlo«. .r. p.rfor^l. th. progr- H co.p.tlbU -1th .«, co^ut »r 

.qulpp«. ** • .t^rd USASI Portr.« IV co^ll.r .nd .t M 45.000 

.ord. of hfh ^-i —"y    TTplcl runnl^ tl«. .r. two .Inut.. for 

co.pll«ü>o «.d 1.5 .1«««. for ..~«tion.    All  Input I. r-d on th. 

P:5 OCR «Hi .11 output  I. vrltt« on th. P:6 OCR.    If • Clco^u plot 

of th. probU. 1. d..U^. it I. obfln^l by wi»** th. P:fU>T OCR 

to th. dnai plottw. 

A «.lutloo I. obflnod b, eorr^tlng th. InltUl ..tl-t.. for 

th. p.r-.t.r. of up to 10 ^p.r.t. ^.ctr.l ll— to ,1.. • IM- 

„„.r. b..t fit .ppro.lMtloo to th. ■>■ ■ < ***    *** ""' 

mm -y N w"** •ul-r int9Tml * **** to ** *** ** 
th. output .. I« th. for, of AppondU I.    Addltlon.ll,. th. lln. p.«- 

^W. m b- —• int.r-.P«Hl««t.    Urn of th. progr- rMulre* th. 

followlnt Input c.rd.: 

lat c.rd - (FonMt ID plott.r option 

(a) 0. no plot d..lr.d 

(h) 1, plot on d..lc» ...iRrMd to P:PtOT 

73 
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2nd card - (Fonac 12. ISA4) nuaher of character 1H In the title 

string (no aore than 20), tide Hiring 

3rd card - (Format 213, 2F10.5, II) niaibcr of points In raw 

data (no «ore than 400), niaiber of peaks to be fit 

(no more than 10), approximation of line haIf-width 

(In n/sec. If negative then not varied In fit pro- 

cedure), velocity acale (In ca/sec, poaltlve or 

negative), option code: 

(a) 0, no options requested 

(b) 1, options requested ss listed on nest csrd 

4th card - (If option code is 1) - (Formst 612, P10.S) options 

In order left to right srs marked with 1 is requested 

0 or blank If not requested, or ss specified below: 

(a) nt«ber of bad channels to be .orrected (defsult 

to 0) 

(b) printing of each Iteration of fit procedure 

(default prints only Isst iteration) 

(c) folding code: -1 for data in left half, *  1 for 

data in right half, 0 if data ia to be folded 

about middle channel (default to 0) 

(d) search procedure which generates initial psra- 

■eters for the number of spectrsl lines tpecifled 

previously (defsult require« eetimstes to be 

Input seperst@ly) 

(•) parameter correlation option, input no. of 

111 
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correlations desired. Actual correlations listed 

below (detsult is no correlations) 

(f) ■axiaua number of iterations allowed (default 

la 99) 

(g) convergence criterion (default is 0.0001) 

The following cards supply additional Information for the execution of 

options (a), (d), (e). The additional data cards for an option auat 

appear if that option is requested end in the order listed below: 

(i) channels which are to be corrected are listed on 

successive cards (Ponut 1015). The count value for a corrected 

channel is aade equal to the Man count value of the two adjac- 

ent channels. Adjacent bad channels aay not be corrected. 

(il) thia card auet appear regardless of the niaber of 

opt lone requested. It defines the fomat in which the raw data 

ie to appear later. The Poraat appears as a legal PORTIAM IV 

stateaent with enclosing parentheses. 

(Ill) Correlation« are expressed in tense of en inde- 

pendent v. riable. a dependent variable, «ad e suitIpllritIve 

ratio which relates the«. A spectral line ie specified by two 

paraaetere. position and aaplltude. Considering (N) lines ar- 

dered by sscesding velocity, the line pareaeters are nuabered 

fro« 1 through (2N) euch that the odd nuabere represent velocity 

peraaeters and the even mahers represent eaplitude parameters. 

Fach correlstion Is plsced on s seperste csrd. (Forast 215, 

F10.5). giving the dependent pereaeter nuaber. the independent 

US 
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u 
u prater number, and *■ d..lr«I r.tlo (dependent/ind^endent). 

For ex»ple. con.trelnlng the ..plltude of the third Hue to be 

twfce the «plltude of the fifth line «ould be «ritten as. 

6  .       .10 2.0 

J Thr.. pera-eters ^y be correlated together by correUtlng any 

two with the third. 

(lv) the initial eatlutea are Input ualng a aeparate 

card for each astral line.    The po.ltlon (c./.ec) and a.plltude 

(0.01 « percentage abeorptlon) are written ualng a POn-t 

(2F10.S). 

ta .« ««. .1- a«-' " •«" "" '"l- " ""' ■"" **** 'lth 

«■• prevloualy ap«cm«d. 

0 
Q 
1 

I 
I 
I 

ii«i 
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DIMCNSI0NX(pnp>,Y(?OP)#C(22)#NAME:(l5)»IBUF(lOOO)*DATA( 
?Snn)#KlND(15 
*)#innC{>OO)»IF,0RMTt|O),nMAT(3P*P^) 

C0MM0NNAMF:»M* IPT*MV/VR»CMAT 

f:0MN!0lM/FI/X»Y»C»nF:i.#N#MAX*GAMMA 
OATA^IND/'l^T    ,*,HAIF,,,      F0*»'LORD'»'PNH    ,#,HALF,*,    S 

SPF*. 
«•CTRA'*'    0F    •, •••SFA«, •RnH"','FXTF', •RNAL'* 'VFLC '#'AMPC 
»•/ 

CAl.l.AiJTOFX 
RFAncs^i I«O)IPI er 
IFdPl.KT.FO.l )CALLPLBTS(IRUF.10nO#l) 
NAMFC3)=KINn(7) 
NA.v!F(^)=KI ^Off ) 

inoo   c»FAn(«S»1P7n,F.\0=t I 70)NCHAR,(iMA1v)F( n*i=A. IS) 
PFAn<S#|P9O)NPT*.,NPK*nAMf,A#VFL#0PTI0N 
n(P*NPK*1)=AnS(nAMMA) 
r(p*NPK*p)=n. 

r)0ioini 1 = 1 ,M 
ncmin.1.1=1 ,M 
TF(f I .NP..I.I>rMAT<II*.JJ)=n. 

mm ircti.Fn..ij)CMAT(iT.j.i> = i. 

IPT»0 
IFPI n«n 
i1AX»99 
HFI.a.OOOl 
I^FPCMsO 
IFC0PTI0N.nT.n)RRAD(S# mOO)NBAD#IPT»1F0LD*ISERCH,ICORR 

f #MAx#n»:L 
IF(NnAD.NF.n)RFAD(S*niO>(ICn(II>*IIa|«NBAn) 
RFAr)<S#IPRO)IF0RMT 
IF(!SFRCM.NF.n)RFAO<^,l I 90 ) CC (P* I I-I ) ,n(P* 1 I ) , I I = 1 ,.MPK 

«) 
!FCirPRR.FO.O.)OBT0!fnn 
O0mPOIC = |*IC0RR 
RFAO C S.I POO)JOFP•INDFPiRATI 0 
CMAT(.IOFP..inFP)»0. 
CMAT < lOFP * INOFP ) «RAT 10 

lOPO CMAT(INOFP..inFP) »RATIO 
miO   RF.AOCS. IF0RMT>CDATA( I ) . I ■! »NPT«?) 

IF(NnAa.FQ.O)r>0T0|O7O 
1040   0010601 >|«,MPAn 

fF(irn(I).F0.1 .0R.If:P(I).FO.NPTS)R0T0mSO 
n IF( trp(i).Fo.icB(i«i)-i )r.0 TO so 

11? 
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DATA(ICB(I)) = <DATA(ICR(n-n*OATA(lCB<l)M>)*.S 

1060   CP1NTINUF 
1070   CaNTlNUE 

NRAn=0 
NX=NPTS-1 
D01ORONY=P*NX . »v.,   c 
&v/f;ir-(nATA<NY-l >+DATA<NY + l )>*»9 
'F(AnS^lTA<NY)-AVGF).LT.AVr,F:*.OnrJ0T0lORO 

NRAD=(MBAD + l 
NRADr, = NRAD 
1CB<NRAD)=NY 

10R0 C0NTINUF 
IF(NBAD.RT•0)G0T01040 

DV=.,i 
0L=1 . 
CR = t • 
IF<IF0LD.LT.O)CR=O. 
IF(IF 0LD.GT•0)CL=0 . 
IF<IF0LD.NF.O)DV/=1 • 

N=(NPTS+1>/« 
0010901=1*N 
JP=NPTS + 1-I A,A, ._.„ 

1090   Yd) =nV*(CL*nATA< I ) ♦nR*DATA( JP) ) 
.IO = (IF0LD + 1 )*J? + » 
NAMF(»)=KIND<JO) 
NAMF.<5>)=KIN0<JQ + 1) 
DF,|,V/ = j>*ARS<V/FL)/N 
X<l)=-<AnS(VEL>) 
0011001=2*N 

iioo x(i)=x<i-n+ncLv/ 
YMAX=Y(1> 
o0tnoi = i»N 

1110   IF(Y(I).RT.YMAX)YMAX=Y(I) 
0011^01=1*N 

1 ,!>0 IJIU^CH'.JÖ'OKALLSEAPCH.X.Y.CN.NPK, 

^Rm:,.^SHNAMF.<n.IM,1^.K.ND<.SF.RCH*.0„K.ND<.SE 

,,?<":.'i-n''"00..C<..JK>,JK = ..NPK> 

lF(ir,0RR.NE.O)G0T0113O 
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MllllffCiHfMtl 
00701140 

MIO   WRITKCA^IP^A) 
nci |'.n|r.| ,n 
ir(rKAT(io«ic)>Ro-i >n0T0mo 
O0l|4O|.|«|fM 
ir(CHATcic*tj).ro. •.)n0T0i140 
IPI»0 
IPJMO 
iFcwnnc ir.r>) .rn.n.)|p| .| 
iF<Mon(i.i,?).ro.n.)iP9.| 
iri«<ic*i>/p 
iji-(ij«i)/e 
WRlT^C6«IP«n)K|N0C|4«lP|)*ICl*KtND(t4«tPP)*l.lUCMAT(IC 

S.I.I} 
I 140 f .'NTIN'JF 
I I 50 ßfNTIWil 
1140 OALLFIT 

tnIPIPT.FO.:)CALLnRAPH(Y*X«C*NAMK*N*NPK*IRUFfNCMAR) 

I 170 IF(IP<  -.FO.l )CALI.PLOTCO.,0.,99V> 
TAl.LFXl r 

I IPO   F0PMATC. |) 
I 190   FßRMATtfFlO.S) 
IPOO   F0RMATCP!S»F|O.S) 
IPIO   F0RMAT(//'////{»PX*P9<,-,)/»PRX#,M0SSBAUER   SPECTRUM PAR 

JAMFTERS'/.f»? 
«X.«»9C,-,)//#SX#,TITLFl    * « 15A4///«P8X» *4INITIAL  CST1MAT 
SES+V.P.IX.'t 
«0RTAINFD FR0N ,,5>A4,' INPUT) V/. I 6X# ,VFL0C I TYCCM/SEC > • 
S«|4X* 
«,AMPLITUDECX)*/«16X«16(*-*)«|4X*18(*-*)/*(ieX*ie**t*«4 
SX«FR*4«PIX* 
«FB.4)) 

1PP0 F0RMAT</5X»,USVR ESTIMATE 0r LINE HALF WIDTH«•,3X#F7.4 
«#• rM/SEC,> 

1P10 FSR^ATCSX«*.«.ADDITIONAL CHANNEL C0RRECTI0NS AREt*/(|0 
tX#IO(n#,#?) 
«>) 

1{>40   F0RMATf//I7K .--NB  VARIABLE  CORRELATIONS  REOUESTED--») 
1P50   F0RMATC///1{>X*'♦VARIABLE  CORRELATIONS  USED   IN  FIT  PROC 

SEDURF^V/iax 
*, 'nEPFNOENT'tRX.- •INDEPFNDENf.IOX* 'RATIO'/, |3X»9< •-' ) * 
jRx*n<'-')#i 
*OX»S<'-')) 

IJ>AO   F0RMAT<14X#A4.I?..,>'*nX.A4#IP#')'#lOX»F7.3) 
IP70   F0RMATC1P»I5A4) 
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I: 

i 

0 
;: 

.: 

: 

12B0   F0RMAT(inA4) 
IJ>90   F0RMAT<Pl,J»^fr»O.5#n ) 
1100   FBRMAKftlP'FlO.S) 
1310   F^RMATCtOI*») 

FNO 

«!;UBRCUT1NF.SFARCH(X#Y*C#N#NPK) 
DIMFNST0NX<{>0f>>*YC202)*C(R2>*DUM<20J>) 

0030001=1*N 
2000   DUM(I)=Y<I) 

NVAR=2*NPK 
D02O2OI=2*NVAR*2 
C(1)=0 . 
D02O1OJ=1*N 
1F<C<I).GT.DUM(J)>G0T02OIO 

C<I)=DUM(J> 
C(I-t>=X<J) 

2010 C0NT1NUF 

2020   D.jmJ)=oimJ)-RNTZ(X<J),C<I)*CCI-t),C(NVAR + n> 

D02O,:>OK=P*N\/AR*2 
IF<NPK-1)2030*2060#2030 

P030   O02O5OL=4#NVAR*2 
IF(n<l.-l).f5F.'n<L-3))G0T02O4O 

np=r,cL-3) 
CA=n(L-2) 
n<l--3)=CCL-l) 
C<L-2)=C<L) 
CCL-I)=CP 
C<L)=nA 

2040 nONTINUF. 
2050 n0NTlNUF 
2060 RETURN 

FND 
C 

!;Y<202)*NAMFC 
Al'-O,ARFA(10)#nMAT(22,22) 

00MM0NNAMF,M* T PT * MVAR #CMAT 
C^M^OiM/PT/X#Y#CDFL* N.MAX »HAMMA 

r;0MMC'1N/<i0/A*R»MA 
/\R=0. 
MA = 1 
IT=0 

120 
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3000   FLsAR 
CAl.Ln0RRFrTCCMAT«r,MVA9,M) 
ARaO. 
0010101=1,N 

1010   AR = AR*(Y( I )-VAI.n>)**P 
IFdPT.GFT.l .AN0.IT..\»F.0)WRITiv<6.1l70)IT#AR,(I,nC!>,|S| 

IF« IT.I.F:.O)fiOT03OOO 
IF(ABS<AR-FL)/AR.LF.DFI >nOT0.31 10 
T F<IT.GF.MAX)G0T03100 

305>0   IT=IT*I 
Df33030I = | ,!M 
Rn)=UAI.(I)-Y<I) 
003030J-l*MVAR 
P(I#J)=PART(I#.J) 

3030 n0MTINUF 
0030 401 = 1 »MV/AR 
PCI>=0.0 
003040.»=1 ,MVAR 

3040   A(I,J)=0.0 
0030^01 = 1 ,M\/AR 
O03O6OJ=|#N 
O03OSOK=1,MVAR 

30S0   A(I,K)=A(I,K)*P(J,I)*p(.|,K) 
30/iO   R<I)=R(1)-P<J,I>«R(J> 
3070   CALL«;0LVF<I.IK) 

n0Te(3o«;o#3i IO)#IJK 

30P0 IP0INT=l 
0030901=1,M 
IFCTMAK I # I > .NF. 1 ) G0T03O9O 
cn)=R<iP0iNT)*rm 
IP0INT=IP0INT*1 

3090 n0NTINUF 
IF(RAMMA.LT.0)C(M-1)=ARS<GAMMA) 
G0T03OOO 

3100 WRITF(fi#31R0)MAX 
RFTURN 

31 10 MHALF= CM-J>)/f> 
O031POIARFA=1,MHALF 

3 IPO ARFA(IARFA)=C(M-|)*C<P*IARFA)*<ATAN((100.-r<P*IARFA-1> 
J)/n(M-l>)-AT 
*AiM«(-100.-r<P*IAREA-l ))/r,(M-l ))) 
ARMIN=ARFA<1) 
O0313OIR=P,MHALF 

3130 IF(ARFA<IR>.LT.ARMIN)ARMIN«AREA(IR> 
D0314OIR=1,MHALF 

3140 AREA(IR)=AREA(IR)/ARMIN 
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W9IT»,<«»3|Sn)IT»<JN»C<J»»JK-l>»lf>0.#C<?«JK).A«eA<JK>»J« 
•»I .WMAL»") 

imlTr<6.3l6'>>CCM-|)#SO«TCA*/N>«|00.#C<«>«IOO. 

RETURN 
iiso FtRWATC/z/^^.'^ArTrq  irriiATlt!« Nt.   •.!?>.••♦•//•lox.'vr 

«i.iriTy<r.H/sr 
lo'.Ax.'AHPLiTanrciv.AXr ••»riATiv»: A»»rAv.inx,i6< •-•>. 
f«X#|J>(,-,># 
4*x»nc,-,)/<Ax.iP.,i ••?x.r«.«»iix»F«.«»inx#r'>.4>> 

11*0 r«i»MrTC/^x.»riT vALur er MAL' wioTH.'.unc.r?.«.• c*/%t 
fC'/.SX.'WAN 
4 nOUARfO TRPiR 9f   fll   PReCfO'jRf« * •fT.*. ' t ARStRRTliM* 
t./SX.'OATA N 
«eisr trvri.-*#i9x#r7.«#* t ARStRPTiiNM 

3170   rÄRKUTCZ/MTfRATIR^MI/lÄC'-M/^U«  SOUARCO  ERROR   -MF 
toi^.x/ 
t/zciox'C« •••»lt#,l",IPMt»t» 

1IR0   FORMATC//•♦•••«•  CeNVEROEMCE   INMl»*   I TCRATieNS»*«« * > 
END 

r. 
r. 

nURROUTINTStLVECIJK) 
0IMrNSI«NA<?»{>#J»R).IIC<»«>#CCaP.«8)#NAME<l5»#L<»R>#MM<J»2> 

f.E<4S0)«CHAT 

CeWieNNAMF:»N.IPT»MVAR»CMAT 
f:OM"l0N/n0/A«R»*i 
OBURl EPREC f «51 «NT #D.C#X 
I.IKal 
ICBUNT"! 
004^001 «IfflVAR 
004000.1* 1*MVAR 
ECIC0'JNT)«A<J#I) 

4000   IC0'JNT«IC0'JNT*l 
CALLMINV<E»MVAR#0#L»MH> 
ICOUNT«I 
0040101«I*MVAR 
n04O|OJ«l»MVAR 
C<J»I)»E(IC0UNT) 

4010   IC0'JNT«IC0UNT*l 
IF<O.EO.O>IJK"n 
ir<0.E0.0)WRITF(A»4060) 
Z«0.0 
0040301»!»MVAR 
X«0. 
D04OPO.)«! .MVAR 

40J>0   X»C(I.J)*A<J*1>*X 

1^4 
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ir<7.r,T.i .r-o3>y«iTr<A#«070)z 

D0An4ni>i »MVAR 

Mi*ii«i*i 
•)««0«n.j.| .NVAR 

4040   A(I,J)»ACI»I»*C<I» ^»»»«J» 
0«405ni>|«H\/AR 

♦OSO   R(I)>A(1*I> 
RETURN 

4040 ranMATCiNvKRSK oars HBI CXISTM 
4070   FaPMATCRX.* INVALID   INVFRSF   Z'^FB.S) 

FNO 
C 

SMM TMF retLewiNG suRRauriNF SMBIULD CALCULATF TMF VALUF 
C****   e^    TMF   ARPROXIMATINO  FUNCTION  FVALÜATFD  AT   TMF   I-TM 

n***4   DATA   POINT. 

ni,MFN->IONNAMFC|SJ.X<J>0?).YC?OP).C<RP>.CMAT<J>P.^> 
CONMONNAMF.H»IPT»HVAR»CMAT 
r»HMO.N/FI/X#Y»C#OFL»N»MAX»GAMWA 

L«N-«» 
VAL"0. 
OO^OOOJ«!»!.»» 
DX«<X<I>-C<J>>/C<M-I> 
o«!./(i•♦nx*DX) 

5000   VAL»VAL*C<J*I>*B 
VAL«VAL*C<M) 
RFTJRN 
FNO 

C 

C«»»* TMF FOLLOWING S'JBROUTINF. SHOULD CALCULATE THE VALUE 
(>♦♦♦ OF THE PARTIAL OF THE APPROXIMATING FUNCTION WITH 
r**** RESPECT TO THE J-TH VARIARLE* EVALUATED AT THE 
C**** I-TH DATA POINT. 

FiJNCTIONPART<I#J)     __. 
0IMENSI0NNAME(l5>»X<{>0P).Y(20?>).C<2P)*CMAT(2{>*a2> 
COMMON/FI/X#Y»C#DEL»N.MAX»GAMMA 
COMMONNAMF.M»IPT»MVAR.CMAT 
PART=0. 
IMX=0 
DO^OOOJREALal »M 
IMX»IMX*CMAT<JREAL»JREAL> 
IF < 1 MX . EO . J ) G0TO6010 

<S000   CONTINUE 

1^3 
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60|0 

60«»0 

60.10 

60 40 

A0S0 

6060 

6070 

n 

7000 

7010 

r. 
n 
r. 
r. 
r. 

ir(JRFAL.FO«M>G0T»6OSO 
IF< JRFAL.CO.^.-I )00106060 
IFCH0n«JREAL#«»).FO.O)G0T06O3O 
D06O?OtR0W>l«M*e 
IFCCMATCIR0W.JRFAL).FO.O)G0T06OJ>O 
DX«<X(I)-C<IR0W>>/C<M-1) 

n-|./(| .♦nx*OX) 
PART«PART*{>.*CCIR0W*I)*OX»B*B/C<M-|> 

C0NTINUF 
RFTURN 
n06O4OIR0W«?#M,?> 
IF<CMAT(IR0W#JRFAL).EO.O>G0T«6OAO 
OX«(X<n-C<lR0W-l))/C<M-|) 
pn7T=PART*CMAT<IR0W# JREAL)/<I•♦OX*DX > 
f:0NTINUF 
RFT'JRN 
PART«I • 
RFTURN 
L«M-{> 
D06O7OK»I»L#J» 
DX«<X<I)-n(K))/C<M-|) 
B»DX/n .♦DX*DX> 
PART»PART*C<K+1)*B*R 
PART»3.*PART/C<M-I) 
RFTURN 
FNO 

SUBR0UTINFC0RRECT<CMAT.C#MVAR#M) 
DIMFNS10NCMAT<P2*5?S> »CtPR) 
MVARaM 
n07O|OI=l*M 
IF<CMAT(1.I>«F0.I.)G0T07O1O 
c(n=o. 
D07OOOJ=I»M 
1F<CMAT(I*J) ^0.0)00107000 
c<i)=n(i)*CMAT<i#J)*n(J) 
C0NT1NUF 
MVAR=MVAR-1 
C0NTINUF 
PFTURN 
FND 

SUPRdUTINF.   M1NV/ 

pijr?P0«iF 
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C. 1NVF9T   A   MATRIX 
C 
C MSAOF 
C CALL   MINV<A#N#D#L#M) 
r 
C OFSCWIPTIfl^ 0F PARAMFTFR5 
IS A-INPUT MATRIX. OFSTRBYFD IN C0MPUTATI0N AND REPLAC 

SFD RY 
C RFS'JLTANT INVERSE 
C N-0RDER 0F MATRIX A 
C O-RFSULTANT DETERMINANT 
C L-W0RK VECT0R 0F LENGTH N 
C M-W0RK VECT0R 0F LENGTH N 
C 
C. REMARKS 
n MATRIX A MUST BE A GENERAL MATRIX 
C 
C SUBROUTINES AND FUNCTI0N SUBPROGRAMS NEEDED 
C N0NF 
C 
C METHBD 
r. THE STANDARD GAUSS-J0RDAN METH0D 13 'JSED.  THE DETE 

SRMINANT 
C IS ALS0 CALCUATED. A DETERMINANT 0F ZER0 INDICATES 

«THAT 
C THE MATRIX IS SINGULAR. 
C 
C   

n 

c 
c 

111 

r.ljnrfßlJTINEMiiMVCA.N.D.L.M) 
niMENSIiöiNA( 1 )*L(n*M(l > 

p 
C IF A naURLE PRECISION VERSION OF THIS ROUTINE IS DESIR 

f,FD*   THE 
r;     n IN COLUMN 1 SH0IJLD BE REMOVED FROM THE DOUBLE PPRECI 

KSION 
C     STATEMENT THAT FOLLOWS 

n2URLEPREClSIONA*D»BIGA*H0LD 
C     THE D0URLE PRECISION VERSION OF THIS ROUTINE MUST ALSO 
C     CONTAIN D0UBLE PRECISION FORTRAN FUNCTIONS. ABS IN STA 

JTEMENT 
C     10 MUST BE CHANGED TO DABS 

1^5 



r.         
«... 

n 
r     «^FAPCH F0R THP LARGFST FLFMFNT 
r 

D=l .0 
NK = -N 

NK«NK*N 
L<K)»K 
M(K)=K 
KK=NK*K 
qiGA=A(KK> 
D0ROf>OJ = K#N 
IZ=N*<J-n 
D0Rn^OI=K*N 
IJ=I7*I 

ROOO   IF<DABS(BIfiA)-DABS(A<lJ)>)8010#8020#R0a0 
ROIO   RIGAsACIJ) 

l.<K) = I 
M(K)=J 

ROJ>0   C0NTINUE 
C 
C        INTERCHANGE R0WS 

C 

IF(.I-K)Rn,S0»R0S0#R030 
R030 KI=K-N 

D0Rn^OI=l*N 
KI=KI+N 
H0Ln=-A(KI) 
JI=KI-K+J 
A(KI)=A(JI) 

R040 A(JI)=H0LD 
C 
C        INTFRCHANGF C0LUMNS 

C 
80S0 1=M(K) 

IF<I-K)RORn*B080#R060 
RO-SO   JP=N*(I-n 

D0Rn7OJ=l#N 
JK=NK+J 
JI=JP+J 
H0LD=-A<JK> 
A<JK)=A<JI) 

ROTO ACJI>=H0LD 
C 
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C        DIVIOC CBI.'JMN BY «INüS PIV0T (VALUF BF PIVOT FLCMFN 
ST IS 

C        CBNT^INED IN RIGA) 
C 
ROPO IF(BIOA)R|00,«090*8100 
Ä090 D»0.0 

RFTURN 
R100 D0R1?O!»I#N 

IF(I-K)R|10#RIS0#8I 10 
PflO IK»NK*I 

A(IK)>A(lK)/(-RIGA) 
R1P0 C0NTINUF 

C 
C        RFDUCE MATRIX 
C 

D0R15OI«I#N 
IK«NK*I 
N0UKMINI 
IJ-I-N 
O0RlSOJsl*N 
IJ«IJ*N 
IF<I-K)R|30#RIS0#BI30 

R130 IF(J-K>R140#RI50*8I40 
R140 KJaIJ-l*K 

A(IJ)=H0LD*A<KJ)»ACIJ) 
R150 C0NT1NUE 

C 
C        DIVIDE R0W BY PIV0T 
C 

KJ«K-N 
D0R17OJ=1»N 
KJ=KJ*N 
IF(J-K)RI 60#R170*8160 

R160 A(KJ>=A(Kv)>/BIGA 
R170 CONTINUE 

p 

C        PR0DUCT 0F P1V0TS 
C 

D=D*RI0A 

REPLACE PIW0T BY REC1PR0CAL 

A(KK)=1.O/RIfiA 
R1R0 C0NTINUE 

FINAL R0W AND C0LUMN INTERCHANGE 

1Z7 



«190   «»CK-O 
I r ( K > «?A0 tPPM0 «»00 

won   l»LCK) 
ir<i-K)«9üO#«PIO#BPIO 

«?|0   J0«N*<K-|> 
JR«N*(I-|> 

JK«J0*J 
H0I.O>A(JK> 
JI«JR^J 
A(JK)>-A(JI> 

R}>20   ACJI)»HeLJ> 
«f::,o J-M<K) 

IF<J-K>R190.«190#8?>A0 
«840   KI«K-N 

O0R»SOI«I«N 
Riant «M 
H0LD«A(KI) 
JI«KI-K*J 
ACKI)«-A<J1) 

«J>50   A(jn»M0LD 
r,0T0Rl9O 

«P60 RETURN 
FNO 

C 
c SURR0UTINr^APH(C.V*CST*NAME.NP»NC#IBUF#NCHAR) 

DlMtNS^N' k202).C<20^)*V<?>0J>>#IBUF(l000)*NAME(15)#CSTC 

S22)«DI(10>*D 
«P(in).YSM<«)0R)#XSMC50g) 
NCR'NC*« 
0090001«I*NC 
D1<I)»CST<{>*I-1> 

9000 DP<l)=CST<2*n*100./f» 
D09O|OIsl»NP 
Y(I)=100.*VAL<I) 

9010 c<i>»ioo.*n(i> 
XSM<|)=V(1> 
nFLX=5>*ABS<V< 1 ) )/S00 . 
0090301 S=J>*c.^0 

90P0 X5;M(IS)=XoM<lS-l>*0FLX 
n09O3Ois=i#soo 
YSM<ir>)=0. 
009030JI=?>»NCP#f? ,   m„^,K.nn 9030   Y5M(lS)=YSM(IS)*RNTZ<XSM(IS)*CST<JI)*CST(JI-l)*CSTfNC2 

S+l))*J00. 

1^8 
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CALLSrÄLF(V.«.0#NP.I> 
CALLSCÄLKCCI.O.NP»-! > 
Y<NP*I)»C<NP»I) 

*r;U<«;'ln..O.,..M»RS0RPT.eN<t,„4,.1.,»n..Y<NF.l..Y<NP 

•«•91 
rALLPLaT<n.#-i.P5.3) 
CALLPl.0T(O.»O.#P) 
nAI-LPLflTCO.#3.*3) 
CALLPL0TCO..4.?S#2) 
CALLPL0T<«»»*«^S»2> 

r^L^C^il^^.S^.TS^AMF.CU^O.O^^OO 
cJl:Ll:iSFL<0.5.3.7"i,7.S.3.75.NAMF<6).NCHAR.0.^W0.W0. 

0090401»!#NP 
C<I)«C(n-CST<NC2*P)*100. 

9040 Y<I)«Y<I)-CST(Nn2*P)*inO. 

S2)«0.04«l*0« 
»0*-l) 
XSM<5ni)=V(NP*l> 
XSM(5nP)=V<NP*2> 
YSM<Sni>«Y<.MP*l) 
YSM':f.nS)=YCNP*J;>) 
CALLFLINF.CXSM.YSM^OO*! #0#0) 
ALNMAX»01C1) 
ALNMIN=ni<l) 
D09nAni=t#Nn 
IF(D1<1).LT.ALNMIN)ALNMIN=D1(I) 

90^0   iF<nim.tVr.ALNMAX)ALNMAX=ni<l) 

nAr.rP».0T<<ALNMAX-V(NP*l>)/VCNP*2)*O.,P) 

9O7O$oiLLPlV0T<<Dl(n-V(NP*n)/V<NP+2).O.,2) 

nA».».PI.0T<t?>»»-4»»-3> 
RETURN 
FNO 

c FulMnTI0NRNT/<X*AMP*P0S# GAMMA) 

f . 
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.1 
r:ALLPI.«T<J»»»«»'-3> 
CALLSCALF<V.«.0»W»».l> 
CALLSrALK<C.r».n#NP#-l > 
Y<NP«I)«C<NP*I) 

u j:*.:;;;^::r.«..7Hvrt«:lTr.cH/Src..-.7.p..o..v<NP.. 
,C;U.«;'ln..«..MMA«S0RPTI«N<l).M^..9O..Y<NPM),Y<NP 

• ♦?)> 
CALLPL0T<O.»-I.P5#3) 
CALLPl.0TCO.»O.#P> 
r.ALLPLaTC0.#3.#l) 
CALLPL0T<O.f4.?>^2) 
CALLPLaK««»«»«^»«) 
^SllL^Bn^Sl^T.S.a.TS.NAMF.C,»^«^^,^.,^.^) 
rJLLl:iSFU0.5:3.75,7.^3.75,NAMF.<6),NCHAR,0.2,W0.W0. 

D09O4OI»!*NP 
C<I>«CCI)-CST<NC2*2)*I00. 

9040   Y<n«Y<n-CST<NC2*2>*l00. 
1 ,050  ?rJY^U<V...-V<NPM../«<N1..8..<C,..-Y<NPH,>/y<NP« 

S2)«0*04«l#0« 
*o#-n 

XSM<5ni)=V(NP*l> 
XSM<5n2)'VCNP*2) 
YSM<Sn!)«Y<MP*l> 
Y«?M<50P)=Y<NP*f>) 
CALLFLINFCXSM.YSM^OO» 1 #0#0) 
ALNMAX-nid) 
ALNMlN=ni<!> 
D09nAni=».NC Ä.-.. 
IF<D1<1).LT.ALNMIN)ALNMIN=D1<I) 

90^0   iFCDl<I).GT.Al.NMAX)ALNMAX = Din) 

CAriPl.nT(<ALNMAX-V(NP*l))/V<NP+2)*0.,J>) 

CAU.PL0;l;m<n-VCNP + n)/V(NP+2),<DP<I).YCNP + n)/Y<NP + 

9n7n$CALLPL2T<(DHn-V<NP*l))/V(NP*2),0.*2) 

CAl.l P).0T<1PP»-4»*-3> 

RETURN 
FNO 

1 

: 

e 
c FUI^TI0NRNT/<X#AMP*P0S*RAMMA) 
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I 
1 
I 
r 

OX«(X-P0S)/»tAMMA 

RCTUnN 
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CHAPTER I 

INTRODUCTION 

Amorphous semiconductors have been known to the scientific 

community for many years. One system of these materials, chnlcogenide 

glasses, which consist of a combination of a metal with the heavier 

elements of the oxygen group of the periodic table, were thought to 

behave similarly to intrinsic crystalline semiconductors. Koliraiets 

et al.  in 1955, Investigated several amorphous materials made from 

various combinations of antimony, arsenic, selenium, sulfur, tellurium 

and thallium. They reported high room temperature electrical conductl- 

2 
vities.  Some theoretical theories were advanced and some additional 

3 
experimental work was done, but in the most part, these glasses 

remained a laboratory curiosity for the ten years after Kollmiets' in- 

vestigations. With the discovery in the early sixties of an electrical 

switching phenomenon in a chalcogenide glass, much interest has been 

shown to the development of these and associated glasses for use as 

solid state devices. Characterization of the thermal, electrical, 

structural, and optical properties has been undertaken at numerous In- 

dustrial and  university laboratories. 

The majority of the work done in these systems has been an 

attempt to create stable and reproducible devices which exhibit switch- 

ing and/or memory characteristics. Attempts to explain these unusual 

phenomenon observed in terms of conventional band and transport 



7 8 9 10 
theories5,6 have not been universally accepted. 

Many of the assumptions of the band theory presuppose a homogen- 

eous material. An important property of glasses that seems to be 

ignored by proponents of the above theories is the possibility of forma- 

tion of a metastable Immiscibility in most glass systems. Haller. et 

al.11 have reported an explanation of this phase separation as it occurs 

in a sodium borosllicate sy^em. Consideration of this phenomenon 

could lead to explanations of the inconsistencies In these theories. It 

would also support the filamentary conduction hypothesis.10 which is 

based on an electro-thermal process. Pear .n12 ^s reported phase^sepa- 

ration in several switching and memory glasses and Stocker. et al. have 

done theoretical calculations supporting the thermal theories. 

This author choae to investigate one of the chalcogenide systems 

which exhibits memory and switching characteristics to determine if 

structural inhomogeneities are indeed present an.l if they have any 

effect on other properties. The system arsenic uriselenide-arsenlc 

trltelluride was chosen since no work has been done on the structural 

characterization of these glasses. It was decided to study the electri- 

cal properties of the system for evidence of pcsible correlations with 

microstructure. 

Thu. the purpo.. of OK lnve8tlg.tlon «. to «.oute the A.C. 

.„a D.C. eXeetrlc.1 ptopertle. end e^lne the elcro.tructur. of .UM« 

1„ the A.2Te,-*.2Se3 ey.te. to detemlnr If eny correletlon exl.ts he- 

tzen theee propertle..    Thl. peper preeent. e report of thl. l-veetl».- 

tlon. 113 
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CHAPTER II 

EXPERIMENTAL PROCEDURE 

Six glasses were studied from the arsenlc-selenlum-tellurlum 

system. The compositions were xAs.Te.-dOO-xMs-Se. with x equal to 

80, 70, 60, 50, 40, and 0. All compositions lie on the As-Te.-As^e» 

join of the ternary phase diagram. Figure 1. Throughout this paper, 

compositions will be denoted as a ratio of mole per cent As.Te. to 

mole per cent As.Se.. Thus 80/20 Indicates a composition consisting 

of 80 mole per cent As.Te. and 20 mole per cent As-Se». 

The glasses were made by sealing reagent grade materials of the 

proper proportions In evacuated Vycor ampules and heating for one hour 

at 800OC. The melting was done In a rocking furnace specially designed 

to assure complete mixing of the components. The furnace was a tube 

furnace with a sample ampule holder mounted such that It would pivot 

under the action of a motor driven cam. This caused the liquid sample 

to be rocked back and forth In the ampule as one enJ was alternately 

raised and lowered with respect to the other end. The melts, still In 

the Vycor capsules, were quenched In room temperature water. All sam- 

ples for the studies were made from these bulk glasses. 

A prellmlna y Investigation using high purity (at least 99.999%) 

materials handled under an Inert gas atmosphere and sealed under vacuum 

In fused silica ampules was conducted. The specific materials used are 

listed In Table 1. These samples were given the same melting treatment 
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a Bagley & Bair 
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Figure 1. Arsenic-selenium-tellurium ternary phase diagram. 
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TABLE 1 

HIGH PURITY MATERIALS 

Te:  American Smelting and Refining Co., Special 
Hlgh-Purlty, Semiconductor Grade (99.999Z) Tellurium 

Se:  As-».rlcan Smelting and Refining Co., Special High 
Purity (99.999+X) Selenium 

As:  United Mineral and Chemical Corp., Arsenic Powder, 
99.9999% Pure 
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as described above and showed no variation In properties from samples 

made with the reagent grade materials. It Is also well established In 

the literature13»14,15 that amorphous semiconductors In general are not 

sensitive to Impurities. However, Mackenzie16 did note some marked 

effect by oxygen Impurities to heat treated selenlun samples. 

Studies conducted consisted of measurement of the electrical 

properties, replica electron microscopy (E.M.). Gulnler-de Wolff x-ray 

analysis, differential thermal analysis (DTA) and dllatometrlc analysis. 

Samples of the bulk glasses were powdered and studied In a 

Gulnler-de Wolff powder camera to verify that the materials were Indeed 

non-crystalline. Crystals of 0.1 weight per cent can be detected by 

this method. 

Electrical specimens In platelet form were prepared by briefly 

softening a sufficient quantity of the bulk glass on a graphite plate 

and pressing with a second graphite plate. All samples had an area of 

[I approximately one square centimeter and a thickness of about 2 millime- 

ters. All samples had similar thermal histories. No samples were sub- 

D Jected to further thermal treatment. Conductivity measurements were 

made through silver conductive paste, Walso #36-1 Silver Print, In a 

guard ring configuration. The applied fields were approximately five 

B volts per centimeter. This Is much less than that required to switch 

these glasses. Electrical measurements were divided Into D.C. and A.C. 

I segments, with the A.C. segment being further split Into audio and radio 

frequency regions. The same sample was used for both A.C. and D.C. 

measurements. The specially constructed sample holder consisted of a 

| shielded configuration (Figure 2), with an Iron-Constantan thermocouple 
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mounted adjacent to the sample. Electrical measurements on the As.Se. 

compositlon were considered unreliable and electrical data on this com- 

position was generally not Included in this paper. 

The D.C. conductivity measurements were taken over a range of 

temperatures from room temperature to about 115 C. Sample temperature 

control was facilitated by use of a heating tape and variable transfor- 

mer. A Kelthley high speed plcoammeter was used to measure current in 

conjunction with a Hewlett Packard constant voltage source. Current 

readings were taken at approximately 10°C intervals. The heating rate 

was determined by calibration of the variable transformer and heating 

tape system. The rate chosen was as close to equilibrium heating as 

practical without causing annealing of the sample at the higher temper- 

atures and to minimize differences in sample/thermocouple temperature. 

The A.C. conductivity and capacitance measurements were taken at 

room temperature. The audio frequency measurements, from 200 Hz to SO 

kHz, utilized a Hewlett Packard 615 B oscillator coupled with a Wayne 

Kerr B221 audio frequency bridge, which had an internal null detector. 

A Wayne Kerr B601 radio frequency bridge and General Radio external null 

detector were used for the radio frequency measurements. Due to limita- 

tions of the null detector, an oscillator and a diode radio frequency 

mixer were used to mix a beat frequency with the output of the radio 

bridge for the measurements using frequencies greater than 100 kHz. 

Dilatometric studies «ere undertaken to determine the softening 

point of the glasses. This was to establish a safe temperature limit 

for the D.C. measurements and an annealing temperature for later exper- 

iments. 
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Differential thermal analyses (DTA) were conducted to determine 

the ease of devitrification and the presence of glass transitions. The 

DTA data was taken using powdered sample., with a modified Fisher Dif- 

ferential Thermalyzer. Model 260P. Heating rates of 5. 10, and 250C per 

minute were used on all compositions. 

Electron microscopic studies were made of fresh fracture surfaces 

and etched fracture surfaces using two stage, platinum-palladium shad- 

owed, carbon replicas. The etchant was a dilute solution of potassium 

hydroxide and water. The microscope was a Philips E.M. 300. 
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CHAPTER III 

EXPERIMENTAL RESULTS 

Gulnier-de Wolff x-ray analysis showed no evidence of crystal- 

lization In any of the Initially prepared glasses. Results of the DTA 

studies are summarized In Table 2. Two clearly defined exothermic 

reactions were noted for the 80/20 and 70/30 glasses. The 60/40 and 

50/50 glasses each exhibited only one reaction. The glasses with 

higher Se/Te ratios showed very broad and diffuse peaks which made the 

accurate determination of reaction temperatures difficult. No reaction 

could be determined for the 40/60 glass nor for the As2Se3 glass. High 

selenium glasses are generally difficult to crystallize, and any reac- 

tion probably would proceed too slowly to be noticeable In our experi- 

ments. The results Indicate that the crystallization temperature of 

the glasses Increases as the Se/Te ratio Increases. Our equipment was 

too Insensitive to show any reactions which involve small heats of 

reaction.  Thus reactions such as glass transitions were not detectable 

In our studies. The experiments were not continued to melting. Devi- 

tlflcatlon In all samples except arsenic trlsellnlde was confirmed by 

x-ray analysis. The author was unable to identify the crystalline 

phases. 

The softening points determined by the dllatometrlc studies are 

listed In Table 3. The softening point, or softening temperature, as 

determined by the dllatometrlc studies Is that maximum temperature at 

10 
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TABLE 3 

DILATOMETER DATA:  SOFTENING POINTS 

Softening Temperature 

As2Te3/A82Se3 0C ±2° 

80/20 100OC 

70/30 110OC 

60/40 1250C 

50/50 1350C 

40/60 1450C 

0/100 1850C 

12 
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which the glass can hold Its shape and resist deformation due to small 

applied forces. It can be viewed as that temperature, or range of temp- 

eratures, at which the viscosity of the glass Is lowered to the point 

that the material Is no longer rigid, but assumes more of the character 

of a liquid. The term actually has varied definitions and values, de- 

pending on the method of measurement, heating rates, and magnitude of 

force. The Ortou dllatometer measures the linear expansion or con- 

traction of the sample while It Is being heated. A slight compressive 

pressure is maintained on the sample by a small spring. As can be seen 

fvrom the dllatometer curve of Figure 3, there Is a point, actually a 3 

to 5° range, where the thermal expansion levels off and drops suddenly 

to zero. The minimum temperature of this range we defined as the soft- 

ening point. The data indicates that the softening temperature rises 

with increased selenium content. 

Electrical 

Data from the D.C. experiments are plotted in Figures A through 

9 as log conductivity versus Inverse absolute temperature. These plots 

are combined In Figure 10. The samples behave as expected of electron- 

ically conducting semiconductors, with the conductivity increasing 

according to 

a - O. exp (- AE/kT) . 

A.C. electrical measurements were Interpreted in terms of the loss 

tangent, tan 6 ■ G/wC. This function is equivalent to the tangent of 
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Figure 3. Dllatometer curve. 
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,'/.". the ratio of the ioes fetter, e'. to the pemlttivlty. e". 

Ten del ceo be coneldered to he oo.po.ed of «. componente. en .: *. 

,re,ue„cy dependent oo-ponent. end e B.C. oomponent. Thu. 

•<■ 5Totel " tan SA-C. + ^ ^■c- 

THe loee et lov frequenoy 1. higher end the B.C. opponent overwhetae 

the effeot of the A.C. oo.ponent. Thue, to e«Blne the fre^ency de- 

pendence, we „net euhtreot the ..C. exponent, heeed on the roo. te^p- 

.  f„™ the total value of the tan del function 
erature D.C. measurements, from the total vai 

computed from the A.C. measurements. Thus 

tan 6A>C# - tan 6Tot;al - tan 6D>Ct 

,  «« r^ tan del function can be found in van Beck. 
A full discussion on the tan aei 

Thl. ten del function. «1th the D.C. exponent „ubtr.cted. Is 

pl„tted vereo. lo, fre,uency for eech co^poeltlon In Pl.ure, U through 

15. Theee _ plot, ere cchlned In Plgure 16. All ee^les e.d.lhlted 

.t ueet one loe, pe.K end correepondlng dUlectrlc dlepecion. «. 

lndlcete. that condition, for Ma»ell-V.egner-Slller- Heterogeneous ,0.. 

are present In these glasses. 

The activation energies and the corresponding pre-exponential 

term, o . were calculated fro« the equation 
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18 
using a non-linear least squares fit.   This data Is shown In Table 4, 

along with the data of Rollos.19 Rollos' data was adjusted by a factor 

of one half due to a difference In the equations used by the two exper- 

imenters. 

It was noted that surface conductivity is significant In these 

glasses. Measuremerts with unguarded samples resulted In conductivities 

approximately double those of the guarded samples. A guard ring config- 

uration as was used was necessary. 

The computations and plotting of the electrical results were by 

computer. The programs are included as an appendix. 

E.M. 

EM studies clearly Indicate that liquid-liquid phase separation 

occurs in all the glasses studied, including arsenic trisellnlde. In 

all the compositions the droplike structure characteristic of nuclea- 

tlon and growth type of phase separation is apparent, while some also 

show a structure characteristic of a spinodal decomposition process. 

These processes are explained in the following chapter. Some of the 

droplets In the glasses have "tails," as shown by the arrow In Figure 17. 

These Ulla are formed as the fracture front passes around a drop and 

changes its plane of fracture. They are proof that the droplets are a 

part of the structure of the fracture surface, and not simply artifacts 

from the replicating procedure. The concholdal mode of fracture and the 

1.0 
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TABLE 4 

ACTIVATION ENERGY 

A82Te3/A82Se3 (AE)   (e.v.) (xO103)   (ß • cm) 

80/20 0.43 0.31 

*75/25 0.49 

*7I/29 0.51 

70/30 0.52 3.14 

*66/33 0.515 

60/40 0.55 7.3 

«60/40 0.53 

50/50 0.60 3.1 

*50/5^ 0.575 

40/60 0.62 1.25 

*33/66 0.64 
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Figure 17. Electron micrograph shoving iroplet "tall." 

Figure 18. Ac.Se- fracture surface. 
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x-ray results Indicate that both phases are non-crystalline. 

The electron photomicrographs of arsenic triselinide. Figures 

18, 19, and 20 show the droplike structures. The drops are about one 

micron In diameter and are well formed. They occupy approximately a ten 

per cent volme fraction. A splnodal structure Is not apparent in this 

glass. Note also, In Figure 20, that the fracture front has passed 

through the drops. This Is indicated by the fracture pattern In the 

drops and the lack of relief In the surface. This Implies that the drop 

and the matrix have similar mechanical properties and are probably of 

similar composition. 

Micrographs of the 40/60 glass. Figures 21, 22 and 23 show large 

sized drops, primarily about three microns In diameter, but with some 

smaller drops apparent. Also apparent is an Inccrestlng structure with- 

in the drops not seen JI the other glasses which may be Indicative of a 

secondary segregation occurring in the primary separated phase.   The 

voliae fraction of the large drops is less than ben per cent. No 

attempt was made to determine the amount of secondary segregation. The 

fracture "tails" are evident in this composition. 

The 50/50 glass shows the droplet structure and also the splnodal 

structure, see Figure 24. The drop voliae fraction is somewhit less 

than ten per cen:, but the second phase, due to the splnodal decomposi- 

tion, is much larger. 

The 60/40 composition exhibits 1 to IS micron sised drops in a 

splnodal matrix. See Figure 25. Voliae fraction of the drops Is about 

20X. 

Micrographs of the 70/30 glass show a large quantity, approximately 

i;3 
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Figure 19. A82Se3 fracture surface. 

Figure 20. As2Se- fracture surface. 
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Figure 21. 40/60 glass fracture surface. 

Figure 22. 40/60 glass fracture surface, 
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Figure 23. 40/60 glass fracture surface. 

Figure 2A. 50/50 glass, etched fracture surface. 
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Figure 25.  60/40 glass, etched fracture surface. 

Figure 26.  70/30 glass fracture surface. 
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m vox«« .»ction. * -U -OPU».    TH. »iorit, are U- than one 

nl„o„ in «—•    - - •*■ «' - COTblnlne " "' "' 
«,     in Figure. 26 through M.  the droplet ^rpholog, 1. cleerly 

.„.rent, end 1. dl.tl.guleh.hle fro. . episode! etruoture. 

*. go/20 glee. .how. . .tr.ture Indlcetlve of . .plnod.l deco.- 

^Itlon proce... The droplet «orpholog, 1. dl.cemahle. hut the etruo- 

«. 1. pr^rlly th.t o. «. interconnected contlnuou. ph..e..    The 

of the 80/20 glass. 
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Figure 27.  70/30 glass, etched fracture surface. 

Figure 28.  70/30 glass, etched fracture surface. 
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Figure 29.  80/20 glass, etched fracture surface. 

Figure 30. 80/20 glass, etched fracture surface. 
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CHAPTER IV 

DISCUSSION 

The results of the x-ray studies Indlcste that there are no 

crystal phases of greater than 0.1 weight per cent present. The DTA 

studies verify that the material Is amorphous, by the occurrence of a 

crystallisation reaction. These studies also Indicate that the glas- 

ses with higher selenium content are better glass formers, as expected. 

A set of sample DTA curves showing the compositional dependence Is 

given In Figure 31. The reaction temperature observed for each sample 

were dependent on the heating rate. Indicating a kinetically limited 

process. Figure 32 shows the heating rate dependence of the reaction 

temperatures in the 80/20 glass. The occurrence of double crystalliza- 

tion peaks In the 00/20 and 70/30 glasses indicates that there are two 

crystalline phases forming in these compositions. These phases may both 

crystallise from a single phase glass, but the structural studies indi- 

cate that there are two glass phases present. Crystallization of each 

phase would result in a DTA peak. No double peaks are observed in the 

other glasses even though our E.M. studies show evidence of phase sepa- 

ration. The lack of the double peak could be due to the second phase be- 

ing present in only small quantities. This is supported by the trend to- 

ward larger amount of phase separation in the higher tellurium glasses 

which was noted in the E.M. studies. 

Bagley and Balr21 conducted differential scanning calorlmetry on 
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Figure 31.    Composition dependence In DTA curves. 
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,r^lc Ulwnn" " trltellurid. ,1..«. »1th A.jT.j/A.jS«, 

r.tlo. of 3/1. 2/1. »J I«- — ■l'""'-H* <••"»"t,"• th•, 

det.r.ln«. (M. T.bU 2) ..r« «U -"" <»r d.U. Ho~v.r. .h., note. 

. MU «.th.nilc r-ctlo. pr.c«llng cr,.t.lll«.lon which «h., «trl- 

„ut«. t. . .1... tt.n.lclo.. MT -I«" »■>"" ' "^ "•*"  ,md<,th"■ 

.t «Uta,. Th., off.r«i M .xpUMtlon tor th. doubl. p..k..  I» 

ll^t of th. ph.- «p.t.tlo. our .cructu,.! .tudl.. .ho. 1. pro«« In 

th... gl...... It U *****  to «trlhut. th. doubl. P..V. to . W 

ph... ..Uta, occurrta,. UCc of . douhXe p..k « crytolllutlon could 

b. du. to .taulfneo«. ctyt.lllMtlon of both ph..... 

MjUy .nd «ortho»«22 did not d.toct ph... Mp.r.tlon by .Uc- 

tron .lcro.cop. In the ,1..." ~< hy Wy -nd B.lr. Ho«v.r. they 

pttanrUy u..d tr.n„l..lon -Icrccopy on thin fll... with mm  replica 

wort on unetched. fr.cture .urf.ce.. «-.e ..p.r.tlon 1. difficult to 

detect 1. .pectaen. th.t hev. not been etched. If the electron den.1- 

tle. of the sepereted pb..e. .re etallar. then It la difficult If not 

„.poaalble to detect pha.e «par.tlon In trana-laalon. Alao, a thin 

£11^ of an «rphou. »tertal doe. not necaaaarlly have the ».e .true- 

ture as the bulk material. 

The electron «Icroacoplc atudlea Indicate the pre.«.ce of aepara- 

ted phaae. In all the co-po.ltlon. atudled. The DTA .nd x-ray data showa 

both (or all) of the phaa.a to be amorphoua. Since the phaae aeparated 

[] glaaaea Include both binary aide, of the ternary phaae dl.,r... It 1. 

likely that the phase aeparatlon. and therefor, an tamlaclblllty W. 

I extend, acroa. the entire araenlc trltellurlde^raenlc trleellnlde Join. 

n The morphology of th. phaae. obaerved In the glaaaea Indicate 
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that two ph«Btf separation procesM« «re occurring: a nucUatlon and 

growth type of separat ton and a aplnodal decoapoaltion proceaa. Hucle- 

atlon and growth occura by the classically -.ccepted process of growth 

of a heterogeneously nucleated particle. Formation of well rounded 

spheriods or droplets is indirstlve of thit» type of diffusion controlled 

growth occurring in an amorphous material. The surface tension of the 

glassy-liquid controla the shape of the drop. This structure is sl-l^ar 

tc a suspension of water and oil. 

Spinodal decomposition occars spontaneously or homogeneously 

throughout the parent phase.  It has more the appearance of a natural 

sponge parent phase, with the Interconnected voids of the sponge filled 

with the second phase. Both new phases, of course, have a different 

composition than the original phase. A Bunmary of the thermodynamlc 

13 
description of these processes by Cahn and Charles  is given here. 

A necessary condition for stability of a phase with respect to 
Infinitesimal composition or density fluctuations in that the 
chemical potential of each component increase with increasing 
density of that component. This condition, as will be seen, is 
not In conflict with the existence of a more stable phase, and 
thus metastablllty can and does occur comnonly.  In some systems 
there exists a temperature, which Is a function of composition, 
where this necessary crl nrlon for stability breaks down. This 
limit to the metastablllty has been called the spinodal. Beyond 
the spinodal a single phase Is unstable with respec^ to Infini- 
tesimal composition fluctuation and begins to separate Into two 
related phases differing only In composition. This occurs spon- 
taneously, without the need for nucleatlon, since the phase is no 
longer metastable but unstable. The related phases that form may 
be the equlllbrlun phases, or they may In turn be only metastable 
with respect to still more stable phases and subject to further 

application of stability criteria. 

In a binary system, Glbb's condition for metastablllty reduces to 
32F/8c2>0 where F Is the molar free energy and c Is the mole frac- 
tion. The spinodal is to be expected in every system that exhibits 
stable or metastable equilibrium between two related phases. It Is 
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.o,t co-only to he ««poctod In Wgmm hnvlni ■ co«»wlut€ te-per 
.ture      Connldor a binary «yst« with «n upper contoluto (no—- 
ti-t'cll^ crltlcl) ti-pornturo. T    (Pltur. 33).    At . con.t.nt 
tSlmtüI^vi ^. con^lut. fpofntur.. th. moUr fro* energy 
?TV. • function of co.po.ltlo« -unt curv. up-nrd •£»***[•**' 
u;. 33b.     (Othenrt.. .or-mtlo« Into »J^J^J^T^^L, 
•norgy).    A» the te«pereture 1* dropped the curve rlee» oy «n »oun 
proportional to the aoUr entropy. 

-   |£     -S 

Because the entropy 1. expected to be «II«.t for he t« pure 
Uquld. (and fur compound.) and greate.t near the «Iddle o^« 
co-oo.ltlon range, the free energy curve flatten, a. the temperature 
TS^iS»«"**' 3S the coneolute te«per.ture . por- 
lon wUh negaUve curvature develop.. If the W*1*»1** * 

SSATSfSS Ä'ÄÄ^ «Ä 'b.^-e 
these Halt, a .Ingle pha.e 1. .till .table. 

in Figure 33b the inflexion, in F occur at c and d and •" ^e .pln- 
Sai Sipcltlon. for the cemperaturt T». ^'''L^LSSg^ 
«3 h  If the free energy function exl.tb and ha. no dlacontlnultie. 
in .S^e tSe inflexion. mu.t exl.t M  all te-perature. below the 

tevperatur«. 

The .eusubl« r.glon .»IK. betwra the .plnod.1 •nd
1_th,.',ha'f,,mH The ■"•"■""".,      ^^ t, cooiti fro. above the ph«.e bound- 

^TtS'lkS r««i" It Ä be «eteeteble »d «old only deco^ 
! S.IS.* tÄee. If the .eoond ^" "" "-X-l^UBbt- 

L .^rjÜ^U to ".M »Ithln'th. m**U r.glon (betwe« c 

S'OJMU™. »od the eeeond llould oh.« «u.t form by ""JJ^J"- 

abK and Siatlnctly .eparated particles of the new phase which in 
time grow in size and may coalesce. 

Iuhon a «iMle ohase liquid is cooled through the tnetastable region 
AAAAt appreciable phase separation,  the mode of 
pSse separation changes radically after it crosses the spinodal into 
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-    -^ «— «hich had nucleated and were grow- 
the unstable region.    *SÜZZ^**mm itm which sinusoidal 
lag. now stop growing ****•*»* ^SLT^t^W inter- 
co.position variations spread o^*8"'!" ^^ hoLgeneou8 single 
penetrating phases are formed J'™ ^J^ectivity!   The geometry 
Jhase.    Esch phase has a ****^*JZ^%ZnAt while the 
of this two-phase gf* {^^ SS^S changes with time. 
SSTTUÄ STA SSS Slich diJferentiate betveen the 

■Mchanisms. 

M «rutlo. 1» th. .Mg« of pha« «p.r.tlon In the mm»- 

MIM MM tt dlfflcnlt to .ccur.t.l, corr.Ut. the «ount o( pha« 

..parntlo. M co^onltion.    CnornUy the gl..... «1th . higher sel- 

.„1- contCTt tend to he note .teble end «MMt 1... pheee eepetetlon. 

Ihl. 1. .lg.lflo.nt in light of the concurrent .«Itching etodle. being 

do« by Sender." In thl. Uboretory.    Sender.' reenlt, Indlcete that 

the higher ..lenl- gU..e. have higher breekdo«, voltue. and are «re 

.tebU „Itch., then the high tellurl» gU.eee.    Thl. Indicates a cor- 

reletlon between „Itching „d the etructnre dna to pha.« eepa atlon. 

Cerefn! electro, nlcroacoplc etudle. of heet treeted gla re needed 

to ..temlne the extent of the phaee «paratlo. and the coapoeltlone of 

the eeperatad phaae..    Further „Itchlog .tudle. of the.e heat treated 

gla..e. «ould ello« ..y correletlo. to be verified. 

The reeult. of the electrlce! atudle. ere condualve.    The con- 

ductlvlty-t^pereture behavior 1. typlceX of a. lntrln.lc ae^oouductor. 

„e D.C. conductivity data g„erelly egree «11 with the reeult, of 

Rollo..25    Slight variation, are probebly due to themal hl.tory 

.Ifferenc..."    The D.C. dete .. plotted In Figure 10 1. repeated In 

Plgure M with the dete of «olloa.    The ectlvetlo. energla. ere conpared 

in Table 4.    The ro» t^reture conduet^ty alao agree, «ell with 

that of *tt «d Devi.."    Ihl. data la graphs In Figure 35.    A, noted 
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*- :..<t - •r» I       «    m»».o#|( lo«, 

•M^MlllMI I« 
•I («■«««•I 

la •!«•?• »-•• 4*fr«« of 
Mt 4y*tti%§ gnmth 

for rmdM 
tflatfllwtloa« of partlcl« 
•lam. MM* poaltloM in 
MMii 

TpniJ#nry for Mptratlon of 
MCOnd ph»90 «phfrlc«! 
partleUt with low connoc- 
tlvlty 

Coot low» «•rUilo« of 
•ocb ostrM»« la MMf 
«Uloa wlili lino until 
o^olllbrliai coatoaltloiui 
*»«■ rMchod 

!«torf«co botwoon phonoa 
laltUlly !• ««17 dlffuoo 
»wontuolly oharpoiui 

K*|uUrlty of oocoiwl 
plMiM distribution In 
•It« and poaltlon char- 
actarltad by a gaoaatrlc 
apaclng 

Tondancy for aaparatlon of 
aacond phaaa, non-spherical 
particlaa with high connec- 
tivity 

: 
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Figure 3A. Log conductivity versus temperature with Rollos* 
data. 
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• (M«I«I «i «- iO/«o <«^Mlil««. H «ffMf^ I« NMi mi tovU 

II«I Ik» pri i^—MUI t«f« *r«MlM<l »MMiUlly MMMM." TW 

««tun«« la tW ••€. «iMtrlc«! fte^fiu« «rttk cMfoalclM U »ro»- 

•kly 4w to UM tot«rMltUI Mk«clt«(lMi off MIMI« ky tk« kMvltr 

HMVftB «t^' t«nKi«r«l rMrr«at«M«c« my alto PUT « rolo, but 

It to folt that It wo«id bo o alaor rolo In thU caoo. 

Hi« 41ap«rotono In tho too 4ol vvrsuo froqiMrncy curv«» Indtcot» 

thot Ho»«oll-l<otoor-81Uor« Utorogwioouo looo conditlooo oro prosant. 

lh«M low  roault fro« tho prosonc« of «tructurol Inhowgonaltlea. 

•uch ot cryatolllte« or othor Urgo portlclo« with distinct boundarle». 

Thor« can to OOM doubt that the dispersions In the curves are 

valid. By varying the value of the D.C. component subtracted In the 

tan del calculations and observing the changes In the curves, one can 

determine If the loss peaks are real. If, as the D.C. value Is In- 

creased, the dispersions straighten out and the curves go smoothly 

through zero to negative tan del values, then the peak is not a real 

representation of the dielectric loss. However, if the peaks remain 

in the curves as they go negative, and the curves only smooth out with 

very large or very small D.C. values, then the dispersions are real 

and are due to actual losses within the system. All the samples be- 

haved in the latter manner. An example is given in Figure 36. Thus, 

there is a definite loss effect in these glasses. In light of the ml- 

crostructural studies, these losses are logically due to the structural 

inhomogeneities which are a result of the phase separation processes 

occurring in the glasses. The variation in the frequency at which the 
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I« it» «iffr^iv^ti««.   Hw« iteitu «•*•!• ifc» wrtoilM •• i^ 

«MMII   *f  plM*«  •*#•?•! U«  to Ito  AlaMM» 

Hw rvUilMwHi» Wi«Ma llw »If»«!»»» Mi «IMVIIMI pr#f»rilM 

off IIWM tUMM C«MH>I fM to ff»llT 4»ffbw4.    tl  !• poMlkl« Chat llwy 

«r« r*Ui*4 MUly ihr«nM|h • co^oclttoMl 4rp»iwi#fwr      TM« «mhor 

ffMU that th« •iructor-l i^MtWM U ft*4P*taMnt, bui «Dillon«! 

•eudlM with hMt crMtod §!«•••• «r« n»«d«d to corroUlo tho struct oral 

and corpoaltlonal vartabloa.    11»»-« atudloa aro noodod to fully charac- 

tarisa tha ayata».. 
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All of tlM nrnmi* trimlimi4**r9*tc crlt*tliirl4« |U< 

■A«21tj(l-«Aa2f«j) -»cydlad trm i • 0 to s • M ar« ph*«» Mpvaccd. 

This ladlcatM chae th*r« •KUC» • ■tselblllcy gap across cho ratir« 

ternary phsM ilmgram of tho arMnlc-Mlsoluo-tsllurltoi tyseco. Th« 

•tructur« appsora to ba ralatad to and vary with co.«posltlon, but 

without further study tha rolatlonshlp cannot ba defined. Analogous 

phase Mpsratlon has been noted by other authors In related chalco- 

genlde systeas. 

The electrical properties of these glasses vary with conposl- n 
tion. D.C. conductivity increases with tellurium content. Activation 

energy decreases with tellurium content and a has a maximum near the 

middle of the composition range. The variation in the D.C. properties 

may be due to structural changes, compositional changes, or a combina- 

tion of both. Structural inhomogeneitles resulting from glass-glass 

phase separation appear to be responsible for the occurrence of 

Maxwell-Wagner-Sillars heterogeneous losses in these glasses. 
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MCOMBQATtOM fW fUBW flWT 

rir trie«! «M •tr«icK«ral •ivtftM «^«Ivalaat to ttto— 4Mcrlb»d 

la thla chasla oMd to b« cooduccad uatat haat traatad aaaplaa. Ih» 

uaa of araiaalad alactrlcal apacta^na would allow any covpotittonal 

Influanca on tha alaccr<cal propartla« to ba daflnad. Corralatlons 

bctwaan tha dielectric loasaa and the phaaa aaparatad structure tMuld 

result fron careful structural analysis of thaaa sane haat trented 

glasses. Extreme care should be exercised in the annealing procaaa 

and subsequent handling of these glasses as their structure is extra- 

ordinarily sensitive to variations in heat treatment. Ideally, E.M. 

samples should be taken from the actual electrical specimens. Finally 

close contact with the switching studies should be maintained, as it 

appears there are Important correlations In this area. 
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JOHN DAVID PEARSON 

the .^rloal .wltcWng bemvlor of these natertals. 

:r::::r~ »•»-■-• r;-:- < A - a* radio frequencies, especicu--^ thei- dielectric properties at radio ir q 

u H T? and microwave range. 

^.4.0.5.0.6.0.7. art 0.6 eve. the OW -. «• 

The «MTUU «ere prepared by . «/»„ 

«fter b>   . f« several to  ' As^j in a rooking furnace. Afters 

[; „.Iten naterlal was .uenched In water. _ 
,ffWltv measurements were made bj tnree t. 

Complex permittivity ineas 
„ 100-500 Mh^. the materials were si aped into 

FOT «. fre.uonoy ~* 

n ocular ^ - P— - - t^~; of m m^. ** 
^ ^ V.S used to dete^ the co^lex M- ^ 

R ^ .ed to oaloulate «. dleleetrlo --J^J ^ ., 

■M ? 000 Ml^. a slotted coaxial line was us 
range ^OO-P.ouu mm, Wmmm 
*n ard VCVm. which l*d to tt. calculation of the sa^pl   m- 

.hift and VIM . 12.000-l8,0OO Mhz. 
^ the dielectric properties.    In the ranee 

D 2(3 



rectanf^ular shaped samples were used in conjunction with a K -baid 

slotted waveguide. The dielectric properties were obtained by MMMTtng 

VoWR, wavelength, arid position of the voltage minimum ard uslnt1; Uie 

Von Hlppel Standing Wav«. Method to calculate tvie proper order solution 

to a conplex transcendental equation. 

'Vive average dielectric properties measured ovei ^l-ie entiri' 

frequency range are as follows: 

Composition       c*   tan 6 

ÖOXAs 're7-20«A8.Se, 10.0 0.055 
70tAs7re^-30*A3^Se^ 9.3 0.(W9 
bOJEAs^Te^OSAs^Se^ 7.9 0.0^2 
50XA8nie^-50XAs;Se^ 7.2 0.030 
^OJAS ^Te^-60 JAs^Se^ 7.0 0.020 

The dielectric properties of the san^les were founJ to be 

esaentlaliy frequency independent over the frequency ranfte stuiicl, with 

.-light varlatlCMis attributed to differences in experljnental tecfnlqui-n. 

by Incx'easing the TelluriLtn composition, It tos found that the 

dielectric constant can be varied fror,  approximately 7.0 to 10.0.   Tlif 

loss tar^err,, M ifl also found to increase with Uicreaslng 1e content   utI 

varied between approximately 0.02 and 0.06.   The dielectric propertl»-s 

of this glass system conpun favorably with those of dielectric 

rmterlals used for microwave substrates, such aa YIG, silicon, or 

AlJUtog. 
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CHAPlTiR 1 

IWITODUCTION 

Anorphous semlcoiiJuctors are disordered materials In which atoms 

have local organization or short-range order» bat lack the periodic 

structure of crystals, for distances gr-eater than a few atomic radii. 

'ttis atomic positions hi the nearest and next nearest neigTibor;; are Uwi; 

i    iMilllll the sane in the amorphous and crystalline ntates flj. 

Klcments which can be formed into cinorphous compourals exhlbHlng thc.ie 

craracterlsties Include eamnlum and silicon (Group IV), antimu'iy, 

arsenic, anl blnauth (Group V), ard selenlua, sulfir, and tellurium 

(Gro»4) VI) [2].   The present study centers around examining son? 

properties of a class of these «rphous aaterials, As^j-As^aej. 

Apwrphais asmleonductors are probsbly most well knowi for their 

switchli« and ■wory effects.    In l^ S. R. Ovshlnsky began research on 

these devices an! in 1961 filed a patent on an anorphous device. UW*- 

30Us-l2«Sl-10lüe, which was Insensitive to polarity in switching 

operstlnw [3l.    Later In 1961. A. D. PMTeOn, J. P. Demld, W. M. 

ftortmver, and W. P. Peck discovered witching and memory phMMMl In 

Ao-Tfe-i glass.   However Its reset properties *ere subject to polarity 

($33«    D. L. toton report«! the same phenomena in this glass In Iftt 

[6].    In 1963 swltchli« behavior was found In glasses of the clas« 

| TlAaCle.-ftf)-,, by Itolomlets and Lobcdcv [7J.    Uter W. R. EubanK founl 

swltchli« bor«vlor in Sb-S-1 glass 18].    Since '.his time considerable 

I 
t 



efforts have been spent In studying Uje switching prur^rties of other 

amorphous materials [9]. 

A threshold switch Is a two terminal device which can be In an 

off (almost nonconducting) state or1 in an on (conducting) state.    When 

Uie applied voltage Is ^eater than the threshold value, the system 

üwltchL-s to the conducting state and produces a "negative resistance" 

effect.    However If the current Is reduced below Its critical "hüldin|':,, 

viiue, the glass will switch back to its original high resistance state. 

Ifcreshold uwltching has been seen to occur in 250 picosecond, with a one 

microsecond delay before switchlr^ ClOj. 

11» memory switch is similar to the threshold switch, but tes a 

stable "on" state, and thus is a bistable device.   Mien a high voltage 

pulse Is applied to the switch when "off," heatir« and structural 

changes occur In the device with a partial ordering of its structure, 

and the device is pennanently switched to the "on" sUte.    It will 

remain there even if the current Is can$>letely removed.    It Is bellev«o 

that the voltage pulse results In the 0<oMth of a crystal fllonr-nt or 

pathway between anode and cathode, resulting in a low reslntarro path 

Vor the current | Ij.   The switch can be restored to the off stau- by 

applying a threshold pulse of either polarity 151.   3wltchlrv: tlnps f'ir 

numory switches have been observed to be on the order of a fcw 

mlllloeconln (.1CJ> 

In addition to examining the switching properties of amorptiou!'. 

ccriconductors, nany researchers have studied various electrical and 

physical pror*frtles of theae naterlala.    Properties ccnsliered In MM 

laat several yws Include the optical absorption spectnsn 111], the 
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variation of corxluctlvity In the audio and high frequency range, the 

temperature dependence of the d.c. conductivity [12,13,lil] and the 

themal switching properties [151. A general overview of research In 

the field is given in a recent National Materials Advisory Board report 

111]. 

At Vanderbilt University ehe switching properties of the glass 

system (x)As2Te^(l-x)As2Se, have recently been studied [
n6,32]. The 

electrical, thermal, and structural properties of this system have also 

been extensively investigated L173. The dielectric properties of the 

glass In the frequency range from d.c. to 10 Mhz have been studied an a 

function of mljro8t:x»cture by Hill [l8J. The only known research 

cteracterizlng the high frequf:icy dielectric properties of ihis r.las:; 

system was published recently by this writer and others L19J. 

The purpose of the research presented In the present paper is to 

examine the U.H.P. and microwave dielectric properties of the glass 

system (x^TeJl-x^^, for x-0.^,0.5,0.6,0.7, and 0.8, and In 

particular to note their range of variation as a function of tellurium 

content. 
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CHAPTER II 

EXPERIMENTAL 

Introduction 

Dielectric constant and loss tangent measurements were "made on 

the glass samples by three techniques. In the frequency range 100-500 

Mhz a Thurston Bridge was used to determine the complex admittance of a 

circular sample placed at the end of a shorted air-filled coaxial line. 

This data was used with the field equations of a parallel plate 

capacitor to calculate the dielectric constant and lom tangent of its 

dielectric sample. 

For the range 500-2,000 Mhz a slotted coaxial line, terminated in 

the sample and a variable short, was used to measure null shift and 

VGWH. This data was substituted into the transmission line equations 

for input admittance to yield the sample admittance, which was used with 

the capacitance equations, &s above, co calculate the dielectric 

constant and loss tangent. 

In the range 12,000-18,000 Mhz a K -band slotted waveguide was 

used, terminated wJth the sanple and a variable short circuit. 

Measurements taken were wavelength, position of the voltage minimum, and 

VoWK. A graphical technique given by Von Hippel was used to solve the 

equation for the wave Impedance in the sanple, which led to the 

dielectric constant and loss tangent of the sample. 

The materials were prepared by fusing the appropriate mixture of 
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,te3 arxi As^Se, In evacuate Vycor MpoulM tt MfPt In • rocklnt 

I-urnace.    After heatli« for one hour the »JLUn MterUl MM PWM In 

water.   The samples were then shaped and pollahrt with «^iiwl Ml a»« V» 

j5rlt carborundum paper, Into circular ulaKs ani rsciaradea ftr I»» 

fT-equency ranges 100-2,000 toe. and 12,000-18,000 ftv rvapactlvoly. 

iü0-b0ü Mhz 

In this frequency range the admittance of a sanple poaltlonvS at 

the end of an air-filled coaxial line was measured by a Itairaton frldpr. 

Using this value in the equations for a parallel plate capacitor, the 

dielectric constant and loss tangent of Its dielectric sandle «am 

calculated. The parallel plate capacitor arrangement of tV*? sasple Is 

shown in Figure 1 and its electrical equivalent Is nloan In PUjiro ?. 

A is the area of the sanple face and T Is the sample thlckne&r.. 

T is exaggerated in Figure 1 for clarity. However a very thin sanple 

was used to avoid fringing effects. lg and Ic are the dlaslpatlve «irrJ 

reactive currents in the sanple, respectively. The derivation of the 

permittivity below follows the treatment given by Harrington [?0). 

The voltage-current relationship for a capacitor is 

1 = 1 +1 =YV»(G + JuOV (1) 
g  ^ 

and the field strength and current density are, respectively, given by 

n E' ^ ,n 

and J = j 0) 

The constitutive relation for the field in the dielectric is 

J = (o + MM + Jac*)! CO 

r 213 
■ 



I. toMN^U^r 

i. of mmlt In «Inndi. 

en 



0 

(5) 

where oE represents the conduction current conponent VTU 'ue" + jweME 

represents the displacement current conponents. Substituting Equations 

(2) and (3) Into (4), 

I = [(a + we" + Ju«'3(|)]V 

Comparing (5) with (1) we find 

Y = G + Ju)C = (o + we" + M')^ (6) 

or G = (o + we")^ (75 

and C=(E'4 
(8) 

Substituting C = - In Equation (8), and dropping o from (7) 

because It Is small for the glasses considered, and dividing both 

equations by e to give relative values, we can solve for the complex 

permittivity: 

e. = BL_ i'J) 
eowA 

(10) ... _ OT e c OJA o 

Dividing Equation (10) by Equation (9) we obtain the loss tangent 

tan5=f;=| (U) 

The coirputer program COMP given in Appendix I uses the above equation;; 

with the admittance data from the Thurston Bridge to calculate the 

relative dielectric constant and loss tangent of the sample. 

'me experimental setup used a G.R. 1602-13 Thurston Bridge or 

acimlttance meter, to obtain tie complex admittance of the aample which 

waa placed at the end of a siorted air-filled coaxial line. The ünpleB 

were circular disks, approxljiately 0.246" In diameter and ranged in 

thickness between 0.029" and 0.042". Figure 3 shows a block cilafTam of 
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the setup used. 

'Ihe rf souro« was set to the operating frequency ami Uie ioaui  rf 

source was set to a frequency 30 Mhz below this. A 30 Mhz ampiifier .'jj-id 

meter were used to adjust the airline and stub tuner by detecting the 

difference component between the two sources, so that the sample 

admittance appeared at the bridge's Input. By adjusting the conductance 

and susceptance lever arms of the bridge for a null meter reading, UH.' 

sample admittance w?s read directly In mllllmhos. The frequency was 

read by detecting a harmonic with a Transfer Oscillator and a 10 Mhz 

Electronic Counter. The technique used In this frequency range was not 

repeated for higher frequencies because of the unavailability of two 

stable rf sources covering frequencies greater than 500 Mhz. 

A 90° coaxial bend was placed at the end of the air-line with the 

sample holder and variable short placed vertically Into this. lYils Is 

detailed in Figure 4. The sanple was placed atop the brass rod which 

extended up from the bottom of the sanple holder. The sample and rod 

had approximately the same diameter. The  short, a solid brass cylinder 

glued to the micrometer drive rod, was carefully lowered until it rnado 

contact with the sample. Admittance measurements were then taken with 

data treated according to the program COMP given in Appendix I. 

b00 Mhz-2,000 Mhz 

In this frequency rar • a slotted coaxial line, terminated In a 

circular sample and a variable short, was used in measuring the null 

shift and VSWR. Ihls data was used to calculate the sairple admittance. 

zm 
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FIGURE 3. Equipment setup for measurl^ dielectric constant anJ 
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.Wch «, u«! «tu. the I««ll«l put. tmmm region, to 
cXcaUt. tte ^«trl. cc^t«» »J 1- «»* of th. M 

^ ^«tlon of H. tr«-a«W> IM —— •O-'1" " 

,4«. MM.   It 1. .iriur to M* «ivon for M«M H O»»«" »1. 

.Uw I M- • t.«-!»«« U-. «—— ^ « ^ Y'-• ^ ",t" 

MMM M MMM vo.ta«« V* »- ^ MM«-».   * ^^ 

«« MMM -w IMrtM M fom a slm«Wal MM« -* 

»u-m.   Mi t.. »1««. at M I— - ^ ^ ^ ^ ,,rUten " 

M. • .ftoM pro^tlon constant at Mi MMM. «»» « ' 0- 

Stallarly tre current at any point 1» 

,. iV" - r.-J" 

The nomllzeJ Input aJmlttance la 

V. .      .       (UV     v^" - V-e-J61 

?jn ' r1 • W "l 55" ♦ V-e-J" 

^.^V   1,MMM»MM.—MM <••»*••   By definition 

M „flection coefficient at M Ml la rL - ^   ^ »' - te 

rewritten as _lß)l 

(13) 

(iU) 

1 - Z, , . L " c    i! unown identity derived 
,• can also be written as rL ■ z~nr>  a ™* 

L I*       " 

by collln [21].    Ml entity can be rewritten as 

Tr      " L     Yc + YL     1+7L 

^w rcplac^ e^ by (cos 3. **** * ** substituting Equation (16) 
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Into (15) we obtain 
7,coa 61. * Jsln at 

r.a  (1Y) 
^     cos ßl ♦ j7Lsln N 

Bdl can be üolveü for YL, Uiu üanple admittance, 

Y. coz  ßt - Jsln at 
Y . JD  (M) 
L  cos ßt - JYlnsln ßl 

At tXm voltage mlnli.um the valut- Y"^ Is real and in mamltude equals Um 

V3WR, as proved In Appendix II. The corputer program BUI shown In 

Apperulx 11 uses Equation (18) for admittance with Equations i'j)  anü 

(11) to calculate values of dielectric constant and loss tangent for tue 

sarrples. 

The equipment uMd for this frequency range Included a slotted 

coaxial line (G.H. IVpe 9ÜÜ-LB) which was used for measuring null shJ It 

and V3WR. The same disk-sl-iaped sanples used in the frequency range 

1Ü0-500 Mhz were used In this range and the sairple holder of Figure H 

was use-i at the end of the slotted line. Tfrie setup used is shown in 

Fi)>ire 6. The frequency was measured by using a transfrr oscillator and 

a 10 Mhz Electronic Counter to observe a harmonic of the fundamental 

frequency. 

The slotted line scale was calibrated In millimeters so that 

readings were accurate to 0.U01 meter. The VSWR was read from this 

scale by the two point method, since high VSWR values were encountered 

[223. This method involves finding the position of a standing wave 

voltage minimum along the slotted line using a square law detector and a 

1000 Hz meter. Then the positions of points on each side of the minimum 

ZZ1 
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FIGURK 6. Equipment setup for measuring dielectric constant and lose 
tangent In the range 500-2,000 Mhz. 
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were read, which hvl exactly twice the power vletectea as that at the 

mlnliajn.    The VSWi was then ca^putad hy the two-jpolnt fonmla 

mm - ^- <W) 

wtiere AX Is the distance between the twice power points Ml ä IS the 

waveler«th In the slotted line. In this frequency rai^e, the two-point 

metfiou Is valla for VIlWH's ©neater than ten, but a correction can be 

applied for snaller values [22].   Tha null shia or ulfferonfM In lull 

position, for Uie sampi.- In anl out of the circuit, was muaaurvd tvar 

tliL- center of the slotted line. 'Iheae three p*ecec of data, null shift, 

wavelength (from frequency), am VSWH, were read for eacTi frequency of 

Interest In the range 'jOO-r.OOO Mhz. 1Y>e data was treated according to 

the program SLOT glvca In Appendix II. Ihls technique was not used 

above 3,000 Mhz be ause the samrle arrangement could ther. no longer be 

coiisldered to be a iunped capacitance [23]. TMs capacitance tefhnlnue 

was used successfully by Daly, et al [21] up throu^i ehe frequency ?,VJ0 

1^^, but they suggest 3,000 Vttz as Uie upper limit for obtalnlru' useful 

data by tnib method. 

12,000 Mhz-iö,000 Mh-: 

For this frequency range, a Ka-band slotted waveguide, terminated 

with the sanple and a variable short circuit was used. Thie rectanguiar 

sandle, slightly smaller Uian waveguide dimensions (0.622" x 0.311")» 

was placed Just inside tfai variable waveguide short. A tig^itly rittinr, 

styrofoam spacer held the sairple erect in the guide. The sanple 

thijkness was approxlriRtely U.22". The setup used is shown in Fif^ire 7. 

2^3 
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FIGURE 7. iiqulpment setup for "«asurlng dielectric constant and los: 
tangent in the range 12,000-18,000 Mhz. 
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A variable attenuator was used to decrease the reflected nlpyial 

JTom t^K sliort, a K-band Isolator not beln^ available at the tlnie of 

testli«. A vernier scale allowed readings to 0.1 nm, but table Ml 

wavetfiiae vibration causeü by the oscillator far., cause! Uie probe 

position to move 3ll«htiy, resultlnß In an accuracy of about 0.1> mn. 

rteasuremL'nts taken for this method were wavelength, position of 

tne voltage mlnliann, axi V;:WR. Hü two point method was again used IQ 

obtain U* Vr.WR, reading being taken near the center of the waveguide 

to avoid end effects. A broadband probe was used to detect the r;ij7ial. 

The voltage minimum of the VSWH pattern was made to appear on UM 

lowest scale of O* 1000 Hz rneter by skiortenlng the probe depth. Hefte« 

any measuremunto were taken for 0aM sanples, a number of teflon gtrif« 

were used H a sanple. Ihese strips were slig^.tly smaller MM the 

waveguide dimensions ard were pressed together by the strofoam spacer. 

Measured values of the teflon's dielectric constant averaged within t% 

of known values. 

UM method used for this frequency range is derived in complete- 

form by Roberts [25] and by Von Hippel [22]. It involves equating tte 

wave Impedance of the air-filled waveguide with ttiat of the sample 

filled ooction of waveguide, at the air-sample interface, by using; 

charts L22J which gave solutions to the resulting complex transcendental 

equations, the propagation constant in the sample was calculated. This 

then led to the complex permittivity of the sample, 

tf^O 
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'i->2 - c^2 
*   "c    W (20) 

where xc Is the cut-off wavelength and equals twice the width of the 

waveguide. The dielectric constant arxi loss tangent are then given by 

»« = ReCe*] (2 

.  ,  ImLe*] (22) 
tan 6 =  f- 

Re[e ] 

SU computer program HIPELKU given in Appendix III uses Von 

iiippel's equations to detennlne the wave Impedance at the air-sample 

interface. This value was used with the available charts [22] and 

allowed the determination of y,, the propagation constant in the sample, 

and the complex permittivity, in the computer program FINALKU of 

Appendix III. 

0 
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CHAPTER III 

RESULTS 

As described in Chapter II, dielectric constant and loss tmpnfe 

data were taken in three frequency bands, 100-500 Mhz, 500-2,000 Mhz, 

and 12,000-18,000 Mhz. The data thus obtained for dielectric constant 

is combined together on one continuous graph as a function cf freqaency 

in Figure 8. Figure 9 shows the combined data for loss tangent versus 

frequency. The average values of data for the entire frequency range, 

100 Mhz-l8,000 Mhz, are indicated in these figures by a dashed line for 

each conposition. 

The variation of dielectric constant with conposition of the 

material is more clearly indicated in Figure 10. Ihis figure stows the 

average value of dielectric constant taken over the entire frequency 

range, plotted against the five compositions of As2Te_-ASpSe^ glass. My 

increasing the tellurium content of the glass, it was found that the 

dielectric constant can be varied from approximately 7.0 to lü.O, for 

the compositions studied. The values for dielectric constant found fere 

compare favorably with data recently given for ASpSe^ by Taylor, et tl 

[26], by Crevecoeur, et al [27], and by Lakatos, et al [28], who rive a 

microwave dielectric constant ranging between 9.0 and 9.7 for this 

material. 

Figure 11 shows the average value of loss tangent over the entlrv 

frequency range, plotted against the five compositions of ASpTe^-As^JJo^ 
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glass. Tne  loss tangent was found to also increase with Increasing 

tellurium content , anJ varied between approximately 0.02 and 0.06. 

Crevecoeur and do Wit U7] have presented the loss tangent of As?.")e3 

g2M8 over the frequency vmgß  10 to 10  Hi. In the U.H.F. and 

-4 
microwave repiions, they give an average loss tangent of 10 . However 

uther Investigators [29,30] give loss tangents for this material 

averaging between 10"2 and lO*3. These values may be considered as a 

low limit to the data for loss tangent given in the present study, since 

they represent glass saving no tellurium content. 

The dielectric constants and loss tangents of the samples were 

found to be essentially frequency independent over the frequency range 

studied. Slight variations can be attributed to certain measurement 

errors and to differences of method and equipment used in the three 

frequency ranges. Measurement errors included errors in slotted line 

null readings caused by oscillator and waveguide vibration produced by 

the oscillator fan, errors In VSWR measurements, and slight errors in 

sample height and position. These led to a statistical error of about 

+ ten percent. 
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CHAPTER IV 

CONCLUSION 

This paper lias presented the U.H.F. and microwave dielectric 

properties of the glass system (x)As2Te,(l-x)As2Se^ for x=0.4,0.5,0.6, 

0.?, and 0.8. Future research performed on this glass should Include 

the determination of the behavior of the dielectric properties as a 

function of temperature, and under switching conditions. This could 

help to clarify our understanding of the basis of the switching 

mechanism in amorphous thin films. 

A possible use for tne glass system is an a dielectric substrate 

material for microstrip transmission lines. Within a given range, one 

may choose the conposition of the glass for specified dielectric 

properties, since the dielectric constant can be varied from 7.0 to 

10.0, and the loss tangent and from 0.02 to 0.06. The loss can be 

reduced further by reducing the tellurium content while still retaining 

the amorphouG properties. Corrmonly used microwave substrates with 

dielectric properties in this region are Silicon (e • 11.t), tan ft ■ 

0.15), Yttrium Iron Garnet (YTG), and AlSlMag [30]. The glass system 

presently studied has several properties which are desirable in choosing 

a substrate material [31]. These include a fairly high dielectric 

constant, high resistivity [11], essentially constant permittivity over 

the U.H.F, and microwave regions, and a good surface smoothness with nu 

surface ripples comparable to the size of the thin-film components. The 
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glass also exhibits a high dielectric strength, dependent on the 

magnitude of the threshold voltage required for switching. 
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APPENDIX I 

COMP 

Line 

1 WR1TE(6,200) 
2 b READCSjlOOQ.BjFRBQjDIA/T 
3 G=0.ü01*G 
i\ li=0.001»B 
5J C=B/(6.2832*FT^Q) 
6 A=0.785^((DIA)^2) 
7 CAIR=(0.0254*A)/(il3.0973*T) 
8 EP=C/CAIR 
9 TNDLrl^G/B 
10 WRI'IE (6,300)FRBQ 
il WRrffi(6^0ü)EP,,rNDLT 
12 100 F0R"4AT(yG) .     .   . 
13 200 roRMAT(,G(M^'lilO),B(MMHO),KüiQ(GHZ),DIA(IN),,m(IN),) 
Ik  300 FORI^iAT(,FREQ=lF7.3,lX,GI!Z') 
15 MOO FX)HMAT('EP=,B,10.0,5X,LOSS TANUBK^^PIO.S/) 
16 END 

Ha program COMl' uses the admittance data from the Thurston 

Bridge to calculate the relative dielectric constant and loss tangent of 

Uie sample in the frequency range 100-500 Mhz. Values of G ard B an; 

entered in miillmhos, the frequency in Gigahertz, and the sample 

dimensions in inches. 

In .U-lvLng the equations for permittivity shown In tU; proiv-un, 

iviuation (9) is first rewritten as 

B 

«' ' TK (233 

'Ihis is seen to be the ratio of the capacitance measured with the HHple 

In, to the capacitance calculated for the sarnple out (free space 

27 
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Electric), wne. «- thic^ess T Is e^l In each case. «. n^raW 

or Equation (23) is sho« on ii» 5 of the pr^. B- dencanato. 1. 

„„itiplled hy 0.02O. to =^e Inches to ^ters.    Eo Is moused an. 

1       _X__    ihe factor 109 la dropped from c   and Is 
is written as jjj - xu.0973' _., 
also dropped r™ the ^uency, «hich Is expressed In Gigahertz.   This 

eumimtes ve^ smll n-ers ft« crater pr^ram caiculatlons.   tote 

tte. the ID? factors would have cancelled in ^uatlon (23) even if they 

i were not dropped.   Ihe result^ options ased to calculate dielectric 

constant a,* loss tangent ar. atown on lines 7 a^ 8 of the pro«™. 
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APPENDIX II 

SLOT 

Line 

1 COMPLEX CJ.YL 
2 WRITE^^OO) 
3 READ(5,100)DIAJT 
4 WRITE(6,300) 
5 READ(5,100)FREQ,X1)X2JB0,B1 
6 EMG=30./FREQ 
7 VSWR=EmG/(3.1iil6*(X2-Xl)) 
8 YIN=VSWR 
9 BETA=6.2832/ELMG 
10 ELL=(B0-B1) 
11 A=BETA*ELL 
12 C=S1N(A) 
13 D=COS(A) 
1H CJ=CMPLX(0.,C) 
15 YL=0.02«(YIN»D-CJ)/(D-YIN«CJ) 
16 G=REAL(YL) 
17 B=AIMAG(yL) 
18 C=B/(6.2832*FREQ) 
19 A-0.7854«»((DIA)»«2) 
20 CAIR=(0.025'l*A)/(113.O973*T) 
21 EP=C/CAIR 
22 TNDLT=G/B 
23 WRITE(6,400)EP,TNDLT 
24 100 FORMAT(9G) 
25 200 FORMAT(,DIA(IN))T(IN)

1) 
26 300 PORMAT(,FI^EQ(GHZ))X1,X2)BO,B1(ALL IN CM)') 
27 400 TORMAT('EP=,F10.5,5X,LOSS TANGENT^'FIO.S/) 
28 END 

Ihe program SLOT uses the data from slotted line measurement:; 

and uainplu dimensions to calculate the relative dielectric constant and 

loss tangent of the sample in the frequency range 500-2,000 Mhz. 'IU: 

VSWR was obtained by trie two-point method (line 7 of program) wherein 

the position of the voltage minimum, Bl, and its twice power points on 
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either sld», XI and X2, were observed. BO is the position of the 

voltage minimum with the sample removed and the line short circuited, 

and (B0-B1) is the "null shift." Values of slotted line data were 

entered in centimeters, with the frequency entered in gagahertz and 

sample dimensions In inches. 

The value Y. of line 15 is the input admittance at the position 

of a voltage minimum. This value is therefore real and maximum and can 

be written Y. ■ G  • For the position of a null, Fxjuation (16) for 

reflection coefficient can be rewritten 

1 - G max 
(2^) 

1 + G. max 

By definition the voltage standing wave ratio is 

s = |v+l t  lv"l - i t  l(v"/v+)l - 1 ♦ 
|v+| - |v-| i- |(v-/v+)l 

Substituting (24) Into (25), 

1 - (25) 

1 + G   + 1 - G  | 
max  '   max1 (26) 

1 + G tnax max1 

Since G   is greater than 1, then |l - G  I » G^,, - 1. Then (2C) nay 
max  ^ '    '   max'  max 

bo rewritten 

S = G max (27) 

which Btatea trat the VSMR equals tha magnitude of the normally."! Input 

conductance (or admittance) at a null, 'iid* result is shown on line 8 

of the prof^ram. 

'll-je load admittance is calculated on line 15 and is denormal l/.cd 

by multiplying by 0.02 rnho. Lines 16-22 of the program, which calculate 

2o8 
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the relative dielectric constant and loss tangent of the sample In a 

capacitor arrangement, are Identical In form and method to those given 

In Appendix I In the program COMP. 
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APPENDIX III 

HIPELKU AND FINALKU 

lllpelku 

Line 

i    COMPLEX Hl.CtJZ.ELMGl 
2 l'EAD(5,lüO)Dl 
3 D=2.^*D1 
H READ(5,100)X1,X2,X11,X22 
5 AL2=(Xll+X22)/2. 
6 ALl»(Xl+X2)/2. 
7 EIH}=2.»(ALi-AL2) 

9 VSWR-ELMa/(3.]1<]6»(((Xl-X2)+(Xll-X22))/2.); 
10 RECIP=1./VSWR 
11 A=6.2832»X0/ELMG 
12 B=SIN(A)/C03(A) 
13 B1»CMPLX(0.,B) 
l| L:>lGl»CMPLX(0.,ELMa) «.v^,     ,0r,rjVm\\ lg cEJZ-(-ELMGl/(6.2832«D))»(RECIP-Bl)/(l.-(RECIP«Bl)) 
16 C»CABG(CEJZ) 
17 RECPC-l./C 
18 P-KKAL(CEJZ) 
19 G-AIMAG(CEJZ) 
20 ZIV«ATAN2(G,P) 
21 Z«Z«A»180./3.1416 
22 WRrrE(b,200)C,Z,RECPC 

2!> ENlJ 

TYe program KIFELKU uses the experlinental data for the frequency 

range 12.000-18.OCT «S, with line 15 Of the pro-am. to calculate the 

par^neteru C a«! Z of the cc^lex number C*52.        » sanple ;hickne8B 1)1 

13 entered In Inches, while the .lotted wave*xldr readings are enU-l 

in centimeters.   M readings XI and X2 are twice power points on either 

side of the null ALI. the w* being true for Xu. X2?. and AL2.    In 

line I the position of ;he voltage trull (X0) with respect to the sanplc 
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face K calculated.   A. Q^ntlty (0.56-D) centner Is added to (Ml 

UM becauae the stortlxv; plunger «as fixed at a position 0.56 

I. centimeter Inside the MH. of H. «ve^de M», and the «rple. of 

n twco.ess ü. was Piac«! ^ this space.   The VS«. «s cUculated b, the 

two-point method as shown on line 9. 

| M values C arxl t, calculated on line. 16 and 21. are entered 

into tables Kldch allow one to read T and ,. the pu^meterr. of the 

! c^lex n^er W.   T a«! , a« t«n ent«^! In the progn» PINAU"! 

shown below, which calculates the dielectric constant and loas tangent. 

Kimlku 

Line 

1 COMPLEX TAUKC,aAM2,EPSLN 
2 READ(t>,100)H,D 
^ W.yUJ(b,l00)ALl.AL2,TtTAU 
i TAUR^rAD^S.l^l^g/lBO. 
i, TAURC-CMPLX(0.,TAUR) 
6 ÜCW2.^Ü K%Mttm 7 0AM2-(T»CEXP(TAUHC))/IJCM 
8 A-0.622 
9 11-0.3U 
10 ACM-?.^»A ^ M^ 
11 RJF-i./(M*OMW 

in n4i'«ra'^(tr.'x«) 
Vj i.Mi'i*-AiMAa(Kp:>iH) 

0                    16 IWIWII Tff       „^^ 

0                        19 IIIXB((»200)KP9Qnfi 

D                      23 100 KÄmic OBMWMKIU-TÄ'I« ****** 
PI 1.7/) 

I                   * "                                211 
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The Irpul dttU fbr Mut prccm» Ineluto «w^i« rvUM an» 

ihiclmtM, H and Dt Mhleh are anurad In instoaa, alotUd llna 

—aam-awiita in cantlMtara, wv valuaa (tor T and i oMalmd Dnoa elarta 

aid u» pro««« HimJCU.   The dialaetrlo consum and loaa tanram w 

calculatad ualne aqiAtlona (20) tirou^i (22), In UfM 13-10 of KI1MU9J. 

Ihaaa valuaa ar» Mian oonvctad by ualng (tnadaa glvan by wii»J am 

Kapitport 133] *ücu compel c* aul tan I for Ww air p|> fUmm u# 

awple an! tht brrAhall of uw wva«Aida.   Tha oorraetad mloea tut 

dlalactrlc ccnatant and loaa tangmt ara caloulatod on llnaa 17 and IB. 
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