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ABSTRACT

Ouring this report period, work has continued on a survey cf the
structure, electrical and magnetic properties of transition metal oxide-
phosphate glasses and glasses in ihe AsZTeB-As?_Se3 system which possess
electrical or magnetic device potential. Results of magnetic and elec-
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 compositlonal segregation

has also been noted.

Examination of a series of FeO-P205 glasses has revealed a glass

forming range which extends to 80 moie % FeO. Low temperature suscep-

tibility and Mdssbauer spectroscopy results on these glasses are reported

herein. Low temperature susceptibility of the manganese. vanadium ancu
iron glasses indicate that these glasses are all amorphous antiferro-
magnetic systems with a distinctive downward curvatura of the recipro-

cal susceptibility versus temperature plot.

Detailed studies of the AszTes-ASZSe3 system has shown switching

behavior which can be controlled with compositional variation. The
compositional variation of the microstructure Is noted in micrographs

included in this report. Leta'ls of ustrations in
this document may be bettor

studied on micraofiche,
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iteleneer ot Progiem

Tre device potesrial in MOF3POus Semicosducting materials Iy )
0rgely vmaepi0ives ares, cospite extensive Fes@arch in this area. Tnig
's 1R result of o lack of systematic S*ructure=progerty orlentes research
In these materials., A fuscomonte | ungerstanding of the strvctural featuros
of this class of materials wii| aliow rational Interpretetion ang control
of relationships between glass preparation variables andg important elec-

tricai and magnetic properties.

Electronic ccnduction in 8morphous soiids has become the subject of
Interest to a number of theoreticians and hes been reviewed by Mottl,2
Gubanov3 and numerous others., Virtuaily ail of these works have begun
with an assumption that amorphous sofids are uniformly random, even though
they recognize gliasses are generaily heterogenous. These theoreticians
have developed anaiyticai descriptions of several systems which have been
experimentaiiy verified in some cases. Attampts to extend this approach
to mlcroscopicaily heterogenous systems have had notabiy iittle success.
There remains a considerable body of experimental results, Including

Hall and Seebeck coefficients, which are not rational ized by present theory.

Pearson* has suggested that heterogenous structure in these materiais
may explaln these anomallies |f the separated phase is crystalline. It
appears that heterogenous transport analysis simijar to that of VolgerS

or Bube® Is required to ascertain the transport behavior In each phase.

Another Important anomaiy between theory and observation concerns the
theoretically predicted Insensitivity of amorphous semiconductors to doping.

Early experimental observations by Kolimets, et al.”7, conformed to the
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yeacrel il BFOITTIONS, Bl FOLONT edre By wersaed lo® Cloarly contiichs
ol 18 the THeory 800 A0 @arly work, |7 8pedrs el 1he Blove stomei i@
are 1he result of Iratequate struiturel craracterization, rether 1heA

tuntsmental theoretical prodlems

Forther evicence That structural heterogenities lie a1 the root of
these anomalies can te inferred trom sork by Kinser, et al.%, iIn K)0-P,0,-

V,0gglasses. Inis work hes thoen that marked changes in dielectric behavior

2
occur during thermsl treatments customarily used to stress rellieve glasses.
These changes have been shown to be the result of structural changes involving

precipitation of smali amounts of crystals.

Wiison and Kinserl® have observed simiiar, but somewhat more comp lex,
behavior in FeO-on5 glasses atter thermal treatments corresponding to
annealing. Electron spir resonance (ESR) resuits have shown the onset of
structural changes during thermal treatment prior to their observation by

other commonly employed techniques!l,12.

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

are the exception rather than the rule.

Generai Methodoiogy

The eiectrical and magnetic property changes accompanying structurai
modifications during glass processing are of prime interest in the present
work. Tha above questions can only be answzred with detaiied structural
characterization of representative glasses from the oxide and chaicogenide
groups. The initial oxide glasses examined were the FeO-P205, VZOS'P205'
Cu0-P.0., Ti0,-P,0. and MnO-P,0. systems. The chalcogenide glasses are from

275’ 2 25 275

the AszTes-ASZSe3 system with Ag-As-S giasses in preiiminary stages of study.




Tore oar the ratge <80 1o ¢100° C. Trese coservetioss insicete Thet

10e glelectric corstent on¢ 1089 Tengen! are essestielly irdegercant of
tengerature over 1he freguency renge 500 1o 18,000 Wy, For intrered
ressurendnts conducted 8t 337 microns Ingicete further that the trans-
mission constent tor the 80 ersenic tritellurice 20 arsenic trisenlenide
glass Is Independant of temperature over the range trom (0 fo 3000K. The
JHF dlelectric properties are compositionally dependant but -ppesr to de
temperature insensitive. These resulits are discusseo in further detall

in the attached thesis ot Mr, J. D. Pearson.

TRANS I T ION-METAL PHGSPHATE GLASSES

Manganese-phosphate glasses

Magnetlc behavior of two-phase manganese phosphate giasses was studied
by means of variabie temperature magnetic susceptibility and electron spin
resonance techniques. The high temperature magnetic susceptibility follows
a Curle-Weiss law. Figure one shows that the low temperature reclpro-
cal susceptibility bends downward Indlcating 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 divaient state.
I+ 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 resuits were reported at the May American

Ceramic Society meeting and the First International Amorphous Magnetism



TN $#SNy Gy $Ay QN e 2@y WEEN O FEES TSy SN M D Y -y W e 202w

- — = - ——

Cortererce. A cOdy Of The BHTITECTs are pperdes.

[ron-phospnate glasses

A glass torming study of the iron oxide photphate system hes $hown
that the glass torming range entends 10 80 molie percent ferric oxide when
the glasses are meited In an oxidizing atmosphere and quenched in small
quantities. Glasses above 80 mole percent terric oxide spontaneously
crystailized to aipha ferric oxide while Intentionalliy devitrified glasses
of lower lron content crystallized to iron phosphate. The magnetic suscep-
tibillty of glasses examined was described by a Curle-welss law over the
range 100 to 525CK. Susceptibllity studies Indicated that the majority
of the iron ions are antiferromagneticaily ordered over the temperature
and compositional ranges examined. Below 100°K, the reclprocal suscep-
tibliity bends downward and at approximately 109K the susceptibility
tecomes constant as shown In Figure two. These resuits have been reported

in two recent papers. Copies of the abstracts of these papers are appended.

The coordination and magnetic structure of the 55 moie poercent ferric
oxlide glass containing various concentrations of ferrous and ferric ions
were studied uslng Mossbauer effect spectroscopy at 77 and 300°K. Room
temperature |somer shifts in the range 0.107-0.110 cm/sec and 0.023-0.047
cm/sec and guadruuols splittings of 0,217-0.265 cm/sec and 0.046-0.097
cm/sec for the ferrous and ferrlc lon, respectively, indicate tetrahedral

coordination states.

Although no magneflc'hyperflne structure was present at 300°K,
splitting at 779K was interpreted as evidence of either long reiaxation
times or |imited magnetic ordering. Mossbauer spectroscopy of samples
hear treated for intervais up to six hours at 600°C showed progiressive

precipitation of oxides in several crystalline phases. A detailed dis-
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cussion ot IAls work s presentet in tre sttreched Thesis By Mr. M. L. B reren,

v.nnciun-ggggg&o!§ glasses

Tne electrical, tharmsel expansion and microstructural characteristics
of vanadium phosphate glasses have been examined as 3 tunction of composition
and oxlidation state. These glasses ext ibit liquid == liquid iemiscidility
over a wide range of venadium rich compositions at higher states of reduction.
The presence of the miscibility Is aiso reflected in the electrical and
softening point observations. The compositionai and oxidation dependance of
the electrical properties and microstructure Is best discussed in terms of a
ternary diagram conslisting of two ditferent vanadium oxides and phosphorous
pendoxide. When the system Is analysed ¢rom this point of view the eiectricai
conductivity behavior is seen to be ciearly microstructurailiy dependant with
a valley of minimum conductivity nearly correspording to a spinodai composition
across the ternary diagram. Thi- work was presented at the May American Ceramic

Society and is presently being prepared tor publication.
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CHALCOGENIDE GLASSES

The microstructure and DC and AC electrical properties of & series of
arsenic triseienide-ersenic triteliuride giasses have been invest igated.
Eiectron microscopic odservations Indicate the presence of phase separation
in these glasses. A metestable miscibl ity gep across the quasi=binary/
diagram Is indicated. Variations in OC electrical properties may be due
to structural changes, compositional changes or a combination of the two.
Structural heterogenities due to rhase separation appear to be responsible
for Maxwel|-Wagner-Sillars heterogeneous losses in these gfassos. These
results are discussed in further detall In the attached thesls of Mr. O. Hill
and an abstract of a paper presented at the May American Ceramic Society

meeting.

Extensive bulk switching studies have been performed on the same group
of giasses mentioned above. Both threshold and memory switching have been
observed in these glasses. Breakdown voltage was independant of sample
thickness. Switching delay times at low over-voitages were in the hundreds
of miiliseconds range. Resuits of breakdown voltage vs temperature studies
were computer fit to an approximate solution of the heat fiow equation
appropriate for the geomefry, yleiding experimental values of activation
energy for conduction and thermal conductivity. These resuits cieariy sub-
stantiate the thermal mechanism for electrical switching behavior in bulk
sampies of these giasses. A recently submitted paper detailiing these
experiments |s attached with an abstract from a presentation at the May

ceramic society meeting.

The UHF and microwave dlelectric properties dieiectric constant and

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

S e P




Strictural crardcterizetion of these systems is teing accomplisree
vsing electron microscooy, Guinler-Deolff w=ray, electron spin resorerce,
spectroscopy, magnetic susceptibliity, electron microprote, ¢lelectric
reiaxation, MBssbaver spectroscopy and differential therval analysis tech-

nigues.

in conjunction with the structurai toois, it is necessary that the
conductivity, switching behavior and Seebeck coefficient by monitored to

allow direct structure-property correlations.

1
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o Our principel cocemmpsdption is 19 Eontisie T8e redend FRg s L]
In i1s present Cirettion 10 olloe The syRitugis 2 eaih oFf e Fasqlfs is
o waifies theary aleng 190 |lnes which are mow Clear in The Chelcagenine

System,

2. As In our previous reconmeesetions, we cortise 10 retommnd 1te
survey preparstion of new glasses. We enticipate that the Trassition metel
oxice=-phosphate, siiicate, borate an¢ germanate survey presently in progress

will dbe ceatinued.

It is also anticipated thet results on o new system Ag-As-S will be
most helpful in developing switching modeis. A detelled terrary phase ¢lsg=
gram was recentiy published (30) ard our analyses should be simplified with
this as a basis. it Is further anticipated that Cu and Au substituted in
the above system wiil be quite Informative from an atomistic and microstruc-

turai modei point of view,

3. The Myssbauer studies shouid be continued to examine 57 Fe and
127 Te In each of the systems presentiy under examination using other tech-
niques. This will significantiy aid in atomic structure mode| deve iopment

in these systems as an addition to the present toois.

4. We recommend that the far infrared "conductivity loss spectra. This
will ailow the ioss behavior to be expiicitiy attributed (31) to each

mechanism thus reinforcing both atomic and microstructurai analyses.
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11<G=-72. Magnetic and
Phoephate Glase
E. J. Fuzerer,® D. L. Kinser and L. K. WiLson, Vanderhilt

2:40-2:88 p.m.
K 3-G-72. Studies of the Fo.0-P/0\ Glass System

J. H. Davant,® D. L. Kinser and L. K. WiLsoN, Vanderbilt
University, Nashville, Tean.

A ﬁl‘:ss forming study of the Fe.0,-P.0, system has shown
that glass forming range exteads up to 80 moleX, Fe,0,
when the glasses arc melted in an oxidizing atmosphere. All
glasses were melted in 2lr using a piatinum ribbon furnace and
rapldly quenched. Glasses above 80 moie®, [Fe.0, spontane-
ously crystallized to o-Fe.0, while intemwonally devitrified
glasses of composition below 80%, erystallized to FePO.. The
magnetic susceptibility of all glasses cxamined was described
by a Curle-Weiss law over the range 100° 10 5:5°K. Suscepti-
bnmr studies Indicated that the majonty of the iron jons are
antiferromayneticaliy ordered over the (emperarure and com-
positional range examined. (Ressarch sponscied by the U.S.
Army Research Office-Durham).

2:20 - 2:35 .m.
Strustural Proporties of Maagantee

Unlversity, Nashvillc, Tenn,
Magnetic behavior of two-phase mangancse phasphate

slasses was studied by means of vamable temperaiuie mac-
setlc susceptitnlily and clectron spin rconance (1.NR) tech

niques, The high tumjwrature suicey binbity follias 3 Curic
Welss law. There 18 a magmnetic transition in the wlass at
I-hout 150°K, which 13 apparemt toth in the suscentibidity and

ISR data. The cbcincal coniuchyay in the 1ins Iy €%

remely low, indcating that almnst ail of the man anese s

are in the divaleat state, it has bwen determisssd that tre
Mn" ions exis: in the plass in one of 1wy distinct magnetsc

tates=antiferrcmapnctically onupied pars 10 the niarsanese:
ich phase, o7 uolated wnt 10 the paosphate-nich phuse.  Mag
otic behavinr was studeet 38 3 functon of lwud-liqusd

paratioa and as a funcin of glase composiira M the
glasg (> wing regua.  The resuils were nterdreted 1n teeins

{ a model consisting of peired and isolated My s, (Re-
rch spensored by the U.S. Army Ressarch Ofice-Durham )

4 @GN e

10:18-10:30 e.m.

+S3-72. Thermal and Compesitional Dependonce of Electrical
Switching in Az Te.-As Se, Glasses
1. R. Sanoers,® L. K. WiLsox, D. J. Hite and D. L. Kinser,

Vanderbilt University, Nashville, Tenn.

Extensive bulk switching studies have been performed on
the xAs.Te.-(1 ~x) As.Se; system as a funciion of composition.
Both threshold and memory switching have been ohsenen! in
all samples. Breakdswn voltage and switchiag stabduy in-
crease with increasing Se content. Breakdown voltap: Aus
espentially Independent of sample thickness Switching iicis
timss at overvoitage were in the hundrids o/ milllsesvic
rang. Results of breakdown voltage vs temperature siudus
were computes it to an approvimate soluton of the heat floa
equation, yielding esperimental values of sctivation eneny
for conduction s results cicarly substantiste the thermat

mechanisms for vlectrical switching behavior in bul
of these glasses. > R —

1140-11188 o.ma. -ty
VO-PL0, Glassss . Properties

A. W. Dozien.® E. J. Frtisctr, L. K. Witson sad D. N
sin, Vanderdilt Univensity, Nashville, Tean. =
The electrical. thermal expansion, and Inicrostructurs!

chrmmq!cs of bulk V O-12.0. glasses have bien examinei

88 2 fuaction o compusiiion.  These glasses exhibit besudd:

liquid immiscibiiity over a wide rarge of V0. tich compu

tions. The preseace of the MmNty £ap s alwo reficets d in
the electrical and wmiftcaing pomt elsservations  Ihe eftect
of this structural segregaton om the dc reastivity at consisi::
temperature as a lunctron of V°'/V* 18 the glase I8 diecussn

(lesserch the US. Arm :
Durtam) oy y Resserch Off.ce

L .

- 988-1810 o0
335-72. Micrestructursl ond Fiecirical Propesties of
Y AsTe As 5S¢, Glasses

L3 Mt L K Wisas, BB, Saseens and D, L. Kinaoe,

Vandertw't Univer:dy, Nashvidle, Toan.

Elecirna micrnscor .o, 3¢ and 3¢ canluctivily ohservotions
e heen condicied on & serics of Z° Fe-AsSe. glasens,
Thase resalis 1ndicate the presence of evtcauve phase wiarsy.
Bon i all 2lasees crammrdd, inctud A7 e pure Cs S sl
The clectrieal Prrgurtacs of 1hnee plavses Wt deacto i ralor o
which are seaviow 19 thermal lasory are dMtorets (mm
preveoasly pubinind fewslis, The reesite idicaic @
clesr reed for theemal Nistory characterustion | phyncal
progeetly measurements ia this glass system.
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ABSTRACT
Submitted to
International Symposium on Amorphous Magnetism

ANTIFERROMAGNETISM IN THE VANADIUM, MANGANESE
AND IRON PHOSPHATE GLASS SYSTEMS
by

L. X. Wilson, E. J. Priebele and D. L. Kinser
Vanderbilt University
Nashville, Tennessee 137235

Var iabla 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 macetic susceptibility of all glasses studied obeyed a
Curie-weiss law with an antiferromagnetic Curie temperature. At
low temperatures, thc magnetic susceptibility data have been
intecpreted in terms of recent theoretical models of amorphous
antiferromagnetism (1,2).

Mecasurements of magnetic resonance line intensity and line-
width at 9.0 GHz as a fuaction of temperature have shown the
existence of extensive antiferromagnetic coupling between the
transition metal ions (3,4). The resonance measurerants have
been shown to be sensitive to microstructural inhorogenecities
(liquid-iiquid phase separation and devitrification) in the
glasses. Weak transitions at temperatures corresponding to the
Nedl temperatures of crystalline transition metal oxides have
been observed.

1. A. W. Simpson, Phys. Stat. 3o0l. 40, 207 (1970)
2. S. Kobe and K. Handrich, Phys. Stat. Sol. 42, K69 (1970).

3. B. J. Priebele, L. K. Wilson, A. W. Dozier and D. L. Kinser,
Phys. Stat. Sol.(b) 45, 323 (1971).

4. E. J. Friebele, L. X, Wilson and D. L. Kinser, J. Am. Cer.
. Soc. 55, 164 (1972).
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vote: This is a draft of a paper being submitted for publication. <Contents of
this paper should not be quoted ncr re’arred to without permjssion of the
authorz?,

ELECTRICAL SWiTCHING PRENOMENA Ii. Tho
A'ZT.S‘A.ZSGJ GLASS SUSTEM

i. R. Sanders, Jr., L. . wWilson and w. u. niaser
Schiool of Ingineering
Vanderb{lt University
Nashville, Tennessce

Ma:, 1972

This paper was originally presented at the 74th Annual tieeting of the American
Ceramic Society inm iiashington, D. C., Mav 10, 1972,
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ELECTRICAL SWITCHING PHENOMENA IN THE

A12Te3-A82533 GLASS SYSTEM

This paper reports the results of electrical switching studies of a series of
A‘27'3'A'25°3 glasses. Kolomeits and Nagarova (1) and Rolios (2), and more rcceatly
Hill (3), have reported electrical conductivity stud.es of this svstes.
Kinser, et al. (&) have also reported electrical property studies in connection with
8 rtudy of the microstructuts of this sys-ea,

All of the glasses studied exhibit bulk threshold and memory switching vith the
critical voltage for svitching (breaiiown voltage V.R) fncreasing with A12503 content,
The svitching process observed in these glasses has been found to occur by a thermal
mechanisa {n agreement with studies previously reported by Warren (5) for a single
coaposition of amorphous Aszscle aind Tanaka and his co-workers (6-10) {n tlie imorphous
As-Te-Ce svstem. The thermal dependencv of the breakdown voltage has been [{tted to a
thersal model in agreement with the theoretical work of Boer and Ovshinsky (11) and
Sheng and Westgate (12). in thesec papers, an approximate solution of the heat flew

equation !s used to derive an equation for the temperature dependuence of breakdown

voltage:
& 1/2 LE
Var(T) exp [}.n(T)I2V9] - [%;Kéj T exp | 507 m
vhere

¢ = thermal corductivity

AL = activation energv of z=onduction and

LE \J
O'Ooelp[-ﬁ+ Vo—.]

vhere exp (vv—) expresses the field dependency of conductivitvy. The effect of the
o

field dependent term is negligable for bulk samples although it becomes increasingly

16
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more significant as the thickness of the sarple decreases, Although tue results of
these studies agreed well in al. cases with a thermal description, no attempt “ill be
made to generalize these results to thin 7iims, for which there is still controversy
about the nature of tha breaxdown mechan{sm. Stocker (13) and Warren (i4) have argued
taat the thermal description still aoplies for thin films, while others such as Boer and

Ovshinsky (11) maintain that at least (n some cases, other effects are predominant.

Experimental

All plas.=es uxamined irn this study were prepared by fusing tne appropriate
zateriais in evacuated Vycor ampoules at 80U°C in a rocking turnance. After heating
for one hour, the am,oules were rapidly quenched in water. Reagent grads rev materials
were esplored after an initial study revealed essentially nc impurity effects betveen
reageat zaterials and 97.9999% materials. All samples were formed into saall platelets
by briefly remeiting on a graphite plate and quenching with a second plate. Sampies
for a' 1 observations had a thickness of between 0.5 and 1.5 mm, ‘'leasurezents wvere
made or a sample by sandwiching it between brass electrodes in a hoiding device designed
to maintaln constant contact preasu~e. ihe samples studied covered :he corpositional
range of 80:20 (60&:2303: 20A32$a3) to 40:60,

“ariable temperature studies were performed b~ placing the saspie holder in an
thermostatically controlled oven., The sample temperature was monitored L a thermocoup.ie
moun’.ed in one of the brass elecirodes. initial measurements vere made ac a function of
Leating rate in order to determirne a suficiently siow rat2 to {nsure thermal equilib-
rium, For temperature increments on the order of 10°C, it was found that a U minute
{rierval Letween measuredsents was suf{icient, Studies vere perforzed over the ramge
of 25°C =0 140°C.

The 1=V characteristics of the 80:20 and the 70:30 glass vere obtained by using
a clused-loop voltage-controlled constant current source whose DC output impedance was

‘= oxcess of 15 megohms. ihe high source impedance was necessary in order to observe tiae
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negative resistance region of the materiais and was also useful in eliminating the
tendency ¢ some samples to switch at high rates between states of different current.
The stability of the closed-loop svste: elirinated thermal hystersis caused Ly heating
of the output transistors. The circulit was designed to provide output currents of
0-100 ma over a dynamic output voitage range of 0-250 V. The 60:40, 5G:50 and 40:60
glasses had breakdown voltages too high to be measured with the constant-current source;
their :-V characteristics were deteimined by connecting them to a manually controlled
0-1500 V porrer supply through a large series resistance. It was found experimentally
that sweep rates of iess than 10/sec were necessary {n order to obtain an accurate repre-
sentation of the I-V characteristics. A sweep cycle time on the order of 1 sec. was
used for mo=: of the measurements, with the results being displaved on a siorage oscil-
loscope,

Switriiing delay tire measurements vere performec only on tue 80:20 and 70:30
glasses hecause of the inordinately high voltage: requirec to study the other saeples.
The delay time was measured by applyine a voltage pulse across the sample through a
100K series resistor. <3he appiied voltage and the vcltage across the sample were simui-

taneously ~tserved o a storage oscilloscope.

Results

“he .-V characteristics shown in Fig. 1, are typical of all the samples stuciec.
JArgin sazples were initially found in the high resistance or "of ¢ state as shown in
Fig. la. Measured values of room temperature conductivity for this o°f state variec
from 11 x 10'6 gho/ca for the 80:20 glass to 0.05 x 10'6 sho/ca for tae 40:60 g.ass.
If the sasples were sudjected to breakdovn, the thresiiold switching behavior show: in
Fig. .b results, and the sample wnuld generall: cvcle in this manner inge‘initeiv,
wovever, a sufficiently slov return sveep rate would lead to memory tvae behavior as
shows in Fig. lc and 14, for wvhich the sample remained in the lov resistance state as

cirrest was reduced to zero. The samp e remained im the low resistance state until
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pulsed by a high current (20-50 ma) of several milliseconds duraticn,

Initial efforts to determine the “reakdown voltages of the 80:20 glasses were
unsuccessful. A given sample would exhibit breakdown voltages over a ranpe of 5 to 200
volta, with a mcre or less random distribution within this range. To aid in the snalysis
of this 1inconsistency, a computer program was written which would plot a histogram of
the number of breakdowns versus voitage and which vas also able to produce the histogram
with various degrees of statistical smoothiing. The mean vslue and standsrd deviation of
the original snd ymoothed histograms were calculated and vere uced as a measure of the
validity of the smoothing t¢chaique. The prograa also calculsted the mean and the stan-

dsre deviation of the initial data set. The standard deviation of the data was taken ss

a measure of the data taking technique, with the assumption that a valid set of d'ata should

Lave a small standard deviation. The final program function was to produce a heavily
smoothed time plot of the data. A highly erratic time plot wves taken as an indication of
poor data., Use of the progria in conjunction with various data taking techniques pro-
duced a steady improvemeant in data until the ooint was reached vhere a consistent charsc-
terization of tie device could be obtained. The improvement is evident in the fact that
the inttial data set has a mean of &8 volts with a standard deviation of 36.4 volts while
a data set taken using improved techniques yielded a mean value of 100 volcs with + stan-
dard devia-‘on of 5.6, The breakdown voltage was found to be virtually independeat of
the sample thickness.

~ig. 2 shows the results of measurements of breskdown voltage versus composition.
Although there is some scatter in breakdown voltages of different samples with the ssee
composition, the compositional trend 1is obvious. It was alsu found that i{ncreasing Se
coatent made the glass a more stable switch at the expense of much higher breakdown
voitages. The 50-50 glass, yor example, exhibited a very stable breakdown voltage over
rany breakdown cycles so long as the sample wvas not subjected to extremely high on-state

currents.

Fig. 3 shows the resulte of switching delay time measurements on a 70:30 saepie,
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Two interesting results are apparent from this measurement. TFirst, the threshold
switching 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 for values of applied voltage
slightly greater than the threshold value, the switching delav time is extremely slow,
ranging from 600 ms for the 70:30 s:mple to several seconds for some of the 80:20 glasses.
The delay time was found to decrease sharply with increasing applied voltage, reaching the
low millisecond region with over-voltages of several hundred volts. The delay time was
also found to decrease when a given sample was subjected to repeated breakdown at the
same applied voltage. Fig. & shows the results of the delay-time versus spplied voltage
measurements on the 80:20 glass. Curve 1 is for the virgin sample, which exhibits a very
long iaitial switching delay time which then decreases sharply with increasing voltage.
Above around 551 volts, the rate of decrease levels off. Clurves 2 and 3 are subsequent
runs taken on the same sample. It is seen that the behavior for lov voltages is quite
different for the three curves, but that at higher voltages, all the curves converge.

Tig. 5 shows the variaticn in l-V characteristics of a 50-50 sample as a function
o’ temperature. The oscillogram 5(a), taken at room temperature, ind.cates a ver+ high
off state resistance and no breakdown with an applied voltage in excess of 1000 volts.
Curves 5(b), S(c) and 5(d), taken at 65°C, 102°C and 123°C, respectively, show successive
cecreas>s i1f the off-state resistance and breaxdown voltage as the temnserature rises.
in Curve 5(c), taken at 140°C, the off-state and on-state resistance are approaching o:e
another in magnjtude and the breakdown voltage has fallen to below 100 volts. Firalle, as
the temperature i{s increased further, the sample crystallizes and switching cecses. ‘he
resiztance of the crystalline state, shown in Curve 5(f) is extremely lo:. After crys:alli-
zation, tiie sample remains in the lov resistance state as the temperature decreases.

i'ig. 6 shcws a plot of breakdown voltage versus temperature ‘or tne 50-50 glass.
if the field dependent term in Eq. 1 1s neglected, a valid approximation ‘or dbulk samples,

the equation can be restated as follows:

<0



K 1/2
Vg = * 5,0 T exp (AE/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 x/ao were taken as the variable parameters of the fitting

process. A very good fit to the above equation was obtained for all compositions.
Table 1 shows the results of a least square fit of data from a 70:30 sample. VBR(DATA)
is the measured value of the breakdown voltage, V(FUNCTION) is the value predicted by
the fitted equation, and the error is the difference between the two. It can be seen
that the error is in all cases within the range of experimental error. TableIl shows

the values of AE and -c/oo obtained over the compositional range of 80:20 to 50:50.

TABLE 1

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

vith x/gg= 3.156 x 10™> and &F = 0.40 ev
Temperature V(Function) V(Data) Error
295 188.7 190.0 1.3
308 1‘1.7 137.0 -6.7
317 117.9 120.0 2,1
326 99.2 100.0 0.8
338 80.1 82.0 1.9
348 67.8 70.0 2.2
357 53.. 5800 -008
366 5300 50.0 ’3.0
TABLE 11
Activation Energy and </q Ratio for a Series of
Alths-A02503 Compositions
Compos{iLion AE(ev.) r/09510'6)
50-50 0.46 84.5
60-6“ 0.‘2 102.9
70-30 0.41 27.2
80-20 0.47 2.13
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Discussion

AsZSe3 is a glassy material and has a low tendency to crystallize when cooled
from the liquid phase. Samples of AsZSe3 have been subjected to voltages as high as
1.5 kilivolts without bDreakdown. Pure AszTe3, on the other hand, normally does not
form a glass, and accordingly has a high conductivity. The svstem x As,,Te3:(1-x)A828e3
can be prepared in a glassy state, the presence of the selenium being sufficient to
stabilize the glass for x > 0.2 (15). Ghowever, all evidence indicates that the hs,Se,
is not actively involved in the switching process. Rather, by forming a glass with a
high Asz'fe3 content, the AsZSe3 sets up the conditions for the switching process to
occur,

The initial breakdown mechanism is unquestionably thermal in nature. This fact
is suhtantiated here by the independence of breakdown voltage on thickness, the good
agreement of the temperature data with Zq., 2, and, in a qualitative way, bv the switch-
ing delay time behavior, which agrees well with that predicted by Warren (5) on the
basis of his soluticn 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 instability accounts for the negative resistance
portion of the I-V characteristic. Once runaway occurs, the temperature o the con-
ducting path increases rapidly, and if the current is allowed to increase sufficiently,
phass separation and crystallization followed by liquification 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 AszTe3:A328e3 system, A typical thermogram

par’s



shows an exothermic reaction at some temperature '1‘1 which represents crystallization
of the material and an endothermic reaction at some higher temperature 72 which is the
melting point. As the heating ratio increases, Tl approaches Tz, and for very rapid
heating rates, such as occurs in switching, the exothermic-crystallization reaction
may not occur at all, iowever, the cooling rate in switching is controlled by the
external sweep circuit and can be made as slow as desired, DTA observations indicate
that upon cooling from 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 switcning, while a slo: return sweep rate leads to memory
behavior, where the conducting path is left in the -rystalline conducting state,

The lack of consistency in the delay-time measurements of the 80:20 and 7G: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 assoclated with the pulsed switching, To a lesser degree, a similar problem had
been observed in steady state switching of the 83:20 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 JC switching, would probably
yield useful delav-time data, but unfortunatelv these measurements are unfeasible be-

ca.se of the extremely high voltages required,

Conclusions

1. Both threshold and memory switching are exnibited by the AsZTeS:ASZSe3
glass system.

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

3. The switching mechanism in bulk AszTe3:A528e3 glasses is thermal in nature.
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The co-ordination states and magnetic structure of iron of a
55 mole % FeO-45 mole 2 ons semiconducting glass containing various
concentrations of Pe>* and Fe2* ions were studied using Mossbauer
Effect Spectroscopy at 77°K and 300°K. Room temperature isomer
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 0.046-0.097 cm/sec
for the Fez+ ion and F¢3+ ion, respectively, indicate tetrahedral
co-ordination states. Although no magnetic hyperfine structure was
present at 300°R, splitting at 77°K vas interpreted as evidence of
either long relaxation times or limited magnetic ordering. MES spec-
tra of samples of the 50% F03+IF0 glass heat treated for intervals up
to six hours at 600°C showed progressive percipitation of oxides in
several crystalline phases. The computer programmed curve fittings

technique used throughout the analysis is presented and described.
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CHAPTER 1
THEORETICAL ASPECTS OF THE MUSSBAUER EFFECT

In spite of nev research tools and recent theoretical advances
there is some confuajon concerning the chemical and magnetic structure
of the iron in iron-phosphate glasses. Recently Mossbauer Effect
Spectroscopy, NES, has been successfully used to augment data obtained
from the conventional optical and magnetic methods. This thesis des-
cribes the use of MES to obtain nev structure and magnetic information
on iron-phosphate glass systeas. Although information obtained from
MES 1is similar to that obtained by nuclear quadrupole resonance, NQR,
and nuclesr magnetic resonsnce, MR, the importance difference lies in
the fact that quadrupole moments of excited states as well as ground
states may be observed, revealing valence and coordination information
concerning isotopes such as h” vhich has no ground state quadrupole
sonent .

The fact that a photon, eaitted by the decay of an excited state,
1s characterized by the same energy as the incoming photon was demon-
strated by Wood in 1904 in the resonant scattering of light. The finite
1ifetime of the excited state gives rise to a line-width, I', of the

emitted vadiation and is expressed by



i

q Gy =g

The excitation probability W(E) expressed as a function of the energy

of radiation is given by the Breit-Wigner relation,

2
W(E) = % - 2

2. T
(E—Eo) + 3

which is more generally referred to as the Lorentzian 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

t=1
1
N e ]
A
>
<
A
1
+
I far |

The nuclear scattering process is characterized by a cross section

parameter, 0, for photons of energy E = hv by the relation

c = O W(E)

where

21 +1
5 = ex s @k 2
o zzlgr + 1) o

Iex and Igr are the spins of the excited and ground states respectively
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and Ao is the wavelength at resonance.1

The difficulty in the observation of gamma-ray resonance in
nuclear systems arises from the fact that t..» law of the conservation
of momentum requires a non-vanishing energy of recoil for the emitting

system,

2

e oo ly? o w? ] )

r g = R "7
2Mc 2Mc

where M 1s 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 linewidth of the excited state. In nuclear
transitions, however, the 2nergy of the emitted and absorbed quanta is
3 x 104 larger with a proportional increase in the free recoil energy.
Since the linewidths of both phenomena remain about the same, it is
understood that the energy lost in recoil is enough to bring the entire
nuclear system out of resonance. P. B. Moon, in 1955, showed that it
was possible to add energy to the system, bringing the incident and
emitted gamma ray back into coincidence.2 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 discoveréd a different method of ob-
taining resonance scattering of high energy photons. He was investigat-

191

ing the resonance absorption of the 129 Kev transition of Ir. This
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line has a low recoil energy and is considerably broadened by the random
Doppler shifting of velocities due to thermal agitations. In an effort
to observe a decrease in the amount oi resonance scattering, Mossbauer
decreased the temperature to affect a decrease in the Doppler shift
variations. Instead of a decrease in the resonant scattc¢cing, he ob-
served an increase. At the apparent failure of the methods of classical
mechanics, Mossbauer 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, Mossbauer
had found a method by which the recoil energy is reduced to zero and the
emitted photons are resonantly absorbed.

If the recoil energy, Er' as calculated for the free atom case,
1is less than hv, the photon energy, and at the same time is less than
the energy required to remove an atom from its lattice sive, a fraction

of the processes that occur will be recoiless according to,

Application of x-ray or neutron scattering yields

2
4n<x”>
f = exp [-———’2‘ ]

vhere <x2> is the mean square vibrational amplitude of the nuclear

motion and ) is the wave length of the gamma ray. It is evident that

14
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for u large effect to exist a small vibrational amplitude, such as

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

E 2
o= expl -2 1+ acg) T Ea])
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 linewidth 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 spectroscopy one notices that the positions of the
electronic levels are n..: fixed due to the interaction which exists
betwveen the levels. There do exist, analogous to these interactioms,
othe; interactions between electronic levels and nuclear levels. A
change in the s-electron density due to a change in valence would d»-
rectly affect the probability of finding that electron in the vicinity

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

!' a5
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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 emnergy 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, |W(o)|, as,
SE = -g—ﬂZeZI\p(o)Iz R

It 1s recalled, however, that the nuclear transitions take place be-

tween levels so *hat the energy of the excited gamma ray becomes

E = 6E_ - 6E )

2m , 2 2 2 2
ex gd 5 e |W(°)| (Rex =R

gd

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
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identical materials caused by a variation in electron parameters. Thus

see Figure 1.

2
2nZe 2 2 2 2
1.8, = 5 (Rex - Rgd " |wabs(°)l - |"psource(o)I }
or by separating nuclear and atomic parameters.
4t . 2 22, 6R 2 2
1% 5 ze” R°( R ) Iwabs(o)l - stourcel
nuclear atomic

where 6R = Rex ~ de .

Of course the above expression does not include any correction
for relativistic considerations or distortions of the electronic wave
function at the origin. There have been more accurate expressions
developed as reported in summary form by D. A. Shirley.3 As mentioned
previously, the electronic contributinn to the isomer shift is attri-
butable directly to the 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 be a dependence of
the s-electron wave functions on the wave iinctions of the orbitals.
As will be discussed later, the study of iron reveals that the d-elec-

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

Y ¢
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Fig. 1 Isomer shift and quadrupole splitting in Fe57
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values at the nucleus of the 1ls, 2s, and 3s restricted Hartree-Fock
wave funccions were calculated by R. E. Whtson4 for different a® con-
figurations. The possible factors which influence the isomer shift
have been summarized by Shulman and Sugano5 as either a direct contri-
bution from 4s bonding or an indirect contribution from 3d bonding.

The indirect contribution results from covalency effects between d-
electrons and either filled ligand orbitals or empty ligand orbitals.
Covalency involving filled ligand orbitals tends to increase d-electron
density thereby reducing s-electron density at the nucleus by means of
electrostatic shielding, whereas covalency involving empty ligand or-
bitals ten.is to reduce d-elactron 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 ctructure and magnetic studies of the

solid state.

Quadrupole Splitting

So far, it has been assumed that the electron distributions are
spherically symmetric. If the more general case is considered in which
both prolate and oblate distortions are allowed, it ir :een that the
(21 + 1) degeneracy is the appearance in a Mossbauer spectra of two or
more lines separated by a difference in velocity representative of some
energy AE. This splitting is cau:d by an interaction between the nu-

clear quadrupole moment, Q, ind the gradient of the electric field of

f 19
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i of the electron cloud and is given by
H = Z°VE

where Qij = [ pxixjd X , Or

H = ﬁ-e(g%_—ﬁ [312z - I(I+1) +% (1_._z + 1_2)]

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

ing operatcrs. The Hamiltonian in this form has the eigenvalues

%

- —292 - n
EQ T1QID [3m T +1)] A+ 3 )

mI-I,I-l,.....,—I

: Tt is seen that the second power of the magnetic quantum number insures
i that states that differ only in the sign of n, remain degenerate. Since
wort. in iron involves transitions only between the gr-und and first ex-
cited states, it 1s seen thar m, = 3/2, 1/2, - 1/2, - 3/2 vill result
{n a single doublet for each distinct value of the electric field gradi-
ent. An evaluation of the electrical field gradient tensor is a rather
complex problem of golid state physics that has been dealt with to some

extent with reference to iron compounda.7’8

o0
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In general, the factors affecting the electric field gradient
are charges on distant ions and electrons in incomplete shells of the
target atom itself. If the lattice parameters ure 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
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

ligand charge configurations can 1lift the degeneracy of the five d-

orbital states. Originally the states appear as {1lustrated (see Fig
ure 2). The ligands are usually negative ions or neutral molecules
with a prominent lone pair of electrons and affect the d-eliectrons of
a transiton metal atom in two ways. One is thirough the :2lectrostatic
field of the negative charges and the other is covalent bonding with
the d-orbitals. Those d-orbitals which have a large electron density
in the direction of the ligand are repelled und have a higher energy.
Those orbitals which avoid the directions cof the ligands are not pushed
up in energy so high. Therefore in the octahedral coordination the dz2
and dx2_y2 are increased in energy by the same amount leaving dxy’ dxz
at a lower energy. The situation is exactly opposite in the tetrahed-
ral coordination placing dxy’ dyz’ and dxz in a higher energy state.
The energy difference in the two orbital groups is called the ligand
field splitting, 4, generally denoted by 10Dq. If the coordination is

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

eracy of the de and do are lifted and there exists an energy, W, between

each de or do suborbital. The population of these suborbitals is now
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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 details of this temperature depend-
ence, from which the magnitude of the crystal field splitting may be
deduced, have been found for a number of matetials.6

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

anisotropic as showm below.1

Angular
Transition Probability of Transition Dependence
t 3/2+¢1/2 1 3/2 (1+cos0)
21/2+%1/2 1 1+3/281n20

vhere 0 is the angle from the axis of symmetry. Note that there is no
angle for which either line vanishes and the maximum difference in in-
tensity occurs for 6 = 0 and is 3:1. This effect has been explored in

some organic compounds of both tin9 and ironlo.

Magnetic Hyperfine Splitting

The most noticeable part of the Mossbauer spectra results from
the interaction of the nuclear magnetic dipole moment, U, with the mag-
netic field of the electron cloud, H. The Hamiltonian for this inter-

action may be written,
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where My is the nuclear magneton and g 1s the gyromagnetic ratio. The

eigenvalues may be written,

E = - uHmI/I - - gunHm

m I

mI = I. 1-1. S o o ey = I

indicating complete lifting of the (2I + 1) levels with a splitting be-
tween adjacent levels of gunﬁ. For this reason, the spectra of metallic
iron shows a six line pure nuclear Zeeman effect. It 1s at this point
that the difference between the magnetic spectra from the Mossbauer
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 (AnI = $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,
|11-12|5L5|11+12| LéoO

The appearance of hyperfine splitting makes possible the direct

- |
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computation of the transition probabilities. These are obtained from

the squares of the Clebsh-Corden coefficients vhich are written

2
21y 1plmy - w))

(!1! ae

It is also beneficial to consider the angular dependence of these trans-
sitions. These are also given in terms of the angle between the mag-
netic field and the direction of propagation, 0. It is observed from
these expressions that the tranaition for 4a = O vanishes at 0 = 0 but
that the average over a sphere for each comp: aent angular dependence
gives a relative probadility ratio of 3:2:1:1:2:3. The sum of the angu-
lar expressions is spherically oy-ot:'lc.1

It has been shown that in some materials the magnetic field aris-
ing from tha lattice itself is sufficient to cause magnetic hyperfine
splitting. Investigation of irom foil has yielded an internsl field of

5 KOe at room :-pcnture.u This value vas derived from the

3.33x 10
fact that the internal field is proportional to the total splitting in
the spectrum (the velocity difference between the two most distant
lines). The origin of this internal field is primarily due? to

a) The Permi contact interaction (direct couwpling between the

nucleus and unpaired electrons).

n,o- - gy 20) - 4y 2
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b) The orbital magnetic moment contribution

1
“L = -28¢< 5 > <L>

r

c) Dipolar interaction with electron spin

> >
H-D L _ZB<3'!'$85° I'Z__8_5>

r r

The appearance of these terms is based on the electron configuration.
A complete treatment is given by Freeman and wgtson.13

It is necessary to point out that the three primary features of
the Mossbauer spectra isomer shift, quadrupole splitting, and magnetic
hyperfine splitting may occur simultaneously without regard to the mech-
anisme of their origin, see Figure 3. In order to split a spectra into
ites separate components, some a priori knowledge of the system para-
seters in conjunction with computer fitting techniques must be used.
An interactive analysis program of this type was used by this author
and 1s 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 Hamiltonian 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.

. ab
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CHAPTER II
MUSSBAUER EFFECT STUDIES OF AMORPHOUS MATERIALS

Before Mossbauer'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 10s cm/sec could be affected by the addition
to the system of a velocity of 10"3 cm/sec gave new life to areas such
as magnetism, lattice dynamics, chemical bonding, and nuclear physics.
Although most of the early 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
done by leadudin.la several experiments were urdertaken to investigate
the possibility of a Mossbauer effect in glassy materials. Studies of

15 in 1963, who successfully

this naturc were reported by Gol'danskii
used MES to study the chemical state of nuclei bound in both the crys-

talline and the vitreous states.
It 1is recalled from Chapter 1 that the recoil-free fraction in

the resonant process may be written

2 .2
f = exp [-ﬂ—.}x—> )]

where <x2> is the mean square amplitude of the vibration in the direction

18
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of the emission of the gamma ray averaged over the lifetime of the
nuclear state involved.1 It is seen that if <x2> is large, that i{s to
say, if the nucleus is unbounded, the expression for the fraction would
vanish and no effect would be observed. It would seem clear then that
no Mossbauer effect could occur in a liquid as was demonstrated by E.
Segre (1933).16 Although no long range order occurs in a glass, the
short range order is sufficient to bind a nucleus to suitably small
dimensions and has been shown to give a substantial effect. In addi-
tion to the work of Gol'danskii, early demonstrations of this include

57F¢ in fused quartz and silicate glasa,17 iron pentacarbonyl frozen

in an organic aolvent,18 and 1msn in polymethyl nethacrylate.19
Although iron is not genrally a major constituent of inorganic
glass, excep’ as a bothersome impurity, its structural information may
be very beneficial in deducing the overall structure of the compound.
Because it is a transition metal, other magnetic and optical spectro-
scopic techniques in addition to Mossbauer spectroscopy make structural
conclusions rather complete. For this reason, most of the recent stu-
dies favor iron as the dopinrg clement.22’23’24’27
As a result of investigations using several experimental methods

it has been generally concluded27

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
[s, 03/2 ] om

i cH



b)

c)

20

to give the structures

111 -+
[ Fe 04/2 ] ™

or
11 2- .+
[ Fe 04/2 J°° M

where the iron is the vitrifier with the coordination number
4 (M= Li, Na, K);
It may appear as a modifier in the composition of the

groups

111

[ Fe 06]

and
I1
[ Fe™" o ]
with a coordination number 6, or;

It may form oxides or alkaline ferrites in the colloid-

disperse states.

1f we assume that in the preparation of the glass, there exists

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

chemical expression may be written of the form

27

L 60



21

[ relll 0,2 1M Fet  Fe?t [ Fel! 0,2 1 2M
(group 2) (group 3)
[ re' 0] [ re'lo]
(group 4) ' (group 5)

where groups 4 and 5 can be considered to consist of simply Fe3+ and

Fe2+ ions respectively. The fact that the divalent and trivalent 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 previcusly, the isomer shift arises in the fact
that the electronic conf.guration 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 Fe3+ and Fe2+, which differ only by one
3d electron, is not immediately understood. Since a aingle 3d electron
should not appreciably affect the electronic charge density, IW(o)Iz,
the shift must originate in the fact that the 3s electrons are spending
gome of their time farther from the nucleus than the 3d electrons. As
a result, the electrostatic influence of the 3s 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

-

R <5 |



B N N Oy ‘T D T ' T T ey

22

level and the nucleus allowing the 3s level to expand. The result is &
substantial shift. Belyustin et al. found from a compilation of isomer
shift data in five systems of glasses that in variable concentrations
of Fezo3 that the shift for each ion remained more or less constant in
concentrations of more than 4 mole % at 0.037 ¢ 0.003 cm/sec. Along
with other da:a indicating that the linewidths also remained comstant,
they concluded that a "short-vange" order exists for irorn atoms in both
valence states. Work done on alkali sil'cate glaaseszo yielded values
of 0.008 to 0.009 cm/sec for high spin Fe3+ and 0.083 cm/sec for hign
spin Fe2+. Results of experiments done on silicate and phosphate
glasses are shown in Figure 4 along with certain similar crystals.za
While Fe(P03)3, Fe(POa) . 2“20, and NaFe81206 are known to contain Fe3+
in octahedral coordination, crystalline Fe(POa) and KFeSi308 are knowm
to have the trivalent iron in tetrahedral coordination. The grouping
in Figure 4 is evident and the results are generalized to show that
while silicate glasses tend to have Fe3+ 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 31.33 by comparing the behavior of the ion in both coordina-
tion sites. Increased covalency in 3d5 and 3d6 compounds is generally
the result of increases in 4s electron contribution.34 Since isomer
shifts are directly dependent on s-electron densities, it 18 expected
that a change of coordination number from 6 to 4 for either the Fe3+ or
2+

Fe*t would result in a decrease i{n the ‘somer shift. Yurkjian and E. A.

Sigatyza found isomer shifts for tetrahedral sites of the order of 0.001

A 37
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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 the target atom as well as the electrostatic field
of the ligand structure. 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 silicate 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.zo 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 symmetry by fitting the
data to the values of the energy differences between the three-fold de-~

generate de levels as published by Ingalls.6’21’22

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

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

FE2+ PARAMETERS IN SILICATE MATERIALS

(I.S.)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
FE2+ ISOMER SHIFT DATA FOR GLASSES AND REFERENCE
Glass Type (I's‘)Cu Ref.
(cm/sec)
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

25
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in the material. Results of their experiments with mixtures of vivia-
nite and amorphous ferric phosphate within 3% of conventional chemical

35 showed that

methods were reported. At about the same time, Karyagin
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'danskii-Karyagin

57

Effect”" may be employed to deduce the sign of Vyy in both ~"Fe and

llngn spectra.36 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
is quite similar to that obtained in most composite glasses.27 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 both iron valence states undergo

allow pure Lorentzian line shape,
quadrupole splitting, and that there 1s no anisotropy in the reemission
of gamma radiation.

One of the outstanding capabilities of the Mossbauer 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 how-

cited state degeneracy is removed by an external magnetic field,
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
is, if T > %K-where A is the magnetic hfs energy.26 In investigations
of dilute concentrations of iron in sodium trisilicate glass, Kurkjian
and Buchanan26 have shown that ac 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.
As the concentration is increased, the proximity of neighboring Fe3+
causes spin-spin coupling relaxation.

The "inverse spinel" effect was shown in work by Belyustin et
al.27 with various concentrations of Fe203 in sodium silicate glass.
Two six line spectra overlapping on the last three lines with an in-

tense trivalent doublet indicated eight Fe3+ on tetragonal A sites and

eight Fe3+ and eight Fe2+ ions on octahedral B sites at room tempera-

ture. Shaw and Heasly31 have investigated heat treatment on Na20-Fe203-

SiO2 and Lizo-Mnoz-S:lO2 glasses and have interpreted their results on
the basis of superparamagnetism.

Finally, it is understood that a combination of magnetic hfs and
quadrupole coupling may exist simultaneously. Kurkjian and Bucha.nan26
investigated the spectra of Fe(PO3)3 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 quadrupcle spectra superimposed on a six-

line hyperfine structure. Although the hfs presumably resulted from a
large fraction of the iron atoms in an inf.ernal 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 the variation in
site parameters. For paramagnetic glasses this broadening is most
likely due to incomplete relaxation of the magnetic hyperfine fields.32
Belyustin et al.27 concluded that the line broadening which occurs with
a reduction in iron concentration may be explained by the formation of

II

Fe 0 &5 (group 3) in which the iron acts as a vitrifier. Although

4/2
Fe}+ usually plays the role of a vitrifier due to its smaller atomic ra-
dius, the weak concentration may allow the divalent ion to appear in

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

the network.
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

.. &8
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1s simply twice this due to the additive combination of source and
absorber line widths. The instrumental linewidth obtained by
Belyustin et al. was 0.040 cm/sec and the trivalent doublet was broad-
ened by another 0.030 cm/sec. This may be due to the presence of the
fon in both tetrahedral and octahedral coordination states. Since the
quadrupole splitting for Fe3+ is of the order of the linewidth, the
superposition of the two coordinations would be very difficult to re-

solve.

9
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CHAPTER II1
EXPERIMENTAL TECHNIQUES

M&ssbauer spectra are obtained by irradiating the nucleus of
certain isotopes with a narrow band of monoenergetic gamma radia-
tion and tabulating the intensity of the emitted radiation with re-
spec: to some geometry of the system. Although detection of the gamma
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
Doppler 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 been employed in
Doppler shifting the source radiation. The simplest of these is the
constant velocity method which Mossbauer 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
constant velocity motion.39 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 coil that indicates the actual movement being experienced. The
coil is modulated with a triangular wave form and the pick-up coil gen-
erates an error signal which is used by the drive unit in a feed-back

control loop.37’38

A multichannel analyzer having the same sweep rate
as the drive unit samples each successive cycle in incremen.s 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

automatic cancellation of an non-linearities in the drive signal.ao

The apparatus used in the current investigations employs the

F b
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addressing esignal for the last bistable address register of a TMC
model 404 400 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 coil 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% nonlinearity 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 Berylium window 1" in diameter with a
thickness of 0.010". The applied voltage was 1900 volts. Output pulses
were amplified by a Tennelec model TC133 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 single line decay of an unstable
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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 0057 diffused into the cubic environment of copper foil manufac-
tured by New England Nuclear Corporation. Afier 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
().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 luc-
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-
tute.41 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 and practicality of such a method diminishes

very rapidly and an alternative would have been desirable.
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Except for the iron and stainless standard foils, all samples
were finely powdered. A mixture of 400 mg of sample powder added to
2 grams of powdered urea was then nlaced between two solid brass cylin-
ders and pressed in a hand vise. The result was an opaque disc 1-1/2"
{n diameter and 1/16 inch thick. This procedure produced an iron den-
sity of approximately 13 mg/cmz. In order to determine the amount of
broadening due to this heavy iron concentration,28 the density was re-
duced to about 0.25 mg/cm2 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 cryoflask with brass screws. In order to pro-
vide good thermal conduction from the disc, one face was coated with
vacuum grease and pressed into contact with a thickness of aluminum
foll which was then placed into contact with the aluminum mounting
bracket. The only difficulty encuntered with this arrangement was
that when the system was brought to room temperature from 77 degrees K
there wvas a tendency for the melting frost to dissolve the urea disc.
This was remedied by allowing the evacuation pump to remain in opera-
t jon during the warm-=up period.

The glasses were prepared using a physical mixture of 55 wole %
FeO and 45 mole % ons. The aixture vis melted in air at 1300 degrees
¢ for one hour and poured into butturs one cm thick and two cm in dia-

2+

meter. To vary the different relative concentrations Fe and Fe:’+ in

the glass, dextrose (sample preparations 1, 11, and III, respectively)

vas added to the mixture to reduce F03+ to F¢2+ vhile in the melt. All

Al
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CHAPTER IV
RESULTS

General

The Mossbauer Lffect Spectra of the 55-45 mole % FeO-P,0,
glasses at roon temperatura consist of three partially revolved lines
of unaqual magnitulas. Thasa linas are assumed to be tha superposi-
tion of two independent doublets which result from the presence of tha
two diffcvant fons. When tha samples are cooled to 78°Kk the obsarved
effact i{s substantially dacreased. This is accompaniad by an cutward
migration of the lina positions and an incresse in their linewidths.
Heat treatment of tha 50 2 F¢3+/ra sample yialded additional lines

considerably displacad from zero valocity.

Rooa Temperature Data

Room temperature spectra for the thraa iron ratios vere ob-
tained and ara shown as Figuras 8, 9, and 10. Since tha daxtrosa
wvhich was added to the melt in preparation of the samplas sarvad only

»* ion concentra~-

to change tha oxidation state of a portion of the Fe
tion to Paz*. ona wuld expect that tha overall iron concentration and
thus the amount of total affect observed in all three samplas remsins
tha same. That this is indead the casc is demonstrated in :hn fac’
that the integral under the entire spectrum remains constan’ regard-

less ot the relative concentration. By employing a least-squaras ap-

proximation procedure, two symmetric doublats were fit to tha raw data,

38
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and the r. sulting line positions and relative amplitudes are snown
under each plot. The solid line passing through each sec 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 % Fe3+/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 di-valent
and the tri-valent ion, the quadrupole splitting increases with an in-
crease in the Fe3+/Fe concentration. Although the magnitudes of the
tri-valent splittings are only about 30% of the di-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.
While the tri-valent shift increases with the Fe3+/Fe ratio, the di-
valent shift seems to remain constant over the entire range of concen-
trations. A more complete picutre of isomer shift and quadrupole split-

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

8
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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 Data

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 Lorentzian line shapes were fitted to the data. The positions
of these lines are plotted with respect to the concentration in Figure
16. As the tri-valent ion concentration is decreased, an alwost 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 Fe3+/Fe concen-
trations to nearly six times as large in the low Fe3+/Fe concentration
(see Figurz 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.
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Heat Treated Data

Mossbaer spectra were obtained at room temperature of samples
of the 502 Fe3+/F¢ concentration giaze which were heat treated for 45,
90, 180, and 360 minutes at 600°C. These spectr) are shown as Figures
18, 19, 20, and 21, respeciively. The spectrum of the glass without
heat treatment was included previously as Figure 9. No attempt was made
to coordinate the variables associated with any two lines for the rea-
son that no «lear cut trend was di~covered. However, a graphic display
of the line positions and relative amplitudes is shown as Figure 22.
Lines are numbered in order of their appearance as the time of heat
treatment progresses. Examination of Figure 9 shows that line 1 was
initially considered to be a superposition of the two lines resulting
from the doublets of lines 2 and 3. While this 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
was not altogether necessary.

As in previous experiments, the line intensities 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
treated samples. It was t'ound42 that the heat treating did not affect
the Fe3+/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

i 91
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increased, the individual lines become more apparent and dieplay the
natural line half-wideh. It ie reasonable to assume that since the
final half-width value for the heat treated sample compares favorably
vith the value before heat treating, thaut most of the superpositions
have been disclosed. Howsver, s more drastic heat treatment using
larger amounts of the sample at a longer time and at the same tempera-

ture may yield other interesting information.

Chemical Analysis

As previously mentioned, the ratio, Fe3+/Fe, may be obtained as
the ratio of the trivalent doublet area to the area of the entire spec-
trum. Since the accuracy of this method has been verified by quantita-
tive chemiccl analysis, it was decided to use the concentration value
obtained from the line area ratio throughout the analysis of all the

data.
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CHAPTER V
DISCUSSION OF RESULTS AND CONCLUSIONS

In an amorphous sample with a high concentration of a paramag-
netic ions, as is present in the 55-45 cwole 2 Poo-ons glass, numerous
forms of Fe ions may be present simultaneously making interpretation
of the Mossbauer 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 vitrifier with the formation of stable
groups of either the divalent or the trivalent type, dependent on the
amount of Fezo present. Considering ligand field stabilization in 3d6
ions, Fe2+ might be expected to display octahedral coordination in
glasses. However, since it is known that N12+ occurs tetrahedrally co-
ordinated in some glasses, the possibility exists that Fe2+ may act
similarly. With regard to the high concentration of iron in the samples
subject to the present discussion, one could expect numerous interac-
tions between neighboring Fe3+ ions, between Fe3+ and Fe2+ ions, and be-
tween neighboring Fe2+ ions. Heat treatment could result in the perci-
pitation of several crystalline oxides as shown by Asm,43 Bamford,44 and
Belyustin et a1.27 Finally, it is recalled that these oxides may al-
ready be present in the colloid-disperse state. This state is most pro-
bable at high iron concentrations.44

Examination of Figures 8, 9, 10, 11, and 12 suggests that the

overall structure of the glass is not greatly affected by concentration

58



b1

ratio of efther fon present. Recalling Figure & and Tables 1 and 11,
the tecmer ohift valuea of approximately 0.10 and 0.020-0.045 for the
divalent and trivalent doublets are consfatent vith other phosphate
glasses and are characteristic of octahedral coordination for both fons.
The fact that the d!valent ahift remains invariant with caanges In con-
centration would tend to show that the electronic structure associated
with theae ions, particularly their 4s wave functions, are relatively
free from co-valency changes due to the concentration of either ion.
However, the decrease of isomer shift for the trivalent ion with a de-
crease in the Fe3+/Fe ratio suggests an increase in the 4s electron
density which would essentially amount to an increase in covalency
associated with the Fe3+ ion. One might therefore surmise that any co-
valency or coupling effects that are being observed would involve only
neighboring trivalent ions. This 1s, however, an idea not completely
consistent with the quadrupole splitting data.

The experimental ranges of quadrupole splitting values of 0.046-
0.097 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 1s due to a 5D electron configura-
tion, whereas the field gradient in the ferric iron with a 68 configura-

tion is due primar’ly to nearby lattice contributions. The similarity

I
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in the dependence of the quadrupole splitting on the h”/h ratio of
the two ions might, then, be a result of a lesser interatomic distance
in highly coupled fon pairs in a mixture rich with the smaller Fe’+ fon.
One could then conclude that most of the ion pairs are antiferromagnet-
ically complex P03+-P¢2*. in agreement with Friebele, Wilson, Dozier,
and Kin.cr.‘z wvho studied these glasses by means of magnetic resonance
technique. The spectra at 78° are more difficult to interpret. While
work done on Fe(P03)3 glass with 0.1-5.0 mole X rezos(aoz Pe3+/Fe) by
Kurkjian and Buchnnln26 showed little difference in spectra obtained at
78° and 300°K. 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 Fe3+/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 50% and 15% Fe3+/Fe spectra are
rather a combination of central Fe3+ and Fe2+ doublets and a 6-1line hy-
perfine set. Since the glass is known to be predominately paramagnetic

26 .+ 4°K which

this would resemble the results of Kurkjian and Buahanan
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 Fe3+/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
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least one 6-line hyperfine structure. The similsrity of this data to

27

that obtained by Belyustin et al.”’ for the inverted spinel structure

of Pe and the data for the crystal FePO, from Figure 4 indicates

%
that a mixture of these two crystalline phases is being observed. This
wvas also the conclusion of Friedbele et al."2 on the basis of x-ray dif-
fraction measurements Meat treatment of the 132 r.’*/re was not exam-

ined as this would probably produce other crystalline phases further

complicating the spectr:.
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APPENDIX 1
TARULATED OOMPUTER ANALYSIS DATA

MOSSAAUFR SPECTRUM PARAMFTFRS

TITLE: FOIL.NFD SPFCTRA OF 001 1RGN FAIL AT ROGM TEMP

#INITIAL FSTIMATES®
CORTAINFED FROM “SEARCH" INPUT)

VELOCITY(CM/SFC) AMPLITUDE(Z)
13 -« 6600 115442
2 -+3850 9.6374
3 -«1210 5.9226
-} «N550 67412
St «3190 9..5457
6 + 5940 12.1306
USFR FSTIMATF GF LINF HALF WIDTH= «0an0 CM/SEC

e e cADDITIONAL CHANNFI. CORRFCTIONS ARF:
10, 11, 32, 43, 45, 97,185,197,250,251,
269,271,272:314,316,322,335,

-=N@ VARIABLE CORRELATIGNS REQURESTED--

*AFTER ITRRATIAN N@. 4%

VELBCITY(CM/SFC) AMPLITUDE (%) RELATIVE ARFA
1 =-+¢6553 11 8303 24096
=334 91199 18576
3 -e1222 49096 1.0000
Al «0Ah14 57212 11653
St «3P25 9.1054 18546
] «5928 12.1666 24781
FIT VALUE OF HALF WIDTH= «N452 CM/SFC
MFAN SNIJARFD ERROR OF FIT PRAOCEDURE= «ART6 7 ABSORPTION
NATA N@ISE LEVFEL= «3440 7% ARSORPTION
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TITLES

USFR ESTIMATFE OF LINE HALF WIDTH=

MERSRAUER SPFATRUN PARANETERS

FOi.OFD SPECTKA OF 502 Qf}.li* eAnPELE AT 100 X

SINITIAL FESTIMATESS
C(OATAINED FROM FXTERNAL INPUT)

VELECITY(CM/SER) AMPLITUDE(D)
18 esNA6S A+RISO
21 =:.N160 243370
s <0836 24.3370
A 2111 6.83%0

<0400 CM/SEC

ve+ADDITIONAL CHANNFEL CORRECTIONS ARF3

1RR,

*VARIABLE CORRELATIONS USED IN FIT PRECEDURF.®

NDEPENDENT INDEPENDENT
AMPC 1) AMPC &)
AMPC 2) AMPC )

RATI10

1000
1000

*AFTER ITERATION NO. 5%

VELOCITY(CM/SEC) AMPLITUDE(Z)
1¢ =.N307 5.2661
N =e0134 51548
3 «0531 5.1548
43 «2063 S«2661

FIT VALUF OF HALF WIDTH=

MEAN SOUARED ERROR OF FIT PROCEDURE=

NATA NOISE LEVEL=

1303

RELATIVE AREA
1.0216
1.0000
1.0000
1.0216

«0327 CM/SEC
2614 % ABSORPTION
«3301 % ABSORPTION

L}



"RESRLE S SFECTEy" FAGAWE IFRS

TITLESY  FOLOED SPecTaA OF 151 £.0° sk SAWPLE AT 309 »

siNITIOL EETIMATE Se
tORTAINED Fis@wn CeTERNAL IWYTH

VELOCITY(Cw/8EC) AWLITIOECT)
Ll ] = NPHO Tel 46D
£ T - VNN 10330
3 «00%)3 10390
a8 2064 Tet 66D
USFR FSTIMATE OF LINE NALF VIDTN: NION Cns8EC

eosADDITIONAL CHANNEL CORRECTIONS ARE:
103,009,010 751929.i31,133,

SVARIARLE CORRELATIONS USED IN FIT PRICEDUNES

DF ST NDENT INOF PENDENT RATIO
AMPC 1) ANP¢ Q) 1+000
VELC ) vELC ) 1000
AMPC 2) AMPC DY) 1000

SAFTER ITERATION NO. 40

VELOCITYICM/SEC) AMPL I TUDECR) RELATIVE ARETA
1t =sN1RA 7.19%6 $.934%
28 =s01R4 12098 ) «0000
¥ ] «N2RO 1 2098 1.0000
a8 1987 7.19%6 %9348
FIT VALUE OF HALF WIDTH= +0409 CMH/SEC
MEAN SQUARFD ERROR AF FIT PROCEDURFE= 03390 % ABSORPTICN
DATA NOISFE LFVEL= «3932 T ABSORPTION
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AR AR ]

MPEERRYER SHEF Ty PARAMETERS

‘I"I...l.‘!ll’l.l‘t"’l‘.l&l’

FRAER SHECTRA BF THE F 0% /Fe SAWLE AT 300 »

siNifim ESTIvATESH
CorTAINEY FRPe “SEAMCW™ ARyl

WELO" | T ECnsRT) AW LTy CT)
he oMY Pe$3%8
: 1) 254 ‘Qt‘m
L1 ] ] $.4907
L3 ] o BB P.49%»
O Fw/sSEC

PIER ESTIMATE OF LI wall viftu:

oo AT IO CWANEL COINECTIONE ASFy

M4

SVARIABLE CORRELATIONS YWD IN FIY PRIQCED A+

et NT INRERFENDERT RATID

AWPt 1) AMPe ) 1000

st P) AWt 3) 1.000

cAFIFR (TERATION NQ. W
(VX AR {{= T4 12 AVILITYNT (D) WELATIVE ARTA

" = oNAPA Do 9N 1 000
21 =AM IN R H0A8 3.4906
" +NYa? R .AONS A.4806
40 2109 92,3192 1000

FIT VALY" OF MALF VIDTWe

WAN SOUARED PANGR OF FIT PASCEMAR:

NATA NOISFE 1LEVEL:

1CH

G308 Cx/8FC
2348 T ARSORPTION
2760 T AQSSWTION
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&6

MESENASER APECTH Y PARAME TFRY

..‘...-.....-................

TITI.F FOI NEN SPYCTDA @F sAT K }o"." QAMPLS MEAT TREATED =4S

SINITIAL FSTIMATESe
(ORTAINFD FROM “SFARCH INPUT)

VELACITY(CM/SFC) AMPLITUDF.(Z)
1t eeN1D4 QA9 T A
U NN A HeH91 1
a8 2137 A.aNRY
YRFR FSTIMATFE OF LLINF HALF NINTH= «NIAND CM/SFEC

-=N@ VARIARLE CERRFIATIANSGS REQUFSTED--

SAFTFR ITERATION NUs AY

UELON I TY(NM/SER) AMPLITYNF(Z) RELATIVE ARFA
18 =« N202 he2609 1.R496
el ] NIAG A.NT57 1 0F30
11t «20 AN 37635 1.0300
FIT VALYFE 0OF HALF WIDTH= 0492 CM/SEC
MEAN SOUARED FRRAR oOF FIT PROCFNDURFE= 2770 % ARSORPTION
NDATA NOTAF LFVF) = «SANG 7 ARSORPTION
1€6
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MASSRAUFR SPFRCTRUM PARAMFTFRS

TITIF: FEINFEN SPFRTRA QF SNZT Fqe 3?F0 SAMPLF HFAT TREATFD-90 MIN

*INITIAL FSTIMATFES*
CORTAINED FROM FXTFRNAL INPUT)

YFLACITYC(CM/SFEC) AMPLITUDF.(Z)
1¢ =sN1 AAK 72150
2 N2 4149430
3 «21313 1 8840
A e 302K 5.0000
YoFR FSTIMATE OF LLINF HALF WIDTH= «N300 CM/SEC

-=N@ VARIARLE CORRELATIONS RFEOUESTFD--

*AFTER ITERATION NO. 4%

VFL.ACITYC(CM/SEC) AMPL.ITIUDFRCZ) RFEILATIVE ARFA
1¢ -1 74 4.2372 72340
2 «0330 3¢1865 Se 4401
3 « 2045 2.0926 35725
42 «P9466 e SKS7 1.0000
FIT VALLE OF HALF WIDTH= e 0463 CM/SEC
MEAN SQUARED ERROR OF FIT PROCEDURF= +1852 72 ABSORPTION
DATA NOISF LLEVEL= «4035 7 ARSORPTION
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TITLF: FO1L.DED SPECTRA OF 507 Fe 3"'/F'e SAMPLE HEAT TREATED=360 MIN

*INITIAL ESTIMATES*
(ORTAINED FROM '*SEARCH' INPUT)

VELACITY(CM/SEC) AMPL.ITUDE(CZ)
18 -¢1163 2.1064
23 «NNNOD Te2136h
3 «0388 36660
48 «P229 17933
S «3004 23393
JSFR FSTIMATF OF LINE HALF WIDTH= «0300 CM/SEC
ee e ADDITIONAL CHANNFL CORRECTIGNS ARF:
299,
-«N@ VARIARLE CORRFELATIONS RFQUFSTED--
*AFTFER ITERATION NO@. A%
. VELOCITY(CM/SFL) AMPLITUDF.CX) RELATIVE ARFA
11 -¢1239% 15193 10000
2 ~sNNAS S¢2796 J.4RA42
3 +N3RRK 4.0952 2.7026
a3 2128 17647 11644
5t «3074 16838 13112
FIT VALUF OF HALF WIDTH= +0316 CM/SEC
MEAN SOUARED FRROR OF FIT PROCEDURE= +1993 X ARSORPTION
NATA NOISF. LFVFLs= «2722 T ARSORPTION
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MOSSRAUFR SPECTRUM PARAMETFRS

*INITIAL FSTIMATFSS®
CANTAINFD FRAM FXTFLENAL TNPUT)

VELACITY(CM/SEC)

TIT\L.F

1t

21

% ]

a2

S
JSER FSTI
seeANNITY

1INT,1RR,

11
21
31
at
St

'0‘903
-.003A
«0359
«2013
2017

MATE OF LINE HALF WIDTH=
ONAL. CHANNFL. CORRECTIONS ARE?

amMPLITUDE(R)
3.6620
92060
R+5930
32370
A.2070

0300 CM/SEC

-=N@ YARIAALS CORRELATIONS REQUFSTED--

OAFTFR I1TFRATION NO. 4¢

VELOCITYC(OM/SER)

par T Y E L R R R L L LA A

SRR AL
=sNNAN
«NAN
«200%
AN

AMPL | TUDF(Z)
1 +R787
4.60RR
A+6060
1678
23581

FIT VALUF OF HALF WIDTHs
MEAN SNUARFN FRRAR OF FIT PROCEDURF =
NATA NOISF (FVFl.=

169

RFELATIVE AREA
141177
Pe'l464
2, T447
1 0000
14052

«NI29 CM/SEC
1971 2 ARSORPTICN
4727 % ABSORPTION
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cesCT OO oo codese oo eT®

MOSSRAUFR SPECTRUM PARAMFETFRS

TITIE:  FOINFD SPECTRA OF 152 Fe S*/Fe SAMPIE AT 77 K

SINITIAL FSTIMATFSe
(ORTAINED FROM "SFARCH INPUT)

VFLOACITY(CM/SER)

1t e 2AHAD
2 LY
¢ «2907
At «SP2RS

JSFD FSTIMATF OF LINF WALF WINTH=

e s ANNITIONAL, CHANNEL CORRECTIENS ARF1

AMPLITNECT)
D 4ART
2495833
PeITR]
PeS774

N300 CM/SFC

AR, 46s ATs SN, S1s Shs 99,107,145, ) 4R,

199,156,143, 3NR,309,352,39R,

*>N® VARIAALE CORRFELATIONS REQUESTED--

SAFTER ITERATION NOe Te

VFILeCITYC(CM/SER) AMPLITUDE(T)

1t =e3942 «9474
L ] sV 14098
3¢ ¢ 42N RORT
Al o417 « ASNOR

FIT VALYFE 2F WALF LINTH=
MFAN SNUYAREN FRROR AF FIT PROCFNURE =
DATA NOISF LFVF) =

110

RELATIVE ARFA
14559
D.47%9
13JR09
10000

«2%41 "M/SEC
2448 T ARSERPTION
+4%1) T ABSCRPTION
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MESSRAUFR SPECTRUM PARAMETERS

TITIF:  FOLDED SPEETRA OF SOT Fe 3*Fe SAMELE AT 77 K

¢INITIAL ESTIMATES
(ARTAINFND FREM EXTERNAL 1MPUT)

VFLECITY(CM/SFC) AMPLITUDF(X)
18 e 290A 2.0000
2 -s0763 2.0000
18 «?2179 2.0000
A Y ki 2..0000
Jarn FSTIMATE OF LINF HALF WINDTH= «NIN0 CMZSEC

. e o ANNTTIBNAL CHANHEL COPRECTIONS ARF
77:2713s274:3245343,344,

-=N@ VARLANLE CORRFLATIONS RFOUFSTED--

SAFTFR ITERATION NR. Ro

UFLECITY(NM/SFE) AMPLITUNECZ) RFIATIVFE ARFA
| E] csPRAA 1 +S404 13332
21 ceN277 N HIHD 92,1599
93 N2 1729012 1 «6247
A s AAR 1105 1 «0000
FIT VALUF @F MALF WIDTHE= + 1534 CM/SEC
MEAN SOUARFD ERREGR OF FIT PROCFOUREE 23139 2 ARSORPTION
DATA N@ISS LEVYSL= «3174 % ARSORPTION
111

71



- O GE) GID OGN0 GEN QI O G G eI e = o 9 T = T

MPSSRAUFR SPECTRUM PARAMFETFRS

TITLF:  FOLDED SPECTRA OF 79% Fe 3% re SAMPLFE AT 77 K

sINITIAL ESTIMATESe
(OBTAINED FROM EXTERNAL INPUT)

VFLECITY(CM/SEC) AMPLITUDF. (%)
1 =oNASA 10000
2 N154 S.2870
At 0979 45000
At «3140 1 « 4400
JSFR FSTIMATF OF LINF MALF WIDTH= «0300 CM/SEC

o oADDITIBNAL CHANNFL CORRFCTIONS ARE?S
540]09012\olﬂﬂo1890198030Q035503960

-=N® VARIARLE CORRELATIONS REQURESTED--

*AFTER ITERATION N@. 69

VELACITYC(CM/SFC) AMPLITUDE(X) RELATIVE ARFA
1t *sNASS 411762 3.4245
21 0152 29273 2.4004
3 0978 3.5774 2.933%
A «3140 12195 10000
FIT VALUF OF MHALF WIDTHe 0449 CM/SEC
MEAN SOUARED FERROR OF FIT PROCFURE= D228 T ARSORPTION
DATA NOISF. LFVFLs= +493R % ABSORPTION
112
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APPENDIX II
MUSSBAUER SPECTRUM ANALYSIS PROGRAM

The computer program listed in this appendix wvas used to analyse
all of the data obtained in the present {nvestigations. It is written
in Portran IV to be used vith the XDS Sigma 7 computer. With the
exception of several READ and 'RITE statements in wvhich arithmetic
operations are performed, the prograa is compatible vith any comput T
equipped vith a standard USASI Fortraas IV compiler and at least 45,000
words of high speed memory. Typical running times are two minutes for
compilation and 1.5 ainutes for execution. All input {s read on the
7:5 DCB and all output is vritten on the F:6 DCB. If a Calcompu plot
of the problem ia desived, it is obtained by assigning the P:PLOT DCB
to the drua plotter.

A solution is obtained by correcting the initial estimates for
the parsmeters of up to 10 separate spectral lines to give & least-
square best fit approximation to the experimental data. Initial esti-
mates may be swpplied either internal or external to the progra™ and
che output is in the form of Appendix 1. Additionally, the line para-
meters may be made {nterdependent. Use of the program rejuires the

following input cards:

lst card - (Format I1) plotter option

(a) 0, no plot desired

(b) 1, plot on device assigned to F:PLOT
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2nd card -

3rd card -

&th card -

74

(Format 12, 15A4) number of characteris in the title

atring (no more chan 20), title string

(Format 215, 2F10.5, I1) number of points in raw

data (no more than 400), number of peaks to be fit

(no more than 10), approximation of line half-width

(in cm/sec, 1if negative then not varied in fit pro-

cedure), velocity scale (in cm/sec, positive or

negative), option code:

(a) 0, no options requested

(b) 1, options requested as listed on next card

(1f option code 1s 1) - (Format 612, F10.5) options

in order left to right are marked with 1 is requested

0 or blank if not requested, or as specified below:

(a) number of bad channels to be .orrected (default
to 0)

(b) printing of each iteration of fit procedure
(default prints only last iteration)

(¢) folding code: -1 for data in left half, + 1 for
data in right half, O 1if data 1s to be folded
about middlie channel (default to 0)

(d) search pracedure wvhich generates initial para-
meters for the number of spectral lines specified
previously (default requires estimates to be
input separatoely)

(e) parameter correlation option, input no. of
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75

correlations desired. Actual correlations listed
belov (detault is no correlatious)

(f) maximum number of iterations allowed (default

is 99)

(g) convergence criterion (default is 0.0001)

The folloving cards supply additional information for the execution of
options (s), (d), (e). The additional data cards for an option must
appear if that option is requested and in the order listed delow:

(1) channels which are to be corrected are listed on
successive cards (Format 10IS). The count value for a corrected
channel 1is made equel to the mean count vslue of tha two adjac-
ent channels. Adjacent bad channels may not be corrected.

(11) this card must appear regardless of the number of
options requested. It defines the Pormat in which the rav data
is to appear later. The Pormat appears as a legal PORTRAN IV
statement vith enclosing perentheses.

(111) Correlations are expressed in terms of an inde-
pendent vcriable, a dependent varisble, and a multiplicitive
ratio which relates them. A spectral line is specified by two
paramsters, position and amplitude. Considering (N) lines or-
dered by ascending velocity, the line parsmeters are nuabered
from 1 through (2N) such that the odd nuabers represent velocity
parameters snd the even numbers represent smplitude parsaeters.
Each correlation is placed on a separate card, (Format 215,

F10.5), giving the dependent parameter number, the independen:
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parameter number, and the desired ratio (depmdcnt/independent).
Yor example, constraining the amplitude of the third liue to be
twice the amplitude of the fifth line would be written as,
6. ..10.....2.0
Three parameters aAy be correlated together by correlating any
two with the third.
(iv) the initial estimates are input using a separate
card for each spectral line. The position (cm/sec) and amplitude
(0.01 x percentage absorption) are written using a Format
(2F10.5).
In all cases the number of extra data values or cards must coincide with
the values found on the op’.ion card. Immediately following the last of

the extra data cards, the rav data is added, written to the Format that

vas previously specified.
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D

1non

1N10

1020
1030

1040

77

DIMENSIONX(202),Y(202),C(22) ,NAMEC15), IBUFC(1000),DATA(
$500),KINDC1S
L), ICRC200I,IFORMTCIN) ,CMAT(22,22)
COMMONNAME » M, IPT,MUVAR,L,CMAT

COMMON/ZF T /X sY s o NEL s N»MAX » GAMMA

NDATAVIND/ZIST ', 'HALF', ' FE'HL'LLDEN'L'"2ND ', 'HALF ', S
SPF*,
A'CTRA " BF ', ' SFEA', 'RCH" ', 'EXTE *s '"RNAL ' "VEL( *, "ANMP(C
£

CALLAIJTOFX

REANDCS,1140)1IPLET

IFCIPLET «FO 1 ICALLPLOTSCIRLUF»100N51)

NAME(3)=KINDCT)

NAMECAY=KIND(R)

NAMECS)=KIND(9)
RFEANCS,12TN,FNND=1 1 TOINCHAR, (NAVECT Y 1=26,15)

READCS S 129NINPTS s NPKs GAMMA L VFE L, OPTION
CCP24NPK+1)=ARS(GAMMA)

CC(O*NPK*2)=0,

4=2*NPK*+2

NRININTII=1,M

neINIn.gi=1 .M

TECTIoNE . JLICMATCLIT,.)0)=0,

TFCI1 «FONGLIICHMATCIT 5 UMY =00

NRAD =N

1PT=0

1FeL.n=n

MAX 299

NF).2.0NN Y

13FRAH =0
IFCOPTION.GT.Q)RFADCS,1J0NINRAD,LIPT,IFOLD,» ISERCH, ICORR
£HoMAX,LDEL

IFC(NBAD «NF «N)IRFADCS,1310)CICRCIT),11=1,NBAD)
RFEANCS,12RN) IFORMT

IFCISERCHNFE «OIREANCSH119INICC (221 T =1),CC2%11),11=7,NPK
%)

IFCICPRRFNNIGETOI1030

DO10201IC=1,1CORR

REANDCS, 1200)JUNFP, INDFP,RATIO

CMATC.INDFEP,.IDFEPY =0 .

CMATC.INDFP, INDFP)=RATIO

CMATCINDFEP,.UNFPI=RATIO

RFEANCS, IFORMTICNDATACI) 1 =} L,NPTS)

IF(NRADFQ.N)GBTOINT0

NOINANT =] ,NRAD

IFCICRCI) FNel eOR.ICRETI FONPTS)GOTOINSO
IFCICRCIDFN.ICRCI*1)=1)6GG TO SO
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4 SN o omy S =4 A

1050

78

DATA(ICB(I))=(DATA(ICR(I)-I)+DATA(ICB(I)+I))*-5
GATO1060

IF(ICB(I)-EQoI)DATA(I)=(DATA(2)+DATA(3))*-5
IF(ICR(I).EQoNPTS)DATA(NPTS)=(DATA(NPTS-l)+DATA(NPTS'2

$))¥*eS

1060
1n70

1080

1090

COANT INUE

CONTINUE

NRAD =0

NX=NPTS-1

DA1OGONY =2 NX
AVGE=(DATA(NY'I)*DATA(NY+I))*05
IF(AHS(DATA(NY)-AVGE)oLToAVGR*oOI)GGT@IOﬂO
NRAD=NRAD+1

NBANDC =NBAD

ICRC(NRAD)Y =NY

CANTINUF

]F(NBAD-GT-O)GGTGIOAO

DV=.e5

CL=1.

CR=1.

IFCIFOLD «LLT«0)CR=00
IFCIFOLDGT«NICL=0¢
IFCIFOLD «NF «0)DV=10
N=(NPTS+1) /2

DE10901I=1,N

JP=NPTS+1~-1
Y(l)=DV*(CL*DATA(I)*CR*DATA(JP))
JO=CIFOLD+1)*2+1

NAMRE C1) =KINDCJQ)

C NAMRC(2)=KINDCJO+1)

1100

1110

1120

DFRLLY=2*ARS(VEL) /N

X¢1)==CARSCVEL))

DE11N01=2,N

XC¢1)=XCI-1)+DELV

YMAX=YC1)

NDA11101=1,N

IF(Y(I)oGToYMAX)YMAX=Y(I)

nN@11201=1,N

YCI)=1e=YC1)Z7YMAX
IF(lSERCH-RQoO)CALLSEARCH(X:Y:CoN:NPK)
JSFRCH=1SERCH*?2
WRITE(631?IO)(NAME(I):l=l9\5)oKlND(lSERCH*lO)oKlND(lSE
SRCH+11)s CIK
&C(Q*JK'I)o\OOo*C(Q*JK)oJK=loNPK)
WRITE(631220)C(2*NPK+I)
IF(NRADCoGToO)WRITE(691230)(ICR(IY)9IY=I9NBADC)
lF(lCGRR-NE-O)GQTG\lSO

. 118



_

" R R e =4 &

1an

1140

1150
1160

1170

11R0
1190
1200
1210

9

WRITE(6,1740)

G8To1140

WRITE(A,1280)

neISNICE] ,M
IFCOMATCICLIC) EQ 1) GOTON 190
DO114aNT.Ju] M
IFCCMATCIC, 1Y FN.Ne)GOTOI 140
P10

1P2s0
IFCMANCICL2) ENNI P 0
IFC(MONCIJs2) FQeNeI IPP Y
IC1=CICe1)/2

1J1sC1Je1) /72
WRITFEC(6,1260IKINDCIACIP1)»ICI KINDCIACIPR),1.01,CMATCIC

1.0

{.NT INYF

CENTINYE

CALLFIT

IFCIPLUTF Ot YCALLGRAPH(Y »XsCoNAMEsNsNPK» IBUF » NCHAR)
SOTO190)

TFCIP! “ToF. Qe 1 JCALLPLAT(N50+5»999)

CALLEXTI T

FORMATC( 1)

FORMAT(:F1N.S)

FORMAT(215,F105)
FORMATC//Z7/77/7722X%e29C =)/ s22Xs "MOSSRAUER SPFECTRUM PAR
SAMETERS ' 7,22
&X229C =')//s5%5'TITLE: *»15AA///:,28X, "sINITIAL ESTIMAT
SES*°/,23%, "¢
SORTAINED FROM ',2A4,°' INPUT)'//,16X, 'VFLOCITY(CM/SEC)'
$s14X,
Q'AMPLITUDECR) */516X216C =) 14X012C°%=)/,C12Xs12,°2",4
SXsFRed421X0
LFB.4))

1220 FORMAT(/SX,'USER ESTIMATE OF LINE HALF WIDTH=',3X,F7.4

$,°* CM/SFEC®)

1230 FORMAT(SX»'«»+-ADDITIONAL CHANNEL CORRF.CTIONS ARE:'/(10

EX»10¢€135°5°)
&))

1240 FORMAT(//17x.,"==N€ VARIABLE CORRELATIONS REQUESTED=--')
1250 FARMAT(///712X, "*VARIABLE CORRELATIONS USED IN FIT PREC

SFEDURF**//13X

&5 "NEPENDENT 58X *INDEPFENDENT 510X *RATIO/513X09C*~*)»
$8X,11C°=),1

&NXs5¢'=*))

1260 FORMATC1AX,A4512,5°) '511X0sA42125°)510X,F7:3)
1270 FORMAT(12,15A4)
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e e |

1280
1290
1300
1310

2000

2010

2020

2030

2040
2050
2060

80

FORMAT(10A4Q)
FORMAT(215,2F10:5,11)
FORMAT(612,F10.5)
FORMATCINIS)

F.ND

SURR@UTINESRARCH(XJY:CJNJNPK)
DIMENSIGNX(QOQ):Y(ZOZ):C(QZ)JDUM(ZO?)
DR20001=1,N

DUMCT)=Y(])

NVAR=2*NPK

DO20201=2,NVAR,2

C(l)=00

Pe2010.J=1,N
IF(C(I)oGToDUM(J))G@TQQOlO
CCId)=DUMCD)

CCI=1)=X{D)

CONTINUE

NE2020J=1,N
DUM(J)=DUM(J)'RNTZ(X(J):C(I):C(l'l):C(NVAR*!))
DB205NK=2,NVAR,2
IF(NPK‘Q)2030:2n60:2030
DA20SNL.=4,NVAR,2
lF(C(L'l)oGEoC(L'3))GﬂT02040
rP=CCL=-3)

CA=CCL=2)

£eL=-32=CL-1)

cCL=-2)=CCL)

nC.-1)=CP

CC(LI=CA

CONTINUF

CONTINUF

RETURN

END

SURRAUTINFFIT
DIMRNSTGNA(QZJQZ):B(QZ)JC(QZ):P(202:22):R(202)1X(202)J
£Y(202) s NAMFE(
&15);AREA(!G)JCMAT(??:?Z)

CwMMﬂNNﬂMRoMJIPT:MVARJCMAT
CQMMWN/FI/X:Y:ChDEL:NJMAX:GAMMA

COMMONZSAZA SR »MA

AR=N.

MA=1

1T=0

120



3000 FI.=AR

CALLCORRECT(CMAT,CoMVAR, M)

AR=0.
NA3NIOTI=1,N
ANIN AR=AR+(YCI) ~VALCI) )%

81

IF(IPT-GE.IoﬂNDolToNE-O)WRITR(6oJI70)ITnARn(lnC(I)pl=I

M)
IFCITLLE.0)GOTVIN20

IFCARSCAR=FL)/ARLF .DFLIGOTB3110

IFCIT.GF « MAX)GBTO3100
3020 IT=IT+1
DA3N3NTI=],N
RCI)=VAIC(I)=-Y(I)
NA3AN30J=1,MVAR
PCI»J)=PART(I,.))
aNAN CONTINUF
NA3NANT=1,MVAR
RCIY=0.N
DA30 4N.J=] »MVAR
1040 ACl,J)=0.0
NAINAKOT =1, MVAR
NB3N60.J=1,N
DPAOSOK=1, MVAR

INSO0 ACTLKI=ACTLKI+PC(JL 1) *P ()5 K)

3NAN0 RCII=RCII-PCJ,1)*RC())
3070 CALLSBLVFCI.IK)
GATEC(30%0,3110),1JK

30e0 IPOINT=I
NBI0YINI=1,M

IFCCMATCT 1) «NE.1)GOTO3NS0

CCI)=RCIPOINT)+C(I)
IPBINT=IPOAINT+1
AN90 CONTINUE

IFCGAMMA LT «0)C(M=-1)=ARS(GAMMA)

GaTo300n

3100 WRITF(6,3180)MAX
RETURN

3110 MHALF=(M=-2)/2
NB312N1ARFA=] , MHALF

3120 AREACIAREA)=C(M=1)*C(2+*IAREA)*(ATANC(100.~C(2%IARFA-1)

EY/CCM=1)) =AT

ANCC=100.-CC(2*IAREA=1))/C(M=1)))

ARMIN=AREAC(1)
NA3130TR=2 »MHALF

3130 IFCARFEACIR) «LT<ARMIN)ARMIN=AREACIR)

DB314A0IR=1,MHALF
3140 AREACIR) =AREACIR) ZARMIN

1<1
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"RITE(SD3ISO"Tv(JK.C(a.J“'l)nlﬂOo‘C(ﬂ‘JK)nhlEl(JK)nJK
€=] ,MHALF)
WRITEC6,316NIC(M=1),SORTCAR/N)I®100¢,C(MIS100.
RETURN
1150 FORMAT(///724X, *eAFTFR ITERATION N8. 12,97/, 10X *VE
RLOCITYC(CM/SFE
804X, *AMPLITUNF(T) *»6X s *RELATIVE ARFEA'/Z,10X,16C*=%),
sAX,12(*=*))
‘6!0|3¢"')/(6X.lﬂ.'8'n?Xo'ﬂo.ollx.Fﬁ.‘.lﬂXpFQo.)’
1160 FORMAT(/SX, *FIT VALUF @F MALF WIDTH=E®,12X,F7.40°* CM/SE
SC*/,5%, "MEAN
& SOUARED FRROR ©F FIT PROCFDUREs*,FT.4,° X ARSORPTION'
€,/75%, "DATA N
ROISF LEVELE®,19X,F7.4,° X ARSORPTION®)
3170 FORMATC//*ITERATIONIZ12(°~*)/°SUM SQUARED ERROR ='P
SN1S.R/
8/77C10X'CCOPI2,*)=*1PD1S.7))
A0 FORMAT(/Z/7°000eN0 CONVERGENCE IN“13s" ITERATIONSeee#*)
FND
¢
¢
SUBROUTINFESOLVECIJK)
Dl"ﬁNSlﬁNA(?ZDQQ)00(2&)00‘22022)nNQ"ﬁ(‘S)oL(?Q)oHﬂ(?Z’
S,F.CASN) ,CMAT
2(22,22)
COMMONNAME )N, IPT)MVAR,CMAT
COMMAN/SO/A R, M
NDOUSLEPRECTISIONF,DLCHX
1K=}
ICOUNT =1
NRANNNT =1 ,MVAR
NGannn.i=g ,MVAR
ECICAUNTI=ACJIN 1)
40N0 1COINT=ICOUNT |
CALLMINVCE »MVAR,DoL o MM)
ICOUNT =1
NOANIOT =1 ,MVAR
NRANIN.I=t s MVAR
CCJs13SECICOUNT)
AN10 I1COUNT=ICOUNT !
1PN .F0.0) 1K=
IFC(N.FENOIWRITF.CA,4060)
7=20.0
NGanionl =1 ,MVAR
X=0e
DOAN20.J=21 ,MVAR
4020 X2CCl1,J)2ACIs 1) +X

12%



4n30

ANa0
4nso

4N 60
an7n

ad

fesee
Corde
Nesed

S000

c
c

Coers
Crdse
Chkee
Cassd

4000
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732 ¢ARS(X=1.0)

IFC2.GTe) «F=03)WRITFE(6,4070)2
IFCZeRT el oF=03)1JKs2
DOANAN] =1 , VAR

ACl1,1)30.0

NOA0AN I | »MVAR
ACT»1)2ACT,1)2CCTI,. DR
N@ansSNl=1,MVAR

RCIYsACTL1)

RETURN

FORMATC ' INVERSE. DOES NOT EXIST®)
FORMAT(2X, *INVALID INVERSE Z2s°',FR.S)
FND

THF. FOLLOWING SURROUTINF SHOUL.D CALCULATF THE VALUE
eF THF APPROXIMATING FUNCTION FVALUATFED AT THE 1-TH
NDATA POINT.

FUNCTIONVALCL)
DIMQNSIQNNAHE(IS).X(QOP).Y(?OR).C(R?)oCHATf??.QP)
COMMANNAME ,M, IPTsMVAR,CMAT
CﬂMHCN/Fl/XprCpDELprHAXpGAMMA

LsM=2

VAL =0

DeSNNNJs1 1,2

DX=(XCII=CCIII/0(M=1)

Azl e/Cle¢*DXODX)

VAL=VAL+C(J+*1)¢R

VAL sVAL +C(M)

RF.T'URN

F.ND

THE FOLLOWING SUBROUTINF SHOULD CALCULATE THE VALUE
OF THE PARTIAL OF THE APPROXIMATING FUN_TION WITH
RESPFCT TO THE J-TH VARIABLE, EVALUATED AT THE
1-TH DATA P@INT.

FUNCTIONPARTCI».))
DlMENSlONNAME(lS,pX(ﬂO?)07(202)50(22)pCMAT(aapQZ)
CQMMON/FI/XprCoDELoNoMAX.GAMMA
COMMOANNAMF , M, IPT»MVAR,CMAT

PART=0.

IMX=0

NRAONNJREAL=1,M

IMX=IMX+CMAT C JRFAL » JREAL)

IFCIMXFNJIGATB601D

CONT INUF.

12
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P 'TED $T_-y 'y T—E s TS

6010

4N20

4030

604N

6050

6060

6070

i ]

o le X3 Iy IRe

7000

min

1FCJREAL «FO.M)GOTO6050

IFCJREAL «EQ.%=1)GOTO6060
lr(ﬂ'n(JREALoa)oEQoO)G.T.6030
DOSN20 IROW=] , M, 2
l?(CHAT(IRGUOJREAL)oEQoO)GGTCﬁﬂ?O
DXsC(XC1)=CCIRAW) I ZC(M=1)

Nz e/C] e #DX¢DX)
PART'PART’?-‘C(IR.U’\)‘DX‘B‘B/C(M'!)
CONTINUFE

RF.TURN

NOGOANIROWS? ,M,2
lf(CHAT(lROVoJREAL)oEQoO)GOTﬂ6040
DXs(XC1)=CCIROW~1))/C(M=1)
PAWT'PART’CMAT(lRGWoJREAL)/(!oODXODX)
LONT INUF.

RETURN

PART=1.

RETURN

LsM=2

DOANTOK=),L,2
DX=CXC1)=CC(KII/C(M=1)
B=NX/C1 « ¢+NX*DX)
PART=PART+C(K+1)=B*R
PART=2 ¢ ®*PART/C(M=1)

RE.TURN

E£ND

SUBR@UT!NEC@RRECT(CMAT:CoMVAR:M)
DIMENSIONCMAT(22,22),C(22)
MVAR=M

NATO101=1,M
IFCCMATCTI,I)eFNe1)GBTOT010
CC1)=0.

DB7000J=1,M

IFCCMATC1,J) ¢EN0)GOTA7000
CC1Y=0CI)+CMATC1,J)%CC.))
CONT INUF.

MVAR=MVAR -1

CONTINUF

PRTURN

END

SURRAUTINE MINY

PURPASF

124
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INVERT A MATRIX

1JSAGF.
CALL MINVCA,N,D,L,M)

DF.SCRIPTIAN OF PARAMF.TERS

A-INPUT MATRIX, DESTROYFD IN COMPUTATION AND REPLAC
$FED BY

RESULTANT INVERSE

N-OROFER OF MATRIX A

D-RESULTANT OETERMINANT

L-WORK VECTOR OF LENGTH N

M-WORK VECTOR OF LFENGTH N

REMARKS
MATRIX A MUST BE A GENERAL MATRIX

SURRGUTINES AND FUNCTION SUBPROGRAMS NEEDED
NONF.

METHED

THF. STANDARD GAUSS-JORDAN METHOD 1S USED. THE DETE
SRMINANT

1S ALS® CALCUATED. A DETERMINANT OF ZERO INDICATES
$THAT

THE MATRIX 1S SINGULAR.

$.0..

SURRGUTINEMINVCALNIDSLLM)
NIMENSTuwACT) s LC1) ML)

ﬁl.l.

IF A DOURLF PRFCISION VERSIGN OF THIS ROUTINE IS DESIR
SFEDs THE

C IN CALUMN 1 SHOULD BF REMAVED FROM THE DOUBLE PPRECI
$SION

STATEMENT THAT FOLLOWS

DECUBLEPRFECISIONALD,BIGA,HOLD

THFE DO@UBLE PRECISION YERSION OF THIS ROUTINE MUST ALS®O
CeNTAIN DQUBLE PRECISIZN FORTRAN FUNCTIONS. ABS IN STA
STEMENT

10 MUST BFE CHANGED T@ DARS

125
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QAN

8000
8010

8020

oo Xe]

#0330

B0 40

o e e

K0S0

ANA0D

#0170
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Cooe

SFARCH FOR THE LARGFST FLEMENT

N=z1.N

NK==N
DARIBNK=1,N
NK=NK+N
LCK) =K

M(K) =K
KK=NK+K
RIGA=A(KK)
D2RO20J=KsN
1ZsN*C¢J=1)
DORN20I=K»N
1J=17+1

IFC(DABS(BIGA)-DABS(ACIJ)))IBN10,8020,8020

RIGA=A(CIJ)
LCK)Y=1
MCK) =J
CANT INUE

INTERCHANGE REWS

J=L(K)
IFC.1=-KYRNS0,8050,8030
KI=K=N

NORNAOI=1sN

KI=KI+N

HOLD==ACKI)

JI=KI=-K+J

ACKIY=ACJI)
ACJII=HOLD

INTERCHANGE COLUMNS

1=MC(K)
IFCI-KIBORN»BORD L8060
JP=N*C(I=1)
DOROTOJ=1sN

JK=NK+J

JI=JP+J

HALD==-ACJK)
ACJKI=ACIT)
ACJII=HOLD

1<6
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S 4 T TWTTUsYy W=

(9]

BOROD
f090

g100
2110

g120

aas

r130
8140

/150

aad

R160
g170

QOOn

300

2180

e NeRe]
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DIVIDE COI.UMN BY MINUS PIVOT (VALUE OF PIVOT FLEMEN
ST IS

CONTALINED IN BIGA)

IFCRIGAIBING,RN9N,B100
D=N.0

RE.TURN

DORI20Is] »N
IFCI-K)R110,8120,8110
IKaNKe+]
ACIK)=ACIK)ZC-BIGA)
CONTINUE

REDUCE MATRIX

DARISOI=1,N

IK=NKe1

HOLD=ACIK)

1J=]-N

DOR1S0J=1,N

1J=1J+N
IFCI-K)813n,R150,8130
IFCJ-KIBR140,8150,8140
KJ=l1J=-1+K
ACTJ)=HOLD*ACKJ) +A(T J)
CONT INUE

DIVIDE ROW BY PIVOT
KJzK=-N
NARITNJ=1,N
KJ=KJ+N
IFC(J-K)B160,8170,8160
ACKJ) =ACKJ) /BIGA
CONTINUE
PRODUCT OF PIVOTS
N=D*B1GA
REPLACE PIV@T BY RECIPROCAL

ACKK)=1.0/RIGA
CONTINUFE

FINAL ROW AND COLUMN INTERCHANGE



R190
%200

R210

8220
’2.0

R240

r250

RrR260

9000

9010

9020

K =N

Ka(K=1)
IF(XIR2A0,R260,R200
IsLCK)
IFCI-KIR2IN,R23N,8210
JOsN®(K=-1)
JRaN*(]-1)
DOR220J=1,N

JKaJneJ

HOL.NDaACJK)

Jl1=2JReJ
ACIK)=z=ACJ])
ACJI)=HOLD

JaM(K)
IFCJ=KIR190,R190,8240
K1ak=N

DOR250131.,N

K1zK]eN

HOLD=A(CKI)

J1lasK] =K+J
ACKId)==ACJD)
ACJ1)sHOLD

GOTOR190

RETURN

F.ND

SUHRGUTINF’RAPH(C.V»CST»NAME'NPpNCp!BUF.NCHAR)

DIMENS!GN‘(202):0(202)0V(202)plBUF(lOOO)pNAME(lS)pCST(

$22),D1¢€10),D

22C10) s YSM(S02) »XSM(S502)
NC2=NC»2

ne9onN0l=1,NC
D1¢1)=CST(2%1~-1)
D2¢1)=CST(2*1)*100./2
DE9010I=1,NP
YCI)=100%xVALC])
CC1)Y=100.%C(C1)
XSMC1)Y=V(1)
DELX=2*ABS(V(1))/500.
D090201S5=2,510
XSMCIS)I=x5MC1S~-1)+DELX
ne9n3anls=1,500
YSMC1S5)=0.
NR9N3NJI=2,NC2,2

9030 YSM(IS)=YSMCIS)0RNTZ(XSM(lS)oCST(Jl)oCST(Jl-I)oCST(NC2

£+1))%100.

1<
~
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9040

90%0

920AN

9N 1N
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GALLPLGT(Q..A..°3)

ChLLSCﬂLE(V.loO.NPDI)

CALLSCRLE(C.S.O.NP.'I)

YC(NP+1)SCINP*1)

YI(NP¢2)=C(NP*2)
CALLAXlS(ﬂoo°|025117HVEL30!TY(CM/SEC).'I7.“000.0V(NP0|
$),VI(NP+2))
CALLAX]S(“-.O..IAHABSORPTIQN(z)o1403059000Y(NP0|)DY(NP
$¢2))

CALLPLOTCOcs=125,3)

CALLPLOTCO¢»0¢,2)

CALLPLATC0¢53¢03)

CALLPLOT(N 5 4:25,2)

CALLPLOT(R«»4¢25,2)

CALLPLOT(R s =1¢25,2)
CALLLAHEL(00503O750705030750NAME(|)020000202000|00000)
CALLLAREL(005030750705030750NAME(6)0NCHAR00-2.I0001000
$,0)

D0904A0I =1 ,NP

C(l)=C(l)'CST(NC2’2"|OOo

Y(l)'Y(l)'CST(NCQ*Z)‘lOOO

DA9INSO1=1,NP
CALLSYMBOL‘(V(‘)‘V(NP*I))/V(NP*Q).(C(!)'Y(NP#I))/Y(NP¢
$£2),0.0451,00
&0,-1)

XSMCSN1I=VINP+1)

XSMCS02) =V(NF+2)

YSMCSN1)2Y(NP+1)

YSMISO2)=Y (NP +2)

CALLFLlNE(stDYSMDSOOD|0000)

ALNMAX=D1C1)

ALNMIN=D1C1)

DA9INANT =1 ,NC

IF(Dl(I)oLToALNMlN)ALNMlN=DI(I)
1F(D|(1).67-ALNMAX)ALNMAX=DI(l)
CALLPLﬂT((ALNMlN'V(N?’I))/V(NP+2)100:3)
CALLPLGT((ALNMAX'V(NP+I))/VfNP*?)pOop?)

nNA9NINI=1,NC
ChLLPL@T((DI(I)'V‘NP*I))/V(NP*?):(D?(l)'Y(NPO|))/Y(NP*
£2)=3.,3)

CALLPL@T((DI(I)-V(NP"))/V(NP*Q):OOJQ)
CALLPL@T(|2-:'40:'3)

RETURN

F.ND

FUNCT!ﬁNRNT?(X:AMPpPGS:GAMMA)



&

89

CALLPLOAT(2 0404, ~])

CALLSCALE(VDu.ODNPD‘,

CALLSCQLE(C.SOQ.NP.'I)

Y(NP+1)EC(NP 1)

Y(NP +2) =CINF+2)
CALLAXIS(ﬂ.o'I025017HVELOCITY(CM/SEC)D‘I70“000.0V(NP*|
$),VINP¢2))
CALLAXIS(ﬂooOoolQHABSORPTIQN(z)oI403009000Y(NP‘|)0Y(NP
$+2))

CALLPLOTCN s =125,3)

CALLPLOTCO«50¢,2)

CALLPLATC0¢»3¢,3)

CALLPLOT(N.»4025,2)

CALLPLOT(B¢»4:25,2)

CﬁLLPL@T(800‘102502)
CQLLLABEL(005030750705030750N“ME(I)020000202000100000)
ﬁﬁLLLAaEL(005030750705030750NAME(6)oNCHhRoOoaoI:001000
$,0)

DO90A0I =1 »NP

C(I)’C(I)'CST(NC?*Q)‘\OO.

9040 Y(l)lY(I)-CST(NCQOQ)ilboo

DO9NSNI=1,NP

9050 CALLSYMBOL((V(I)'V(NP*I))/V(NP*2).(C(I)-Y(NP*]))/Y(NP*

$2),0.0451200
&0,-1)

XSMCSN1I=VINP+1)

XSM(SO02) =V(NP+2)
YSMCSN1)=Y(NP+1)
YSMCSN2) =Y (NP +2)
CALLFLINE(XSM.YSM.5OO.I0000)
ALNMAX=D1C1)

ALNMIN=D1C1)

DO9060T=1,NC
IF(DI(I)oLToALNMIN)ALNMIN=DI(I)

90AN IF(D\(!)oGToALNMAX)ALNMAX=Dl(l)

CALLPLQT((ALNMIN-V(NP#I))/V(NP+2).0-:3)

CALLPLGT((ALNMAX'V(NP+!))/V(NP#Q).O..?)

NPA9NT701=1,NC

CALLPLOT((D\(I)-V(NP*\))/V(NP*Q).(D?(I)-Y(NP#\))/Y(NP+
$2)=34,3)

9n 70 CALLPLGT((DI(I)-V(NP*\))/V(NP#Q).O..Q)

CALIPLOTC1Pes~40s=3)
RETURN
FND

FUNCTI0NRNT7(X.AMP.PGSAGAMMA)

A
- Fes



DX=s(X-PAS) /GAMMA
RNTZ=AMP®(1./C) « ¢DX*DX))
RETURN

F.ND
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CHAPTER T
INTRODUCTION

Amorphous semiconductors have been known to the scientific
community for many years. One system of these materials, chalcogenide
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. Kolimiets
et al.1 in 1955, investigated several amorphous materials made from
various combinations of antimony, arsenic, selenium, sulfur, tellurium
and thallium. They reported high room temperature electrical conducti-
vities. Some theoretical theories2 were advanced and some additional
experimental work was done,3 but in the most part, these glasses
remajued a laboratory curiosity for the ten years after Kolimjets' in-
vestigations. With the discovery4 in the early sixtiesof 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.

Tre majority of the work done in thesc 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



-

theoriess’6 have not been universally accepted.7’8’9’10

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 {mmiscibility in most glass systems. Haller, et
al.11 have reported an explanation of this phase separation as it occurs
in a sodium borosilicate sys"em. Consideration of this phenomenon
could lead to explanations of the inconsistencies in these theories. It
would also support the filamentary conduction hypothesis,lo which is
based on an electro-thermal process. Pear:;nlz has reported phase sepa-
ration in several switching and memory glasses and Stocker, et a1.9 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 1if
structural inhomogeneities are indeed present and if they have any
effect on other properties. The system arsenic trriselenide-arsenic
tritelluride 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 poisible correlations with
microstructure.

Thus the purpose of this investigation was to measure the A.C.
and D.C. electrical properties and examine the microstructure of glasses
in the AszTe3-AsZSe3 system to determine if any correlation exists be-
tween these properties. This paper presents a report of this investiga-

tion.
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CHAPTER II
EXPERIMENTAL PROCEDURE

Six glasses were studied from the arsenic-selenium~tellurium
system. The compositions were xAszTe3-(100-x)AsZSe3 with x equal to
80, 70, 60, 50, 40, and 0. All compositions lie on the AszTe3-AsZSe3
join of the ternary phase diagram, Figure 1. Throughout this paper,
compositions will be denoted as a ratio of mole per cent AszTe3 to
mole per cent A828e3. Thus 80/20 indicates a composition consisting
of 80 mole per cent AszTe3 and 20 mole per cent A328e3.

The glasses were made by sealing reagent grade materials of the
proper proportions in evacuated Vycor ampules and heating for one hour
at 800°C. 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 end 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 prelimina 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

1isted in Table 1. These samples were given the same melting treatment
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Arsenic-selenium-tellurium ternary phase diagram.
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TABLE 1
HIGH PURITY MATERIALS

American Smelting and Refining Co., Special
High-Purity, Semiconductor Grade (99.9992) Tellurium

Averican Smelting and Refining Co., Special High
Purity (99.999+4%) Selerium

United Mineral and Chemical Corp., Arsenic Powder,
99,99992 Pure
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as described above and showed no variation in properties from samples
made with the reagent grade materials. It 18 also well establichied in
the 11teratute13’14’15 that amorphous semiconductors in general are not
sensitive to impurities. However, Hackenzie16 did note some marked
effect by oxygen impurities to heat treated selenium samples.

Studies conducted consisted of measurement of the electrical
properties, replica electron microscopy (E.M.), Guinier-de Wolff x-ray
analysis, differential thermal analysis (DTA) and dilatometric analysis.

Samples of the bulk glasses were powdered and studied in a
Cuinier-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
approximately one square centimeter and a thickness of about 2 millime-
ters. All samples had similar thermal histories. No samples were sub-
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
volts per centimeter. This 1is much less than that required to switch
these glasses. Electrical measurements were divided into D.C. and A.C.
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 A328e3
composition 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 ebout 115°%. Sample temperature
control was facilitated by use of a heating tape and variable transfor-
mer. A Keithley high speed picoammeter 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 50
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 were 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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Dif ferential thermal analyses (DTA) were conducted to determine
the ease of devitrification and the presence of glass transitions. The

DTA data was taken using powdered samples, with a modified Fisher Dif-

ferential Thermalyzer, Model 260P. Heating rates of 5, 10, and 25°C 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

Guinier-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 teumperatures difficult. No reaction
could be determined for the 40/60 glass nor for the A528e3 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 ratic 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-
tification in all samples except arsenic triselinide was confirmed by
x-ray analysis. The author was unable to identify the crystalline
phases.

The softening points determined by the dilatometric studies are
listed in Table 3. The softening point, or softening temperature, as

determined by the dilatometric studies is that maximum temperature at

10
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TABLE 3

DILATOMETER DATA: SOFTENING POINTS

Softening Temperature

AszTe3/AaZSe3 O 4 2°
80/20 100°¢c
70/30 110%c
60/40 125%
50/50 135°¢
40/60 145°¢C
0/100 185°C

1
S
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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 1iquid. The term actually has varied definitions and values, de-
pending on the method of measurement, heating rates, and magnitude of
force. The Orton dilatometer 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
from the dilatometer 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 4 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

3 = 0O exp (- AE/kT) .

A.C. electrical measurements were interpreted in terms of the loss

tangent, tan 8 = G/uC. This function is equivalent to the tangent of
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¢’/e”’, the ratio of the loss factor, e”, to the permittivity, e”’.

Tan del can be considered to be composed of two components, an A

frequency dependent component, and a D.C. component. Thus

tan GTotal = tan GA.C. + tan GD.C.

The loss at low frequency is higher and the D.C. component overwhelms
the effect of the A.C. component. Thus, to examine the frequency de-
pendence, we must subtract the D.C. component, based on the room temp-—
erature D.C. measurements, from the total value of the tan del function

computed from the A.C. measurements. Thus

tan §, o = tan Srotal ~ A" %.c.

A full discussion on the tan del function can be found in van Beck.
This tan del function, with the D.C. component subtracted, 1s

plotted versus log frequency for each composition in Figures 11 through

15. These same plots are combined in Figure 16. All samples exhibited

at least one loss peak and corresponding dielectric dispersion. This

{ndicates that conditions for Maxwell-Wagner—-Sillars heterogeneous losses

are present in these glasses.

The activation energies and the corresponding pre-exponcnttal

term, O» were calculated from the equation
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-~ AE
c o, exp ( T

using a non~-linear least squares fit.l8 This data is shown in Table 4,
along with the data of Roilos.19 Roilos' 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., Measurements 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 lijuid-liquid phase separation
occurs in all the glasses studied, including arsenic triselinide. In
all the compositions the droplike structure characteristic of nuclea-
tion and growth type of phase separation 1s 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 tails 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 conchoidal mode of fracture and the

L}
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TABLE 4

ACTIVATION ENERGY

Activation Energy (o]

hojT8 /A0 80 (8E) (e.v.) (x°10%) (@ * em)
80/20 0.43 0.31
*75/25 0.49
*71/29 0.51
70/30 0.52 3.4
#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

11
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Figure 17.
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Electron micrograph showing droplet "tail."

Figure 18. AizSos 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 volwme fraction. A spinodal stiucture 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 interesting structure with-
in the drops not seen 'n the other glasses which may be {ndicative of a
secondary segregation occurring in the primary separated phase.zo The
volume fraction of the large drops is less thau ten 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 showa the droplet siructure and also the spinodal
structure, see Figure 24. The drop volume fraction is somewhat less
than ten per cent, but the second phase, due to the spinodal decompost-
tion, is much larger.

The 60/40 composition exhibits 1 to 1) micron sized drops in a
spinodal matrix. See Figure 25. Volwume fraction of the drops is about

20%.

Micrographs of the 70/30 glasa show a large quantity, approximately

13



Zu

d

Figure 19. A525e3 fracture surface.

Figure 20. A328e3 fracture surface.
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Figure 21. 40/60 glass fracture surface.
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Figure 22. 40/60 glass fracture surface.
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Figure 23. 40/60 glass fracture surface.

Figure 24.

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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40% volume fractionm, of small droplets. The majority are less than' one
micron in diameter. Many of the droplets are combining or are connnec=
ted. In Figures 26 through 28, the droplet morphology is clearly
apparent, and 1is distinguishable from a spinodal structure.

The 80/20 glass shows a structure indicative of a spinodal decom-
position process. The droplet morphology 18 discernable, but the struc=
ture is primarily that of two interconnected continuous phases. The

volume fraction of the second phase is about 30%. Figures 29 and 30 are

of the 80/20 glass.



Figure 27. 70/30 glass, etched fracture surface.

Figure 28. 70/30 glass, etched fracture surface.
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Figure 29.

Figure 30.

80/20 glass, etched fracture surface.

80/20 glass, etched fracture surface.
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CHAPTER IV
DISCUSSION

The results of the x-ray studies indicate 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
crystallization 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 1is

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 $0/20 and 70/30 glasses indicates that there are two
crystalline phases forming in these compositions. These phases may both
crystallize 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 amcunt of phase separation in the higher tellurium glasses
which was noted in the E.M. studies.

Bagley and Bair21 conducted differential scanning calorimetry on

40



T
)
#
T a0 R0k—
?ﬂ
=
o
i ‘,/\_‘
E LY
3 8080} -+
AORO—— -
0:100 —_—
20 : 120 I4‘O 160 180 200 220 240 260 280
TEMPERATURE (°C)
Figure 31. Composition dependence in DTA curves.

41

182

300

e e



42

*s$2AIND YLJ UT 23ea SBuyieay jo 3IDIFII

(0« IHNLYHIINEL
oyZ2 022 002 o8t o9l ol 021

*Z¢ 2an3yg

e

ks

v

s il

La =

q

(Ulw/de) 34VY &I.LVEH

(s




43

arsenic triselinide-arsenic tritelluride glasses with As21e31A32803
ratios of 3/1, 2/1, and 1/2. The crystallization temperatures they
determined (see Table 2) agree well with our data. However, they noted
a small exothermic reaction preceding crystallization which they attri-
buted to a glass transition. They also noted a doubly peaked endotherm
at melting. They offered no explanation for the double peaks. In
1ight of the phase separation our structural studies show is present in
these glasses, it is reasonable to attribute the double peaks to a two
phase melting occurring. Lack of a double peak at crystallization could
be due to simultaneous crystallization of both phases.

Bagley and Northover22 did not detect phase separation by elec-
tron microscopy in the glasses used by Bagley and Bair. However, they
primarily used transmission microscopy on thin films, with some replica
work on unetched, fracture surfaces. Phase separation 1is difficult to
detect in specimens that have not been etched. If the electron densi-
ties of the separated phases are gsimilar, then it 1is difficult if not
impossible to detect phase geparation in transmission. Also, a thin
f11m of an amorphous material does not necessarily have the same struc-
ture as the bulk material.

The electron microscopic studies indicate the presence of separa-
ted phases in all the compositions studied. The DTA and x-ray data shows
both (or all) of the phases to be amorphous. Since the phase gseparated
glasses include both binary sides of the ternary phase diagram, it 1is
likely that the phase separation, and therefore an {mmiscibility gap,
extends across the entire arsenic tritelluride-arsenic triselinide join.

The morphology of the phases observed in the glasses indicate
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that two phase separation processes are occurring: 8 nucleation and
grovth type of separation and a spinodal decomposition process. Nucle-
ation and growth occurs by the classically 1ccepted process of growth
of a heterogeneously nucleated particle. Formation of well rounded
spheriods or droplets is indicative of this type of diffusion controlled
growth occurring in an amorphous material. The surface tension of the
glassy-1iquid controls the shape of the drop. This structure is siullar
to a suspension of water and oil.

Spinodal decomposition occurs 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 ccurse, have a different

composition than the original phase. A summary of the thermodynamic

13 is given here.

description of these processes by Cahn and Charles
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 metastability can and does occur commonly. In some systems
there exists a temperature, which is a function of composition,
where this necessary cri-erion for stability breaks down. This
1imit to the metastability 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 nucleation, since the phase 18 no
longer metastable but unstable. The related phases that form may
be the equilibrium 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, Gibb's condition for metastability reduces to

92F/3c2>0 where F is the molar free energy and ¢ 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 1s
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most commonly to be expected in systems having s consolute temper-
ature. Consider a binary system wvith an upper consvlute (some-
times called critical) temperature, T (Pigure 33). At a constant
temperature above the consolute tempefature, the molar free energy
F, as a function of composition must curve upward everywhere, Fig-
ure 33b. (Otherwise seraration into two phases would reduce free
energy). As the temperature ie dropped the curve rises by an amount
proportional to the solat sntropy.

aF
aT

Because the entropy is expected to be smallest for the two pure
1iquids (and for compounds) and greatest near the middle of the
composition range, the free energy curve flattens as the temperature
is dropped and, eveatally, below the consolute temperature, a por-
tion with negative curvature develops. If the composition lies be-
tween the compositions a and b, the lowest free energy is a two-phase
mixture with one phase having couposition a and the other b. Outside
these limits a single phase is still stable.

In Figure 33b the inflexions in F occur at c and d and are the spin-
odal compositions for the temperature T1, lying somewhere between a
and b. If the free energy function exists and has no discontinuities
in slope, the inflexions must exist a: all temperatures below the
upper consolute temperature. Therefore, the unstable region, be-
neath the spinodal, is shown in Figure 33a to extend to the consolute
temperature.

The metastable region exists between the spinodal and the phase
boundary. If the single phase is cooled from above the phase bound-
ary into this region, it would be metastable and would only decom-
pose into the two phases 1f the second phase can nucleate. Any
attempt by the system to separate into regions differing only slight-
ly in composition will raise the system free energy. I1f, however,
the single phase 1is brought within the unstable region (between C
and d) the system can continuously lower its free energy by contin-
uous compositional changes until it reaches the two phases of equi-
1ibrium composition at a and b..... In the region where 32F/3c2>0,
the single phase 1iquid is metastable to infinitesimal composition
fluctuations, and the second liguid ghaae must form by nucleation.
In the unstable region, where 3°F/3c%<0, the single phase liquid 1is
unstable to infinitesimal composition fluctuations, and phase sepa-
ration proceeds without nucleation..... The characteristics of phase
separation by nucleation and growth are the appearance of recognis-
able and distinctly separated particles of the new phase which in
time grow in size and may coalesce.

When a single phase liquid 1s cooled through the metastable region

rapidly enough to prevent appreciable phase separation, the mode of
phase separation changes radically after it crosse= the spinodal into
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the unstable region. Particles which had nucleated and were grow-
ing, now stop growing and become centres from which sinusoidal
composition variations spread outward..... Two completely inter-
penetrating phases are formed from an initially homogeneous single
phase. Each phase has a high degree of connectivity. The geometry
of this two-phase structure initially remains unaltered, while the
difference in composition between the two phases changes with time.
Table 5 lists some of the factors which differentiate betveen the
mechanisms.

The variation in the stages of phase separation in the samples
studied makes it difficult to accurately correlate the amount of phase
separation with composition. Generally the glasses with a higher sel-
enium content tend to be more stable and exhibit less phase separation.
This is significant in 1ight of the concurrent switching studies being
done by Sandersza in this laboratory. Sanders' results indicate that
the higher selenium glasses have higher breakdown volt: jes and are more
gstable switches than the high tellurium glasses. This indicates a cor-
relation between switching and the structure due to phase sepa~ation.
Careful electron microscopic studies of heat treated glasses are needed
to determine the extent of the phase separation and the compositions of
the separated phases. Further switching studies of these heat treated
glasses would allow any correlation to be verified.

The results of the electrical studies are conclusive. The con-
ductivity-temperature pehavior is typical of an intrinsic semicouductor.
The D.C. conductivity data generally agree well with the results of
Roilos.25 Slight variations are probably due to thermal history
differences.26 The D.C. data as plotted in Figure 10 is r-peated in
Figure 34 with the data of Roilos. The activation energies are compared

in Table 4. The room temperature conductivity also agrees well with

that of Mott and Davis.26 This data is graphed in Figure 35. As noted
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s Table &, there 1+ & variation In the pre-espoasatial tem, @, vith
& saning 3t (he 60/40 compesition. 1t appeated to Mott and Nmn
(Lot the pre-espenential terw “remained cosentiaily constant.” T
variation tn the D.C. electrical properties with conposition ls prob-
ably due to the iaterstitial substitution of selenium by the heavier
tellurium aton. Structural rearrangements may also play & vole, but

it 1s felt that it would Ye & minor role in thia case.

The disparsions in the tan del versus frequency curves indicate
that Maxwall-Wegner-Sillars teterogeneous loss conditions are present.
1hese losses result from the presence of structursl inhomogeneities,
such as crystallites or other large particles with distinct boundaries.

There can te some doubt that the disparsions 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 mi-
crostructural studies, these losses are logically due to the structural
{nhomogeneities 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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dispersions ercor (o1 the difTeront compositions feonlte from cluegse
in the microstrvetnre. These changes are dut (o the varlation in the
ancunt of phase separatica in the glasses.

The relationship between the strvetufe and electlcal properties
of these glasses cannet yet be fully defined. It is possible that they
are related solely threugh a compositional dependence. This author
feels that the structursl dependence is predominant, but additional
studies with heat treated glasses are needed to correlate the structural
and corpositional variables. The-e studies are needed to fully charac-

terize the systew.
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CONCLUS10K3

All of the arsenic triselinide-arsenic tritelluride glasses
Mazh’(l-mzh)) udied from x = 0 to x = 80 are phase separated.
This indicates that there axiats a siscibility gap across the entire
ternary phase diagram of the arsenic-selenium-tellurium system. The
structure appears to be related to and vary with cosposition, but
vithout further study the relationship cannot be defined. Analogous
phase separation has been noted by other authors in related chalco-~
genide systems.

The electrical properties of these glasses vary with composi-
tion. D.C. conductivity increases with tellurium content. Activation
energy decreases with tellurium content and o, 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 inhomogeneities 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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CMArTER VI
RECCOMMNDATIONS FOR FIRTNER STADY

Electrical and structural studies equivaleat to those described
in this thesis need to be conducted using heat treated sasples. The
use of annealed elecrical specimens would allov any compositional
influence on the electrical properties to be defined. Correlations
botween the dielectric losses and the phase separated structure would
result from careful structural analysis of these same heat treated
glasses. Extreme care should be exercised in the annealing process
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 arz important correlations in this area.
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ELECTRICAL ENGINEERING

U.H.F. AND MICROWAVE DIELECTRIC PROPERTIES OF
A CLASS OF AMORPHOUS SEMICONDUCTORS

JOHN DAVID PEARSON

Thesis under the direction of Professor lLarry Kittrell Wilson

Recent interest in amorphous semiconductors has focused
primarily on the electrical switching pbehavior of these materials.

Very little work has been directed, however, toward characterizing
their dielectric properties at radio frequencies, especlally in the
U.H.F. and microwave range.

This paper considers the corrpositional variation in the
dielectric properties of the glass syste 'x)AszTc3(1—x)As28e3 for
x=0.4,0.5,0.6,0.7, and 0.8 over the frequ - ~ange 100-18,000 Mnhz, at
room temperature (25°C) .

The materials Were prepared by L. the mixtures of As2’l‘c3 arxl
1\s28e3 in a rocking furnace. After he ., fOP several hours, the
molten material was quenched 1n water.

Complex permittivity measurements were made by three techniques.
For the freguency range 100-500 Mnz, the materials were staped Into
circular disko and placed in an air-filled coaxial line. A Thurston
bridge was used to determine the complex 1m,edance of the sample, whilch
was used to calculate the dlelectric constant and loss tangent. In the
range 500-2,000 Mnz, a slotted coaxial 1ine was used to measure null
shift and VSWR, which led to the calculation of the sample {mpedance

and the dielectric properties. 1In the range 12,000-18,000 Mhz,
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rectangular shaped samples were used in conjunction with a Ku-band
slotted wavegulde. The dlelectric properties were obtained by measuriry
VSWR, wavelength, and position of the voltage minimum and using the
Von Hippel Standing Wave Method to calculate the proper order solutlon
to a complex transcendental eguation.

The average dlielectric propertles measured ovet .he entire

frequency range are as follows:

Composition s tan §
BO%AS. .g'I‘e3 EO%AS 3 10.0 0.05%
70.@Ao 3 O%A3?8e3 9.3 0.049
GO%AQ 'I‘e3 HOpAoz 3 7.9 0.0“2
)O%Au 3 ‘O%Ao 702 0.030
uoms?-'re 60%1\3? g 7.0 0.020

The dlelectric properties of the samples were fourd to be
vssentially frequency !nieperdent over the frequency range studled, with
slight variations attributed to differences in experimental techiniques.
By Increasing the Tellurlum composition, it was found that the
dlelectric constant can be varied fron approximately 7.0 to 10.0. M
loss tangent v s also found to increase with increasing le content wed
varied between approximately 0.02 and 0.06. ‘The dielectric propertliecs
of this glass system Conpare favorably with those of dielectric

materials used for microwave substrates, such as YIG, Silicon, or

A1SSMap.
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CHAPIER 1
{ INTRODUCTION

Amorphous semiconductors are disordered materials in which atoms
s have local organization or short-range order, but lack the periodic
structure of crystals, for distances greater than a few atomic radii.
‘Ihe atomic positions in the nearest and next nearest neighbor: are Lthus
essentially the same in the amorphous and crystalline states f1l.
Flements which can be formed into amorphous compounds exhiblting thedse
“ characterlstics include germanium and silicon (Group IV), antimuny,

arsenic, and bismuth (Group V), ard selenlum, sulfur, and tellurium

e

(Group V1) [2]. The present study centers arowx examining some
1 propertics of a class of these amorphous materials, A32 .,-Asz.‘)e3.
feworphous semiconductors are probably most well known for thelr

!

Ll

d switching ard memory effects. In 1998 S. R. Ovshinsky began research on

il these devices and in 1061 flled a patent on an amorphous device, WBfie-

308A8-12551-105Ge, which was lnsensitive to polarity in switchiny
wraticns (3], Llater in 1961, A. D. Pearson, J. F. Desald, W. K.

Northover, and ¥. F. Peck discovered switching and memory phenomeni in

¢

hs-Te-1 glass. However its reset properties were subject to polarity
(4,5]. D. L. Eaton reported the same phenomena ln this glass in 190
(6). In 1963 switching behavior was found in glasses of the class

TIAs(5e,Te),, by Kolomlets and Lebedev (7]. Later W. R. Eubank four
switching behavior in Sb-S-1 glass [8]). Since -his time considerable

o G b=



efforts have been spent in studying the switching prorerties of other
amorphous materials [9].

A threshold switch is a two terminal device which can be in an
off (almost nonconducting) state or in a= on (conducting) state. When
the applied voltage 1s greater than the threshold value, the system
switches to the conducting state and produces a "negative resistance"
effect. lowever 1f the current 1s reduced below its critical "holding"
value, the glass will switch back to its original high resistance statc.
Threshold switching has been seen to occur in 250 picosecond, with a one
microsecond delay before switching (10].

The memory switch is similar to the threshold switch, but has a
stable "on" state, and thus i3 a bistable device. When a high voltage
pulse is applied to the switch when "off," heating and structural
changes occur in the device with a partial ordering of its structure,
amd the device is permanently switched to the "on" stite. Iy will
remaln there even I the current is completely removed. It is belleved
that tle voltage pulse results in the growth of a crystal filawmnt or
pathway between anode and cathode, resulting in a low resistance puath
for the current (1). The switch can be restored to the off state by
applylng a threshold pulse of either polarity [5]). Switching Limes tur
meoty switches have been observed to be on the order of a few
millisecorsin [1C].

In addition to examining the switching properties of amorpliou:
semiconductors, rmany researchers have studied various electrical and
physical properties of these raterials. Properties considered In the

last several ycars include the optical absorption spectrum [ 11], the

<19)
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variation of conductivity in the audio and high frequency range, the
temperature dependence of the d.c. conductivity [12,13,14] and the
thermal switching properties [15]. A general overview of research in
the field is given in a recent National Materlals Advisory Board report
tmd,

At Vanderbilt University cthe switching properties of the glass
system (x)l\s::,’I‘eB(l-x)xﬂsz,Se3 have recently been studied [76,32]. The
electrical, thermal, and structural properties of this system have also
been extensively investigated [17]. The dielectric properties of the
glass in the frequency range from d.c. to 10 Mhz have been studied ac a
function of microst:ucture by Hill [18]. The only known research
characterizing the high frequency dielectric properties of this glaus
system was published recently by this writer and others [19].

The purpose of the research presented in the present paper 1s to
examine the U.H.F. and microwave dielectric properties of the glass
system (x)rxsz'l\z'j(l-x)A:sz&;e3 for x=0.4,0.5,0.6,0.7, and 0.8, and in
particular to note their range of variation as a function of tellurium

content.

<11
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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 loss 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
VSWR. This data was substituted into the transmission line equations
for input admittance to yleld the sample admittance, which was used with
the capacitance equations, as above, to calculate the dielectric
constant and loss tangent.

In the range 12,000-18,000 Mhz a K,-bard slotted wavegulde was
used, terminated with the sample and a varlable short circuit.
Measurements taken were wavelength, position of the voltage minimum, and
VSWR., A graphical technique gilven by Von Hippel was used to solve the
equation for the wave impedance in the sample, which led to the
dielectric constant and loss tangent of the sample.

The materials were prepared by fusing the appropriate mixture of



e R

4

Asa'l\e3 ani A525e3 in evacuated Vycor aspoules al 800°C 1n o rookine
furnace. After heating for one hour the olten materlal wes querled ih
water. The samples were then shaped wud polished with welled €0 aesd A
jgrit carborundwn paper, into circular disks and rectaseles for Lie
frequency ranges 100-2,000 Mhz and 12,000-18,000 Mt respectively.

100-500 Mhz

In this frequency range the admittance of a sample positiciesd at
the end of an air-filled coaxial line was measured by a Thurston Bridee.
Using this value in the equations for a parallel plate capacitor, tis
dielectric constant and loss tangent of its dielectric sample wui
calculated. The parallel plate capacitor arrangement of the sample 1o
shown in Figure 1 and its electrical equivalent is shown in Plgure 2.

A is the area of the sample face and T is the sample thicknes::.
T is excggerated in Figure 1 for clarity. However a very thin sample
was used to avoid fringing effects. 1 g and Ic are the dissipative awrl
reactive currents in the sample, respectively. The derivation of the:
permittivity below follows the treatment given by Harrington [20).

The voltage-current relationship for a capacitor is

I=Ig+iL=YV=(G+JwC)V (1)
and the fleld strength and current density are, respectively, islven by
E=g ()
and J = % (3)
The constitutive relation for the field in the dielectric is
J= (o + we" + Jue')E (")
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where oF represents the conduction current component and (we" + Jwe')E
represents the displacement current components. Substituting Equations

(2) and (3) into (4),

I=((o+us" + Jue ) (PN )

Comparing (5) with (1) we find
Y =G+ JuC = (o + ue" + Jue')n (6)
or G = (o +ue")g (1)
and C = (s')% . (8)

Substituting C % in Equation (8), and dropping o from (7)

because it is small for the glasses considered, and dividing both
equations by €5 to glve relative values, we can solve for the complex

permittivity:
- (9)

€ _wA
o)

n 2 OF

C 3
e _whA
o)

Dividing FEquation (10) by Equation (9) we obtain the loss tangent

(10)

S Bag
tané-s-B (11)

The computer program COMP given in Appendix I uses the above equatioris
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-B Thurston Bridge or
admittance meter, to obtain tne complex admittance of the samplc whlch
was placed at the end of a siorted air-filled coaxial line. The sampleo
were circular disks, approxiimately 0.246" in dliameter and ranged In

thickness between 0.029" and 0.042". Figure 3 shows a block diagram of

210
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the setup used.

The rf souwrce was set to the operating frequency arxd the locul rf
source was set to a frequency 30 Mhz below this. A 30 Mhz amplifier and
meter were used to adjust the alrline 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, the
sample admittance wes read directly in millimhos. The frequency was
read by detecting a harmonic with a Transfer Oscillator and a 10 Mhz
Electronic Counter. The technique used 1n this frequency range was not
repeated for higher frequencies because of the unavallability of two
stable rf sources covering frequencles greater than 500 Mhz.

A 90° coaxial bend was placed at the end of the air-line with thc
sample holder and varlable short placed vertically into this. This io
detailed in Figure 4. The sample was placed atop the brass rod which
extended up from the bottom of the sample 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 made
contact with the sample. Admittance measurements were then taken with

data treated according to the program COMP given in Appendix I.

500 Mhz=-2,000 Mnz

In this frequency rarni= a slotted coaxial line, terminated in a
circular sample and a variable short, was used in measuring the null

shift and VSWR. This data was used to calculate the sample admittarnce,

<16
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FIGURE 3. Equipment setup for measuring dielectric constant and loas
tangent in the range 100-500 Mhz.
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which was used with the parallel plate capacitance relations to
calculate the dlelectric constant and loss tangent of' the sample.
e derivation of tis transmissicn line admittance equation is
given below. It is sirilar to that given for tmpedance by Collin ).
Pigure 9 shows a U sminsion 1ine, terminated in a load YL' and with
{peldent and reflected voltages v* and V- respectively. The incident
arnd reflected waves irterfere Lo form & sinusoidal standing wave’
pattern,  Thus the voltage at any point on the line can be written as
v = vtedBt o veItt (12)
where 8 = %—'-'— is the propagation constant at some frequency, and t > O.
Similarly the current at any point is
P AL o i L (13)
The normalized input admittance 1is
g Yin (l/yc) V*eJB‘ - v”e'Jal

Ym'?’”"%‘)(\% =y " Fiet =)
c c viel®t ¢+ Ve

(14)

where Yc is the characteristic admittance of the line. By definition
the reflection coefficient at the load 18 Ty = V_'; Thus (14) can be
\'f

rewritten as

JRL _ . o=JBt
. e re

Le-J Bl

(15)

in  J8L 4 p

2. -1
r. can also be written as Iy = -,—L-—--c-, a well known identity derived
L L ¢+ Lo

by Collin [21]. This jdentity can be rewrltten as

T 5% 1 &%
R e ol = (€8)
c L 1+YL

Now replacing ezjaa py (cos B2 * Jsin 12) and substituting Equation (16)
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into (1%) we obtain
Y. cos 82 + jsin Bt
K= — (xr)
cos 8t + JY sin 62

his can be solved for YL’ the sample admittance,

_ ¥ cos Bt - Jsin 62
v, - _ (18)
cos R = JYmsin B2

At tle voltage mininum the value 71 ;, 1s real and in magnitude equals the
VSWR, as proved in Apperdix 1I. The computer programn SLOT shown in
Appendix II uses Equation (18) for admittance with Fquations (9) ard
(11) to calculate values of dlelectric constant and loss tangent for tic
samples.

The cquipment used for this frequency range included a slotted
coaxial line (G.R. Tlype 900-LB) which was used for measuring null shift
and VSWR. “The same disk-shaped samples used in the frequency rangc
100-500 Mhz were used in this range and the sample holder of Flgure h
was used at the end of the slotted line. The setup used 1s shown in
Iisure 6. The frequency was measured by using a transfer 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 0.001 meter. The VSWR was read from this
scale by the two point method, sirce high VSWR values were encountered
[22]. 'This method involves finding the position of a standing wave
voltage minimum along the slotted 1ine using a square law detector and a

1000 Hz meter. Then the positions of points on each side of the minimum

<<l
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FIGURE 6. Equipment setup for measuring dielectric constant and loss
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were read, which had exactly twice the power detected as that at the
mintrum. The VSWR was then computed by the two-point forvula

vaar = LEK) (19)

)
where AY. is the distance between the twice power points and A 13 the
wavelength In the slovted lire. In this frequency range, the two-polnt
method 1 valld forr VOWH's greater than ten, but a correction can be
applied for smaller values (22]. The null shift or difference In l)
position, for the sample in and out of the circuit, was measurwd mear
Lixe center of the slotted 1line. ‘Ihese three pieces of data, null shilt,

wave lergth (from frequency), ana VSWR, were read for each frequerncy of’

- interest in the range 500-2,000 Mhz. The data was treated according to

the program SLOT given in Appendix II. This technique was not used
above 3,000 Mhz be uuse the samle arrangement could ther. no longer be
consldered to be a lumped capacitance [23]. This caparitance techninue
was used successfully by Daly, et al [24] up through che frequency 2,00
Mhi, but they suggest 3,000 Mhz as Lhe upper 1imit for obtaininy, useful

data by this method.

12,000 Mhz-18,000 Mb-

For this frequency range, a K u-band slotted wavegulde, terminated
with the sample and a variable short clrcult was used. The rectangular
sample, slightly smaller than waveguide dimensions (0.622" x 0.311"),
was placed just inside the varlable waveguide short. A tightly fitting
styrofoam spacer held the sample erect 1n the guide. The sample

Lhi ckness was approximately 0.22". The setup used is shown in Fipgure 7.

3
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A varliable attenuator was used to decrease the reflected signal
from Lhe short, a Ku-b:md isolator not beilng available at the tine of
testing. A vernier scale allowed readings to 0.1 mm, but table arv
wavegulde vibration caused by the oscillator fan, caused the probe
position to move slightly, resulting in an accuracy of about 0. nmm.

Measurements taken for this method were wavelength, position of
the voltage minimen, axd VOWR. ‘Ihe two point method was again used to
obtain the VSWR, readings being taken near the center of the wavejuldc
to avold end effects. A broadband probe was used to detect the simial.
The voltage minimum of the VSWR pattern was made to appear on the
lowest scale of the 1000 He meter by shortening the probe depth. botore
any measurements were taken for lass samples, a number of tefloun strip:
were used as a sample. These strips were slightly smaller than the
waveguide dimensions and were pressed together by the strofoam spacer.
Measured values of the teflon's dielectric constant averaged within 0%
of known values. '

The method used for this frequency range is derived in completc
form by Roberts [25] and by Von Hippel [22]. It involves equatlng the
wave impedance of the alr-filled waveguide with that of the sample
#11led sectlon of wavepuide, at the alr-sample interface. By using
charts [22] which gave solutions to the resulting complex transcendental
equations, the propagation constart in the sample was calculated. his

then led to the complex permittivity of the sample,

L] g
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(=% - J2y2
X c 2n (20)

- &

B 1.2
(—)‘_cz—)+(3‘-)

where A N is the cut-off wavelength and equals twice the width of the

waveguide. The dielectric constant ard loss tangent are then glven by

! = Re[e*] (21)
*

tan & = Wled (22)
Rele ]

The computer program HIPELKU given in Appendix III uses Von
Hippel's equations to determine the wave impedance at the air-sample
interface. This value was u.sed with the available charts [22] and
allowed the determination of Yos the propagation constant in the sample,
and the complex permittivity, in the computer program FINALKU of

Appendix III.
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CHAPTER III
RESULTS

As described in Chapter II, dlelectric constant and loss tangent
data were taken in three frequency bands, 100-500 Mhz, 500-2,000 Mhz,
and 12,000-18,000 Mhz. The data thus obtailned for dielectric constant
is combined together on one continuous graph as a function of frequency
in Figure 8. Figure 9 shows the combined data for loss tangent versus
frequency. The average values of data for the eatire frequency range,
100 Mhz-18,000 Mhz, are indicated in these figures by a dashed line for
each composition.

The variation of dielectric constant with composition of the
material is more clearly indicated in Figure 10. This figure shows the
average value of dlelectric constant taken over the entire frequerncy
range, plotted against the five compositions of AszTe3-Aszse3 glass. Ly
increasing the tellurium content of the glass, it was found that the
dielectric constant can be varied from approximately 7.0 to 10.0, for
the compositions studied. The values for dielectric constant fourd here
compare favorably with data recently given for A82363 by Taylor, et al
[26], by Crevecoeur, et al [27], and by Lakatos, et al [28], who give 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 entirc
frequency range, plotted against the five compositions of Asz'Ib3-A825}c3

19
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glass. The loss tangent was found to also increase with increasing
tellwium content, and varied between approximately 0.02 and 0.06.
Cprevecoeur and de Wit [27] have presented the loss tangent of A523e3
lass over the frequency range lO2 to 10:LO Hz. In the U.H.F. and
microwave reglons, they give an average loss tangent of 10‘“. However:
other investigators [29,30) give loss tangents for this material
averagling between 10—2 and 10'3. These values may be considered ac a
low limit to the data for loss tangent given in the present study, slrnce
they represent glass naving 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
ervors 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 1V
CONCLUSION

This paper has presented the U.H.F. and microwave dielectric
properties of the glass system (x)As2Te3(l—x)Aszse3 for x=0.4,0.5,0.0,
0.7, 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 the glass system is an a dielectric substrate
material for microstrip transmission lines. Within a given range, one
may choose the composition 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 stilll retalning
the amorphous properties. Commonly used microwave substrates with
dielectric properties in this region are Silicon (e = 11.5, tan 4 =
0.15), Yttrium Iron Garnet (YIG), and AlSiMag [30]. The glass system
presently studled has several properties which are desirable in choosing
4 cubstrate materlal [31]. These include a fairly high dielectric
constant, high resistivity [11], essentially constant permittivity over
the UMLK, and microwave regions, and a good surface smoothness with no

surface ripples comparable to the size of the thin-film components. 'The

25
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glass also exhibits a high dielectric strength, dependent on the

magnitude of the threshold voltage required for switching.

il
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APPENDIX I
COMP

Line

1 WR1TE(6,200)

2 5 READ(%,100)G,B,FREQ,DIA,T

3 G=0.001%G

4 B=0.001*B

5 C=B/(6.2832%FREQ)

6 A=0.7854% ((DIA)#*¥2)

1 CAIR=(0.0254%A)/(113.0973*T)

8 EP=C/CAIR

9 TNDLT=G/B

10 WRITE (6,300)FREQ
11 WRITE(6,400)EP,TNDLT
12 100 FORMAT(9G)
13 200 FORMAT('G(MMHO),B(MMHO),FHEQ(GHZ),DIA(IN),TH(IN)')
14 300 FORMAT('FREQ='F7.3,1X'GH.')
15 400 FORMAT('EP='F10.5,5X'LOSS TANGENT="'F10.5/)
16 END

The program COMP uses the admittance data from the Thurston
Bridge to calculate the relative dielectric constant and loss tangent of
the sample In the frequency range 100-500 Mhz. Values of G ard B arc
entered in millimhos, the frequency in Gigahertz, ard the sample
dimensions in inches.

In deriving the equations for permittivity shown 1n the propran,

Lquation (9) is first rewrltten as

(23)

his 1s seen to be the ratio of the capacitance measured with the sample

in, to the capacitance calculated for the sample out (free space

21



dielectric), when the thickness T is equal in each case. 'The numerator
of Equation (23) is shown on line 5 of the program. The denominator is
multiplied by 0.025L4 to change inches to meters. e, is normalized and
is written as —3%;'- = 'ﬁ'3—1'0—97§ The factor 109 is dropped trom € ard 1s
also dropped from the frequency, which is expressed in Gigahertz. This
eliminates very small numbers from computer prograim calculations. Note
that the 109 factors would have cancelled in Equation (23) even if they
were not dropped. e resulting equations used to calculate dielectric

constant and loss tangent are shown on 1ines 7 and 8 of the prograif.

Jdb



APPENDIX II

SLOT

rﬂ
[y
=
®

COMPLEX CJ,YL

WRITE(6,200)

READ(5,100)DIA,T

WRITE(6,300)
READ(5,100)FREQ,X1,X2,B0,Bl1
EIMG=30./FREQ
VSWR=ELMG/(3.1416¥(X2-X1))
YIN=VSWR

BETA=6.2832/ELMG

10 ELL=(BO-B1)

11 A=BETA¥*ELL

12 C=SIN(A)

13 D=COS(A)

14 CJ=CMPLX(0.,C)

15 Y1.=0.02% (YIN¥D-CJ )/(D-YIN*CJ)
16 G=REAL(YL)

17 B=AIMAG(YL)

18 C=B/(6.2832*FREQ)

19 A=0.785U%% ((DTA)#*#2)

20 CAIR=(0.025/%A)/(113.0973*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)')

26 300 FORMAT('FREQ(GHZ),X1,X2,B0,Bl(ALL IN CM)')
25 400 FORMAT('EP='F10.5,5X'LOSS TANGENT='F10.5/)
2 END

O O~ o\ Fw o

The program SLOT uses the data from slotted line measurement:
and sample dimenslons to calculate the relative dielectric constant ard
loss tangent of the sample in the frequency range 500-2,000 Mhz. The
VSWR was obtained by the two-point method (line 7 of program) wherein

the position of the voltage minimum, Bl, and its twice power polnts on

29
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either sid2, X1 and X2, were observed. BO 1s the position of the
voltage minimum with the sample removed and the line short circuited,
and (BO-Bl) 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 1

of a voltage minimum. This value is therefore real and maximun arvl can

n of line 15 is the 1lnput admittance at the positlion

be written Yin =G i For the position of a null, Fquation (16) for

reflection coefficient can be rewrlitten

l1-G
[ X (24)
1+Gmax

By definition the voltage standing wave ratio is

A R 1 s i Y R ,
0 E A B N W 1 (25)
VI - VT 1= (VA

Substituting (24) into (2%),

1+G . +|1-G |
o . _max _max (26)
1+G . - |1 - Gmaxl
Since G is greater than 1, then |1 - 6rraxl =Gy ~ 1+ 'Then (26) may
be rewrlitten
5 =G (*7)

max
which states that the VOWR equals the magnitude of the normalized input

conductance (or admittance) at a null. 'li.i< result is shown on line 8
of the program.
Te load admittance 1s calculated on line 15 ard 1s denormallzed

by multiplying by 0.02 mho. Lines 16-22 of the program, which calculate

U8
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the relative dielectric constant and loss tangent of the sample in a
capacltor arrangement, are ldentical in form and method to those given

in Appendix I in the program COMP.

<39
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APPENDIX III
HIPELKU AND FINALKU
Hipelku

Line

1 COMPLEX B1,CEJZ,ELMG1
2 READ(5,100)D1
3 D=2. su*m
M READ(5,100)X1,X2,X11,X22
5 AL2-(X11+X22)/2
6 AL1=(X14X2)/2.
i ELMG=2. *(ALl-ALz)
8 X0=AL240.56-
9 VSWR=ELMG/(3. ]u]6*(((x1-x2)+(x11-x22))/2.))
10 RECIP=1./VSWR
11 A=6 . 2832%X0/ELMG
12 B=SIN(A)/COS(A)
13 B1=CMPLX(0.,B)
14 ETMG1=CMPLX (0. ,ELMG)
15 cmz=(-mm1/(6 2832*0))*(RECIP-BI)/(I.-(RECIP'Bl))
16 C=CABS(CEJZ)
17 RECPC=1./C
18 F=REAL(CEJZ)
19 G=AIMAG(CEJZ)
20 YRE=ATAN2(G,F)
21 7=/ RA*180./3.1416
WRITE(O, 200)r Z ,RECIC
23 100 I‘ORMAT(9
2l 200 FORMAT('C='F9.4 ,5X ' %(DEGREES )= ' F12., 3, 5X'ONE OVER C='19.4/)
25 END

The program HIPELKU uses the experimental data for the frequercy
range 12,000-18,0CT %z, with line 15 of the program, to calculate the
parameters C and 2 of the complex number Ce';z. 2 sample “hickness Dl
15 enterel in inches, while the slotted waveguide readings are entcred
in centimeters. 'The reudings X1 and X2 are twice power points on elther

side of the null ALl, the same belng true for X11, X22, and Al2. In
line £ the position of :he voltage null (X0) with respect to the sample
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face is calculated. The quantity (0.56-D) centimeter is added to this
line because the shorting plurger was fixed at a position 0.56
sentimeter inside the mouth of the waveguide short, and the sample, of
thickness D, was placed In this space. The VSWR was calculated by the
two-point method as shown on line 9.

The values C and %, calculated on lines 16 and 21, are entercd
{nto tables which allow cne to read T and 7, the parameters of the
comlex nunber Ted¥. T and 1 are then entered in the progran FINALKU

shown below, which calculates the dielectric constant and loss tungent.

Finalku

Line

1 COMPLEX TAUKC ,GAM2 EPSIN
2 READ(5,100)H,D

3 READ(5 . 100)AL1,AL2,T,TAU
i TAURTAU3. 14159/180.

5 TAURC=CMPLX (0. ,TAUR)

6 DCMe2 . 5U¥D

/ GAM2= (T#CEXP(TAURC) ) /1XCM
8 A=0.622

9 B0, 311

10 ACM=2 . 5U%A

11 FL1P=1./(l4 . SACMPACM)

12 ELMG=2 . % (ALL-AL2)

13 EPSUJ-(FLIP-(GFWM.2832)"2)/(1"1.11’4'(1./EL‘"LJ )ue2)

14 EMP=REAL (EPSLN)

1% EMPP=AIMAG(EPSLN)

16 THDLA=EMPP/IMP

17 ECP=EMPRLY (1= ( (B-11) *EMP) )

18 TNDLCTHDLM# 1/ (B=( (B-H) *EMP) )

19 WIT'IE(6,200)FCP , THDLC

20 WIRI'IE(G, 300)13P , TNDLIA

21 100 FORMAT(9G)

22 200 1-mc-m'r§'mmmmxc CONSTANT(CORR) = 'F11.7 ,5X, ' LOSS TANG(COHI)=*
1.7/

23 400 mmr()'mmmmc CONSTANT(MEAS )= 'F11.7,5X,, ' LOSS TANG(MEAS)="
F11.7/

2l END

211
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The lnput data for ~his progras include sample heigt anmd
thiciowss, N and D, silch are entered in inches, slotted lire
measurements In centiseters, are values for 7 and 1 cbtalned from clints
axl the program HIFELAU, Tre dielectric constamt &l loss tangerd wv
calculated using equations (20) through (22}, in lines 13-16 of FINALIY.
Tese values are “hen coitected by using formilas given Ly Wirl arvl
Rapuport [33) which correct ¢’ we! tan ¢ for the air g between tis:
sample and the brvedwall of the waveguide. The coirected values for
dielectric constamt and loss tangent are calculatod on lines 17 amd 16,
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