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ABSTRACT

The purpcse of the first part of this study was to
experimentally determine the effects of neutron capture

induced defects on M8ssbauer hyperfine spectra in Telzs.

124

Thermal neutron capture in Te is used to simultaneously

Tel25m and to

produce the MYssbauer isomeric state parent
introduce the parent nucleus as a defect in the lattice.

The displacement mechanism is the recoil of the nucleus

due to the emission cf 6.4 Mev of "prompt" gamma rays fol-
lowing the neutron capture. Since the Mbssbauer hyperfine
spectrum is sensitive to the immediate electronic environ-

ment cf the emitting nucleus, the Mbssbauer spectrum should
provide information on characteristic defect environments.

The effects were experimentally investigated by irradi-
ating tellurium compounds enriched in Tel24 with thermal
neutrons. The MYssbauer resonance absorption spectrum was
then measured against a single line absorber. This spectrum
should be characteristic of the lattice with the atoms dis-
placed from the normal lattice sites. The spectrum character-
istic of the "ideal" lattice was obtained using the same sources
following heat treatment to restore the atoms to their normal
lattice environment.

The measurements were performed using socurces of PbTe,

Te metal, and Teozo For all three compounds, there were no
statistically significant differences in the pre-anneal and

post-anneal Mdssbauer hyperfine spectra. Differences of

-xi-



several percent in the resonance intensity are within the
experimental accuracy of the measurement.

The lack of any significant changes in the hyperfine
spectra may be due to either: a) a recoil energy too low to
produce displacements; b) replacement collisions; c) defect
annealing; or d) insignificant changes in hyperfine interaction
parameters.

The purpose cf the second part of this study was to ex-
perimentally investigate magnetic hyperfine spectra in magnetic

compounds of tellurium. The diamagnetic Te2™

ion with paired

55 and 5p electrons would not normally be expected to give

rise to a magnetic hyperfine field at the Te nucleus. However,
in compounds with the transition metals, the magnetically coup-
led transition metal ions can act to spin polarize the paired
electron shells of the tellurium ion. The unpaired telilurium

55 electron spins will have a net spin density at the tellurium
nucleus and will give rise to a magnetic hyperfine field through
the Fermi contact interaction.

M¥ssbauer rescnance absorption measurements in the ferrc-
magnetic spinel CuCr,Tey show a partially resolved ragnetic
hyperfine pattern. From the least squares curve fitting to the
data, the magnetic moment for the 3/2 + excited state of Tel2>
was determined to be Bo = +.74 t .07 nm. The internai hyper-
fine field was measured as Hoefs = 148 T 5 kgauss. The unpairing
of the tellurium 55 electrons in the spinel prcbably arises

through either covaleant mixing cf the 5s electrons with the

~xii-



chromium 3d electrons or exchange polarization of the 5s electrons
by the chromium 3d electrons.

MYssbauer resonance absorption measurements in antiferro-
magnetic MnTe and ferromagnetic CrTe show only broadened lines.
The brcadening in MnTe is presumably due tc unresolved quadru-
pole splitting, whereas the broadening in CrTe is probably

unresolved magnetic hyperfine splitting.

-x1iii-



CHAPTER I.

INTRODUCTION

A. Motivation for Present Study

Rzcoilless emission and absorption of nuclear gamma
radiation (the MBssbauer effect) was discovered in 1958. The
hyperfine structure in MYssbauer spectra has provided a very
valuable tool for study of the solid state. From the spectra
it is possible to gain information on lattice binding forces,
internal magnetic fields and electric field gradients, and
s-electron densities at the nucleus. This information can
consequently provide an understanding of the electron environ-
ment of the MYssbauer emitting or absorbing nucleus.

In the past few years the use of the MYssbauer effect
as a solid state probe has been applied to the study of
radiation effects. The interest has developed in part from
the expanded use of new techniques for population of the
MBssbauer level. Traditionally, the M8ssbauer level has been
pcpulated by the beta decay of a parent nuclide. In many
cases low lying nuclear levels which shoculd be potential
M8ssbauer levels are inaccessible by such decays. Many new
techniques have been developed recently in an attempt to make
M¥ssbauer effect measurement in these nuclides possible.
These techniques include alpha decay, Coulomb excitation,
nuclear reactions, and thermal neutron activation. The use
of these techniques has caused concern for the effects of the

method of production on the envircnment of the Mbssbauer
emitting nucleus.
-1-



Considerable interest has also developed in the use of
the MUssbauer effect as a tool for study of radiation induced
defects in sclids. The Mbssbauer effect is rather unique as
a tocl for study of the defect solid state in that the spectra
are characteristic of only the immediate environment of the
emitting nucleus. Such information is not obtainable by mcst
techniques which are used for study of the defect solid state
such as resistivity, Hall coefficient, thermal conductivity,
specific heat, optical emission and absorption, etc., since
these techniques essentially provide information cn the trans-
port properties of the material. The only technique providing
comparable information on the defect environment is electron
spin resonance.

The fact that the characteristic structure of Mbssbauer
spectra is only sensitive to the immediate environment of the
emitting nucleus excludes observaticn of any radiation effects
producing low defect concentrations unless the emitting nucleus
itself is in the defect state. Thus, although the transport
properties of materials may be drastically altered by charged
particle, electron, gamma ray, or neutron irradiation, the
characteristic MWssbauer pattern would probably be little changed
due to the relatively low defect concentrations. Since time
and intensity limitations usually exclude the possibility of
high defect concentrations, the alternative is to use low
defect concentrations in which the M&ssbauer nucleus itself

15 1ntroduced as the defect.



The neutron capture process offers such a possibility
for simultaneocusly producing the Mbssbauer parent nuclide and
introducing it as a defect in the lattice. The displacement
mechanism is the recoil of the nucleus due to the emission
of prompt gamma rays following the neutron capture. This
displacement mechanism also has the advantage that recoil
energies are relatively low, so the resultant displaced atom
configurations remain rather simple. In studying neutron
capture induced recoil effects, it is desirable to produce a
parent nuclide which is an isomeric state. This eliminates
any complicating effects caused by the chemical change associated
with beta decay. In some cases, the MYssbauer level itself 1is
populated very shortly after the neutron capture so Mbssbauer
experiments must be performed with a neutron beam (e.g., Fe°®
(n,K)Fe57m). In other cases, a long-lived metastable state
precedes the MWssbauer level so that in-pile irradiation may
be done first and the M&ssbauer experiment may be conducted
away from the reactor (e.g., Te124(n,X)Tel25m(58d))n

The effects of neutron capture induced recoils have been
studied most extensively in semiconducting materials. This is
due to the expanding use of semiconducting devices (i.e., tran-
sistors, diodes, thermoelectric elements, radiation detectors,
etc.) in radiation environments (i.e., reactors, weapons systems,
space, etc.). As mentioned earlier, most techniques used in
studying the radiation effects involve measurement of transport

properties. It was hoped that Mbssbauer effect measurements

would provide supplementary infcrmation on defect environments.



125 seemed to be one of the best MWssbauer nuclides for

Te
studying neutron capture effects. Previous studies of radiation
effects in tellurium compounds have principally involved PbTe.
This compound has received considerable attention because it is
a good thermoelectric material and has potential application for
energy conversion in radiation envircnments.

Mbssbauer effect measurements of Tel25 have been rather
limited. Thus a great deal of valuable information i1s yet to
be obtained from isomer shift and quadrupole splitting data in
tellurium compounds

One of the most interesting and least explored areas of
M8ssbauer measurement in Te125 is in magnetic hyperfine structure.
The magnetic compounds formed from tellurium and transition
series metals offer an opportunity to measure transferred hyper-
fine fields at the nonmagnetic tellurium site. These measure-

ments can provide information on both the excited state magnetic

moment in Tel25 and the internal magnetic field.

B. Literature Survey

1. Radiation Effect Measurements Using the Mbssbauer Effect

A coasiderable number of papers have appeared the past
few years which are concerned with the effect of nuclear reaction
induced reccils on the M&ssbauer spectrum. In one group of
papers the impetus was the development of new techniques for
populating M¥ssbauer parent nuclides. The methods employed
(2-5) puclear

(9)

include alpha decay,(l) Coulomb excitaticn,

reactions”(E—g) and thermal neutron activation. The results



indicate that all of these processes can be used for source
production without destroying the recoilless emission. However,
in most cases the recoil effects due to the source production
did alter the line intensity or line width to some degree.

A second group of papers, which we shall now discuss in
more detail, is directly concerned with the use cf the Mbssbauer
effect for lattice defect studies. The feasibility of using
Mbssbauer effect techniques for study of lattice defects was
first proposed by Gonser and Wiedersicho(lo) Dederichs, Lehmann,
and Wegener(ll) theoretically investigated the replacement
prcbabilities for displaced atoms and proposed a Mbssbauer ex-
periment using Coulomb excitation in which the replacement

(12) in a comment

probability could be measured. Belogurov,
tc the paper by Dederichs, et al., proposed neutron capture
gamma ray recoil as an alternative method for studying replace-
ment collisions.

Fink and Kienle (13) have investigated the recocil effects
following neutron capture in Gald5 and Gdl5?. 1In a "mirror
experiment” in which the spectrum for a Gd metal target and
Gdlg803 absorber was compared to that for a Gdlg703 target and
Gd metal absorber, the corrected area under the transmissiocn
line for the cxide target was only .6 that for the metal target.
The line for the oxide target was also about 10 percent brcader.

The Johns Hopkins group(l4) has performed Coulomb exci-
tation measurements in Fe,03 and observed an f value a factor

cf two less than that for a normal Fe,C3 lattice. No changes

were observed in the hyperfine splitting. The results can be



qualitatively explained on the basis of a dynamical model in which
individual displacements occur but do not seem to be explainable
on the basis of a loccalized heating or thermal spike model.
Effects of thermal neutron capture in sn118 have been
observed by Hannaford, Hocward, and Wignall(ls) in the Mbssbauer
spectrum of MgySnO4. The irradiation of sntl8 o produce the

isomeric state M&ssbauer parent Snildm

produced a weak secondary
line in the MOssbauer spectrum. The secondary line was removed
by annealing in the temperature range 600-1000°C. The authors
concluded that the secondary line was due to Sn atoms in the
divalent state and that approximately 25 percent of the atoms
have suffered the displacement induced valence change from four
to two.

Neutron capture experiments in Fe>® by Obenshain and
Berger(l6) have given evidence of changes in the effective
hyperfine field due to recoil effects. Using both Fe metal
and FeyO3 targets, the effective hyperfine fields were seen
tc increase in Fe metal and decrease in Fe,03 with respect tc
the fields obtained using the same materials as absorbers.

In a very recent letter, Stepanov and Aleksandrov(l7)
report on the effects of neutron capture in Tel24 on the M8ss-
bauer spectrum for PbTel25, After irradiating the pbTel24 with
2.3 % 1014 neutrons/ch-sec for 45 days, the isomer shift was
measured with respect to a PbTe absorber. Twenty days after

the irradiation, the isomer shift was .2 cm/sec. The iscomer

shift then changed exponentially as a function of time with a



characteristic lifetime T =10 ¥ 3 days, eventually reaching
the value O.
The results of all M&ssbauer measurements described szboave

are summarized in Appendix A,
2, Neutron Capture Effects

Possibilities of neutron capture induced defects in silicon
and germanium were first pointed out by Schweinler(ls) in 1959.
With average recoil energies of 780 ev in silicon and 180 ev
in germanium, it was concluded that almost every neutron capture
results in a displacement of the capturing nucleus.

Walker(lg)

noted that in a number of elements neutron
capture induced defects can form a significant fraction of the
total defects produced upon reactor irradiation.

Experimental evidence of the neutron capture induced defects
in silicon and germanium has been shown by Crawford and Clelando(zm
Hall coefficient and resistivity measurements in silicon and
germanium indicated approximately two and one electron removed
respectively per thermal neutron captured. Annealing at 450°C
in the germanium restored the displaced atoms to the normal
lattice sites.

Neutron capture effects have been studied in the semi-
conductor CdS by Oswald and Kikuchi (21) and in cds and cdTe
by Barnes and Kikuchi.(zz) The effects of the cdll? recoil
in CdS were studied using luminescence and conductivity

measurements. Both properties changed drastically with thermal

neutron irradiation and were restored with annealing at 500°€C.



The thermal neutron effects in CdS were monitored by use of the
Hall effect, electrical conductivity, and luminescence. The

Hall coefficient and resistivity measurements in CdTe indicated
one Cd vacancy and one Cd interstitial are introduced per ther-

mal neutron absorbed. Annealing occurred between 160 and 200°C.
3. Radiation Effects in PbTe and Te Metal
a. PbTe

Since considerable interest has been shown in the use of
the thermoelectric properties of PbTe for direct energy conver-
sion, many measurements have been made of the effect of reactor
neutrons on this material.

Danko, Kilp, and Mitchell(23) have investigated the changes
in electrical resistivity and Seebeck coefficient in PbTe due
to irradiation in a thermal neutron flux. The coefficients were
first measured prior to the irradiation. The samples were then
irradiated at reactor ambient temperature (50°C) with a dose of
1.5 x 1020 thermal neutrons and a similar number of fast neutrons.
The measurements following the irradiation showed an increase
in both the electrical resistivity and Seebeck coefficient.
After annealing above 200°C both parameters returned to the
preirradiation values.

The group at Knolls Atomic Power Laboratory has performed
numercus measurements of the Hall coefficient, electrical re-
sistivity, and Seebeck coefficient in both n- and p-type

PbTe.(24’25) Irradiating with doses up to 5 x 1019 fast
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(E > 1 Mev) neutrons/cm2 and 6 x 1020 thermal neutrons/cm2 at
60°C, both the Seebeck coefficient and resistivity showed an
increase. From the Hall coefficient measurements, it was
determined that the increase in Seebeck coefficient and resis-
tivity could be attributed to a decrease in carrier concen-
tration. Similar results obtained in comparison with cadmium
shielded and unshielded specimens indicated most of the effect
was due to the fast neutrons. Annealing experiments indicated
recovery occurred in the range 100°C to 170°C and 140°C to

180°C for p- and n-type material respectively.
b. Te

Much less effort has been devoted to the study of
radiation effects in tellurium. However, some measurements
have been performed.

Samples of p-type tellurium were irradiated at 78°K with
25 Mev electrons by van Lint, Wikner, and Miller.(26) The
irradiation caused an initial increase in conductivity due to
the introduction of carriers. Annealing measurements indicated
the defects introduced were stable at 789K but were completely
annealed out when the specimen was left at room temperature
for several hours.

Similar increases in conductivity were obtained by
irradiaticn of tellurium in neutron doses of 1013/cm2,(27) No

annealing measurements were reported.
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4. MYssbauer Effect Measurements Using Te125

MYssbauer effect measurements using Tel25 have been per-

formed by several groups.

Resonance scattering studies were performed in Te125m

by Hien, Shapiro, and Shpinel(28) in 1962. Using a source of

neutron irradiated Te1240

o at both liquid nitrogen temperature
and room temperature and an absorber of Te12502 at room
temperature, values of the recoil-free fraction were obtained.
At liquid nitrogen temperature f=.12 ¥ .03 and at room tempera-
ture f=.067 T .008. No apparent quadrupole splitting was
observed for the TeO,. No effect was observed for Tel25 petal
at room temperature.

The most extensive study of the Tel25 MBssbauer resonance
hés been done»by the group at Lawrence Radiation Laboratoryf29hzn
Measurements were performed using sources of 1125 in NalO3
which exhibited four resonance lines and 1125 in a Cu host
lattice which had‘a single line emission spectrum. Absorbers
studied include ZnTe, MnTe,F?—FeTe, TeFy4, Tely, TeOy, NapTeO4,
and Te metal. Measurements were made at liquid nitrogen
temperature. The quadrupole splitting in Te metal was observed
to be 7.6 1 .2 mm/sec.* A calculation of the electric field
gradient using a molecular orbital model(30) for Te yielded
+.3

4

eq=-2.8 _'2 x 1016 esu. The resultant quadrupole moment

was then |Q|=.20 f°8% barns. This was in good agreement with

a configuration-mixing calculation which gave Q=-.23 barnso(32)

*For the 35.6 kev gamma ray resonance in T8125¢ I mm/sec =
1.19 x 107 ev. (See Equation (III.1).)
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Violet, et alo,(3l) did not observe quadrupole splitting
in cubic ZnTe, in the Cu host lattice source, or in hexagonal
NiTe. Quadrupole splittings reported for MnTe,F?—FeTe,o(—TeOZ,
TeF4, and Tels are respectively 3 ¥ 1, 3+ 1, 7.3% .1, 7% 1,
and 6 T 1 mm/sec.

Violet, et al., attributed the existence of four lines
in the emission spectrum of the NalO3 source to the presence

of two charge states.(3l)

This may result from the K x-ray
and Auger transitions following the 1125 decay. In the model
proposed, the higher charge state decays to the lower charge
state by electron capture with a half life of 1.6 x 1079 sec.

(33)

Shikazono has reported observation of the Mbssbauer

effect in several compounds of Tel25,

From the observed quadru-
pole splitting of 7 mm/sec in Te metal an electric field
gradient calculation yielded an excited state quadrupole

moment |[Q|=.17 barns. The<X—Te02 spectrum had an identical
quadrupole splitting of 7 mm/sec. No quadrupocle splitting

was observed in MnTe; the lack of splitting was attributed

to the ionic structure of this compound. A broadened single
line spectrum observed for CrTe was attributed to an unresolved
magnetic hyperfine splitting. An estimate of the excited

state nuclear moment Hez.7 nm led to an upper limit for the
internal field at the Te nucleus in CrTe of 50 kgauss. A

source of Sbl'25 imbedded in an iron lattice produced a partially

resolved magnetic hyperfine splitting with internal field

~600 kgauss.
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Using both a source and absorber of Te metal, the Debye
temperature ©p=125 T 50 has been determined for Te metal by
Frankel, Barrett, and Shirley.(34'35) The measured quadrupole
splitting was 7.7 mm/sec.

Buyrn and Grodzins(32)

measured quadrupole splittings in Te,
TeOy, NayTeOy, and NiTe of 7.5 mm/sec, 7.0 mm/sec, 7.0 mm/sec,
0, and O respectively. The isomer shifts relative to Te for
the latter three compounds were 0, -1.5, and -1.0 mm/sec with
error T .1 mm/sec. Debye temperatures for Te, TeO,, and NajTeO4
were estimated as 125°K, 170°K, and léOOKG

Stepanov, et al.,(36) observed Tel25 MBssbauer resonances
in PbTe, Te metal, "amorphous" Te, and Te02° The quadrupole
splitting for Te metal was reported as 7.8 mm/sec. The TeO,
spectrum consisted of four lines with splittings 5.5 mm/sec
and 10.1 mm/sec which were attributed to the presence of both
the tetragonal and orthorhombic crystal modifications of TeO,.
Magnetic hyperfine structure has been measured for Tel25
by Frankel, et a1°f37) using an Sb125 source in both Fe and
Ni hosts. The hyperfine pattern measured against a single
line ZnTe absorber showed a partially resolved hyperfine

structure with the pattern 3:2:1:1:2:3. This established

the excited state moment Mo as positive.



CHAPTER II.

BACKGROUND

A. Selection of Suitable M&ssbauer Nuclide for Studies of
Neutron Capture Effects

Several factors were considered in selecting a suitable
M&ssbauer nuclide for studies of neutron capture effects. The
principal factor in the selection was the desire for a Mbss-
bauer parent which was an isomer of the MVssbauer level. This
1s necessitated by the fact that any non-isomeric parent will
be a chemical impurity in the host lattice (e.g., Fe>’ pcepulated

57y, Use of an isomeric

by the electron capture decay of Co
state parent eliminates any effects the chemical impurity
could have on the Mdssbauer spectrum. This includes changes
in the recoil-free fraction attributable to localized lattice
modes introduced by the impurity and changes in the isomer
shift and quadrupole splitting arising from the electronic
rearrangement associated with the decay. In all likelihood
these effects are small. The mass difference between the
impurity and host would be only 1 amu. Electronic relaxation
times are usually fast (NlO”lO sec) compared to the lifetime
of the Mbssbauer level; however, metastable charge states
may be produced. Nevertheless, to avoid any possible effects,
it appeared best to use an isomeric state parent.

A second consideration was that the MYssbauer effect

should have been observed previously so that: 1) there was

some guarantee of obtaining a spectrum, and 2) the relevant

-13-
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parameters were known. From the list of nuclides for which
the Mbssbauer effect has been observed,(38) those listed

in Table II-1 can be populated from an isomeric state. Also
included in the table are the thermal neutron activation
Cross section,(39) the half life of the isomeric state, and
the binding energy of the neutron in the product nucleus. (40)
The relevant MYssbauer parameters, including the lifetime and
energy of the Mdssbauer level,(38) are also given.

The criteria used in selection of the nuclide most
suitable for radiation effect measurements are: 1) the Mbssbauer
parent must have a reasonably long half life so that Mbssbauer
measurement, annealing, and remeasurement can be performed;

2) the thermal neutron activation cross section must be suffi-
cient so that sources can be activated within a reasonable
length of time; 3) the recoil-free fraction should be as

large as possible (implies a low lying energy level, large
mass number, and chemical compounds with a high Debye tempera-
ture); and 4) the resonance line width should be sufficiently
narrow to resolve hyperfine structure (implies a lcng lifetime
for the M&ssbauer level).

On the basis of these considerations, Tel25 provides the
best compromise of the conditions. The only unsatisfactory
parameter for Tel25 is the rather short lifetime ( T% = 1.4 x
1072 sec) of the Mbssbauer level. The natural line width

(= 2.744 mm/sec) is quite broad and makes resolution of

hyperfine structure somewhat difficult.
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119 probably would have been a

In retrospect, the Sn
better choice of nuclides. At the time of selection the
Tel24 activation cross section was listed as 5 t 3 barns
rather than the more recently tabulated 40 * 25 millibarns. (39)
The two orders of magnitude larger cross section for Tel24
then seemed to outweight the order of magnitude decrease in
line width for snll?, Only after we had become seriously

125 measurements did we find that the Te124 acti-

involved in Te
vation cross section was in error and the broad lines of Te125

were a handicap in resolving hyperfine structure.

B. Thermal and Fast Neutron Effects in Tellurium Compounds

1. Thermal Neutrons

The Mossbauer isomeric state parent Te125m

124

is produced

by thermal neutron capture in Te , described by

Tel24tny —s Tel25% . 7el25my ¥ -rays . (II.1)

Intrinsic defects can be introduced in the solid if the
recoil energy of the Tel25m pycleus is greater than the minimum
energy for displacement. The recoil energy arises from the
conservation of momentum following the emission of the prompt
gamma rays. The process 1is depicted in Figure II-1 for the
emission of a single gamma ray. By conservation of momentum,

the recoil energy E_ is given by

R

2z
~ _Ey
R 2 Mc? J (I1.2)



O
O~ O
O O

FIGURE II-1

DIAGRAM OF Tel24(n,¥) Tel?5

RECOIL MECHANISM
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where Ey is the gamma ray energy, M the nuclear mass, and c
the speed of light. Evaluating Equation (II.2) numerically

for Te125

with a gamma ray energy of 6.37 Mev, Eg = 174 ev.

HoWever, the decay of the highly excited state does not
usually proceed by the emission of a single gamma ray, but rather
a cascade of gamma rays emitted in transitions between various
nuclear excited levels. If it is assumed that the gamma rays
are emitted randomly = and isotropically, Schweinler (41)
has shown that the mean recoil energy (ER) is just equal to the
sum of the recoil energies due to the individual gamma rays, or

2

<ER> = . 2 Mc* . (II.3)

Unfortunately, the spectrum of neutron capture gamma rays
has not been experimentally measured for Tel25., Thus the mean

recoil energy for Tel25

can only be estimated. In the study

of neutron capture effects in germanium, Crawford and Cleland(zm
estimated the recoil energy assuming that after neutron capture
in the even-even isotopes two photons of equal energy were
emitted and in the even-odd isotopes four photons of equal
energy were emitted. Assuming that two photons of equal

energy are emitted for neutron capture in Te124, the mean

recoil energy obtained from Equation (II.3) is (ER> = 87 ev.
This estimate may be somewhat high in consideration of data

(40)

on neutron capture in other even-even nuclides. Most

exhibit maxima in the energy distribution curve of gamma rays

emitted in the range 2-2.5 Mev. This would indicate that
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perhaps an assumption of three equal energy gamma rays would
be more realistic. Based on this assumption, the resultant
mean recoil energy is {Ep) = 58 ev.

In the measurement by Muehlhause (97) of the mean number
of prompt gamma rays emitted for a series of elements, the number
increased with increasing mass. Judging from his results, an
estimate of three gamma rays does not appear unreasonable for
Tel25

An estimate of the average number of displacements pro-
duced per thermal neutron captured can be obtained using simple
radiation damage theory. The average number of displacements,

Yy, is given by(42)

0 <Err< Ey

1 Ea< Eg» € 2E4 (IT.4)

2
%—é 2E2 By € By

Ei
2E, Ei < CEry

where Ey is the threshold energy for displacement and Ej is

<
I

J

the ionization cut-cff energy.

If it is assumed that the threshold energy for displace-
ment in tellurium compounds Eg = 25 ev and'<ER> = 58 ev, the
average number of displacements Y = 1.16. This means that on
the average we can expect only one displacement per thermal

125

neutron captured, the Te nucleus itself.
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2. Fast Neutrons

Since all source irradiations were done in or near the
core of the Ford Nuclear Reactor (FNR), it is necessary to
consider the effects of the fairly significant fast neutron
flux on the tellurium compounds. Since the cross section for
thermal neutron capture in Tel24 (40 millibarns(39)) is fairly
small, the number of fast neutron induced displacements may
be considerably larger than thcse produced by thermal neutron
capture. However, as discussed in Chapter I, the fast neutron
induced displacements may still have little effect on the
M8ssbauer spectra due to the relatively low concentration of
defects and the small probability of their being near the
Mbssbauer emitting nucleus. We will consider the effects of
the fast neutrons in PbTe, Te metal, and TeOQD

The displacements are created by the scattering of a high
energy neutron from a lattice atom. The primary recoiling
atom creates additional displacements as it dissipates its
energy in the lattice. The number of displacements produced
by a fast neutron flux can be estimated using simple radiation
damage theory.

In an elastic collision, the maximum energy cf the primary

recoiliing atom is(43)

4Mwm

e E. , (11.5)

EF’ (w\u) —
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where M and m are the mass of the atom and neutron respectively,
and E, is the neutron energy. For target atoms where M>»m,
Equation (II.5) can be approximated by

EP(MMJQ-' 4—AEl J (I1.6)

where A is the ratio of the target atomic mass to the neutron
mass. If the scattering is isotropic in the center of mass
coordinate system, the mean energy of the primary recoiling
(42)

atom is
P 2 ' (I1.7)
Combining Equations (II.7) and (II.5) together with a correction

]
factor, £,

= ' Zrﬂvn
E, = £ e E. (11.8)

where f' is a factor correcting for anisotropy and inelasticity
in fast neutron scatteringo(43)
The average number of displacements produced per primary
recoil atom can be determined using Equation (II.4) where Eb
replaces <ER> . However, it is first necessary to determine
(44)

whether Ep is less than the ionization energy E;. Seitz

has shown that E; can be estimated as

E.= -é—(%) Ej ) (I1.9)
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where M and mg are the mass of the primary recoiling atom and
electron respectively and Eg is the lowest electronic excitation
energy.

The total number of fast neutron displacements produced

per unit volume in the material is given by
F
1= Ve Zs “P\c t y (II.10)

where V¢ is the mean number of displacements per fast neutron
scattered, ZE:: i1s the macroscopic fast neutron scattering
Cross section,‘PF is the fast neutron flux, and 1 is the
irradiation time.

The foregoing parameters were evaluated for the source
materials PbTe, Te, and TeOp. The results are shown in
Table II-2. Ep is calculated from Equation (II.8) for each
of the elements assuming an average fast neutron energy Enﬁ!l

e 5/3, (43)

'
Mev and a nominal value of £ The band gap energies

in PbTe, Te, and TeO, are respectively E =.31 ev, Eg=°34 ev,

g
and Eg=l.5 ev,(45) The respective ionization energies are
calculated from Equaticn (I1.9). Again assuming E4=25 ev, the
average number of displacements produced by each primary re-
coiling atom, Vg , can be determined from Equation (II.4).

The macroscopic fast neutron scattering cross sections(39)
are also listed in Table I1I-2. Values of the integrated flux
(‘PFT‘) are obtained from Table III-2 for each of the sources.

The total number of fast neutron displacements produced per

unit volume is calculated for each element using Equation (II.10).
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The total number of defects per unit volume for each compound
is compared to the density of tellurium atoms per unit volume,

_ No
N—f’To

For each of the source materials, the concentration of
fast neutron induced displacements is only ~ 1074-10"3 of the
concentration of tellurium atoms. Hence, on the average, the
displaced atoms will be separated by approximately ten lattice
spacings. The probability of such widely spread displaced
atoms being in the immediate environment (nearest or next-

nearest neighbor) of a MYssbauer emitting nucleus is very

small.
C. Characteristics of Mdssbauer Spectra in Te125
1. Decay Scheme of Tel25m

The decay scheme for Tel25m

is shown in Figure II-2. The
145 kev isomeric state decays to the 35.6 kev level with the
emission of a 109.4 kev gamma ray (¥,). The 35.6 kev Mbssbauer

9s and decays to the grcund

level has a half life Ty, = 1.4 x 10~
state by the emission of a 35.6 kev gamma ray (¥M). The decay

from the 58 d state is highly converted with internal conversion
coefficient O(K = l6O°<47) The ratio of conversion coefficients

is KeLi:M:N = 54:36:8.3:1.7 and L 2LII:LIII = 0.66:0.30:1. The

I
internal conversion coefficient for the decay from the 35.6 kev
level 1is o(K = 1194.(47) The ratio of conversion coefficients

is KeL¢:M:N = 80:11:1.7:0.3.
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Te!23™ 584
l1/2-— 145
Y\
3/2+ 356 T2 =1.4x10%s
P
1/2+ s 0

FIGURE II-2

Tel25M pReAY SCHEME
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One of the difficulties in using the 35.6 kev gamma ray
from Tel?® for M8ssbauer measurements lies in the discrimination
of the gamma ray from the x-ray background. The relative
locations of the gamma ray and x-ray energies are shown in
Figure II-3. The x-ray energies are K°‘| = 27.47 kev, Ky, =
27.20 kev, Kp = 31.06 kev, and KP'2 = 31.71 kev.

FIGURE II-3

RELATIVE LOCATION OF X-RAY AND GAMMA
RAY ENERGIES IN DECAY OF Tel25m

0 lo 20 30 41()"" E( Kev)

Not only are the x-ray energies very close to the gamma ray
energy, but the x-ray intensities are much greater. The
relative intensity of the 35.6 kev gamma ray and the tellurium
x-rays can be calculated using the internal conversion coeffi-
cients. The total internal conversion coefficient is just

the sum of partial coefficients, so A = 296.2 and & = 13.25
for transitions ¥; and ZSM respectively. The relative inten-
sities of the Ky and Kﬁ components of the x-rays emitted

(48)

can easily be calculated and K, :K = .823:.177. Using

P

these values and the K-shell fluorescent yield Wy = .855, (48)
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the yield of K, and KP x-rays and 35.6 kev gamma rays per
decay of the 145 kev excited state are Kd:KF: ¥ = .942:.203:.070.
The weighted average of the components of the K and KF’ X=-ray

lines yields x-ray energies EKd = 27.4 keVv and EK? = 31.2 kev,.

2. M8ssbauer Recoilless Fraction

The Mbssbauer effect is the recoilless resonant emission
and absorption of gamma rays by nuclei. Resonance occurs if a
gamma ray emitted by a nucleus in decaying from an excited state
to the ground state is then absorbed by an identical nucleus
which is excited from the ground state to the excited state.

For a free nucleus, the recoil energy loss will usually
prevent the resonance process. For a nuclear transition energy

Eo' the gamma ray energy Ey will be

Ey=EBE.—Es (IT.11)

where the recoil energy ER is given by the expression des-

cribed earlier in Equation (II.2), or

2 2
By _Eo

ME T Tme (I1.12)

E:R -
M is the mass of the nucleus after emission and c¢ is the speed
of light. Since approximately the same recoil energy is given
up to the absorbing nucleus, the gamma ray emission spectrum
and absorption cross section will be separated in energy by

2ER.
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Due to the finite lifetime of the nuclear excited state,
the energy level has a Lorentzian distribution of energies

described by a line width
M= %, (II.13)

where T is the mean lifetime of the state. For Telzs, Ej =
5,44 x 10—3 ev and P = 3.27 x lO_7 ev so EgR>|' and negligible
resonant absorption will occur for emission by the free nucleus.
Mbssbauer discovered(98) that for nuclei bound in a solid,
there are conditions for which a fraction, £, of the gamma rays
are emitted or absorbed without recoil loss. In such a case,
the recoil momentum is imparted to the entire crystal rather
than an individual nucleus. The gamma ray then has the full
transition energy or EK = an For such'recoilless" emission
and absorption, the resonance process can occur.
The recoilless fraction, which is variously referred to
as the f value or recoil-free fraction, has been discussed
in innumerable papers. Assuming a Debye model for the case
of an infinite crystal lattice, the recoilless fraction can be

expressed as(99)

F=re , (1I1.14)

where the Debye-Waller factor W is given by

3Eg T z e’h
W= %0, [ /eb)/ . (II.15)
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In this expression Ep is the recoil energy for the free nucleus,
T is the ambient temperature of the source or absorber, and 6
is the Debye temperature.

It is readily apparent from Equations (II.14) and (II.15)
that in order to obtain a significant recoilless fraction £,
kep must be greater than Ep and T must be less than €p. 6p
is of the order of 150°K in most tellurium compounds. In
tellurium compounds, then, keDQfl3 X 10”3 ev, which satisfies
the first condition since kOp> Egx. To satisfy the second
condition requires temperatures T< 150°K--or temperature of
the order of liquid nitrogen temperature or lower.

It must be kept in mind that the Debye model is only an
approximation to the real lattice frequency spectrum. In fact,
for anything but a monatomic lattice the use of the Debye model
is questionable. The use of an "effective" Debye temperature,
however, has proven adequate in characterizing Mdssbauer recoil-
free fracticns. In general, though, Debye temperatures ob-
tained from M8ssbauer effect measurements do not agree with
Debye temperatures obtained from specific heat measurement,
etc. The difference arises in the different sensitivity to

the shape of the real lattice frequency spectrum.
3. M&ssbauer Hyperfine Structure

The MWssbauer spectrum can display either individually
or in combination the isomer shift, electric quadrupole splitting,
and magnetic hyperfine splitting. The following is a description

of the interactions leading to these phenomena.
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a. Isomer Shift

The isomer shift arises from the change in electrostatic
interaction between the nuclear charge and the s-electron
charge density caused by a difference in the nuclear radius
between the excited and ground states. A non-relativistic
perturbation calculation yields an energy difference between

the source and absorber of(49)

ol

_ 2 2 2 2 ra
8 —-:;TTZC[<R >e—<R>3 kPs,(o\ S , (I1.186)
where <R2> e and<:R2> g are the mean square radii of the
nucleus in the excited and ground state, respectively, and

AOIN Yol

the nucleus in the absorber and source, respectively. Assuming

and are the s-electron densities at

the nuclear charge distribution has a constant value out to

radius R, the isomer shift can be rewritten as

::I (SR/R) 5 (11.17)

Re + R
SR=Re-Ry s R= Rt

2

RLAD

8=f‘-§zezra2[lws(o>
where

‘, a (51)
In heavier elements, relativistic effects become important.

These relativistic effects can be accounted for by multiplying
Equation (II.1l7) by a correction factor S'(Z), which for

tellurium is 8'=2.44.
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The isomer shift is measured by determining the shift
of the centroid of the Mbssbauer spectrum with respect to zero
velocity. It is difficult to obtain information on s-electron
densities from a single isomer shift since both source and
absorber s-electron densities are included. However, by
measuring relative shifts for a series of compounds with
respect to a standard source or absorber, the change in s-
electron density can be determined.

Tellurium has a wide range of valence states in different
compounds. These should provide measurable changes in the s-
electron density. Ionic tellurium configurations range from
Te2~ with the electronic configuration (KLM)4924p64d105825p6
and filled 5s and 5p shells to Te®t with a bare 5s and 5p
shell. Metallic tellurium with configuration 5s25p4 and Tedt
with configuration 5525p0 both have filled 5s shells, but differ
in 5p shell filling. In purely ionic configurations, there
should be an obvious difference in s-electron densities between
the Te®" with an empty 5s shell and the ions with a filled 5s
shell. Different s-electron densities can also be expected
between ions with filled 5s shells. Here the different s-
electron densities arise due to variations in shielding of the
55 electrons by the differing numbers of 5p electrons. In 6s
electrons, it has been estimated that this shielding effect is
~ 10 percent for 6p electrons shielding 6s electrons.(52)

Covalent bonding can also provide intermediate conditions

since both 5s and 5p electrons are involved in the bonding



-32-

orbitals. Covalency results in the delocalizaticn of the 5s
and 5p electrons associated with the ionic configurations.
Such effects can be directly reflected through variations of
the 5s electron density or in variations in 5p shielding.
Interpretation of isomer shifts in the covalent compounds

is much more difficult than in ionic compounds, however, since
rigorous theoretical treatment of the molecular orbitals has
been done in only relatively few cases.

Knowledge of the variation in isomer shift with variation
in s-electron density can provide information on the change in
nuclear radius between the excited and ground states. Shirley(Sl)
has estimated SR/R in Tel25 from the experiments which have
been performed. Using the shift of -1.5 mm/sec obtained by
Buyrn and Grodzins(32) for a tellurium source versus a tellurate
absorber, the value XR/R43+O.7 x 1074 was obtained assuming the
environments differed by one 5s electron. This numerical value
for § R/R should only be taken as a rough estimate since other
calculations by Shirley yield values differing by an order of
magnitude. The sign of §R/R definitely appears to be positive,

however.
b. Quadrupole Splitting

Electric quadrupole splitting arises from the interaction
between the nuclear quadrupole moment and the electric field
gradient created by the electronic environment of the nucleus.

The Hamiltonian for the interaction can be written as(so)
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a Q 2 | 2 2
o= oy 2T T+ (L e 2] v

where Q is the electric quadrupole moment, eq = V,, is the z

component of the electric field gradient in the crystal principal
. Vxx‘v .

axis system, Y| = 22 YY is the asymmetry parameter, and I,, I

Vzz
and I_ are the spin projection and raising and lowering operators

+l

respectively.
The ground state in Tel25 has no quadrupole moment since
L (53)

Ig = % The eigenvalues of Hy for the excited state with

spin I = 3/2 are

fq Q
AT (2T-1)

.= .

[BW\Z - T(T+ Djl (1+ ')Z)y2 (II.19)

Hence the electric quadrupole interaction partially removes
the spin degeneracy of the excited state, splitting it into
two levels (|m| = 1/2, 3/2). 1In this case, the transitions
between the excited and the ground states give rise to a two-line
MYssbauer pattern with quadrupole splitting
2 /
- qu ( qz )2
= - = — +
AEQ Es/z E./?_ > 1 +1/ . (1I.20)
The quadrupole moment for the excited state obtained by
Violet, Booth, and Wooten(3o)ufrom quadrupole splitting in Te

+:8% barns. The configuration-mixing calcu-

(32)

metal is |Q] = .20

lation result is Q = -.23 barns.
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Using the value |Q| = .2 barns for the excited state
moment, it is possible from measurements to determine the
crystalline electric field gradient. The electric field
gradient arises from two sources, eqC due to electrons inside
the central cell surrounding the nucleus and eql due to all
electrons and nuclei surrounding the cell in the rest of the

lattice. The resultant field gradient 1is

eq = ecf(l— ¥ ) + ecf(l—R) , (II.21)

where ¥p and R are Sternheimer polarization factors.

The polarization factors account for the polarization of the
closed electron shells by the lattice and cell electrons,
respectively, and the resulting induced field gradient.

In purely ionic configurations Te2_, Te4+, and Te®™,
there should be no contribution eq® since the 5p shell is
either filied or empty. If the lattice structure has cubic
symmetry',eql is also zero since q = 0 and Vo, = 0 for cubic
symmetry. For lower symmetry, there shculd be a contribution
eqlo Evaluation of eql does not require precise knowledge of
the electron wave functions and may be considered in a first
approximation by assuming the lattice as an assembly of point
charges. For a crystal structure with axial symmetry, q = 0,

and the field gradient tensor is reduced to eql = V,5 where(54)

2
eq j)o(r) —3—3—-*—-— L (II.22)
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eq = ZL%:\ Flno) é‘fe) dr (1.23)

Assuming a point charge distribution, the integral reduces to

a lattice sum

Z (weg

g 6

(II.24)

In general, eql will be small compared to eqc due to the l/r3

dependence. However, the polarization factor Kw may be very

large for heavier ions,(55)

of eql°

providing a significant enhancement

In covalently bonded tellurium compounds, the dominant
contribution to eq comes from eg®. Evaluation of eqc requires
rather precise knowledge of the electron wave functions. eq®
arises principally from the valence p-electrons and knowledge
of these wave functions requires a molecular orbital calcu-

lation for the solid. Needless to say, such calculations have

been done for only a limited number of cases.
c. Magnetic Hyperfine Splitting

Magnetic hyperfine splitting arises from the interaction
of the nuclear magnetic moment with the magnetic field at the
nucleus. In the absence of an applied magnetic field, the

magnetic field is solely the internal magnetic field arising
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from the electrons. The Hamiltonian for the interaction can

be written as(so)

ND:— —B_'H_e_&c , (II.25)

where F. is the nuclear magnetic moment and Hogf is the
effective internal magnetic field.
Magnetic hyperfine splitting can occur in both the ex-

125

cited and ground states in Te as shown in Figure II-4. The

energy eigenvalues of Hp are

E —_ m (I1.26)
" I

The magnetic hyperfine interaction completely removes the spin
degeneracy of each of the states.

The 35.6 kev gamma ray transition is predominantly a
magnetic dipole (Ml) transition with only a .035 percent(56)
admixture of electric quadrupole (E2) radiation. The selection
rule for magnetic dipole transitions 1is Anm =0, *1, implying
that six transitions between the excited and ground states are
allowed. These are shown in Figure II-4.

The relative location of each of the six component lines
is completely determined by the ratio ge/gg where ge and gg are
the excited and ground state g factors (g =)1/I). All the possi-
ble absorpticn patterns can be described by a "g-factor diagram"

as shown in Figure II-5. For a given g-factor ratio, the mag-

netic hyperfine spectrum is obtained by drawing a horizontal
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"g-FACTOR DIAGRAM" SHOWING THE RELATIVE
LOCATION OF MAGNETIC HYPERFINE STRUCTURE
LINES AS A FUNCTION OF THE RATIO OF THE
EXCITED STATE TO GROUND STATE g VALUES




-39-

line across the diagram. The intercept of this line with the
transition lines then gives the relative splitting in the
magnetic hyperfine spectrum.

The value Off*g determined by nuclear magnetic resonance

125

techniques for Te is H g = -0.8872 nm.(57) The excited state

moment rke has not been experimentally measured, although it

(33,37) (33)

is definitely observed to be positive. Shikazono

has estimated fieﬁi+“7 nm by comparing the single neutron

125 119 _ 4 xel31

d3/2 nuclear state of Te with the nuclides Sn
which also have single neutron d3/2 excited states. Using the
estimated value for H o+ the g-factor ratio is ge/gg = -.26.
The relative location of the lines in the magnetic hyperfine
spectrum for this g-factor ratio is shown in Figure II-5.

The theoretical angular dependence of the intensities

of the six transitions numbered in Figure II-4 are(so)

L=1 q/4<1+°°<59>

I

— .2
IZ:-_LEZ 3 .an B (11.27)

T,=T1,= %(1+w®)
where © is the angle between the axis of quantization and the
direction of the gamma ray beam. If the internal fields (axis
of quantization) are randomly oriented as in a nonmagnetized
polycrystalline aggregate, then an average over angles in Equaticns
(II1.27) leads to relative intensities 3:2:1:1:2:3 for the six

lines. With the application of an external magnetic field, the
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internal fields can be aligned. If the internal field is
aligned perpendicular to the direction of the gamma ray beam
(6 = 90°), the relative intensities of the six lines are
3:4:1:1:4:3. If the internal field is aligned parallel to
the direction of the gamma ray beam (6 = 0°), the relative
intensities are 3:0:1:1:0:3.

The effective internal magnetic field arises from several

different sources. For an independent electron model(58’59)

Hdﬁﬂﬁﬂ"&@zﬂ (-3l 8)6 e )- F s 3}} (11.28)

L

where g is the electron g value and HO is the Bohr magneton.
The sum is taken over all electrons. li and s, are the orbital
and spin angular momenta for the ith electron and <rli_3> '
<rsc-—3> , and <rc4'3> are appropriate radial averages of

i i
the wave function of the ith electron for the orbital, spin
dipolar, and Fermi contact contribution to the effective
hyperfine field.

The sum in Equation (II.28) is simplified considerably
by the fact that for spherically symmetric states the orbital
and spin dipolar contribution is zero. Hence only unfilled
electron shells need be considered. The Fermi contact term
is proportional to the s-electron spin density at the nucleus,

or

(1I.29)

'q)s (0) j

— ‘LPs(D)lz;_ 'q)s(o) i
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For a filled s-shell, the spin density should be zero since the
spins are paired. The sum in Equation (II.28) is then reduced
simply tc a sum over unpaired electrons.

In magnetic compounds of tellurium, the Te2~ ion itself
is nonmagnetic. On the basis of an independent electron model,

2-..6 2-

the electrons in the 5s electronic configuration for Te

Sp
would be expected to be paired--consequently yielding an Hog¢=0.
However, the experimental measurement of hyperfine fields for
ions with paired electron orbitals in magnetic materials implies
that unpairing of the electron orbitals can occur. Such may be
the case for the normally nonmagnetic tellurium ion in magnetic
compounds. This unpairing presumably arises from interelectron
interactions unaccounted for in the independent electron model.
(Such effects are not unexpected since the Sternheimer polari-
zation factor is a manifestation of interelectron interactions
for the quadrupole coupling.) Theoretical interpretations of
core and conduction electron polarization have been performed

(58’59) However,

for magnetic atoms in ferromagnetic materials.
this has not generally been applied to nonmagnetic atoms in
ferromagnetic materials. Only the hyperfine field at the
diamagnetic F~ site 1in MnF, has been studied in any detailo(60'6l)
A discussion of the hyperfine field at the tellurium site in

maghetic compounds of tellurium will be presented in Chapter V.

4, Possible Effects of Neutron Capture Induced Displacements
on M8ssbauer Spectra

Of the three compounds, PbTe, Te, and TeO,, used for the

study of neutron capture induced displacements, PbTe offered
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the best pessibility for observation of changes in the character-
istic M8ssbauer spectrum. The previous neutron radiation effects
measurements indicated that defects introduced into the PbTe
lattice were stable at reactor ambient temperatures.(23_25)

For the Te metal, recoil induced displacements are more than
likely not stable at reactor temperatures. Measurements of the
effects of electron bombardment on Te metal indicate that de-
fects anneal fairly rapidly even at room temperature.(26) No
previous radiation effects measurements have been made using
TeO,, so whether or not defects would be stable at reactor
temperatures is a matter of conjecture. Based on the defect
annealing characteristics then, PbTe is the only compound for
which there is positive evidence that defects can be introduced
which are stable at reactor irradiation temperatures.

Since PbTe appears to be the most interesting possibility,
the effects of defects on the Mbssbauer spectrum will be dis-
cussed in relation to PbTe. PbTe has the NaCl crystal structure
with lattice constant ag = 6.4528. The structure is shown in
Figure II-6(a). In the normal lattice, the tellurium atoms
are in a cubic environment, so no quadrupole splitting is ex-
pected. The lack of quadrupcle splitting in the normal Mbss-
bauer pattern confirms this observation.

If the teliurium atom was displaced from a normal lattice
site, many pocssible defect configurations could result. In
most cases, however, the displaced tellurium atom would end up

in a site which no lcnger had cubic symmetry. Such an environ-

ment should give rise to an electric field gradient at the
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tellurium nucleus and subsequent electric quadrupole splitting
in the MYssbauer spectrum. One possible simple configuration is
shown in Figure II-6(b). Here a Frenkel defect is formed con-
sisting of a vacancy at the original tellurium site and an
interstitial at the center of one octant of the unit cell.

This configuration was chosen for computational simplicity and
does not necessarily represent an energetically stable configu-

ration.(7l)

It is readily apparent from the figure that there
will be an axially symmetric field gradient in the (111)
direction.

Each of the possible configurations would also be expected
to have a somewhat different isomer shift than found at the
normal lattice site due to the alterations in chemical bonding
associated with the displacement of the atom from its normal
site. The recoil-free fraction, or f value, would also be
changed for atoms in defect configurations. Localized vibra-
tional mocdes would be introduced at the impurity site due to
the altered lattice binding forces at this location. These
in turn would affect the f value for the impurity atom.

The resultant Mbssbauer emission spectrum would be des-
cribed by a sum over all possible normal and defect configurations
of the emission line characteristic for each configuration
times the fraction of sites with that configuration. The
emission line characteristic of each site would be described

by an isomer shift, quadrupole splitting, and £ value dependent

cn the particular configuration.
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One of the reasons for using neutron capture induced
displacements for the investigation was that the number of
possible defect configurations was small. Since the recoil
energy due to the prompt gamma ray emission is low, few
displacements are produced per thermal neutron captured.

With a minimum of displacements, only a relatively small
number of defect configurations can be formed. Even with a
limited number of defect configurations, it is still highly
probable that the resultant M8ssbauer spectrum would not display
well-defined structure. A sum over several equally probable
defect configurations with different isomer shifts and quadru-
pole splittings would only result in inhomogeneous broadening.
The only conditions for which a well-defined structure might
be expected is if one defect configuration was dominant and
the quadrupole splitting for this configuration was large com-
pared to the natural line width (ZSEQ$>r‘)a

Tc make a quantitative evaluation of the MbYssbauer
parameters for defect environments is extremely difficult.

As discussed in the preceding section, the electric field
gradient eq arises from both the valence electrons and the
external lattice charges. The valence electron contribution

eqc is usually the larger due to the l/r3 dependence of eq.
Evaluaticn of the valence electron contribution to eq for
displaced atom environments would require knowledge of the

defect atom chemical bonding. Detailed knowledge of the electron

environment for displaced atoms is known for relatively few
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configurations. The cnly contribution to eq that can be

1

estimated 1s eq~ due to the external lattice charges. If

an ionic model is assumed, eql can be calculated by performing
a lattice sum calculation as described in Equation (II.24).
For covalently bonded structures such as PbTe, a lattice sum
calculation will certainly be in error. In doing the lattice
sum calculation, it is assumed that the valence electrons are
localized at the lattice site so the effective charge is that
of the free ion. Covalency would result in delocalization of
the valence electrons and a reduced effective charge. Being
aware of the inadequacy of a lattice sum calculation for a
covalent crystal, any result obtained from such a calculation

must be treated with some care. Nevertheless, a lattice sum

calculation was performed for the configuration described

in Figure II-6(b). The result is a field gradient eql=49.3 e/a,

in the (111l) direction. Using aj = 6.4528 for PbTe and the

3

measured quadrupole moment Q = .20 barns, the calculated quadru-

pole splitting isésEQ = 2.65 x 1072 ev = .0223 mm/sec. This is
very small compared to the line width 2" = 5.488 mm/sec.
However, we have not taken into account the Sternheimer polari-
zation factor (1 - ¥e ). Although ¥, has not been calculated

125 2-

for the Te ion, indications are that it is very large

in heavier ions such as this (e.g., ¥, for the 1127- jon is

~179) . (55)

Such a large Sternheimer antishielding factor
would make the quadrupole splitting of the same order of magni-

tude as the natural line width and perhaps measurable.
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Variations in isomer shift are expected to be very small
compared to the line width 2", The principal result of the
defect production would most likely be in alternation of the
5p valence electron configuration. Such changes would only
affect the iscmer shift through variations in shielding of the
5s electrons. The measured variation in isomer shift from an
empty to a filled 5p shell is of the order of .5 mm/sec. These
isomer shifts are quite small compared to the natural line width
and not measurable with a high degree of accuracy.

The effects of the defect environment on the MYssbauer
recoil-free fraction or f value are even more difficult to pre-
dict than hyperfine structure changes. As mentioned earlier,
the altered binding forces for the defect atom will introduce
localized modes into the lattice vibrational spectrum. These
changes in the lattice vibrational spectrum will definitely
affect the £ value, but the effect is difficult to determine
quantitatively. Only for very simple lattices with mass im-
purities and force constant impurities has quantitative analysis
been made of the change in £ value.(72'73)

The expected effect of displaced atoms on the M&ssbauer
spectrum for Te and TeO, cannot be predicted with any more cer-
tainty than for PbTe. The significant difference for Te and
TeO, is that the normal MBssbauer spectrum contains a significant
quadrupole splitting. Here displaced atom configurations may
have significantly lower electric field gradients and may pro-

duce structure between the two normal lines. Again isomer shift

variations would probably be small.



CHAPTER III.

APPARATUS AND EXPERIMENTAL PROCEDURE

A, Mbssbauer Spectrometer

1. Drive System

The M&ssbauer effect is observed by measuring the trans-
mission of the resonant gamma ray through an absorber as a
function of the relative velocity U~ between the source and
absorber. For each velocity, the gamma ray is then given a

Doppler shift in energy

AE = U7c, Eg ) (II1.1)

where EK is the gamma ray energy and c¢ is the speed of
light. Relative velocities in the present experiments were
obtained by moving the source with a velocity U~ while the
absorber was held stationary. By cyclically sweeping a range
of velocities, the energy spectrum can be continuously scanned.
To minimize data correction and optimize the counting time,
equal times should be spent in each velocity interval. Im-
posing this condition on the cyclical motion, the velocity
wave form should have a triangular shape as a functicn of time.
A schematic of the experimental system used is shown in
Figure III-1l. The source was mounted on the moving shaft of a

commercially available electromechanical transducer* operated

#*Model C31, Pickup Calibrator/Exciter, MB Electronics,
New Haven, Connecticut.

-48-~
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in the horizontal positicn. The moving shaft is supported

at both ends with leaf springs. These allow free movement

in the hcrizontal direction but suppress other motion. The
original springs were changed to .010 inch phosphor bronze
springs to reduce the natural frequency and the effect of
transient oscillations and allow greater control of the vibrator
with less current. Mounted on one end of the moving shaft is

a drive coil which moves within an outer field coil. A mag-
netic field was produced within the field coil by applying a

DC voltage to the magnet coil windings. The magnet field supply
is shown in Appendix B, Figure B-1l. With the magnetic field
activated, the displacement of the moving shaft is proportional
to the current through the drive coil.

The velocity of the moving shaft is measured with a pickup
ccil mounted on the end opposite the drive coil. The pickup
coil moves within a radial magnetic field created by a permanent
magnet. The output voltage of the pickup coil is proportional
to its velocity with a proportionality censtant approximately
equal to .065 volts/cm/sec.

The electromechanical transducer was driven by a Nuclear
Data* multichannel analyzer operating in the time mode. With
a rather inexpensive modification by the manufacturer, the
analyzer was adapted for operation as a forward-backward multi-
scaler. The multiscaler dwell time was controlled with a

Nuclear Data time base unit** The analog address scaler signal

*Model ND-180FM, Nuclear Data, Inc., Palatine, Illincis.
**Model ND-180ITB.
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generated by the forward-backward multiscaler is a triangular
wave form. Using a feedback amplifier, the velocity of the
transducer can be forced to follow this triangular wave form.
The linearly varying time scale of the multiscaler then corre-
sponds to a digital representation of the linearly varying
velocity of the transducer. With the forward-backward drive,
only a single Mbssbauer spectrum was stored, corresponding
tc a reflection and overlap of the double spectrum stored in
other time mode spectrometers°(62)
The drive amplifier used was similar to that employed
by M. B. Stearns.* It is a modified version of the amplifier

(63) A schematic of the drive

originally designed by Rubin.
amplifier is shown in Appendix B, Figure B-2. The analog

address scaler signal (.44 volts peak to peak for 256 channels)
is amplified 50 times by an operational amplifier** and inte-
grated and differentiated by subsequent operational amplifiers.
Since the displacement of the moving shaft is proportional to

the current (vcltage) through the drive ccil, the velocity

is proportional to the time derivative of the current. To
produce a triangular velocity wave form requires a parabolic
displacement wave form. Hence the principal driving voltage

is the parabolic output of the integrating amplifier. Triangular
and square wave (output of differentiating amplifier) voltage

components are combined to provide corrections for the friction

*Scientific Laboratory, Ford Motor Company, Dearborn, Michigan.
#%A]1]1 operational amplifiers are by George A. Philbrick
Researches, Inc., Boston, Massachusetts.
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and inertia of the transducer. The combined signhals are fed
through two bocster amplifiers to provide the driving current
for the transducer. Without feedback, however, the ocutput

of the velccity pickup coil varies somewhat nonlinearly. Feed-
back is provided by amplifying the output of the pickup coil

55 times and comparing it to the triangular wave input signal.
The difference signal is then also applied to the booster
amplifier.

The operating frequency of the transducer was normally
about 10 cps. The frequency 1s determined by the multiscaler
dwell time and the number of channels used (200tAsec and 256
channels, respectively, for the above). The operating velocity

125 measurements was = 2.5 cm/sec. This

range for most of the Te
velocity range can easily be varied by changing the amplifi-
cation factor of the signal from the velocity pickup coil.

The observed velocity error signal was approximately
.2 percent of the maximum velocity. The major portion of this
error signal arises from 60 cycle pickup and noise due to the
finite steps in the analog address scaler driving signal. The
linearity of the drive system was checked using the magnetic

57 metal and plotting the measured peak

hyperfine spectrum of Fe
locations versus the known peak locaticns. The deviation from
linearity was less than .5 percent. Some difficulty was en-
countered with a phase shift of the analog address scaler

signal in the first amplifier stage cf the drive amplifier.

Efforts to eliminate this were not ccmpletely successful and

the phase shift had to be compensated electronically using
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the differentiated signal. The maximum line broadening due
to both noise and phase shift was determined by evaluation

57 calibration

of the excess broadening in the lines of the Fe
spectrum. Correcting only for absorber thickness, the un-
accounted broadening amounted to .27 percent of the full velo-
city range of 2.5 cm/sec.

Live display of the multichannel analyzer memory was
provided by a Tektronix oscilloscope.* Data was printed out
using a teletype machine.** The teletype provides both a
typewritten page printout and an ASCII coded punched paper
tape output.

The velocity scale of the analyzer was calibrated using
the room temperature MYssbauer hyperfine spectrum of Fe®7 in
a natural iron absorber. The six-line spectrum was fit using
the excited and ground state splitting factors g; = 2.245 mm/sec

(87) Some

and 9o 3.922 mm/sec determined by Preston, et al.
care must be exercised, however, in the interpretation of such
calibrations, using uncalibrated natural iron gbsorbers. The
effective internal hyperfine fields can vary by ~ 1.5 percent
between different natural ircn foils, depending on the metal-
lurgical history of the samples. This uncertainty was included
in the error bars listed for all measurements. Velocity cali-
braticns were performed after each tellurium run.

57

The only difficulty encountered using the Fe hyperfine

spectrum for calibration was the difference in velocity range

*Type 503, Tektronix, Inc., Beavertcn, Oregon.
**Model 33TC, Teletype Corpcration, Skokie, Illinois.
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of Te and Fe®’ M8ssbauer spectra. The full Fe>7 hyperfine

spectrum occupied only one-fifth of the velocity span used
for the Tel25 measurements. When using 128 channels, this
provided limited resolution of the six-line spectrum. A room
temperature calibration standard with larger splittings than

151

57 : . . u .
Fe would be desirable. Eu is currently being investigated

as such a standard.
2. Cryostat

The low Debye temperatures for most tellurium compounds
(6~ 1509K) necessitate Mbssbauer measurements with both the
source and absorber at liquid nitrogen temperature or lower.
The cryostat shown in Figure III-2 was designed for use with
both the source and absorber at liquid nitrogen temperature
and with the motion fed through from the outside to the source.
The cryostat was similar to one originally described by DeWaard,

(64,65) The chief features of

DePasquali, and Hafemeister.
this cryostat were the low cecst, simplicity in construction,
and ease of operaticn.

The crycstat consisted of a commercially available 8 liter
stainless steel Dewar.* A 3" x 2%" x 15" block of aluminum
acted as a cold finger for conduction cooling of the source
and absorber. The source and absorber mounting was completely
assembled prior to insertion in the cold finger and then was

simply threaded into the aluminum block. The source and ab-

sorber mounting consisted of an outer aluminum holder fitted

*Virtis Cocmpany, Inc., Gardner, New York.
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with a %" diameter stainless steel tube. The sources were
mounted in a small aluminum holder which was attached to a

1-1/8" diameter, 6 mil thick beryllium-copper flexure plate¥*

and a %" diameter stainless steel tube. This tube acted as

the source driving rod. The flexure plate was held in the holder
with a cap on which was mounted the absorber holder. The cap

and absorber holder were firmly clamped in place with a second
screw cap.

After mounting in the aluminum cold finger, the stainless
steel driving rod was coupled to the mcoving shaft of the electro-
mechanical transducer by a second piece of tubing. The source
and absorber holder was sealed to the air with a rubber membrane
mounted at the joint of the two driving rods and clamped between
two pieces of aluminum attached to the outer stainless steel
tube.

An iron-constantan thermocouple was sealed inside the alu-
minum scurce holder with epoxy. The leads pass out through the
driving rod tc a temperature reccrder.*¥

The aluminum ccld finger and source and absorber holder
were insulated with styrofoam. A single blcck of styrofoam
was cuat in the proper shape to fit over the aluminum cold
finger and to seal on the rim of the stainless steel Dewar,

The source and absorber holder was mounted through a hcle in

the side of the styrofoam block, which was sealed with a piece

*The beryliium-ccpper flexure plates were prepared by etching
the pattern in ferric chloride etching solution.
*%7jsher Recordall, Fisher Scientific.
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cf styrofoam after mounting. The styrofoam block was rigidly
clamped to a work bench after the driving rod was coupled to
the transducer.

The temperature of the source and absorber in the cryostat
was 82°K when the Dewar was completely full. The temperature
increase during a cycle was approximately 9°K. The liquid

nitrogen boil-off rate was about 1 liter/hour.
3. Detection System

As discussed in Chapter II, one of the difficulties in
the detection of the 35.6 kev gamma ray of Tel25 is the intense
background from the K and KP x-rays at 27.4 kev and 31.2 kev.
The number of x-rays and gamma rays emitted per decay from the
145 kev level was calculated in Chapter II as Ky ﬂ(P s ¥ =.942:
.203:.,070.

The three energy peaks cannot be resolved using a Nal
scintiliation crystal and can only be partially resolved with
a proportional counter. The difficulty with resolution can
be circumvented by detecting only the escape peak. Violet(29'31)
originally used this method with a NaI scintillation detector;
however, the method is equally applicable with a xenon-filled
proportional counter. In both iodine and xenon, the energy of
the K-absorption edge (33.17 kev and 34.51 kev, respectively)

is between the Te125

X-ray and gamma ray energy. Thus, only
the 35.6 kev gamma ray absorption is capable of K-shell photo-

electric absorption and subsequent excitation of iocdine and
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Xenon X-rays. The escape peak arises from the loss of the
icdine or xenon x-rays from the detector.

The technique was tried using both a thin NaI(Tl) scin-
tillation crystal* and xenon-filled proportional counter.*#%

The calculated optimum Nal crystal thickness for this technique
is 9 mils; however, there is considerable difficulty in cleaving
crystals this thin. The crystal provided by Harshaw was
apparently much thicker, and consequently the escape peak
efficiency was quite low. 1In addition, the resolution of the
escape peak was considerably better with the proporticnal
counter than with the scintillation detector. Subsequently,

all measurements were made with the proportional counter rather
than the scintillation detector.

The pulse height spectrum taken with the xenon/nitrogen-
filled proportional counter is shown in Figure III-3(a). The
X-ray and gamma ray photopeaks are not resolved. Escape peaks
occur at both 3.0 kev and 7.0 kev energies corresponding
respectively to the loss of the xenoniKP and Ky x-rays. The
3.0 kev peak occurs below the noise threshcld, sc only the 7.0
kev peak is selected for the Mbssbauer experiment. The signal-
to-noise ratio of the escape peak can be improved a factcr of
3.5 with only a factor of 1.5 reduction in the count rate by
using a Cu absorber to selectively filter out the tellurium
x-rays. With a 5 mil Cu absorber (113 mg/cm?), the intensities

at the detector are reduced to Kd.gKF : ¥ =.186:.066:.033. Less

*Integral Line Assembly, Harshaw Chemical Company, Cleveland,
Ohic.

#**Model RSG-30A, Reuter-Stokes Electronic Components, Inc.,
Cleveland, Chic.
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than 1 percent of the 8.0 kev copper x-rays generated by the
photoelectric absorption are transmitted through the 20 mil
aluminum window on the proportional ccunter. The spectrum
taken using the 5 mil Cu absorber is shown in Figure III-3(b).
The energy resolution of the escape peak is 26 percent and the
signal-to-noise ratio is 3:1. The signal-to-ncise ratio could
be improved further by using a thicker copper selective ab-
sorber. However, the decreased count rate made this prohibitive.
The output pulses from the proportional counter were fed
through a preamplifier and double delay line linear amplifier
into a single channel analyzer.* The proportional counter
voltage was supplied by a regulated high voltage power supply.**
The pulses in the escape peak were selected with the single
channel analyzer. Peak settings are easily accomplished using
a multichannel analyzer by coincidence gating the total spectrum
with the output pulses of the single channel analyzer. The
single channel analyzer output pulses were stored in the multi-

channel analyzer operating in the multiscaler mode.

B. Scurce and Absorber Preparation

1, Sources

All of the sources used in the experiments described in

125m

this paper consisted of Te in various compounds of tellurium.

The Teledm was prepared by the reaction Te124(n,6)Te125m as

described in Chapter 1I. Irradiations must be done using

*Models NB-19, NA-12D, and NC-14, Hamner Electronics Company,
.Inc., Princeton, New Jersey.
*%Model N-4035.
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124

tellurium compounds enriched in Te This is made necessary

by the presence of stable isotopes of tellurium (notably Tel2o,

e122 126 128

T Te , Te

, and Tel30) which have abundances and cap-

ture cross sections comparable to Te124

and which produce
reaction products with half lives comparable to Tel25M,  The
gamma and x-rays produced in the decay of these reaction pro-
ducts would create a background intolerable for detection of

125m

the Te 35.6 kev gamma ray. The source enrichments were all

93.9 percent in rel24

a. PbTe

The PbTer2%

was prepared by New England Nuclear Corporation
{NEN) * by reacting stoichiometric amounts of Pb and Te in

vacuum for 30 minutes at 900°C. The sample was in powder form
and had a purity greater than 99 percent. The principal con-
taminant in the sample was sulfur, which was present in the en-
riched Tel24 obtained by NEN.

For use as a source in the radiation effect measurements,
the PbTel24 powder was pressed into the form of a thin platelet
and sintered. The initial density of the powder was only 37.6
percent of that of the solid material. Densification was
achieved by several compacting and grinding steps. The final
platelet was formed by grinding the densified powder through

a 100 mesh screen and pressing between two steel plates with

approximately a 20,000 pound load.

*New England Nuclear Corporation, Boston, Massachusetts.
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The %" diameter platelet was sintered in a hydrogen atmos-
phere in an annealing furnace at 550°C for three hours. The
annealing removes the stresses induced by the compacting and
causes recrystallization and coalescence of the powder particles.
Less than 10 percent of the mass was lost by sublimation
during the sintering. The resultant platelet was quite brittle,
but successfully withstood several handlings. The weight of

the irradiated platelet was 57.7 mg.

b. Te Metal

The Te124 metal was supplied by NEN. The metal was electro-

magnetically enriched in Tel24,

The samples were of purity

greater than 99 percent,with sulfur as the major contaminant.
A sintered metal platelet was prepared using the same

procedure as for the PbTe. The platelet was annealed at 350°C

for six hours. The weight of the irradiated platelet was

30.3 mg.
C. Te02

Te12402 was prepared from Tel24 petal using a modification
of the procedure described by Marshall.(66) Samples of Tel24
weighing approximately 60 mg were placed in a 50 ml beaker and
ccvered with 10 ml of water. 10 ml of HNO3 were slowly added to
dissclve the Te metal. The clear liquid was then evaporated
on a water bath in an open 20 ml beaker. Crystals of basic

tellurium nitrate (2Te02°HN03) were deposited during the evapo-

ration. Evaporation was continued to dryness. The beaker was
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then covered with a watch glass and heated in an oven for two
hours at 415°C. The decrepitation of the basic tellurium
nitrate yielded TeO, in the tetragonal crystal form. X-ray
diffraction analysis of the powder confirmed the existence

of only the tetragonal crystalline modification with lattice
constants ag = 4.8102 and c, = 7°6l3g (X-Ray Powder File,
Card 11-693).

Some other interesting observations were made during
preliminary preparations of TeOy. X-ray diffraction measure-
ments of the "basic tellurium nitrate" crystals deposited on
evaporation indicated the structure was nearly identical to
the tetragonal TeO, . Only a slight trace of additional structure
was discernible in the diffraction pattern. This observation
was further confirmed by the catalogued diffraction pattern
(X~Ray Powder File, Card 1-0862) for "basic tellurium nitrate,"
which is essentially the pattern for tetragonal TeO, with only
slight differences. The origin of the apparent similarity is
the nearly identical Te-O structure for tetragonal TeO, and
2Te0, HNO5. (101)

The possibility of introducing a phase change from the
tetragonal to the orthorhombic structure on heating was indi-

cated by Marshalls(66)

The existence of a phase change was
studied by heating the sample at various temperatures and
taking the x-ray diffraction pattern after each heating.

Samples were heated in an annealing oven at 405°C, 630°C, and

775°C. The first two samples were heated for two hours. The
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latter sample was melted (MP = 733°C) and quickly cooled to
room temperature. The diffraction pattern for each of the
samples following heating showed only the tetragonal crystal
structure. This indicates that over the temperature range from
405°C to the melting point TeO, forms only a tetragonal lattice.
No structure change from the tetragonal to the orthcrhombic
phase was observed. This result is confirmed by Zlomanov,
et al.,(67) who observed the identical result over the range
457-704°C. Dutton and Cooper(68) have concluded that the
tetragonal form is produced by any artificial method of prepa-
ration and the rhombic structure occurs only for the naturally
occurring mineral "tellurite."

For use as source material, the Te12402 was retained in
powder form. Powder samples were sealed in aluminum foil

packets for irradiations.
2. Absorbers

All cf the absorber material used were in powder form.
Rigid absorbers were prepared by imbedding the powder in lucite.
The procedures was as follows: The powdered tellurium compounds
were ground through 100 mesh screen and thoroughly mixed with
~ 100 mg of 100 mesh lucite powder. The mixture was placed in
a 5/8" diameter stainless steel mold between two heater plates
in a mechanical press* Approximately 200 psi was applied and
the mold was heated to 115°C and quenched. The powder appeared

to be very homogeneously dispersed. The thin, rigid mounting

proved very convenient to use.

*Carver Laboratory Press, Fred S. Carver, Inc., Summit, New Jersey.
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It was originally felt that absorbers enriched in Te125

would be necessary to provide significant f values. Assuming
no resonant absorption occurs in the source, the maximum resonant

intensity is given by(69)

€lo)= P(@P—(ml)b(o) (II1.2)

-Ta
= f5 ’71— e & Jo (LTA/Z)J (I11.3)
)

where fS is the source f value and TA is the effective absorber

thickness

T, :{‘A NpOn G Ta . (I11.4)

fA is the absorber f value, n, is the number of atoms per cubic

centimeter, the fractional abundance of resonantly absorbing

oA
atoms, <ro the resonant cross section, and tA the absorber

thickness. An 1ncreased abundance ap increases TA and € (0)

approaches the source f value.
However, the resolution of hyperfine structure in Te125 is
inherently poor due to the broad natural line width. This

necessitates the use of thin absorbers to minimize the line

broadening. The experimentally measured line width is given

as (69)

iy = @ 2TAT - Tes e
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Here it is assumed that the effective source and absorber

line widths are equal and equivalent to the natural line width.
For values of Tp less than one, the line width increase is less
than 15 percent. With poor resolution, however, even a broadening
of this magnitude can be significant. In the end, the need for
better resolution exceeded the need for higher f values and
natural abundance absorbers were used.

The absorber thicknesses were chosen to maximize the in-
formation obtainable from a MWssbauer experiment. The criterion
for maximum information is that the ratio of the maximum resonant
intensity in counts per channel to the standard deviation of the

counts per channel be a maximum, or

‘9700\)( = max (J Ploo) G(D» ' (I1I.6)

Using Equation (III.3) and the fact that

Ple)=Se ik ’ (171.7)

where S is an appropriate source strength per channel, F is
the electronic absorption coefficient in cmz/mg,and Xa /pt is

2

the absorber thickness in mg/cm®, the maximum of Equation (III.6)

can be determined. The ideal effective absorber thickness is

given as the solution to
(fe)e™ = T.(%) - T, (%)
[l- <, (T"/ﬂ]

(III.8)
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where CA = TA/XA. The solution to Equation (III.8) is shown
in Figure III-4 for various r*/CA ratios. The optimum effective
absorber thickness 1is the intercept with the appropriate V/CA
curve.

Since the f values for most of the tellurium absorbers were
nct known, the rl/CA ratio could only be estimated. This intro-
duced considerable uncertainty in the optimum thickness. For

125

most natural abundance tellurium absorbers (ap = 6.99 percent),

the optimum thickness is of the order of 50 mg/cmz.

The effective thicknesses of the prepared absorbers were
determined by measuring the attenuation in the absorbers of the
14.4 kev Fe°’ gamma ray from a co®? source. These values are
all tabulated in Table III-1.

From Equations (III.4) and (III.5), it is possible to
calculate the expected line width for each absorber, correcting
for the absorber broadening. For most of the absorber materials,
the Debye temperature is unknown so the value cannot be calculated

directly. The Debye temperature for TeO_ was measured previously

2
as op ™ 170°%K. (32)

A comparison of the measured resonance intensities and
absorption areas of the other compounds with TeO, indicated that
an assumed Debye temperature of ©p ~ 170°K for each of them would
noct be too unreascnable. The line widths listed in Table III-1
were calculated under this assumption. For the absorbers with

125

a natural abundance of Te , the absorber corrections amounted

to~10 to 20 percent of the natural line width. An extreme error
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of 100 percent in the estimated value of Tp would amount to
only ~ 10 to 20 percent error in the estimated line width.

The M8ssbauer spectra for HgTeOg, CuCryTey, and TeO, gave
measured line widths which were only of the order of 5 percent
greater than the calculated value. Broadening of this magnitude
can be accounted for principally by the uncertainty in the
estimated line width and the experimentally introduced broadening.
Other small contributions include source broadening and absorber
inhomogeneities. The MnTe and CrTe lines were broadened by
unresolved hyperfine splittings, as will be discussed in Chapter
V. The PbTe absorbers enriched in Tel25 displayed line widths
approximately 36 percent greater than the expected value. This
will be discussed in Chapter 1IV.

Information on the procedures used for preparation of the

tellurium compounds used as absorbers is given below.

a. PbTe

Lead telluride enriched to 95.0 percent in Tel25 was

prepared by NEN as described in the above section dealing with

sources.
b. TeO2

Tellurium dioxide with natural abundance tellurium was
prepared using the procedures described in the above section
dealing with sources. X-ray diffraction confirmed the existence

of only the tetragonal crystalline form.
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C. CuCrzTe4

CuCrpTeyq powder was obtained from C. Colominas.* The
procedure used in preparation of the material and the results
of neutron and x-ray diffraction study of the material are

reported in a recent paper.(70)

d. MnTe

A sample of manganese telluride powder was obtained from
Tseng-Ying Tien.** The sample was selected from several which
had been prepared as being the closest to a stoichiometric mix-
ture. The sample was prepared using approXimately 1 percent
excess tellurium by weight. High purity Mn and Te powder were
ground through 200 mesh screen, mixed, and pressed into pellet
form. The powders were reacted in a graphite crucible in an
evacuated Vycor tube. The graphite was used because of the
high heat of reaction and because the MnTe reacts with Vycor.
The powder was reacted for four hours at 500°C. X-ray dif-
fraction patterns indicated no trace of the elements or other

compositions.,
e. CrTe

Chromium telluride was prepared by reacting high purity
Cr and Te powder. Stoichiometric amcunts of Cr and Te were
mixed and ground together. The powder was sealed in an evacu-

ated quartz tube and heated at 1000°C in a temperature controlled,

*C.N.R.S., Grenoble, France.

**Depart@ent of Chemical and Metallurgical Engineering,
The University of Michigan, Ann Arbor, Michigan.
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rotating combustion furnace for 19 hours. The CrTe was removed

from the quartz tube and the sample was reground and again

sealed in an evacuated quartz tube. The powder was heated to

1000°C for 21 hours and then quenched to room temperature.

The reheating was done to insure the homogeneity of the sample.
X-ray diffraction patterns confirmed the presence of CrTe

of hexagonal structure with lattice constant a_ = 3.968 and

o

Cy = 6.178 (X~-Ray Powder File, Card 2-0682). There was no trace

of any additional structure in the diffraction pattern.
f. H6Te06

A sample of orthotelluric acid in powder form was obtained
from the Department of Chemistry of The University of Michigan.
The procedure used in preparation was not known. X-ray powder
diffraction patterns agreed well with the data for the cubic
phase with lattice constant aj = 15.51K (X-Ray Powder File, Card
1-0329). Some monoclinic form may be present since it is some-
what difficult to distinguish between the two phases with the

x-ray diffraction patterno(68)

C. Source Irradiations

The sources were all irradiated in the Ford Nuclear Reactor
at The University of Michigan. The reactor is a swimming pcol-
type research reactor which operates at two megawatts. The core
consists of enriched U-235 fuel elements. The core is light
water moderated, but a tank of D20 has been installed on one

face to act as a reflecting element. Provision is made for
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irradiations in core, in the heavy water tank, or in the light
water moderator away from the core. The highest thermal neutron
flux is obtained in the D,0 tank holes nearest the core. The
flux here is approximately 2.5 x lO13 neutrons/cmZ-sec; however,
the cadmium ratio (thermal flux/fast £lux) is only 4.5. Sources
which were not used for radiation effects measurements were
usually irradiated at this location or in the core (approximately

13 2—sec maximum thermal flux).

1.5 x 10 neutrons/cm

The sources used in the radiation effects measurements were
irradiated at lower thermal neutron fluxes but with higher
cadmium ratios to minimize fast neutron effects. The thermal
and fast neutron fluxes used for each of these sources are

listed in Table III-2.

TABLE III-2

IRRADIATION CONDITIONS FOR Tel23 SOURCE
MATERIALS FOR RADIATION EFFECTS MEASUREMENTS

Pin Vs T P T Yet

Source (n/cm?-sec) jnlcmz—sec) (hrs) (nlcmz) (n/cm2) q%b/q%

PbTe 6.4 x 1011 5.3 x 1010 336 7.7x10Y 64x106 12
Te 6.4 x 1011 5.3 x 1010 400.7 9.2 x107 76x10® 12

TeO, 5.8 x 1012 4.5 x 1019 399.3 8.3 x 108 6.5x107 13

Both the PbTe and Te metal platelets were mounted in an
aluminum holder for the irradiations. The TeO, powder was
sealed in an aluminum foil packet. The source holders were

then sealed in a 3/4" diameter by 2' aluminum tube by welding
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caps on both ends of the tube. This was made necessary by the
relatively long irradiation times. Sources were irradiated by
inserting the tubes directly into the irradiation holes.

Following irradiation, the samples were stored in the pool
for a period of approximately one week. This reduced the 15-
hour Na?? activity produced by the reaction a127 (n, o) Na2? to a
tolerable level so that the irradiation tube could be safely
handled. The Tel?3 sources were then removed from the aluminum
holders and remounted to eliminate any background activity from
the holders.

All irradiations were done at reactor ambient temperature.
Measurements were made of the sample temperatures during irradi-
aticn by inserting dummy source holders into the core with
copper-constantan thermocouple wires attached. Equilibrium
sample temperatures ranged from a maximum of 55°C at the in-
core irradiation hole to 41°C in the second irradation cup (C2)

in the water away from the core.



CHAPTER IV,
EXPERIMENTAL RESULTS OF THE
RADIATION EFFECTS MEASUREMENTS

The procedure used for investigating the effects of
neutron capture on the M&ssbauer spectrum was as follows:
The PbTe, Te, and TeO, source materials were prepared and
irradiated as described in Chapter III. After irradiation,
the Mbssbauer spectrum was taken for each of the sources
against a single line absorber. These spectra should be
characteristic of the lattice with atoms displaced from
normal lattice sites by the mechanism described in Chapter
II. The spectra characteristic of the "ideal" lattice were
obtained using the same sources following treatment to restore
the displaced atoms to their normal lattice environment. 1In
the case of the PbTe and Te metal, the defects were removed
by annealing. The PbTe was heat treated in a hydrogen
atmosphere for 11 hours at 400°C. The Te metal was also
annealed in a hydrogen atmosphere at 350°C for 12 hours. The
TeC, powder was dissolved and recrystallized following the
procedure described in Chapter III. The Mbssbauer spectrum
was taken again for each of the sources under the same con-
ditions as the initial spectrum. These data served as reference
spectra characteristic of the "ideal" lattice. By comparison
of the "defect" and "ideal" MYssbauer spectra, the effects of
the neutron capture induced displacements could be determined.

The following are the results and discussion of the

measurements on PbTe, Te metal, and TeOj.

-75-
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A. PbTe
1. Results
The MYssbauer spectrum was taken using the PbTel25 source

and a single line PbTe absorber enriched to 95 percent in

Te125

. The measurements were all made at liquid nitrogen
temperature. The data taken in the Mbssbauer measurement

before annealing are shown in Figure IV-1l. The data, uncorrected
for background, are presented as the resonance absorption nor-
malized to the background counting rate. The solid line is

the best fit with a single Lorentzian line shape.* The results
of the fitting to the Mbssbauer spectrum after annealing are
shown by the dashed line in Figure IV-1l. The fitting parameters

and the error limits** for each of the spectra are listed in

Table IV-1.

TABLE IV-1

PARAMETERS FROM PbTe RADIATION EFFECTS DATA

*
PbTe [lxy ** S # Resonancé## Area### P
Scurce (mm/sec) (mm/sec) Intensity (mm/sec) XL/N
Pre-anneal 9.60% .23 .07%.05 .0324%¥.0003 ,444  1.469
Post-anneal 9.58% .22 .03t .04 .0351%.0003 471 1.142

*The least squares fitting program is described in Appendix C.
*%*The error limits for line shifts and splittings include both
statistical error and uncertainty in the velocity calibration.
The error limits on the intensity are only statistical and do
not include experimental uncertainty.
*%*Full width at half maximum of the resonance line.
#The center shift relative to zero velccity.
##Maximum resonance intensity uncorrected for background.
###Area under the resonance spectrum obtained by numerical
integration.
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The following observations can be made of the data. The
line width remains constant in the two measurements. The
isomer shift is slightly more positive* before annealing, but
it is not statistically significant. A similar experiment
performed earlier did not show this same trend. The line
intensity, uncorrected for background, increases 7.7 percent
upon annealing. The increase in area of 5.8 percent is

approxXimately equal to the change in line intensity.
2. Discussion of the Data
a. Radiation Effects

In summary, the only apparent difference between the
spectra is in the resonance intensity. This change in resonance
intensity will be discussed following presentation of the results
of the Te and TeO2 data. These results for reactor irradiation
of PbTel24 go not show the dramatic change in isomer shift

(17) The reported isomer

reported by Stepanov and Aleksandrov.
shifts up tc 2 mm/sec should easily be seen in the present
measurement. The lack of such a shift in the present measurement
is probably due to the lower concentration of fast neutron de-
fects. The irradiation conditions for the Stepanov and
Aleksandrov experiment were considerably different than ours.

The integrated thermal flux for irradiaticons by Stepanov and

Aleksandrov was 9.0 x 1020 neutrons/cm2 compared to the value

7.7 x lO17 neutrons/cm2 listed in Table III-2 for the present

*Positive velocities are defined by the motion of the source
toward the absorber,
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measurement. No information was presented in their paper
on the fast flux; however, with a reactor thermal flux of

2.3 x 104

neutrons/cm?-sec, the cadmium ratio is probably

no better than 5. With this assumption, the integrated fast
flux would be 1.8 x 1020 neutrons/cm? compared to our value

of 6.4 x 1016 neutrons/cmzo Assuming no saturation behavior,
the defect concentration produced by the fast flux in the
Stepanov and Aleksandrov irradiation would be approximately
.4--meaning roughly one of every two tellurium atoms would

be displaced by fast neutron scattering. 1In this case, the con-
centration of fast neutron induced defects is so large that
these defects, in addition to the thermal neutron induced
defects, may have a significant effect on the MYssbauer emission
spectrum. Stepanov and Aleksandrov interpret the origin of the
isomer shift as a change in the band structure of PbTe which
alters the probabilities of s- and p-electron transitions to

the conduction band. The surprising fact is that the defects
appear to anneal at room temperature, contrary to what had been

reported earlier on neutron effects in PbTe°(23—25)

b. Line Width

The apparent single line spectrum for PbTe confirms the absence
of quadrupole splitting in cubic structures. The one disturbing
feature of the spectrum is the unexpectedly large line width.
The measured line widths are apprcximately 36 percent broader

than the predicted line widths. The predicted line widths theor

may be as much as 10 percent in error, however, due to the
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estimate of the f value and the uncertainty in the measured
thickness. In all likelihood the predicted line widths are
low estimates.

Part of the broadening arises due to the difference between
the line width determined from a "best-fit" Lorentzian and the
true width at half maximum of the absorption spectrum. For
increasing values of T,, the Lorentzian line shape differs
significantly from the true absorption spectrum. This was
readily apparent in observation of the deviation of the "best-fit"
Lorentzian from the true absorption spectrum for PbTe. The
result showed identical behavior to that described by Bowman,

et al.(lOZ)

A significant deviation is also confirmed by the
relatively large *~2/N values for the PbTe spectra. The paper
by Bowman, et al., indicates that this broadening may amount to
several percent. A second contribution to the broadening is

the effect of the granular absorbers. Bowman, et al., have
shown that the line widths are broadened by the finite grain
size of the absorber powder. If it is assumed that the average
powder size is 200 mesh (.074 mm diameter), the average resocnant

125 s approximately EA = 4. The

125

thickness of a grain of PbTe

total average resonant thickness of the PbTe absorber 1is

TACi 2.1. The results of Bowman, et al., indicate the relative

width for such an absorber is |ﬂ ~ 3.4 r1 = 9,35 mm/sec.
theor

This is in good agreement with r;xp = 9.6 mm/sec. This

estimated line width must be treated with socme care since some

of the factors are only crude estimates. The point of interest
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is the fact that the grain size can provide broadening factors
of the order of 30 percent. It appears that this factor
easily explains the observed broadening.

Such a large broadening would not be expected in the
absorbers with a natural abundance of Te125° Assuming the
powders are of identical grain size, the average resonant
absorption per grain will decrease approximately in proportion
to the ratio of abundances (.07/.95 = .074); so for the natural
abundance absorbers iArv .3. With a total average resonant
thickness Tp &~ 1, the broadening is now only about 3 percent.

Other sources of broadening which were discussed in
Chapter III include that due to resonant absorption in the
source and instrument broadening. Both of these factors
contribute relatively little broadening in the measurements
repcrted herein. A final possible source of broadening may
arise from inhomogeneous hyperfine structure in the Mbssbauer
spectrum due to defects, nonstoichiometry, dislocations, grain

boundaries, etc. These effects are also expected to be small.
B. Te Metal

1. Results

125

The Mbssbauer spectrum was taken using the Te source

and a single line PbTe absorber enriched to 95 percent in Te125°
The measurements again were all taken at liquid nitrogen

temperature. The Mbssbauer data taken before annealing are

shown in Figure IV-2. The data are fit with two Lorentzian
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line shapes with variable intensities for each of the lines.
The results of the fitting and the subsequent fitting to the
spectrum after annealing are shown as the solid and dashed

lines, respectively, in Figure IV-2. The fitting parameters

for each of the spectra are listed in Table IV-2.

TABLE IV-2

PARAMETERS FROM Te RADIATION EFFECTS DATA

Te rexp g AEQ Resonance¥*
Source (mm/sec) (mm/sec) (mm/sec) Intensity
Pre-anneal 9.07f.24 -.44f.08 7.51%.14 .0197f.0004

Post-anneal 8.83%.26 -.41%t.09 7.35%.15 .0221%t.0005

*Average resonance intensity
for the two lines, uncorrected
for background.

Te Area 5

Source (mm/sec) X /N
Pre-anneal .528 .894
Post-anneal .573 1.065

The line width, isomer shift, and quadrupole splitting
parameters remain constant within the statistical accuracy of
the fitting. The resonance intensity increases 10.l1 percent
upon annealing and the area increases7.9 percent. Again, for
Te metal there appear to be no hyperfine effects attributable
to displacements. This is not unexpected in Te though due to the

probable self-annealing during irradiation. With rapid annealing
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prior to measurement, the initial spectrum should also be
characteristic of the "ideal" lattice. In consideration of

the annealing, resonance intensity changes are unexpected.

This would lead one to suspect that the observed changes in
resonance intensity are not real effects but due to uncer-
tainty in the experimental measurement. This will be discussed

in detail in this chapter.
2. Discussion of the Data
a. Quadrupole Splitting

The quadrupole splitting in tellurium metal has been

analyzed in considerable detail by both Violet, et al.,(3o)

(33)

and Shikazono. The structure of tellurium metal is shown
in Figure IV-3(a) and (b). The crystal consists of infinite
spiral chains of tellurium atoms. The atoms are covalently
bonded in the chains but only weakly bound between chains by
electronic and van der Waals forces. The electric field
gradient arises principally from bonding between adjacent
atoms on the same chain. The covalent bcnding scheme results

in unbalanced Py+ Py and p, orbitals, which provide a field

gradient

eq = eqo[ Ny +Ny NZ])C =eqpUp f .

NX, Ny, and NZ are the electron populations in the Py s py, and

(Iv.1)

p, orbitals: eq, is the electric field gradient due to a single

unbalanced p-electron; and(f~is the fractional importance of such
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FIGURE IV-3

(a) PROJECTION OF TELLURIUM CRYSTAL STRUCTURE
(DIFFERENTLY SHADED CIRCLES REPRESENT ATOMS
AT DIFFERENT LEVELS)

(b) TELLURIUM CRYSTAL STRUCTURE
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bonding. The electric field gradient for a single unbalanced
p-electron in atomic tellurium calculated by Barnes and Smith (74)
is eqo =3.9% .4 x 1016 esu. Violet, et al.,(3o) used such a
formulation and obtained a value eq = -2.8 t:i x 1016 esu for
tellurium metal.

The quadrupole splitting, as described in Equation (II.20),
is determined by the separation of the two lines in the MYss-
bauer spectrum shown in Figure IV-2. The average value of the
quadrupole splitting obtained from our measurements is ZSEQ =
7.50 T .10 mm/sec. It is in excellent agreement with previous

measurements.(30’32_34’36)

b.  Asymmetry

In all measurements with tellurium metal, the two lines
in the spectrum were slightly asymmetric. The results consis-
tently showed that the intensity of the negative velocity
component was a few percent greater than the positive velocity
component. However, the difference was of the order of the
standard deviation of the fitted intensities. The asymmetry
arises from the anisctropy of the f value. The origin of the
(75)

effect was first discussed by Nicholson and Burns and is

(76) For a polycrystalline

known as the Goldanskii effect.
source such as the tellurium metal used here, the relative
intensities of the components of the M&ssbauer spectrum are
obtained by averaging the angularly dependent emission probabi-

lities over all angles. This is identical to the procedure

described earlier for the intensities in the magnetic hyperfine
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spectrum. With an isotropic f value, the average over angles
involves only the emission probabilities and the ratio of
intensities is 1. However, with an anisotropic f value, £
is also angularly dependent and the angular average may
provide a ratio unequal to 1. An angularly dependent £ value
would be expected for tellurium metal which has a highly
anisotropic crystal structure.

The asymmetry is clearly not in agreement with the result

(36)

reported by Stepanov, et al. The asymmetry is opposite

to and much smaller than their reported values. Violet, et al.

reported no apparent asymmetry within the statistical accuracy

of the fitting.

C. TeO)

1. Results
a. Radiation Effects

The Md#ssbauer spectrum was taken using the Te12502 source
and a single line HgTeOg absorber with a natural abundance of

Tel25

. The measurements were all made at liguid nitrogen
temperature. The Mbssbauer data taken before annealing are
shown in Figure IV-4. The data are fit with two Lorentzian
line shapes with variable line intensities. The results of
the fitting and the subsequent fitting to the spectrum taken

with the recrystallized source are shown as the solid and

dashed lines in Figure IV-4. The fitting parameters for each

of the spectra are listed in Table IV-3.

(30)
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TABLE IV-3

PARAMETERS FROM TeO2 RADIATION EFFECTS
DATA AND ABSORBER MEASUREMENT

Te0; r\exp 6 AEq Resonance Area 5
Source (mm/sec) (mm/sec) (mm/sec) Intensity (mm/sec) A<*/N
Pre-anneal 6.42t.12 -1.98%.04 6.72%.11 .0226t.0002 .514 .902
Post-anneal 6,.49%.12 -1.99t.04 6.89t.11 02190002 .505 .791
Te0s 6.79% .28 + 96+ .16 .0275.0009 40 9
Absarber .79t.28 .62%f.16 6.96%.16 .0275t. .5 .967

As in the previous measurement with tellurium metal, the
line width, isomer shift, and quadrupole splitting parameters
remain constant within the statistical accuracy of the fitting.
The line intensity was 3.2 percent less for the recrystallized
source spectrum with the area decreased by 1.8 percent. These
results again indicate that no significant hyperfine changes
occur which could be attributed to radiation induced displace-
ments. The variation in resonance intensity is opposite to

the change seen in both PbTe and Te metal.
b. Absorber Measurement

For an additional measurement of the quadrupole splitting

in TeOy and to obtain the isomer shift with respect to PbTe,

125

the Mossbauer spectrum was taken using a source of PbTe and

125

a TeOp absorber with a natural abundance of Te The measure-

ments were made at liquid nitrogen temperature. The experimental
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data are shown in Figure IV-5. The data are fit with a
spectrum consisting of two Lorentzian line shapes. The re-
sults of the fitting are also shown in Figure IV-5, and the

parameters are listed in Table IV-3.
2. Discussion of the Data

The value obtained for the quadrupole splitting is [&EQ =

7.0t .2 mm/sec. This result is in good agreement with the

(31-33) However, the value

(35,36)

value obtained by several authors.
AEg & 5.6 mm/sec has been quoted by two other authors.
The difference in the two ranges of A&EQ values is much greater
than the quoted errors so the difficulty apparently arises from
improper characterization of the material. Since there are
three presumed structures for Te02,(loo) some care must be
exercised. The origin of the apparent differences has not

yet been fully explained.

The crystal structure used in the preceding MYssbauer
measurements is that of tetragonal ol.—TeO2° The lattice is a
distorted variant of the rutile structure. The structure
appears to consist of a distorted trigonal bipyramid of oxygen
atoms around each tellurium. One equatorial position is occu-
pied by a lone pair of electrons. The average of the four Te-O
distances is 2.0038. There are also two oxygens at an inter-
mediate Te-O distance of 2.89%.

Unfortunately, the complexity of the structure precludes

any simplified analysis of the bonding scheme. Swink and
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Carpenter(lOl) have indicated that the nearest neighbor axial

and equatorial bonds probably involve different hybridizations.
The origin of the intermediate length Te-O bonding is uncertain,
and Te-Te bonds have also been postulated for the structure. (68)
The possible existence of an electric field gradient at the
tellurium site is obvious. Until the bonding scheme is clarified,

though, an estimate of the field gradient is not possible.

D. Discussion of the Radiation Effects Measurements

1. Resonant Intensity

Summarizing the results of the radiation effects measure-
ments, there appear to be no measurable changes in the M8ssbauer
hyperfine spectra in either PbTe, Te metal, or TeO3. The only
change observed in the measurements was a variation in the
resonant intensity. However, after careful analysis, the
variation does not appear to be due to a real change in the
recoil-free fraction; rather, the variations may be considered
as deviations within the experimental accuracy of the measure-
ment. The measured changes in resonant intensity (3 to 10
percent) were certainly greater than the statistical error in
the computer fit intensity (~ 1 percent); however, other ex-
perimentally introduced errors are considerably larger than the
statistical error.

The deviations in the experimental measurement of the
resonant intensity arise from both the lack of stability in

the detection system during the course of a run and variations
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in the reproducibility of experimental conditions between
runs. To examine the lack of stability in the electronics
during a run, the data were periodically analyzed during the
course of the run. In the preceding PbTe measurement, the
intensities, uncorrected for background, were observed to
have a considerable variation over the course of the run.

On the basis of these observed variations, the error bars on
the measured resonant intensity are 2.2 percent for the un-
annealed run and ¥4.1 percent for the annealed run.

These variations arise principally from changes in the
gamma ray detection system. Since the runs were usually of
one-week duration, this is not wholly unexpected. Any part
of the system which would cause gain drifts, gain changes,
or noise variations would vary the signal-to-noise ratio in
the escape peak and consequently affect the measured resonant
intensity. Although changes in high voltage, amplification,
and discriminator setting would affect the signal-to-noise
ratio, no noticeable changes were encountered. The most
likely source appeared to be the proportional counter and
preamplifier. During the course of the measurements, diffi-
culties were encountered with both noise from the preamplifier
and gain variations and count rate fluctuations in the pro-
portional counter. The signal gain and count rate fluctuations
do not appear to be a unique problem with our proportional
counters since the same effects have been encountered by other

experimenters.* This appears to severely limit the use of

*R, D. Taylor, private communication.



-94-

gas-filled proportional counters for accurate measurement of
M&ssbauer resonant intensities.

Careful attempts were made to exactly reproduce the ex-
perimental conditions between the pre-anneal and post-anneal
Mbssbauer runs. Some differences were unavoidable, however.
Variations in the signal-to-noise ratic no doubt occurred in
resetting the single channel analyzer window. Analysis of the
total gamma ray spectrum and escape peak spectrum taken before
each PbTe run indicated a variation of approximately 1 percent
in the signal-to-noise ratio. Since the determination of
the signal-to-noise ratio is not extremely accurate, the
reasonably close agreement may be fortuitous, and the error may
even be larger.

The source temperature was continuously monitored and
recorded during the course of an experiment. However, it is not
possible to determine the actual temperature better than to
within a few degrees from the recorder trace. In addition,
the temperature was not controlled, so variations of the order
of 9°K occurred during a filling cycle. A variation in the
average temperature would affect the measured f value. An
average temperature variation of 1°K would change the resonant
intensity by 1.4 percent.

From the foregoing analysis, the experimental uncertainty
in the measured resonant intensity could be of the same crder
as the measured differences. This is further confirmed by the
fact that the effect is seen in Te metél where it is not expected,

and variations of the same magnitude occur in other non-radiatiocon

effects measurements.
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2. Reasons for the Observed Results

The presence of radiation induced changes of the order
of a few percent in the MYssbauer recoil-free fraction cannot
be excluded on the basis of the present measurements. There
are a number of reasons, however, why the effects on the recoil-
free fraction and the hyperfine spectra may be very small.
Unfortunately, the data currently available is not satisfactory
to fully confirm or eliminate any of the explanations. The

explanations are the following.
a. Recoil Energy

The mean recoil energy of the atom after prompt gamma ray
emission may not be sufficient to displace the atom from the
normal lattice site. The value obtained in Chapter II was based
on several assumptions regarding the prompt gamma ray spectrum,
time and angular correlation of the gamma rays, and the dis-
placement energy. In reality, the capture gamma ray spectrum
may be much more complex than is assumed in the estimate of the
reccil energy. Since the mean recoil energy estimated in
Chapter II was only of the order of 2E5, a more complex capture
gamma ray spectrum may yield a mean recoil energy less than the
displacement energy Egj. Then only a small fraction of atoms
would be displaced from the normal lattice site. The resultant
Mbssbauer pattern would then be characteristic of the "ideal"
lattice, with only a small "background" contribution due to dis-

placed atom sites. Since the statistics of the accummulated
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M8ssbauer data were usually of the order of T.1 percent,
any fraction of sites less than about 5 percent of the total
would not provide a M8ssbauer line distinguishable from the
statistical background. In fact, even a fraction greater than
5 percent might not provide a distinguishable line if the
defect sites are characterized by widely differing hyperfine
interactions.

This uncertainty in recoil energy cannot be resolved
without a measurement of the Tel25 prompt gamma ray spectrum.

A measurement of the Te125

(91)

capture gamma ray spectrum was
attempted by Clifton, but the effort was fruitless.

The fact that thermal neutron effects are observed in
PbTe using other measurement techniques may be due to displace-
ments produced by neutron capture in other isotopes of tellurium.
The probability of displacements being produced due to neutron

123

capture in the stable odd-n isotopes of tellurium (Te and

Te125) is certainly greater due to the approximately 2 Mev
pairing energy increase in the binding energy. More favorable

capture gamma ray spectra may also occur in the other tellurium

isotopes.
b.  Replacement Collisions

The final environment of the displaced atom may be a
normal lattice site. Dederichs, Lehmann, and Wegener(ll) have
calculated the replacement probability for a primary recoiling

atom. Assuming hard-core interactions, the probability P(E)
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that a primary atom of energy E replaces a lattice atom during

slowing down is given as

In Efe, E£E 225,
F)(E) — (Iv.2)
Ln A 2Ess E

Assuming the values E = 58 ev and Eg = 25 ev used in Chapter
II, the probability of replacement for the recoiling tellurium
atom is P = 1ln 22 .7. Thus, a large fraction of the recoiling
atoms arrive at a normal lattice site.

However, even though these atoms are in a normal lattice
site, the characteristic environment may not be that of the
"ideal" lattice. First, since the recoil energies are low,
the replaced atom probably remains very near the replacement
site. Likewise, the initial site of the recoiling atom (now a
vacancy) is probably also near the replacement site. Thus,
although the primary tellurium atom may not be in the defect
state, it is probably a near-neighbor to a defect. Second, the
recoiling atom may replace the lead or oxygen in PbTe and TeO,
rather than the tellurium. The replaced atom would then act
as a substitutional impurity. This site would also be different
from the normal tellurium site. In both of these cases, the
characteristic environment should be different than that in the
"ideal" lattice. So even though the replacement probability is
large, the characteristic MYssbauer spectrum should still be

altered.
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c. Defect Annealing

Defect annealing may occur to restore the defects to
normal lattice environments. This has been discussed in some
detail in Chapter II so it will not be repeated here. The
gist of the discussion was that defects are probably stable

in PbTe, unstable in Te, and uncertain in Te02.

d. Hyperfine Interactions

The hyperfine interactions characteristic of the defect
environment may be too small to produce resolvable changes in
the M&ssbauer spectrum. As discussed in Chapter II, isomer
shift changes are expected to be very small compared to the
experimental line width. Since the s-electron density could
both increase and decrease in different defect environments,
the sum over different defect configurations could easily pro-
duce an averaged spectrum which is apparently unshifted.

The rough calculation of the electric field gradient in
Chapter II indicates that it should be possible to see quadru-
pole splitting in the Mdssbauer spectrum for atoms in a defect
environment. This cannot be further substantiated, however,
without a more rigorous calculation of the electric field
gradient involving the defect atom bonding. Evidence would
indicate that defect atoms in noncubic environments (such as
expected in PbTe) should produce quadrupole splitting which

would at least broaden the characteristic spectrum.
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It is unfortunate that more specific conclusions cannot
be drawn from the present measurements. However, the present
state of knowledge makes it impossible to conclusively confirm

or deny any of the preceding observations.



CHAPTER V.

EXPERIMENTAL RESULTS OF M&SSBAUER EFFECT

MEASUREMENTS IN OTHER TELLURIUM COMPOUNDS

M&ssbauer effect measurements were made of several
additional compounds of tellurium. The interest here was
solely in the information obtainable from the M&ssbauer
hyperfine structure. The measurements were all made with a
single line source of PbTel25, Both the source and absorber
were at liquid nitrogen temperature in all of the measurements.

The results for the various materials are described below.

A, CuCr2Te4q

The ferromagnetic spinel CuCryTeyq appeared to be an ex-
cellent candidate for the detection of magnetic hyperfine
structure in the Tel25 M¥ssbauer spectrum. This spinel is
one of the group of chromium chalcogenide spinels which have
shown an anomalous ferromagnetic coupling of the Cr spinse(80’82)

The magnetic hyperfine field which would be measured in our
experiment is not the field at the magnetic Cr cation site,
but rather the field at the nonmagnetic Te anion site. The
Te2” ion would not normally be expected to have a magnetic
hyperfine field at the nucleus due to the completely filled
5s and 5p electron shells. However, the ferromagnetically
coupled Cr spins can act to spin polarize or unpair the

filled tellurium electron shells. This unpairing leads to a

net spin density at the nucleus and a subsequent magnetic

-100-
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hyperfine field through Equation (II.28). This is often
referred to as a transferred hyperfine field.

Most spinels which have been studied have had magnetic
properties dominated by antiferromagnetic interactions. The
Cr spinels have been prepared with all of the chalcogenides
0O, S, Se, and Te and the metallic cations Cu, Ag, Zn, Cd, and
Hg. A group of these chromium chalcogenide spinels, including
CuCryTe4, have magnetic properties dominated by strong ferro-

(80-82)

magnetic interactions. For all metallic cations except

Cu, the attempts to produce the Te anion spinel have been

unsuccessful.(79'8o)

Since none of the other chalcogenides
are amenable to MYssbauer study, this compound represents a
rather unique opportunity for studying transferred hyperfine
fields in the ferromagnetic spinels.

The compound was first prepared by Hahn, et al.,(78)
in 1956. The magnetic properties were studied by Lotgering and
reported at the 1964 Magnetism Conferencen(79) Colominas(7o)
very recently performed x-ray and neutron diffraction measure-

ments on the material to ascertain the spin configuration.
1. Results

Mbssbauer measurements were taken using a single line
PbTel2> source and a CuCr,Teyq absorber with a natural abundance
of Tel?5. Measurements were made with two different absorber
thicknesses. The spectra for both absorbers consisted of two
rather broad lines. The experimental data for the thicker

absorber is shown in Figure V-1.



-102-

(zwo/buw_g-€G) yEENOsHY VoLlipnd ANY ED¥A0S o1dd
¥ WOdd WNALOEdS NOILJJOSdY HONUNOSHY

T-A SENOIJ

(93s/wd) ALIDOT3A

0¢ gl ol 2 0 G - Ol- Gl 0¢-
_ _ _ ! ! _ _ _ _
ssnoby G 3 gpl= H3H
]
wu O FbL += 27

G

gl

(%) NOILJHOSEV LNVNOS3H



-103-

a. Interpretation of Observed Spectrum

At first appearance, the spectrum seems to display two
lines characteristic of a large quadrupole splitting. However,
closer analysis indicates that the structure is due to a
partially resolved magnetic hyperfine splitting rather than
electric quadrupole splitting. The spectrum was fit with the
following theoretical curves: First, a spectrum consisting
of two Lorentzian line shapes with identical widths and
varying intensities; and second, six Lorentzian line shapes
with intensities constrained to the ideal intensity ratio for
a powder absorber. Both the ratio of the excited state to ground
state g value and the effective internal hyperfine field were
used as variables for the six line fit. The smooth curve shown
in Figure V-1 is the best fit with a six line spectrum. The
bars denote the location and intensity of the six lines.

On the basis of the curve fitting, the two line spectrum
was ruled out for two reasons: First, the 7(2/N value for the
fitting with two lines is greater than that for the six line
fit; and second, the line width obtained with the twc line fit
is broader than the predicted line width. As mentioned in
Appendix C, 7(2/N is a measure of the "goodness of fit." The
smaller 7(2/N, the better the fit. The wvalues obtained in the
fitting were 7(1/@2L = 1.32 and XI/NXL = 1.01l. The line width

obtained in the two line fit was = 8.68 mm/sec. This

l—"exp

is 36 percent broader than the predicted line width ‘1theor =

6.4 mm/sec corrected for absorber broadening. The line width
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for the six line fit is ‘1exp = 6.83 mm/sec, which is in agree-
ment with the predicted line width.

The third consideration ruling out electric quadrupole
splitting as the origin of the hyperfine structure is the
magnitude of the splitting. For a two line fit, the quadrupole
splitting is AsEQ = 10.75 mm/sec. Using the quadrupole
moment Q = .20 barns, the field gradient needed to give such
a splitting is egq = 4.3 x 1016 esu. This is even greater than
the field gradient from a single unbalanced p-electron, which

.(74) If the

as mentioned earlier is eqy = 3.9 X 1016 esu
tellurium occurred as purely ionic Tez-, the electronic structure
would be (5s)2(5p)® with no unbalanced p-electrons. For any
intermediate covalently bonded structure, such as (55)2(5p)4, the
number of unbalanced p-electrons, as defined in Equation (IV.1),
is at most one. For the reasons described earlier, lattice

field gradients would certainly be much less than this value.

On the basis of these arguments, no possible bonding mechanism
would contribute a field gradient as large as that determined

above. The conclusion is that the origin of the hyperfine

structure must be in the magnetic interaction.
b. Hyperfine Interaction Parameters

The fitting parameters obtained from the six line fit are
listed in Table V-1 for both of the absorbers. In the final
fitting, a quadrupole splitting parameter was also included

in the analysis. The combined effect of the magnetic field
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and electric field gradient on the nuclear levels can be
quite complicated. However, with some simplifying assumptions,
the level scheme can be easily interpreted. It was assumed
that the magnetic field and electric field gradient principal
axes coincided and that there was axial symmetry for the
electric field gradient ( q = 0)., It was also assumed that
rLHeff>> e2qQ so that the electric quadrupole interaction
merely acted as a perturbation to the magnetic substates. For
the small quadrupole splitting obtained in the actual fitting,
these assumptions are not unreasonable.

Averaging the results obtained from the two measurements,
the g factor ratio and effective internal hyperfine field were

determined to be

Jde/9gg = -.28 £ .03 (v.1)
and

Hogg = 148 * 5 kgauss. (v.2)
Using the ground state nuclear moment Kg = -.8872 nm determined

by nuclear magnetic resonance measurement(57) and the measured

g factor ratio, the excited state nuclear moment is

He = +.74 t .07 nm. (v.3)
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This result is in good agreement with the value of rle Z+ .7 nm

estimated by Shikazono. (33)
2, Interpretation of the Data
a. Crystal Structure and Spin Configuration

An understanding of the origin of the effective field
(Equation (V.2)) requires a more detailed study of the mag-
netic properties of CuCr,Tey. The spinels have the crystal
structure shown in Figure V-2. The structure can be visualized
as a close-packed array of Te atoms, into the interstices of
which the metal ions are packed. There are two types of voids:
the tetrahedral, or A sites, of which there are ﬁwo per Te
atom; and the octahedral, or B sites, of which there is one
per Te atom. Since there are only three metal ions per molecule,
only one-quarter of the sites are occupied.

One of the points of interest is how the metal ions
occupy the A and B sites. This can be partially understood
from the magnetic data. Lotgering(79) determined that the
material showed spontaneous magnetization with Curie tempera-
ture To = 365°K. At high temperature, the susceptibility
followed a Curie-Weiss law with paramagnetic Curie temperature
6 = 400°K and molar Curie constant Cm = 2.90. The saturated
moment at 4°K is 4.93,AB,

The Cr3' ions have the electronic configuration 3@3. When
a transition metal ion is subjected to an octahedral crystalline

field, the d energy levels lose their degeneracy and are split
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into a lower energy triplet, denoted by t and an upper energy

2g’

doublet, denoted by eg. The t triplet contains the orbitals

29

of the type dxy’ dyz’ and d,,. The g doublet contains the
3+

orbitals of the type dx2 Y2 and d 5. The Cr ion has a strong
- z

preference for octahedral sites since the three 3d electrons

2+

are stabilized in the t orbitals. The Cu ions have the

29
electronic configuration 3d9. Hence cu®' has a single hole
in the 3d shell.

Assuming that the Cr ions occupy the octahedral B sites
in CuCryTey, the following spin configurations were proposed
to explain the measured saturated moment (A/SrAB):
u2+|

+ . . . .
I. C Cr23 | Te4 with ferrimagnetic spin

ordering.

II. Cu+| cr3t Cr4+| Te4 with ferromagnetic crdering
on the B sites.

The fact that chre eliminates the possibility of ferrimagnetic
ordering as in configuration I. The Curie constant Cm = 2.88
calculated for II is also in better agreement with the experi-
mental value.

Colominas(70) recently reported neutron diffraction studies
of CuCryTeyq which indicated that neither configuration I nor II
was correct. To fit the neutron diffraction data, the B sites
were divided into two distinct sublattices. The moments on
each of the B sublattices and the A sites were allowed to vary
independently. The data were best fit with equal Cr moments

on each of the B sublattices and zero moment at the A site.

The magnitude of the moments indicates that all Cr is present
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as Cr3+

and the Cu as Cut. However, the predicted saturated
moment for this model is 6,AB. This does not agree with the
measured value of 4.93 VB' This anomalous moment can be
explained by assuming a nonlocalized moment of A’l'AB anti-
paraliel to the Cr moments. A cause for this deviation from

the theoretical value may be a spiral magnetic configuration.(so)

b. Superexchange Interactions

Since the origin of the hyperfine field may be intimately

related to the ferromagnetic coupling of the cr3t

spins, it is
of importance to investigate the exchange interactions. The
exchange interactions in ferromagnetic spinels were investigated

by Baltzer, et al.(80) These authors assumed a Heisenberg spin

Hamiltonian of the form

N=-27) S S - ZKZ&' Sg = o HZZS¢z (v.a)
4 e 1

The sum over i1j includes the six nearest-neighbor pairs, and

the sum over ik includes the 30 next-nearest-neighbor inter-
actions. The interaction between nearest-neighbor pairs was
assumed to be a 90° superexchange of the type Cr3+ - Te - cr3*t.
This interaction is referred to as a superexchange interaction
since the coupling does not involve direct exchange between

the cations. The cations are instead coupled through the
intermediary anion. The 90° refers to the Cr - Te - Cr bonding

angle. For octahedrally coordinated Cr3+, this exchange inter-

(83)

action is ferromagnetic, so J is positive. Direct Cr - Cr
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exchange is excluded due to the large separation of the ions.
This is consistent with the lack of metallic conductivity
in the ferromagnetic spinels. The next-nearest-neighbor

interaction is assumed to be of the type cr3t - Te - Cu - Te -

3+ 80)

Cr~ . Baltzer, et al.,( correlated the high temperature

susceptibility with the Curie temperature and determined that
the long range exchange interaction is antiferromagnetic,
or K is negative.

In a paper by Kanamori(83) various mechanisms are dis-
cussed to explain the superexchange interaction. As mentioned
earlier, in octahedral symmetry the three tZg orbitals lie lower

in energy than the two eg orbitals and are singly occupied.

The 90° ferromagnetic exchange interaction between cr3t ions

can be explained by the symmetry relationships between the

3+ 2-

Cr 3d orbitals and the Te 5p orbitals. The bonding and

exchange interactions can most easily be understood on the basis

(84)

of the me¢hanism proposed by Anderson. Anderson's proposal

involves a virtual transfer of an electron from the 5ps; orbitals

to the neighboring cr3t. The unpaired spin left on the Te2™

couples with the spin of the other neighboring cr3t through

3+

exchange interaction. For the 90° cr - Te - Cr3+

interaction,

an electron is transferred from the 5p, orbital of Te?™ to the

nonorthogonal unoccupied ey orbital of cr3*. on the basis of
Hund's rule, the spin of the 5ps electron transferred is

parallel to the t spins of the cation. The 5pg spin remaining

29
on the Te?” is antiparallel to the tag spins of the Cr ion.
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This antiparallel 5py spin is exchange coupled to the t2g
spins of the Cr3t ion at 90°. Since the 5pgq orbital is
nonorthogonal to the tZgl orbital, the exchange interaction

is negative. The tZg' spins are then coupled antiferromagneti-
cally to the unpaired 5ps spin. This results in parallel

or ferromagnetic coupling of the tzg and tzgl spins. The spins
are identically coupled through the interaction involving

5p¢ and tzg orbitals.
The bonding and exchange interactions involving the 5pgs -
e, orbitals and the 5p¢-I - eg orbitals also predict ferromag-

g
. . . . (83)
netic coupling of the cation spins.

c. Transferred Hyperfine Field

As discussed in Chapter II, a purely ionic Te?"

configuration
would not be expected to give rise to an effective hyperfine
field. The spin paired 5s and 5p electrons would yield no con-
tribution to H_¢¢ through Equation (I1.28). 1In the ferromag-

netic spinel CuCr Te, both covalency and the exchange interaction

2
could lead to an unpairing of the 5s electrons. Like the 5p¢
orbital, the Te 5s orbital can mix with the Cr ey orbi-
tals. In this case a partial covalent bond can be formed between
the Te 5s and Cr eg orbitals. Due to the ferromagnetic exchange
between orthogonal orbitals (Hund's rule), the 5s spin trans-
ferred must be parallel to the t2g spins. The net 5s spin density

left at the tellurium nucleus must then be negative (antiparallel

to the Cr tyq spin) .
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The tellurium 5s electron spin polarization can also arise
through the ferromagnetic exchange interaction of the 5s spins
with the t2g spins. Due to the different exchange interaction
for the parallel and antiparallel 5s spins, the radial wave
functions are no longer the same. For ferromagnetic exchange
coupling, the parallel 5s spin has a lower potential energy

in the vicinity of the tzg spins. The parallel 5s spin is then

3+ ions.

"attracted" outward by the ferromagnetically coupled Cr
With the radial expansion of the parallel 5s spin, a region of
negative (antiparallel) spin density is left at the nucleus.

The hyperfine field due to covalency and exchange effects
has been discussed by Watson and Freeman(sg) for MnF,. As
described above, the covalency and exchange effects provide an
unpairing of the tellurium 5s electrons (presumably 5s, although
other orbitals may provide a small contributicn). The unpaired
tellurium 5s electrons provide an effective hyperfine field
through the Fermi contact interaction in Equation (II.28). Both
of the mechanisms described above provide a negative (antipara-

llel to Cr3+

spins) spin density at the Te nucleus. This would
lead to a positive contact hyperfine field.* The spin polari-
zation need not be large to provide an effective field of

Heff = 148 gauss as in CuCryTey. Although the effective field
has not been calculated for a single unpaired 5s electron in
tellurium, indications are that it is of the order of 2.0 Mgaussfsa

A polarization of only 7.5 percent would then produce a field of

the right magnitude.

*¥Internal fields are defined as positive if parallel to an
external magnetizing field. The magnetic moment of the 3d electrans

orients parallel to an external magneti¢ field which orients the
d spins antiparallel to the external field.



-114-

3. Magnetized Absorber Measurement

The fact that the hyperfine structure in CuCr,Tey is
magnetic in origin can be convincingly demonstrated by ob-
serving the hyperfine spectrum with oriented absorbers. As
discussed in Chapter II, the relative intensities of the hyper-
fine components can be varied by orienting the spin axis with
respect to the gamma ray beam. Several attempts were made
to magnetize the absorber both parallel and perpendicular to
the gamma ray beam. The absorber magnetization was done using
either small permanent magnets or a solenoid coil with magnetic
fields which varied from 300-1300 oersteds.

Unfortunately, the magnetic fields were not sufficient to
saturate the absorber magnetic moment. The result is a Mbss-
bauer hyperfine pattern with intensities which are averaged
with an angular distribution of domain orientations character-
istic of a partially magnetized absorber. The angular distri-
bution function will be intermediate to the constant distribution
characteristic of a random, nonmagnetized sample and the delta
function characteristic of a fully magnetized sample. The
magnetization of CuCr,Te, at liquid nitrogen temperature has
not been measured as a function of the applied field, so the
degree cf magnetization in these experiments is not know.

As shown in Figure V-3, the difference in shape of the
spectra is not considerable even in the limit of complete align-
ment perpendicular or parallel to the gamma ray beam. The best

possibility appears to be in using magnetization parallel to
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the gamma ray beam. The spectrum measurements with partially
magnetized absorbers showed only slight changes with respect
to the nonmagnetized absorber. This would indicate that the

absorbers were only partially magnetized.
B. MnTe

Other interesting magnetic compounds of tellurium are
formed with the transition metals. These include MnTe and
CrTe, both of which have the NiAs crystal structure. The
coupling of the transition metals in these compounds is anti-
ferromagnetic and ferromagnetic, respectively. The MnTe results
are discussed in this section and the CrTe results follow.

Some disagreement has arisen over the presence or lack
of hyperfine splitting in the MYssbauer spectrum of MnTe.
Shikazono(33) originally reported that the spectrum of MnTe
taken at liquid nitrogen temperature consisted of a single line
with no apparent broadening due to hyperfine interactions. 1In
similar measurements at liquid nitrogen temperature, Viclet

(31)

and Bocth observed a quadrupole split spectrum with AsEQ =

3t 1 mm/sec. Shikazono attributed the lack of quadrupole

2+ 2-

splitting to a nearly ionic Mn - Te crystal with a filled
5p shell on the tellurium and a negligibly small lattice field
gradient. Violet contends on the basis of the observed splitting
that either the lattice field gradient is not negligibly small
or there is covalent bonding in MnTe. It was hoped that measure-

ments with good stoichiometric MnTe would help to clarify the

disagreement.
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1. Results

The MVssbauer spectrum was taken using a single line
source of PbTel25 and an absorber of MnTe with a natural
abundance of Tel25, The experimental results are shown in
Figure V-4. The M8ssbauer spectrum was fit with a single
Lorentzian, which is also shown in Figure V-4. The fitting
parameters are listed in Table V-2.

It is apparent from the large difference between the
theoretical and experimental line widths ( Ptheor = 5.9 mm/sec
and r1exp = 7.66 mm/sec) that there is hyperfine splitting in
MnTe. No resclved quadrupole splitting is observed, however.
If it is assumed that the broadening is due solely to quadru-
pole splitting, the resultant splitting is approximately
NEy = 1.7 mm/sec. This is smaller than the value quoted
by Violet and Booth, but the difference is still within the
maxXimum error limits.

The thickness of the absorbers used in this experiment
and Violet and Booth's experiments were nearly identical.
Since the line widths are nearly identical, the resolution
should be nearly the same.* In such event, the hyperfine
splitting in the present measurement would indeed appear

to be smaller.

2. Discussion of the Data

MnTe has the NiAs crystal structure. As shown in Figure
V-5, this structure consists of a hexagonal close-packed Te

anion sublattice with Mn cations in the octahedral interstices.

*This is valid only if source broadening and experimental
broadening are assumed negligible.
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The cations form a simple hexagonal structure. Both the cations
and anions have a six-fold coordination. The Mn sites are
precisely octahedral only if the axial ratio ¢/a = 1.63. For
MnTe the c/a ratio is c/a = 1.624.

The origin of the variations in hyperfine structure
measurements with MnTe may arise from variations in composition
of the material. As will be discussed in the next section for
CrTe, it is difficult to characterize materials with NiAs struc-
ture due to the ease with which interstitial cations may be
formed. The presence of interstitial cations can drastically
alter physical, chemical, and magnetic properties. It is not
at all unlikely that the MYssbauer hyperfine pattern would also
be altered.

MnTe is antiferromagnetic with Néel temperature Ty = 323°K.
The saturated magnetic moment is 5.0115, which is the expected
value for a purely ionic Mn2* 3385 electronic configuration.

The measured effective paramagnetic moment is rLeff = 6.erBu
This agrees with the spin only value 5.92rAB° It was on the

(33)

basis of the magnetic structure that Shikazono concluded

that the crystal must be ionic. However, as will be discussed
shortly, this does not appear to be the case.

The exchange coupling of the Mn spins again involves the
superexchange process. The Mn-Mn bond distance (3a34g) is

(92)

much greater than the sum of atomic radii (2.808), so

(84) This is confirmed by the

direct exchange is not probable.
lack of metallic conductivity. The predominant cation-anion-

cation superexchange interaction is between basal-plane layers.



-122-

The cation-anion-cation angle is ~ 135°, and the magnetic
interaction is assumed to have the sign of the 180° super-
exchange interaction,(89) which is antiferromagnetic for the

3g°

electron configuration. The spin structure then consists
of planes of ferromagnetically coupled Mn spins coupled anti-
ferromagnetically.

MnTe has intrinsic semiconducting properties, high
resistivity, and high thermoelectric power. This evidence
seems to indicate that the bonding in MnTe is predominantly
covalent. One model proposed for the MnTe bonding consists
of resonating p3 bonds. (90) This bonding mechanism does not
involve the d-electrons, so the magnetic measurements still
remain consistent. This bonding also fulfills the intrinsic
semiconducting properties.

The superexchange mechanism in MnTe could presumably

be the exchange polarization described by Slater(85)

involving
the Te 5s electrons. This superexchange mechanism does not
involve a radial polarization of the 5s electrons, but rather an
asymmetric angular polarization. The exchange interacticn tends
to "attract" the parallel 5s spin toward one Mn2+ and the anti-
parallel 5s spin toward the other Mn®*. This polarization

would affect the 5s electron charge density at the Te nucleus,
but due to the equivalent exchange effects for parallel and anti-
parallel spin the 5s spin density should still remain paired at
the Te nucleus. Then for antiferromagnetic coupling of the Mn2*

spins, no transferred hyperfine field is expected at the Te

nucleus.
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The tellurium sites in the NiAs structure are character-
ized as trigonal-prismatic. On the basis of covalent bonding,
the structural symmetry would tend to indicate that the p orbi-
tals are not equivalent. This would lead to an electric field
gradient at the tellurium nucleus and quadrupole splitting in
the Mbssbauer spectrum.

The previous arguments support the claim that the measured
hyperfine broadening has its origin in electric quadrupole
splitting and not in magnetic hyperfine splitting. The variation
in results observed in different measurementscannot yet be

fully explained.
C. CrTe

Mbssbauer measurements in CrTe were first reported by

Shikazono.(33)

A Dbroadened single line was cbserved which was
attributed to unresolved magnetic hyperfine splitting. Under
the assumption that the width of the broadening was equal to
the ground state magnetic splitting, the resultant internal
field was estimated as Heff = 50 kgauss. Due to the apparent

disagreement between MnTe results, it was felt that the CrTe

measurements were worth repeating.
1. Results

The M¢ssbauer spectrum was taken using a single line
socurce of PbTe125 and a CrTe absorber with a natural abundance

of Tel?5, The data are shown in Figure V-6. The data were fit
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with a single Lorentzian as shown in Figure V-6. The fitting
parameters are listed in Table V-2.
It is readily apparent from a comparison of (1 and
exp theor
that there is considerable broadening in the Mbssbauer spectrum.
A gquadrupole splitting equivalent to the observed broadening
A EQ'-‘-" 3.5 mm/sec should be partially resolved since AEQN .6

¢

suggests that the origin of the broadening is more likely magnetic

heor* The fact that there is no resolved structure strongly
hyperfine splitting. Assuming that the broadening is due solely
to magnetic hyperfine splitting, the measured effective hyper-
fine field is Hoge = 58 kgauss.* The apparent agreement with
Shikazono's result is somewhat fortuitous since the values were

arrived at using different numbers and a different interpretation.
2. Discussion of the Data

CrTe, like MnTe, has the NiAs structure (Figure V-5).
The composition of CrTe is even more difficult to characterize
than MnTe due to the formation of interstitial ions. The tetra-
hedral interstices of the anion sublattice form a single
trigonal-bipyramidal hole with a coordination of five. These
holes easily accommodate cations as interstitials. An inter-
stitial site is shown in Figure V-5. The presence of the inter-
stitial sites makes it difficult to obtain stoichiometric CrTe

and also allows the NiAs phase to extend over a considerable

*Hoff is calculated by assuming the broadening is equivalent to
the spacing between peaks 2 and 5 in the hyperfine spectrum. (By
observing the CuCr2Te4 spectrum in Figure V-1, it will be noted
that the centers of the two unresolved peaks are approximately
at the locations of peaks 2 and 5.) The measured value rke =
+.74 nm (5.3) is used in the calculation.
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range of compositiono(93) Cation-rich compositions form
interstitials and cation-poor compositions form vacancies.

The formation of interstitials in CrTe lowers the c/a
ratio to c¢/a = 1.56. The smaller c/a ratio reduces the Cr-Cr
bond distance to 3.108 compared to the sum of atomic radii
which is 2.808. The interstitial cations can interact through
cation-cation exchange with the six neighboring octahedral
cations. This introduces collective electrons as is evidenced
by the metallic conductivity of CrTe.

CrTe is ferromagnetic with Curie temperature Te = 350-360°K.
The saturated magnetic moment is 2.45 FB, and the effective para-
magnetic moment is V‘eff = 4.OOIAB. Both of these values are
lower than the expected values 4 FB and 4.90 HB' respectively,
for a spin only cr?t 3a% electronic configuration. The
principal coupling of the Cr is again through the ~ 135° cation-
anion-cation superexchange interaction. For 3d4 cations, the
interaction is ferromagnetic.(89)

There are three possible explanations for the reduced
moments: First, the presence of interstitials would reduce
the saturated ferromagnetic moment since the cation-cation
coupling is antiferromagnetic. The interstitial cations would
then couple antiparallel to the principal cation lattice.
Nevertheless, the paramagnetic moment should still approach
the spin-cnly value 4.9'AB at high temperatures. Second,
covalent bonding of the Cr 3d electrons with the Te would

reduce the moment. Evidence from K absorption spectra in the
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Cr indicates, however, that there is only a small participation

of the d-electrons in the bonding.(94)

Third, the competition
between the antiferromagnetic cation-cation interactions and
the ferromagnetic superexchange interaction may lead to spiral
magnetic configurations and a reduced saturated moment.

The mechanism producing the hyperfine field is again the
spin polarization of the Te 5s electrons by exchange coupling
with the Cr 3d electrons. For ferromagnetic coupling of the
cr?t spins (as opposed to the antiferromagnetic coupling of Mn2t),
the tellurium 5s electrons can be spin polarized. Since the
exchange interactions with the parallel and antiparallel 5s
spins are not equivalent, a radial polarization can occur
resulting in unpaired 5s spin density (antiparallel to the
Cr2+ spin) at the Te nucleus. This would yield a positive
contact hyperfine field.

The bonding in CrTe may also be described by the resonating

(44) As in MnTe, an unbalancing of the p-electrons

p3 bonds.
may give rise to a field gradient at the Te site and subse-
quent quadrupcle splitting. On this basis, the quadrupole
interaction cannot be excluded as a source of the hyperfine
broadening in CrTe.

Hyperfine measurements at anion sites in other ferromag-
netic NiAs structures indicate the presence of both magnetic and
electric quadrupole hyperfine effects. NMR measurements of the
As’® resonance in MnAs?® and the sb123 resonance in MnSb2® indi-

cate internal hyperfine fields H_g¢ of 283.2 kgauss and 352.6

kgauss, respectively, and quadrupole coupling constants
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e2gqQ of 16.1 Mc/sec and 93 Mc/sec, respectively. These
quadrupole coupling constants correspond to splittings ZXEQ =
.28 mm/sec and ZXEQ = 1.63 mm/sec. The measured broadening

in CrTe was definitely larger than these values, but quadrupole
splitting cannot be ignored as a possible contributor to the

broadening.
D. HgTeOg
1. Results

MYssbauer measurements were taken using a single line

source of PbTe125

and an orthotelluric acid (HgTeOg) absorber
with a natural abundance of Tel25. The experimentally
measured spectrum, shown in Figure V-7, consisted of a very
narrow single line. The parameters obtained from the fit
with a single Lorentzian are listed in Table V-2. The fitting
curve is also shown in Figure V-7. These are the first re-
ported MYssbauer measurements for this compound.
The experimentally measured line width Fexp = 6.17 mm/sec

is in excellent agreement with the theoretical line width

theor = 6.0 mm/sec corrected for absorber thickness. This
would indicate that there is no additional brcadening caused
by unresolved quadrupole splitting. This would confirm the
existence of only the cubic crystalline modification of ortho-
telluric acid. The octahedrally ccordinated tellurium sites

in this structure would not be expected to have a guadrupcle

splitting. On the other hand, a monoclinic structure would
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presumably contribute an electric field gradient at the

tellurium sites and subsequent quadrupole splitting.
2. Discussion of the Data

The large negative isomer shift for HgTeOg indicates a
change in the 5s electron density compared to PbTe. Due to
the strong electronegativity of the OH ligand, the compound
presumably has considerable ionic character. 1In the limit of
a complete ionic character, tellurium would be present as Te6+
with a bare 5s and 5p electron shell. Since an ion with this
large a positive charge is highly unlikely, there is undoubtedly
some covalent character. As an extreme limit, the bonding could
be described as completely covalent. For octahedrally coordi-

nated tellurium, the bonding can be represented by sp3d2

hybridization,(77) Since one electron occupies each orbital
and the s character of each orbital is 1/6, there is the equi-
valent of one 5s electron at the tellurium site.

On the basis of this simple treatment, the 5s density could
vary from the equivalent of one 5s electron to zero 5s electrons

depending on the percent ionic character. The effect of this

change will be treated in more detail in the following section.

E. Isomer Shifts in Tellurium Compounds

The details of the isomer shift interaction were described
earlier in Chapter II. Since nearly all of the preceding
measurements were made using either a PbTe source or absorber,

it is convenient to give the isomer shifts with respect to
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this standard compound. In Table V-3, the measured values
of the iscmer shift are listed in order of increasing velo-
city. All of the values except that for the Te metal were

obtained using the PbTe as a source.¥

TABLE V-3

ISOMER SHIFT FOR VARIOUS TELLURIUM COMPOUNDS
WITH RESPECT TO A PbTe SOURCE

Isomer Shift

Absorber (mm/sec)

HgTeOg ~1.34 £ .04
MnTe - .17 £ .05
CuCroTe4 - .03 .03
PbTe + .03 t .03
CrTe + .05 £ .05
Te + .41 £ .09
TeO, + .62 £ .16

If the change in s-electron density at the nucleus is known
for the compounds, the measured isomer shifts can be used to
determine SR/R from Equation (II.17). Such an interpretation
is simplified if we first make the assumption that only the
outer 5s valence electron shell produces a change in the s-
electron density at the nucleus. To make an accurate prediction
of the change in s-electron density requires precise knowledge
of the molecular wave functions. However, in some cases, it
is possible to estimate the sign and perhaps the magnitude of
the change in s-electron density without complete knowledge
of the electron wave functions.** From this it is then pcssible

to determine the sign and magnitude of 6-R/Ra

*The sign of the isomer shift is reversed when the PbTe is
used as the absorber rather than the source.

**These simplified interpretations can sometimes lead to erron-
eous results, though, as exemplified by the Snll9 controversy.
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The isomer shift measurements for Te metal and HgTeOg can
easily be interpreted on the basis of a rather simplified
description of the electronic structure for the compounds.
Violet, et ala,(30) have estimated the 5s electron density
for Te metal from their molecular orbital bonding scheme. The
5s electron density is calculated to be the equivalent of 1.6
5s electrons. In the models proposed earlier for HgTeOg, the
density is the equivalent of 1 5s electron in the covalent
bonding limit and O 5s electrons in the ionic bonding limit.
In using either bonding scheme for HgTeOg, the 5s electron
density in Te is definitely greater than that for HgTeOg.

As described in Chapter II, the isomer shift for HgTeOg

and Te can be written as

N 2 2 | ,$R

gHeTe_Ow: ?Ze RS@) (PS(O) Mo TeO, LPS(") PuTe (—é-) (V.5)
NTTRE 2 SR

51_& = A%Tzez R S(Z)L‘Ys(o) n LVS (o) PuTe| (fﬁ) ] (V.6)

Combining Equations (V.5) and (V.6) to eliminate the s-electron

density for PbTe yields

§

Te - HQTE 06

I

rze R*‘s'(z\ﬂwsw = -l

2
)
HJ‘O;I (—F—Z‘i) . (v.7)

. . . _ 1. ]
From the measured isomer shifts gq@ gH6TeO6 1.75 mm/sec

Since the 5s electron density at the nucleus is greater for Te

than for HgTeOg, the sign of the term in brackets is positive.
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Since both the isomer shift and s-electron density terms are
positive, SQR/R must be positive. This implies that the
nuclear excited state radius must be greater than that for the
ground state. This confirms the identical conclusions reached
by other authors.(3l’51)
If it is assumed that H,TeOg has completely ionic character,
the difference in s-electron density in Equation (V.7) is the
equivalent of 1.6 5s electrons. Equation (V.7) can then be
evaluated numerically using S'(52) = 2.44 and nuclear radius

1/3

R~ 1.5A x 10713 cm. The 5s electron density in tellurium

can be estimated from the results of Shirley.(Sl) The value
is approximately q)gs(O) = .18 x 102° cm73. Evaluating Equation
(V.7) numerically yields a value of ‘SR/R = +2.8 x 1074, 1In

the limit of completely covalent character, the value would be
reduced to § R/R = +1.1 x 1074, This range of values is in
reasonable agreement with the values estimated by Shirley for

Te125°
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CIRCUIT DIAGRAMS OF MAGNET FIELD
SUPPLY AND DRIVE AMPLIFIER
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APPENDIX C

DESCRIPTION OF DATA ANALYSIS PROGRAMS

The following is a description of the data analysis
programs used for least squares fitting of MYssbauer effect
data. In writing such a program to analyze data, it would
be desirable to have a "universal program" which could be
used to analyze all of the types of M8ssbauer data that can
be acquired. Experience has indicated that new situations
arise so frequently that such a program is never up-to-date.
For greater efficiency, a "main program" has been written
which performs the basic data operations for all types of
MBssbauer spectra. The details of the particular spectrum
being analyzed are included in a "theory" subroutine. This
subroutine can easily be modified to analyze any type of
M8ssbauer spectrum.* The programs are all written in the MAD
(Michigan Algorithmic Decoder) language for use on the IBM

7090 computer.**

A. Least Squares Curve Fitting

The problem to be solved in a curve fitting routine is
the following: For each channel in the analyzer, i, an ex-
perimentally measured number of counts, Y;, are stored. Ohe
wishes to construct a curve of a known shape (Lorentzian
shape for the resonance lines of M&ssbauer spectra) so that

it most closely approximates the data.

" *This technique was suggested by W. Henning, Technische Hoch-
schule, Mlnchen.
**The translation from the MAD to FORTRAN language can be made
rather easily.
-141-
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In using the least squares procedure, we assume the
measured values Yj have a Gaussian distribution about the
true value F; with a standard deviation ? e The probability
that for an experimentally determined Y; the true value lies
between F, and F. + dF, is

1 1 1

2

(Fi- YO
1 A TE
P(FIdF, = ——=-¢ ‘ (c.1)
z
Nem :
The best (most probable) guess of the fitting function F

occurs when the product of the probabilities is a maximum.

(R-ﬁ?

P=-D: P<F‘J:T;r*§«/lv;~7 e 2fe (c.2)

‘i
__Z (E—{—\(Ji .3
- 2 1.* 1 C.3
e T2 T 22— .

—
—

. . , _s (Rt
Equation (C.3) is a maximum when q::;i'—*ijr—- 1s a minimum.
i {

A reasonable estimate for the standard deviation ? 5 is G*i,
the experimental standard deviation of Y..

Two general approaches can be used for minimizing g. The
first is a brute force "variation of parameters." The inde-
pendent variable parameters in F are incremented in preset
steps and the function q is calculated for each set of para-
meters. The combination resulting in the smallest value of g
is taken as the "best" set of fitting parameters. Due to the
fact that the parameters are varied in finite increments,

there is no assurance that the true minimum is reached nor that
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there is not another set of parameters giving an equally

good minimum. This particular technique was in use for some
time for M8ssbauer effect data analysis.* The main disad-
vantage was that it proved to be very time consuming when high
accuracy in the parameters was desired. This method may be
necessary, however, in analyzing complex spectra where other
methods may fail.

The second approach used in minimizing g is the use of
Gauss' method. The function F; depends on i and the inde-
pendent variable parameters Py---Py, or F; = F(i,Py---PpM).
To minimize g, the partial derivatives of g with respect to

the variable parameters are taken and set equal to zero, or

Z (F=YD) wr> - 5 .0

2 D
T P&

This forms a set of M simultaneous equations. Suppose an
initial estimate is made of the parameters (Plo"°PMo) and
the function Fj is expanded in a truncated Taylor series about

this point in parameter space, so

Foa Fo %;) AR c.5)

and

F'
(F,-Yi +;(%5h)i,oAP‘%) f}f) (c.6)
P

L Lo

*The program was similar to one used by M. B. Stearns, Scientific
Laboratory, Ford Motor Company, Dearborn, Michigan.
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Equation (C.6) can be rewritten as

(F- Y 2
%AP« égg)ww) Z G ”oPQ . e

This forms a set of M simultaneous equations of the form

D

| >

= _B_ . (c.8)

This set of equations is known as the normal equations,

where

AP{@ ) (c.9)

1 oF ZE)
Z T2 %P% o P e (c.10)
4 R (C.11)
Bé —Z qﬁiz (Fto Y‘B era_ L,o :

Since Ay and Bj are obtained from the initial estimates of the
parameters, the normal equations can be solved for Dy, or

-1
(c.12)

D=8

1=

The solutions Dk are then used as corrections to the initial

estimates of the parameters giving a new set of parameters

Pﬁ‘ = P‘@(o + Apﬁ . (c.13)
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Using the corrected parameters of Equation (C.13), the entire
procedure can be repeated to obtain the next increment A;Pk°

After each iteration, the value of X.z/N is computed

(r
NL/ Z (IM- M)

In this expression IM is the number of data points and M is the

where

. (C.14)

number of fitting parameters. Equation (C.14) is related quite
simply to the earlier expression referred to as g. The function
qu/N is a measure of the deviation of the measured spectrum
and the fitted spectrum--the smaller the value, the better the
agreement. The iteration procedure described earlier is con-
tinued until 7(2/N reaches a minimum value.

This method of solution has the added advantage that the
statistical error in the parameters is immediately available.

(103)

It can be shown that

- 2 \/
@G, = (A&&l.’ﬁ/N)z ; (C.15)

where Akk-l is the kth diagonal element of the inverse matrix
of Ak

Gauss' method has proved very satisfactory in analyzing
most M8ssbauer data. Fully and partially resolved spectra
were handled with no difficulty. Unresolved spectra could not

be properly fit, however. In addition, the initial parameter
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estimates need not be extremely precise to achieve rapid
convergence. Most parameter estimates were made by just a

quick visual check of the spectrum.

B. Data Analysis Program

1. Main Program

As mentioned earlier, the basic mechanics of the least
squares fitting and routine data corrections are performed
by a "main program." The following is a general outline of
the operations the "main program" will perform: Several sets
of input data can be added together with the appropriate number
of overflow counts for each set. The data is then printed
out along with the various input parameters. The input parameters
are checked to see if: a) the number of fitting parameters
M is less than 25; b) the number of data points IM is less
than 512; and c) there are more data points than fitting
parameters. The solution is terminated if any of these checks
fail.

The infinite velocity background count rate and slope are
determined approximately from the average count rates at large
negative and positive velocities. The end points of the spectrum
are determined so that 5 percent of the channels at each end of
the spectrum are eliminated from the analysis. This is done
because of the large error signal in this region of the spectrum.

The first and last data points are used to check the

"theory" subroutine. The partial derivatives in the "theory"
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subroutine are all evaluated using the first and last data
points and the initial parameter estimates. These results
are then printed out. This provides a very convenient check
for errors in the subroutine if later analysis proves un-
successful.

The program initially uses Gauss' method to provide an
iterative solution for the "best" fit to the data. The solution
is obtained as described in the first part of this appendix.

The normal equations are evaluated for the fitting function
described in the "theory" subroutine. The function is evaluated
using the initial estimates of the parameters which are included
as input to the program. The normal equations are then solved

to give the increments in each parameter. The fitting parameters
and X.Z/N value are printed out after each iteration. The iter-
ation is continued at least three times and is terminated

either when the number of iterations exceeds twenty or when

the value of 7L2/N reaches a minimum.

In the event the normal equations are unsolvable or the
error in the fitting is greater than a preset value, the
method of steepest descent is used rather than Gauss' method
to provide the interative solution for the "best" fit. 1In
practice, this method was rarely needed so the details will
not be discussed.

After the iteration is terminated, the data are normalized
so the results are expressed as percent resonance intensity.

In addition, the standard deviation of the data points and the
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difference between the measured spectrum and the fitted spectrum
are calculated. The area under the spectrum is obtained by
numerical integration.

The error in the fitting parameters is calculated using
the method described in the first part of the appendix (see
Equation (C.15)). The distribution in standard deviation units
of the error between the measured and fitted spectrum is also
calculated.

The final results which are printed out include the "best"
fitting parameters and their statistical fitting error, the area
under the spectrum, and the error distribution for the fitting
curve. The data printed out include the normalized measured
spectrum, the fitted spectrum, the difference in spectra, and
the standard deviation of the data.

The data are also plotted using an internal subroutine.

The measured spectrum and the fitted spectrum are plotted on
the same graph. The difference between the spectra is plotted
on a separate graph. This provides a very dquick visual check
of the success in fitting the data.

The complete "main program" is included in section ¢ of

this appendix.

2. Theory Subroutine

The "theory" subroutine includes all of the details of
the function which is to be fitted to the data. A typical

subroutine is included in section C of this appendix. The
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function which is fitted to the data consists of a super-

position of Lorentzian line shapes and has the form

(I)-' U1l Z I(J)‘}Z(I) SL'I}
FT Vo = (I'K(J))Z*‘V/Z(J)l ) (C.1l6)
where
Vo = infinity counting rate
I(J) = intensity of the Jth 1ine

X(J) = position of the Jth 1ine
V/2(J) = half width at half maximum of the gt 1ine

SL = normalized linear slope of the background counting
rate.

The parameters r\/2(J) and X(J) are expressed in channel units
so I can be used in channel units. The line location X(J) can
be expressed as a function of the isomer shift, quadrupole
splitting parameter, and magnetic hyperfine interaction para-
meters. All of these are expressed with respect to the zero
velocity channel.

In addition to the function itself, the subroutine must
include the partial derivatives DFT of the function FT with
respect to each of the variable parameters.

For the example include in section C of this appendix,
several simplifying assumptions have been made. The subroutine
describes a six-line spectrum with equal line widths for each
line. The intensities of the lines are constrained to the
ratio 3:2:1. The variable parameters include r/?, rgHeff’

® , Vo, C, R = ge/gg, and SL. | /2, the half width at half
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maximum of the resonance line;'AgHeff, the magnetic hyperfine
interaction constant; and S\, the isomer shift, are expressed
in channel units. C is the fractional multiplying factor for
the line intensities, so the resultant line intensity ratio is
3C:2C:1C,

This subroutine can easily be changed to provide any

possible variations in the fitting function.
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Listing of Computer Programs

Main Program

w N -

DIMENSION Y(512),SETUP(24),YS(512),P(25)4X{512)4DF1(25),DF2(2
5)9DY(512)9BV(25) ,AMI6259AVV) s PM{6255AVV ) +Z(25)4LR(25),DP(25)
1FIT(512),YNRMI512) yDYNRM(512) +DIFF{512),SIG(25),INVDI{25),4XX
{512),2P(512),IMAGE(10000),DF(25)

VECTOR VALUES AVV=2,41,40

INTEGER SETUPyIMyMyNDECKS 1 4IDyILCyIUCKyILPyIUPyJsLsSPyMDIF,
P3SyP2SyPLSyPOSyNOSyNLS,N2S4N3S

READ AND PRINT INPUT DATA

EXECUTE ZERO.{(Y(0)eaaY(511),YS{0)eeo¥S(511))
EXECUTE SPRAY.($$,SETUP(1).0¢.5ETUP(24))
READ FORMAT INPUT,SETUP(1)eeoeSETUP(24),IMyM,VCAL,NDECKSs INCR
VECTOR VALUES INPUT=$12C6/12C6/213yFB8.5413,F8.0%$
PRINT FORMAT INITAL,SETUP(Ll)...SETUP(24)
VECTOR VALUES INITAL=$1HL1+510,12C6/511412C6%$
PRINT COMMENT $0
INPUT DATAS
PRINT FORMAT INPR,IMy,M,VCAL,NDECKSyINCR
VECTOR VALUES INPR=$520,4HIM= ,13,5443HM= ,13,54,6HVCAL= ,FB.
5910H MM/SEC/CHyS4yBHNDECKS= 413,54,6HINCR= ,F8.0%$
THROUGH F1l,FOR ID=1,1,10.G«NDECKS
READ FORMAT ADDIN,ADDC
VECTOR VALUES ADDIN=$F8.0%$
PRINT FORMAT ADDPR,ADDC
VECTOR VALUES ADDPR=$//520,20HADDITIVE CONSTANT = ,F8.0%$
READ FORMAT IPUT,Y(0)eosaY(IM)
VECTOR VALUES IPUT=3%{8F8.0)*$
PRINT FORMAT DAT,Y{0)esoY(IM)
VECTOR VALUES DAT=$//1{519,8F8.0)%$
THROUGH F14FOR 1=0y141.G.1IM
YS{I)=YS({I)+Y(I)+ADDC
PRINT COMMENT $0 SUMMA
TION OF INPUT DATAS
PRINT FORMAT YSUM,YS(0)...YS{IM)
VECTOR VALUES YSUM=$//{S19+8F8.0)%$
READ FORMAT PARINyP(l)eeoPiM)
VECTOR VALUES PARIN=$(8F8.0)%$
PRINT FORMAT INITAL,SETUP(1)...SETUP{24])

CHECK FOR PROPER CONDITIONS FOR ANALYSIS
WHENEVER M.LE.O

OR WHENEVER M-25.GE.O
PRINT FORMAT MVAL,M
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VECTOR VALUES MVAL=$1H0,520,48HONLY 1 TO 25 FITTING PARAMETER
S ARE ALLOWED, NOT,I3%$

TRANSFER TO START

OTHERWI St

CONTINUE

END OF CONDITIONAL

WHENEVER IM.GE.512

PRINT FORMAT IMVAL,IM

VECTOR VALUES IMVAL=$1H0,S20,42HCONLY 1 TO 512 DATA POINTS ARE
ALLOWEDy NOT,I3%$

TRANSFER TO START

OTHERWISE

CONTINUE

END OF CONDITIONAL

MDIF=IM-M

WHENEVER MDIF.LE.O

PRINT FORMAT DIFVAL,IMyM

VECTOR VALUES DIFVAL=$1H0,S20, 17HMORE PARAMETERS {,13,20H) TH
AN DATA POINTS [,I3,1H)*$

TRANSFER TO START

OTHERWISE

CONTINUE

END OF CONDITIONAL

APPROXIMATE SLOPE AND BACKGROUND

ILC=1

IUC=IM-1

YMAX=0.

THROUGH F2,FOR I=ILCylsIeG.IUC
WHENEVER YS{I).G.YMAX,YMAX=YS(I)
BK=o7%YMAX

SLP=0.

THROUGH F5,FOR K=1l91lyKeGe2
XBKL=0.

XBKU=0.

BKL=0.

BKU=0.

THROUGH F3,FOR I=ILCylyl.G.1UC/2
WHENEVER YS(I)ebL«BK+SLP*I]
TRANSFER TO F3

OTHERWI SE

XBKL=XBKL+1.

BKL=BKL+YS(1I)

END OF CONDITIONAL

THROUGH F44+FOR I=IUCy-1,I.La1UC/2¢1
WHENEVER YSI{I).L.BK+SLP*]
TRANSFER TO F4

OTHERWI SE

XBKU=XBKU+1

BKU=BKU+YS(I)}

END OF CONDITIONAL

BKL=BKL /XBKL

BKU=BKU/XBKU
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SLP=2.%(BKU-BKL}/ (IUC-ILC)

BK=(BKL+BKU}/2.-SLP*{IUC-ILC)/2.

BKND=BK

SLOPE=SLP/BK*(IM+1)*100

PRINT FORMAT APPSB,BKND,SLOPE

VECTOR VALUES APPSB=$1H0,S19,25HAPPROXIMATE BACKGROUND = Fl4.
1 4//520420HAPPROXIMATE SLOPE = Fl4.448H PERCENT*$

END POINTS OF SPECTRUM

ILP=ILC+.05%IM

IUP=1UC-.05%IM

PRINT FORMAT ENPT,ILP,IUP

VECTOR VALUES ENPT=$1H0,S19,18HLOWER END POINT = [5//520,18HU
1 PPER END POINT = [5%$%

CHECK UF FIRST AND LAST DATA POINTS WITH THEORY

THROUGH F6,FOR I=041,1.64511

DYUI)=SQRT.{YS(I))

X(i)=1

J=0

I=1LP

EXECUTE THEORY.(JyX(I1),P,A1,B1,F1,DF1)

I=1upP

EXECUTE THEORY.(JyX(I)yPyA24B24F2,DF2}

PRINT FORMAT CKo ILP yIUPyX{ILP)oX(IUP),YSUILP),YS{IUP),DY(ILP)
1 ,DY(IUP),FL1,F2

VECTOR VALUES CK=$////S10,20HCHECK OF DATA POINTS,15,52,3HAND
1 415952y 11HWITH THEORY//S5204y2HX ,2E18.4/52042HY 42E18.4/520,2H
2 DY,2E18.4//520,2HF 42E18.4/%$%

THROUGH F74FOR K=1lylyKeGoM

PRINT FORMAT PARCK.KyOF1(K),DF2(K)

VECTOR VALUES PARCK=$/52045H0OF/DP+134E12.44E18.4%$

SETTING UP NURMAL EQUATIONS

PRINT FORMAT INITAL,SETUP(1)...SETUP(24)

PRINT COMMENT $0 I
1 NTERMEDIATE RESULTSS$

PRINT COMMENT $0 ITERATION CHISQ/N PA
1 RAMETERSS

AVV(2)=M

CHISQ=1.

EXECUTE ZERO.{BV{1)eseeBVI25)4AM(1)...AM(625))

THROUGH F9,FOR I=ILPy1l41.G.IUP

EXECUTE THEORYe{JyX{I)4PyA,B,FsDF)

WT=DY{I)eP.-2

DIF=YS(I)-F

WVAR=WVAR+WT*DIF.P.2

THROUGH F9,FOR K=1y1,KeGoM

BV{K)=BVIK)-WT*DIF*DF{K)

THROUGH FG,FOR L=1lys1lyL.G.M

AMIK L)=AM(K, L) +WT*DF (K)*DF (L)
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CHISQ=WVAR/MDIF

PRINT FORMAT INTREyJyCHISQyP(1l)eesP(M)

VECTOR VALUES INTRE=$1H0,S13,13,53,E15.695544E15.6/(539,4E15.
1 6)*$

TERMINATION OF IVERATION

WHENEVER J-3.L.0

TRANSFER TO F10

OR WHENEVER WVAR-WVPRE.GE.O
TRANSFER TO F20

OR WHENEVER J-20.GE.O
TRANSFER TGO F19

OTHERWISE

CONTINUE

END OF CONDITIONAL

SOLUTION OF EQUATIONS

F10 THROUGH F114FOR K=1,13KeGeM
Z(K)=-BV(K)
THROUGH F11,FOR L=1y1lyLeGM
Fll PMIK,L)=AM(K,L)

R=SLE«{MyMyPM{1)4yDP(1)sZ(1)4yLR(1),0}
WHENEVER R.LE.O
PRINT COMMENT $0 NORMAL EQUATIONS UNSOLVABLE
1 4 USE METHOD OF STEEPEST DESCENTS
TRANSFER TO F13
OTHERWISE
CONTINUE
END OF CONDITIONAL
H1=0.
THROUGH F124FOR K=1491,K.GeM
F12 H1=H1+DP{K) P .2¥AM{ K, K)
WHENEVER SQRT.{H1).LE.INCR,TRANSFER TO F17

METHOD OF STEEPEST DESCENT

F13 PRINT COMMENT $0 METHOD OF STEEPEST DESCENT
1 USEDS
Hl=0.
H2=0.
THROUGH F14,FOR K=1,1¢KeGaM
Fla H1=BV{(K).P.2
THROUGH F154,F0R K=1,19K.G.M
THROUGH F15,F0R L=1y1)L.G.M

F15 H2=H2+BV(K) *AM(K,L)*BV{L)
THROUGH F16,FOR K=1919K.GoM
Flé6 DP{K)=-H1*BV(K) /H2
Fl7 WVPRE=WVAR
THROUGH F1B4yFOR K=1y1lyKeGaM
F1l8 P(K)=P(K)+DP(K)
J=J+1

TRANSFER TO F8
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TERMINATION OF ITERATION

PRINT COMMENT $0 NO CONVERGENCE AFTER 20 ITE
1 RATIONSS
PRINT COMMENT $0 FINAL RESULTSS

NORMALIZATION OF DATA

AREA=0.

THROUGH F214yFOR I=ILPyl,1.G.1UP
EXECUTE THEORY.{JyX{I}sP4A,ByF,DF)
FIT(I)=8B-1.

YNRMUT)=(YS(I)-A)/A
DYNRM(I1)}=DY(I)/A
DIFF{I)=YNRM{I)-FIT(I)
AREA=AREA-FIT(I)

CALCULATION OF ERRORS

PRINT FORMAT INITAL,SETUP(1l)...SETUP(24)
PRINT COMMENT $0
1 FINAL RESULTSS
THROUGH F22+FOR K=1l3l9KeGeM
THROUGH F224FOR L=l4l9Ll.G.M
PMIKyL)=AM{K,L)
RS5=GJR.(MyM,PM(1),DETER)
WHENEVER RS.NE.1
PRINT COMMENT $0 MATRIX INVERSION UNSUCCESSF
1 ULS$
THROUGH F23,FOR K=1ly1lyKaGeM
SIG(K)=0.
TRANSFER TO F25
OTHERWI SE
CONTINUE
END OF CONDITIONAL
THROUGH F24,FOR K=1,1,KeGeM
INVDI{K)=PM{K,K)
SIG(K)=SQRT < {CHISQ*.ABS.INVDI(K]})

ERROR DISTRIBUTION

SD=SQRT.{A) /A

EXECUTE ZERO.{P35,P25SyP1S,POSyNOSyN1SyN2S4N35)

THROUGH F26,FOR I=ILP,151.6.1UP

WHENEVER DIFF{I) «GoSD*3.,P3S=P35+1

WHENEVER DIFF(I)eGoSD*2+ANDDIFF(I)4L.5D*3.4P25=P25+1
WHENEVER DIFF(I)+GeSD¥LleoaANDDIFF(I) ol oSO*2.,P1S=P1S+1
WHENEVER DIFF(I)eGe0sAND.DIFF(I)oL«SD*1.,P0S=P0S+1
WHENEVER DIFF(I)e6Gs~SD%1e ¢ANDDIFF{I)elo0yNOS=NOS+]1
WHENEVER DIFF(1)+Ge~SD*2¢ANDDIFF{I)oeLo—SD¥*1eyN1S=N1S+1
WHENEVER DIFF(I)eGe—SD¥*3,ANDDIFF(I)elo—SD*2.,N25=N25+1
WHENEVER DIFF(I)eLe-SD¥*3,,N35=N3S+1
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DATA PRINT OUT

PRINT COMMENT $0 FITTING PARAMETER
1 5%

THROUGH F279FOR K=1ylyKeG oM

PRINT FORMAT PAROUT ¢KyP{K)SIG(K)

VECTOR VALUES PAROUT=$520,13,10H PARAMETER,S54E15.644H +- ,E1
1l 5.6%%

PRINT FORMAT ARQUT,AREA4P3S,P2SyP1SyPOSsNOS,N1S,N25,N3S

VECTOR VALUES AROUT=$1H0,S19,6HAREA= F12.4//520418HERROR DIST
1 RIBUTION,8I5%%

PRINT FORMAT INITALSETUP(1)...SETUP(24)

PRINT COMMENT $0 CHANNEL MEASURE
1D FITYED DIFFERENCE MEASUREDS

PRINT COMMENT $ NUMBER SPECTRU
1M SPECTRUM IN SPECTRA ERRORS$

THROUGH F28,FOR I=ILP,l,1.G.IUP
PRINT FORMAT DATOUT I YNRMUI)oFIT(I)4DIFF{I),DYNRM(I)}
VECTOR VALUES DATOUT=$525,15,4E18.8%*$

DATA PLOT

PRINT FORMAT INITAL,,SETUP(1).esSETUP(24)

PRINT COMMENT $0 PLOT OF MO
1 SSBAUER SPECTRUM VS CHANNEL NUMBERS

EXECUTE ZERO.{ZP(1)ee.ZP(IM))

YMAX=0.

YMIN=0.

OMAX=0.

DMIN=0.

THROUGH F29,FOR I=ILPy1,1.G.IUP

XX(I)=-1

WHENEVER YNRM{I).GeYMAXy YMAX=YNRM(I)

WHENEVER YNRM{I)oLoYMIN,YMIN=YNRMI(I)

WHENEVER DIFF (1) .G.DMAX,DMAX=DIFF(I)

WHENEVER DIFF(I)eLoDMIN,DMIN=DIFF(I)

DELY=YMAX-YMIN

DELD=DMAX-DMIN

YMAX=YMAX+. 1*¥DELY

YMIN=YMIN-,1%DELY

DMAX=DMAX+. 1%DELD

DMIN=DMIN-.1%*DELD

SP=IUP-ILP

FILP=ILP

FIuP=1uUP

EXECUTE PLOT1.{041,SP,1,100)

EXECUTE PLOT2.({IMAGE,YMAX,YMIN,-FILP,-FIUP)

EXECUTE PLOT3.{$-$,ZPlILP)sXX{ILP},SP+1)

EXECUTE PLOT3o{$%$,FIT{ILP) XX{ILP),SP+1)

EXECUTE PLOT3.($+$, YNRMIILP) ,XX{ILP)SP+1)

EXECUTE PLOT4.(1,$ $)
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PRINT FORMAT INITAL,SETUP(1)ee.SETUP(24)

PRINT COMMENT $0 PLOT OF ER
1 ROR VS CHANNEL NUMBERS$

EXECUTE PLOT1.{041,45P,1,100)

EXECUTE PLOT2.(IMAGE,)DMAX DMIN,-FILP,~-FIUP)

EXECUTE PLOT3.($-$,ZP(ILP)XX(ILP),SP+1)

EXECUTE PLOT3.($*$yDIFF(ILP) ¢XX(ILP),SP+1)

EXECUTE PLOT4.(1,% $)

TRANSFER TO START

END OF PROGRAM

2. Theory Subroutine (Sample)

EXTERNAL FUNCTIONUJTyXT4PT,AT,BT,FT,DFT)
DIMENSION PPT(25)

INTEGER JT,l

ENTRY TG THEORY.

THEORY FUR CUCR2TE4 SPECTRUM, SIX LINES, R LESS THAN 0, CONST
RAINED INTENSITIES, SAME WIDTHS, P2, 256,SLOPE

CODE 6L +3INT-CONSTRy1LWyReLo09IS9P292564SL

THRUUGH T1,FOR I=1y1y1eG«25
PPT(I)=PT(])

X1=127.5+PPT(3)+PPT(2)*(3%PPT(6)-1)
X2=127.5+PPT(3)+PPT(2)*(PPT(6)-1)
X3=127.5+PPT(3)+PPT{2)¥{-PPT(6)-1)
X4=127.5+PPT(3)-PPT(2)%(-PPT(6)-1)
X5=127.5+PPT{(3)-PPT{2)*(PPT{6)-1)
X6=127.5+PPT(3)-PPT{2}*(3%PPT(6)-1)
11=PPT(5)%PPT(1).P.2
12=2%PPT{5)*PPT(1).P.2
I[3=3%PPT(5)*PPT{(1).P.2
D1=PPT(1)P.2+(XT-X1)P.2
D2=PPT{1) P2+ (XT-X2)aPo2
D3=PPT(1)eP.2+4(XT-X3).P.2
D4=PPT{1).P.2+{XT-X4).P.2
D5=PPT(1)P.2+{XT-X5).P.2
D6=PPT(1)P.2+{XT-X6}P.2
Cl=2.0%I3%{XT-X1)/D1l.P.2
C2=2.0%I2%(XT-X2)/D2.P.2
C3=2.0%I11*{ XT-X3)/D3.P.2
C4=2.0%]1*%{XT-X4)/D4.P.2
€5=2.0%12%(XT-X5)/D5.P.2
C6=2.0%I3%{ XT-X6)/D6.P.2
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Bi=1.0-13/01-12/D2-11/D3-11/D4-12/05-13/D6-PPT{7)%XT
AT=PPT(4)

E=2.0%PPT(1)

FT=AT*BT

G=—AT¥PPT(1).P.2
H=(13-3.0%PPT{5)%D1)/D1.P.2+{12-2.0%PPT(5)%D2)/D2.P.2+(11-PPT
(5)%03)/03.Po2+(11-PPT(5)%D4)/D4.P.24(12-2.0%PPT(5}%D5)/D5.P.
2H{I3-3.0%PPT(5)%D6)/D6.P .2

UFT(1)=AT%E*H

DETL2I=AT*((3.0%PPT(6)-1.0)*(C6~CL) +{PPT{6)-1)%(C5-C2)+{-PPT(
6)-1)*%(C4-C3))

DFT(3)=-AT%({C1+C2+L34C4+(5+(C06)

DFT(4)=8BT
DFT(5)=06%(3.0/D1+42.0/D2+41.0/D3+1.0/D4+2.0/D5+3.0/D6)
OFT(6)=ATHPPT(2)*{-3.,0%C1-C2+CL3-C4+C5+3.0%C6)

DFT(T7)==AT%XT

FUNCTION RETURN

END JF FUNCTION
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