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ABSTRACT

A constant acceleration Mdssbauer spectrometer was constructed
and its long time stability and operating parameters studied. With
this spectrometer a variety of technical and chemical d;oblems were
examined: for example, systematic deviations in spectrum shapes,
chemical changes caused by grinding common inorganic salt hydra;gs,
the occurrence of numerous small peaks in the background spectré,
and the occurrence of narrow peaks in spectra of samples in solution
in viscous solvents. v

A new version of M&ssbauer spect;oscopy, calléd Integral
Mssbauer Spectroscopy, was developed, whereby changes in Missbauer
absorption over selected energy ranges could be observed as a
function of time. It was established from calculations of an
optimum signal to noise ratio as a function of the integration
interval that this method is phenomenologically independent of
conventional M&ssbauer spectroscopy. Applications of Integral
MBssbauer Spectroscopy were demonstrated in the study of the kinetics
of solid-solid and solid-liquid chemical reactions, and in the study
of solid-solid and solid-1iquid phase transitions. The existence of
large non-Mssbauer resonance absorption was discovered. This
absorption was observed for many materials even under conditions .

where the conventional Mossbauer effect does not occur as, for

“example, in liquid solutions. This absorption was found to be much

stronger than normal (integrated) MSssbauer absorption, and to vary

’ greatly (by up to 20%) from one compound to another. It is also

found to have either.a posi;ive,or negative temperature dependence

/

in different compounds. _
- ) . . ' . 1
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o INTRODUCTION AND THEORY

The Mossbauer effect, or gamma ray resonance fluorescence, is

~amisston of a nuclear gamma ray

\«Vz'g N

. the usual nuclear recoil. Since

Y the resonant -absorption and

made possible by the quenching

its discovery in 1958, the MOssbauer effect has been the subject

of a large number of publications and books, as well as many

international conferences and symposia. The research is carried

out mainly in two disciplines, namely Chemistry and Physics, with

further applications in Mineralogy and Biochemistry. The effect

is observed almost exclusively in the fonn of M8ssbauer absorption

. :(transmission) spectra or of MOssbauer emission (scattering)
spectra.” ’ !

While iﬁ principle resonance absorption is straightforward, it
is uncommonly met in cases of nuclear y-ray transitions. The
reasons for this 1ie in that the y-ray as emitted from a nucleus is

u usually‘of a lower energy than the transition energy,vbecause of the
recoil of the emitting (and absorbing) nucleus. This discrepancy

" 1s usually very ‘large compared to the width of the y-ray transitioqc

— It is useful to compare the energies of recoil (ER) from emission

- of various photons, as in the following table: -
ﬂ NaD (optical) 57mFe’(y-ray)
£ (kev) - 0.0021 14.39 ¢
€ (V) 10710 2.107°

In certain .cases of low energy y-transitions, the nuclear recoil

energy can be taken up.by the solid surrounding the atom, and




resonance absorption becomes possible. In this case, it is also
possible to modulate the energy of the y-ray by adding a Doppler
motion to one of the nuclei concerned, and effectively séan back
and forth over a very narrow energy region so as to study subtle-

chemical effects on the nuclear energy levels. Such stans repre-

sent the main application of Mdssbauer spectroscopy.

While most of the studies to date involve materials assumed to
be unchanging during the course of the measurement this need not be
so. The object of the present study is to describe methods for
performing time-dependent measurement of the Mdssbauer absorpt;on,
and Eg/show some results from its use. This method is quite novel
and’without precedent in the literature, except for some few papers
describing so called “"thermal scans" done u;der rather restricted;
~ conditions. " a ) |

In order to explain the existence and nature of the Mdssbauer
effect, it 1s useful to deal first with opt%cal resonance effects.
Here the recoil energies are very low,/so that the transition
widths are much greater than the energy discrepancy. Further, the
Debye-Waller factor must be.descfibed in order to interpret the

magnitude of the MUssbauer effect. This factor, coming from early

studies in X-ray diffraction by crystals, accounts for the “"rigidity
of the crystal and its consequent ability to take‘up‘the recoil

epergy ofa single atom. Later the method of the Integral Missbauer
spectroscopy will be treated.

\




RESONANCE ABSORPTION PROCESSES

Optical resonance processes were predicted in the late
nineteenth century by Rayleigh, and first foupd experimentally in
1904 (Wood). ‘They are based on the fact that the energy of an
emitted photon equafs the energy of the photon required to effect
the reverse transiti%n. In practical cases Fhe transition
concerned is between the ground state and an excited state. There
i{s, strictly speaking, an energy difference caused by nuclear

¢ recoi],;as is shown 1n'Equation 1, but this difference is neglig-

ible in most cases, and was not even suspected at that time.

k- Eupper " Bower © Ey * i (g

2Mc
Because of the finite lifetime of -an excited state, the energy
of such a transition has a distribution with a Lo;;thian shape as
given in Equation 2, which describes tbe relation betqeen the
normalized 1ﬁtensity I(E) and the energy E in a peak'dhere maximum

intensity is at th.

- | ,
“ 1(E) = (r/2) ‘ (2
. ‘ i (r/2)% + (€ - Eo? ‘

- $

. .
This shape is fully described by its 'full width at half maximum' -

¢

(r) which is usually called the ‘natural line width' and is given
by the Heisenberg Uncertainty Principle:

T =4/t = 6.6 x 10716 102 (qy)

. - ~ .-
! ' o . —\
» N . i ) - n .
N » - “ "




(e

~ where a s the 1nterpal conyersion ctoefficient.
. . R N ;f,_\'.«. ."_‘:l\‘,:"‘—t( kUL ;E-ﬂ..):.‘ﬂ': b:, A {‘jf.g"‘."' .

where 1 is the lifetime of the excited state in seconds and t% is
. o

the half life of the excited state in Seconds; The re%ative

_ normalized probability W(E) of the occurrence of resonance absorp-

<

tion is thus

2
W(E) = —T/2
(r/2)" + (aE)

-

N

where AE is the ene}gy difference between the measured energy and -

o
>

the resonance energy.

"~ RESONANCE ABSORPTIGN CROSS-SECTION

The maXimu@ resonance qréss-sgction per atom (&;)’isxgiven by

the formula
21 °+1 21 +155; 1015
o, = e oAl = e 2.45 x210 . “ (cmz)
+ + 1 .
2 Ig 1 2 Ig 1 Eo

where Ig_and Ie are the spin quantum numbers for the ground state

and the excited state, respectively, EO and *-are‘respectively the

energy (1n keV) and the wavelength (in cm) of the photon.

L In. the case of a nuclear transition, the probability for re-

emission of a gamma q’uar_ltum i{s decreased, beqao.ﬁe of the possibility

of internal conversion. TQe effective maximum resonance cross-

section is then-

2.1 +1 -15
o = e 2.45 x219 1 (cma)
..219f} £ l+a

- ‘ » ’ ‘ ‘ %i;

oA

S
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DEBYE-WALLER FACTOR

While atomic recoil assocliated with optical resonances can be
ignored, the recoil energy from higher energy emission (or absorp-
tion) is no longer negligible. For example Bragg reflection of
X-rays occurs only with those photons scattered coherently - that
{s, without loss of energy by the recoiling of the scattering atom.
In this case, the intensity of the Bragg X-ray lines is dependent
on the rigidity of the lattice and this {s strongly influenced by
the temperature of the scattering crystal. The temperature depend-

ence of this intensity is usually expressed as

¥a

‘1.-10f' !

f=eM | (4

where W is the Debye-Waller factor, and expresses the temperature
dependence.

The Einstein model of the solid state leads to an expression
for this Debye-Waller factor

- E _
RS A" €&

“where Er is the recoil energy and eE i{s the characteristic tempera-
ture, derived from the relation ket = h“t‘ This model, however,
does not-satisfactorily account for the observed temperature depend-

ence. The Debye model of the solid state leads to the equation

VA

. E ’ T o
v .\‘3‘?“785 ['i * %ﬁ).z' ;zu e"xfxl Asd
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where GD 1s the Debye temperature defined as kQD = th and x is
the component of the mean square vibrational amplitude of the emit-
ting particle in the direction of emissian. This formula is
simplified for the low temperature region, where T<<eD

E Tr2T2

1 r [3
L 3 Sy 2 (st)
! . D
’and at absolute zero to
. E -
“‘%k‘gg [5d

In the high temperature region (T > &BD) the depegdence can be
reduced to . ' '
W=3 : - 54
' kép T :
When an appropriate expression for W (Equation 5a-d) is used
in Equgtion 4, the variétion of the intensity of Bragg reflection
1ines as ;,funbtion of temperature is correctly given by Equation 3.
y The relevance of ;his Debye-Waller factor to Mdssbauer spectros-
‘\ fopy is that the value of f (in Equation 3) gives the probability -
- of the recoil-free photon‘émission,fdr absorption, This in turn df
- . course Ieads,fd.;ﬁ dndétstandingxof the probability of y-ray )

. resonance. absorption -- the Mossbauer effect.

A




By altering {the. velacity-he was able

"

THE MOSSBAUER EFFECT "'*%?;g~.
- N

The occurrence of resonant scattering of y-rays was predicted
already in 1929 by Kuhn, but not discovered at that time. More
recent attempts to achieve y-ray resonance approacﬁed the problem
by attempting to compensate for the nuclear recoil by adding a
large Doppler motion. Thus, Moon (1950) achieved resonanée absorp-
tion for the first time in 198Hg, by the use of a Doppler velocity
of about 105 om sec” k. |

A special case of resonant emission and absorption’of y-xays
was discovered by physicist Rudolf F. Mdssbauer during his graduate
work in Heidelberg (Max Plénck Institute for Medical Research) in
1957. The subject of his Study (thesis adyisor H. Maier-Leibnitz)

was the scattering of 129 keﬁky-rays of lgllr

by Ir and Pt and its
ingrease for Ir by the lowering of the temperature. This observed
scattering increase was Eon;radictory‘to current predictions.
Already in the first publication (Mﬁssbauer,.1958) the contradiction
was explaiqfd {n terms of the Lamb theory of elastic scattering of
thermal neutron;'(a‘recoilless~process) known since 1937. In fact,
Mdssbauer had accomplished resonance absorption not by compensating
for the récoil. but by-eliminating it by altering the Debye-Waller
factor. In his second work, he added small Doppler velocity (vf to
the source (in a way paralleling Moon experiment) and so altered
the. energy of the emitted yj{ay by AE as given in the fbllowiné
equafion \ ) |

[

T cme¥e . 4

R

to scan-over the energy range

e e .. >

v
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|
of the resonance so as to study the shape of the resonance absorp-
tion peak. In practice, of course, one measures the transmission.
_This trarsmission as a function of the Doppler velocity has come
to be known as a Mdssbauer spectrum. While the effect was dis-

191

covered first for Ir, a large number of other nuclides display

the same effect. The overwhelming majority of Mdssbauer studies are

57Co.

dome using 57Fe as aqsorber of a y-ray whose ultimate source is
e
The transmission spectrum for a single line is given as Figure -
la. On one axis is the modu]atlgn Doppler velocity, energy or

) -
simply the channel number.of a multichannel pulse analyser. On the

othervaxis is the transmission or absorption or just the counting
rate. The correct setting of the 100% transmission is passible
on}y in the case of curve fitting of the results, although in prac-
tice the off-resonance baseline is used instead. Also shown in
Figure la is the nuclear isomer shift (&), to be described below.
Figure 2 demonstrates the balance of radiation in the source-
absorber system. Scattering and other effects of the surroundings
are ignored. First there:is a self-absorption in the source of
both rgggaant and'non;resonant radiation. Part qf the radiation
leaving fhe‘sdurce j§,1ost by absorp in the medium and another
part of mainl}\resonant‘but also non-resonant rg ijation is the
measured transmission.

L

" This description is not fqlly exact because, fof example, part
of ;adiatidn is-lost by resonance absorption in the source, since
4 the source contains 57Fe 1n‘quanfities~uhiéh. though small, increase
. \\‘ ; - with increasing age of‘the source. Another secondany disturbance is

k the re-emission of y-rays hy the absorber.A ang effect is. 1mportant
C . : b R T
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FIGURE 1a  Mdssbauer spectrum. Single peak.
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FIGURE 1b  Mdssbauer spectrum. Quadrupole splitting.
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for selecting of the geometry of an experiment and critical in

certain "difficult" experiments.

Isomer Shift

The nuclear isomer shift (&), called also chemical shift, is
the energy difference between the energy of M8ssbauer transition
in the source and in the absorber. It was first identified by
Kistner and Sunyar and its magnitude was calculated by Solomon.

The energy of the nuclear level is changed as a result of the
fnteraction between the finite nucleus and the electron cloud by

an amount given by
E = %—uel?(0)|2fp (xl,xz.xa)rzdv (7

where IY(0)|2 is the density probability of the s-electrons at the
nucleus ' ‘
p(xl.xz.x3) is the nuclear charge density at the (xl,xz.x3).

Introducing the mean square radius as

o« [p(xl,xz,x3)r2dv
fo(x] x5 :x5)dV

(g

and ﬁsing the relation Ip(xl.xz.x3)dv = Ze, the enkrgy of an emitted
'}‘: - gamma quantum is then . |

<

U m Byt Ewllat, - @b | x(0)] 1.

. S ‘-x,
' . | .
. qhere indices's, e, g denote the séurce, excited state and ground

. " state, respectivqu. ‘Eb is :the energy of-the -gamma quantum for the
- " ) ' ..\‘*:"-' :'. “’1_& }' ' ?’" vy{\;‘:‘\!*. ' ;\\‘“ o ' )

bare nucleus. = - - .o LD T T L
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A similar expression is valid for the absorber

2 2 P 2 o
Ey,a = Eo + e Z]<r >y = <r >g|-|\¥(0)|a (14

Finally, the isomer shift is equal to

6= ,-E . " Srelz|<ls - <> o (1¥(0) 12 - 1¢0)(?) (11

Assuming that the nuclear charge density is constant within

the radius (R) of the nucleus leads to

3Ze
p== . (13
4R
and therefore
2
<r2> . pfrodv 3 R2
P 5

The difference between the mean square radii is then
3,52 2y .3 o2 6
S{Re'Rg) T AR §§RAR
Substitution into Equation 11 leads to
s = gre’2R% B2 (1¥(0)2 - [%(@)(2)

For a given transition this equation can be simplified to the

following form
o . -
6 = const ([¥(0)[; - [¥(0){)

Hﬁssbauer spectroscopy experiments -are ‘usually performed. with
‘a given source {or absorber) and the corresponding wave function is .
then also constant. This gives the final express{on

8= const 19001 - canst B ¢t

\\\\\\\\

L3
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\ This equation or the previous one can be used to prove the
{avariance of differences of & for various compounds measured with
different sources, which is heavily used to recalculate measured &

values to a selected -gtandard.

Quadrupole Splitting

The quadrupole splitting (A) is the 1ifting of the degeneracy
of nuclear levels (with the nuclear spin of 3/2 or greater). It is
caused by the interaction of the nuclear quadrupole mbment (Q) with
the gradient of electric field (Vij)’ and was first observed by
Kistner and Sunyar.

The energy difference (AE) between‘the original and the shifted

nuclear levels (Wegener; Townes and Shawlow) is

2 : 2
8F = grppiyy [3nf - 11+ 1] (1 +F)" (14

where eq is the maximum value,of the electric field gradiént (on the
Z axis) \ - o
I is the nuclear spin
Wy is the puclear magnetic quantum number (projection of I on

the Z a;is)

~

n {s the asymmetry parameter defined as n = (Vx* -V )/Vzz

Yy

and the convention |vzz]>|vyy|>|vxx1 means that n < 1.

Because the my is present only ‘as the square, the degeneracy

P

1s not completely lifted:

>

: o ME(+mp) = AE(-m) :

The 57Fe in the ground state has a nuclear spin of % and

&
-
3 .

-
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therefore has a spherical nuclear charge distribution. The absence
of a nuclear quadrupole moment means that AE = Q. The nuclear spin
for the first excited state is 3/2. Then m, has the values 3/2,

1/2, -1/2 and -3/2. Substitution for m; and I'in Equation 14 leads

I
to the results

; AE(%.:t%) = ;lgequ(l + 3 )* ‘and
2
BE(3.13) = - tefqQ(1 + §)* -

Finally, ‘the quadrupole splitting (A$\$quals
2
A= BE(3t3) - 8E(,+5) = 3efqQ(1 + F)% (19
This partial degeneracy is the reason for the formation of a doublet
only. The centrdid of the doublet gives the position of the unsplit
level, and the isomer shift thus remains fully defined. A quadrq—

pole split spectrum is shown in Figure 1b.

Magnetic Hyperfine Splitting

The magnetic hyperfine splitting (AE) is the 1ifting of the

degeneracy of nuclear levels {usually in the absorber) caused by the

" - interaction of the internal magnetic field (H) with the nuclear

- magnetic moment (u). It was first observed by Pound and Rebka.

o —

afﬁé theoretical treatment of magnetic-hyperfine splitting was
given by Abragam. The magnetic field §p1its the nuclear level of
%pin I into (21 + 1) levels, my . -Far 57Fe the excited Ievel-(3/2)
1s‘Split into four and the grouﬁd level (1/2) into two non-degenerate

-substates. The selection rule s, = 0,1 amits the number of lines
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for one iron species to six as shown in the Figure. The sp]itting
o

for the two levels will be different and in each case equal to

v H u H
e o2 9 .
T e T T T o
&
where u is magnetic moment of the nucleus
H is the magnetic field
I is the nuclear spin
e and g denotes the excited and ground state respectively.
3 I m
. I
3. __.
272
|
3 I NI
2 | 2 peH
- jr 2
- S )
2
— -~ :
] ~
L
| 2
2 2pgH
\ |
+_—-_---

The energy (Eij) of the transition is equal to

c

B, = B0 ¥ S - 9guytimy o * geiy o

-
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and the energies for the individual hyperfine lines are

BEy.g 78 - somy g - g M e)

»

where § s the isomer shift
EO {s the energy of the emitted gamma quantum
Hy i{s nuclear magneton
my is nuclear magnetic gquantum number‘
g 1{s gyromagnetic ratio (nuclear g-factor); index O means
ground state
The degeneracy is now completely lifted because m {s present to the
first power only. | o~ )
Magnetic field can originate either wfthin the atom itself,
within the crystal via exchange interactions or as a result of an

57

external magnetic field.” (For “'Fe it must be about 30 kG to have

a significant effect.)

*
——y L

Combined Interactions

The chemical isomer shift does not cause a change in separa-
tion of the resonance lines of-quadrupolé spectfa or magnetica]fy
split spectra. But the combined quadrupole and magnetic interac-
tion causes changes in separation. Only simp]ehcases can be
treated analytically. Kistner and Sunyar were ;he first who
analyzed the combined ﬁagnetic and electric hyperfine 'interactions

in the absorption spectrum of a - Fe,03.
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Line Width

The natural line width (T') was already introduced on page 3
The formula given there is valid only for a thin source or absorber.
In a2 real experiment the measured rexp is the sum of the widths of
the source and of the absorber which are assumed for simplicity to

be equal to each other where the thicknesses are not great and for

most cases equal to the natural line width. Therefore

rexp = 2T .

For a thicker absorber with an effective thickness (T) the measured

1ine is broader (Frauenfelder and others):

rexp = (2.00 + 0.277) 0<T<S
o 2
rexp r(2.02 + 0.29T - 0.005T") 4<T<10
where T = fanaaadota

and f, is the recoil-free fraction for the absorber

n, is the number of atoms of the element studied, per cm3
in the absorber

a, is the relative abundance of the Mdssbauer active isotope

% is the resonance @bsorption cross-section

8.
ta is the thickness of the ab;orber in am

" There are other causes of the broadening of a line. One is
the diffusional broadening (studied for viscous liquids and solids);
_ another 1s the broadening caused by the presence of a magnetic | |

field which is not large enough to cause the hyperfine splitting, “*

-
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sti1l1 ancother involves apparent broadening caused by, for exaﬁple,

12;&nresolved quadrupole doublet,

A\

Relative fntens1tie§.""

The relative intensities of 1ines in multiplet Mossbauer
spectra are not all equal and in some cases differ markedly,
According to Fagg and Hanna, an angular dependence of the inten-
sities is displayed, which is in turn dependent on changes in the ¢
nuclear angular momentum or in the nuclear magnetic quantum number
in the transition occurring. The relative intensity values are
given in Table 1 for the case of magnetic hyperfine splitting.and
quadrupole sﬁlitting for single crystals of selected orientation.
It was also found that the relative intensities for assemblies of
randomly oriented small crystals are different and can be calculated
as an average over all crystals, These values are a]so‘given in the
Table. .

For 1sotrob1c compounds the 1ines jn the magnetic hyperfine
split spectra have relative intensities 3:2:1:1:2:3, and for
quadrupole spectra the two peaks have the same 1ntensit1%§.

For anisotropic compounds the ratio in dependence on 8" is
3:x:1:1:x:3, where xe(0,4) is the ratfo 4 sin%e/(1 + cos?8) and
for quadrupole splitting x:3, where xg(1,5) and x = (2 + 3 sinze)/

3(1 + cosze), In-all cases the sum of the absolute jintensities

* 8 is the ang]e between the magnetic field and the direction of
propagation of the radiation.

" -

7T
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TABLE 1 Relative Intensities for MUssbauer Multiplet
Spectra of re ¢
Absorbers
Transition R A¥1sotmp1c Isotropic
my —» m, c2* 6 0° 900
Magnetic Hyperfine Spectra
1 3 2
3 + 3 3 3
. ? 3 1 + cos™®
*2- *%— 2 2 sinze 0 4 2
-5 1 1+cos?s 1 1 1
5 % 1 1+cose 1 1 1
) 2 2sin’e 0 4 2
1 3 2
~ 3 1+cose 3 3 3
Quadrupé]e Spectra !
TR 1 2+3sin%6. 1 5 1 .
blz t% 1 3(1+cosze) 3 3 1

-

The normalizatjon of numerical values 1s.arbitrary.

* ¢? is the angu]ar-indepgndent;1ntensit_y term

t © {s the angular dependent term J”
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must be a constant uniess the formal angular dependence of the

overall intensity {s introduced on account of saturation effects.
Numerous spectra have been published as having the two lines

of quadrupole split spectra with different intensities. The

validity of observations, claimed to be described as the Goldanskii-

Karyagin effect has been contested (Housley, Gonser and Grant).

The asymmetry may well result from an instrumental artefact.

Chemiéal Applications

<
Missbauer spectroscopy has been widely applied and has, in

fact, become almost a routine method in physical inorganic chemistry

‘of substances which contain iron or any of the other Missbauer-

active elements. Virtually all of the studies which have been made
concern stable materials; in which the sample remains unchanggd
during the éourse of the'measurement. In nearly all of these cases
the object of the study was to understand the structure or bonding
of a single material or Ehe usual spectroscopic identification.

In some few cases, studies have been made in which a reacting

system\has been studied. This has been done either by selecting a

very slow reaction, such that the fime measurement can effectively

be made at a point in time, or by quenching a reaction which pro-

- ceeds only at a hiéher temperature. In the present work, a method

{s described by which chemical and other transformations can be
studied directly while they occur, that-is, by the method of

Integral Hﬁssbauer Spectroscopy, whereby the transmission of gamma
“radiation through a selected part of" theéﬂbssbager spectrum is fOI-

- i K B :
L i . - W N oo -
A . T L . .
®w 4 PR TaPE P S .
e . t DA ) .
B N

\‘*
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INTEGRAL MUSSBAUER SPECTROSCOPY

Although M8ssbauer spectroscopy is used in Chemistry almost
excJusively to study molecular and crystal structures, it has also
been used to study chemical reactions. This is possible in cases
when the duratio& of the reagtion i{s much longer than the time
necessary to accumulate a Mdssbauer spectrum. For practical
purposes this means that one can study reactions with lifetime
of tens of days and longer. For example, Wittmann, Pobell and
Wiedemann studied changes in ferrites over a period of seven
hundred days,

Faster reactions can be studied, but only if 1t is possible to-
stop them by cooling or pther means and measure the Mdssbauer

.~ Spectrum after the reaction has beén stopped. .That has been done,
for example, by Gallagher, Johnson and Schrey in a study of the
thermal decomposition of FeSO4.7H20 and Fe504.H20 and by Bancroft, )
Dharmawardena a?d Maddock, who studied Fhe thermal - decomposition
of K3§e(C204)3.3H20. | \

Another use of Mossbauer spectroscopy in following chemical

and physical changes invalves measurements of Mossbauer spectra at

3

different constant temperatures. This is mainly used to study the

—

phase changes. A very good example of this work was done by Gibb, ]
Greenwood and Sastry on NH4C1 using FeClz as a probe. In both /
these latter cases'the ampunt of work involved-is rather prohibitive.
N2 Some authors therefore Aeveloped the technique of “thermal
| scans“. These can be Egélized_in two ways. The simplest metho?,

. Hliuited-;n,cggggqu§wy1;h.ggg*§§§9rg;iqp_pgggipf {nterest close to
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zero velocity.vconsispijof using a stationary source and a station-
ary absorber. Transmitted photons are registered with a simple
Founter and plottedragainst the temperature. An example of such
iype of work is the study of' frozen solutions of Fe(C104)3 by
Keszthelyi, Cameron, Nagy and Kacs6h. A more sophisticated method
uses a constant velocity Mossbauer Spec€¢ometer. where the peak can
be located at any velocity. One early examp]g of such study is
perhaps  found in the work of Preston, Hanna and Heberle who used
this method for the study of phase transitions in iron. Both of
these latter mentioned ﬁethods can be also used for constant tem-
perature measurements.

For thermal scans the disadvantage of the above mentioned
methods 1ies in the combination of two effects: the change in the
intensity of the peak and the change in the position of the peak. |

Therefore a new spectroscopic method which avoids this dis-
advantage, is proposed and realized in this thesis, far which. the
name Integral Mgssbauer Spectroscopy'js suggested. For both
constant témperature and variable teﬁberature measurements, this
" method gives a better signal to ﬁoise ratio (§ee Appendix 1).

Integral Mdssbauer spectroscopy,1nv01ves‘beasuring the counting
rate over a selecied velocity interval for successive time intervals
-vuhich are integer multiples of the period of motion or which are h
teng in comparison with the period | of.motion. The basic idea of the
‘Integral‘ﬂﬁssbauer Spectroscopy is to count over the entire area of

one selected peak or gvoup of peaks.

The-neasuremeuts c*n be ac;nuplished in various ways. The
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simplest version {s for the case when the {ntegration interval is

symnetrical around the zero velocity of the source, Then the
source moving with constant acceleration wijl sweep through the
interval from “Vinax to +Voax equivalent to the corresponding energy
values, This glves optimum results for peak located at the centre
of the M3ssbauer spectrum (see Figure 3). 1If the peak is shifted
from this position, then the integration interval has to be
enlarged so as to include the whole peak, This diminishes the
sensitivity. Broadening the velocity range to accommodate an
isomer shift § equal to I', will c;Lse the diminishing of thé effect
to one half. To maintain the sensitivity it 1s necessary to keep
the source at constant velocity located at the maximum of the peak
and either move the absorber over the entire width of the peak or
to modulate the constant velocity by such motion (see Figure 4).
This modulatory motion must have a frequency which is a whole
multiple of the bagic frequency or be high by comparison. The
whole process can, of course, be inverted (source — absorber).

Por integrations which are not symmetric around the origin, greater
time utilization can be achieved through the use of an asymmetric
wave form. It is also possible to use a velocity signal of more
complicated shape, where the velocities outside the region of
interest are passed over with a higher acceleration (see Figure 5).
With such a velocity‘signal, time utilization and signal-to-noise
ratio in the integration are optimized for any value of ipe isomer
shift and at the same time only the source (ar the ébSorber) need
be moved. The motion is relatively simple in comparison to thai

~ of the previous verston. o T

-~
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Electronically the simplest solution for an gsymmetr1ca1
integration {s to work in a constant acceleration mode and use
conditions such that the last channel. coincides with the highest
required velocity. Using a DC coincidence circuit now makes it
possible to integrate over only the desired velocity interval,

(See Figure 6). The motion of the source (or absorber) is still
fully symmetrical and the integration is optimized for these
conditions, :

Time utilizaﬁion suffers by this method of course. Where
slow drift in peak position is anticipated, it is helpful to use
a larger integratjon interval to ensure that the changes occurring
actually do proceed within the interval under observation. |

Rrocesses which can be studied by Integral Mossbauer Spectros-
copy are of different types. The first type is éharacterized by
the disappearance (or appearance) of a peak from a given position

" as result of a reaction or phase change. A second type 1s based

on the change in the area of a peak resulting from a change in the
MOssbauer-Lamb factor. Furthermore most measuremen;E/inﬁpractjce
are <done in the area of non-linearity of absorption (ca > 10 mg Fe
cm-z) therefore the diminishiﬁg of AE and overlapping of the two
peaks which were formerly separated (still both within the integra-
tion interval) leads to the diminighing of the -absorption and vice
versa. The obvious case of changes of absorption by the change of
mass 1n the path of radiation which i1s valid for all radiations is -

. *g:? tre;tgd hgre.
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'spectroscopy.'rThe magnetic spectrometer with its high resolution

.cess and evaluate the photographic material). . The next development

Applications

Every new expefimenta] technique must have some advantage e.qg.

opening a new area of re§§arcp. making such area better, (or more
conveniently) accessible; making the research more economical or
offering a better quality of information. ;

Taking as an example a spectroscopic technique, infrared
spectroscopy, it underwent large changes over the years. The three
main difficulties - the source, the dispersive element and the detec-
tor - were overcome and the technique found its way in more physical
laboratories and after the beginning of commercial production of
infrared spectrometers in chemical laboratories also because its
usefullness for chemical research was easily recognized. The
recent development, the introduction of Fourier transform infrared
spectroscopy, is apparently bringing in only the better quality of
information (better signal-to-noise ratio due to Fellget advantage),

but the impact on chemical research is rathgr large.

Another example from the field of spectroscopy is the y-ray

and price is up to now used only in limited number of physical
laboratories. The development of photomultipliers and scintillators
led to the construction of scintillation y-spectrometers (with the
resolution worse by more than two ordersJof magnitude), but the
economic accessibiljty caused {t to “overflow" from physical labor-
itorﬁes to many chemicalhlaboratories. Economically still much
more convenieﬁt Qray-wedge analyzers based on the same principles

remained only a laboratory curiosity.(due to the necessity to pro-

R . o R N

A
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leading to the introduction of multichannel analyzers with their
convenience of operation and quality of information (again Fellget
advantage) overcame the larger expense and nowadays there is no
y-spectrometry 1aboratory without at least one_such unit. The last
development (semicdﬁductor detectors) brought only better resolution |
(by almost two orders of magnitudg) but its significance is manyfold.
The new technique of Integral Mdssbauer Spectroscopy fulfills
all four earlier mentioned criteria. Up to the present time there
is not a spectroscopic technique available, that makes a measurement
of a heterogenous reacting or changing system including solid phase(s
possible.- The most common spectroscopic techniques UV, visible and
IR spectroscopy can be used (in the reflection version) to study ihe

surface reactions only and can not measure the bulk properties (due

"to the combination of dispersion and absorption and partly also the

dflution effects).

To measure éhe bulk properties in such polydisperse.sys a
higher energy radiation is Aecessany. (Usua]ly in the region of more
than few keV.) Up.to the present time only th techniques are avail-
able in such energy interval. (The Mdssbauer spectroscopy and the
X-ray diffraction.) Thé difference between the Mdssbauer spectroscopy
and the Integral -Mdssbayer spectroscopy was exptained previousiy.
The X-ray diffraction can not be‘used because the conditions for
diffraction are not fulfilled (grain.sixe must be in the order of
1 pm or larger).

The -absence of a proper method caused that the research in the

area of the 'above mentioned systemswas almost qp;ire]y neglected,

: with the 'exceptjron,{gf {tspal_} vwﬁ,qfframer'd‘i ffjgult studies using
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the Mdssbauer spectroscopy. Some examples are given on pages 21

and 22.

It is necessary to stress that also other systems not including
the solid phase(s) can be studied by the proposed and described
method of the Integral Mdssbauer spectroscopy and complement other

methods commonly used for these systems. .

7y
o
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NON-MOSSBAUER RESONANCE ABSORPTION

In evaluating different effects encountered in the measurement
of Integral Missbauer spectra (see 639&3 77 and ff) it became clear
that another resonance effect (non;Mﬁssbauer resonance absorption)
is presgnt and in some systems its influence is much larger than
that of Mdssbauer rescnance absorption.

A similar (?) effect was noticed in another type of measure-
ment - in the “thermal scans" at constant velocity far off the
Mﬁssbauér resonance - by Brunot, Hauser and Neuwirth and by
Frohlich and Keszthelyi. The explanation given by the first group
(change in X-ray diffraction caused by the change.of Debye-Waller
factor) was contested by the second group. Their explanation
renders the effect to trivial chanée-in X-ray scattering caused by
the confirmed appearance and disappearance of randomfgracks in
supercooled 1iquid. The rangpmness of grack formation is causing
the absence or presence of the effect and in the case of presence
also the change of sign of the effect. The question mark at the
‘beginning of this paragraph means that the authors should have
observed the non-Mdssbauer resonance absorption but unfortunately -
the eventually present non-Missbauer resonanég effect (FeC]2 in
frozen solution can have a small or zero effect) was totally -~
obstructed for both groups by the formation of random cracks as R

explained above.

L . !
Due to different experimental technique (Integral Mdssbauer
spectroscopy) and larger gxpe;jmenta1>bdsis (Integral reaction

spectra and Iutggr__sa]} thergal scans -on. m_at.er:l,al_s, 'In di fferent .

dny
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aggregate states) it is necessary to state that there exists a
non-trivial non-Mossbauer resonance absorption. This statement is
also supported by the results of calculations of non-Missbauer

resonance absorption from the “background" of Mdssbauer spectra

(see,page 107). |
%he non-Mdssbauer resonance absorption can be cau;ed at least
in some cases by the diffusion of measured species, which will
partly lead to the decrease (or increase) of the resonance absorp-
tion, because the average isotropic motion will contribute to “non-

selective" changes in absorption. There are some easy experiments

which will make the measurement of this contribution possible.
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EXPERIMENTAL PART

CONSTANT ACCELERATION MOSSBAUER SPECTROMETER

The most common instrument for the measurement of Mdssbauer
spectra 1s the constant acceleration Mossbauer spectrometer. It
works through modulation of the energy of the Mossbauer active line
of the source by the Doppler effect. The record of number of counts
stored in successive channels of a multichannel analyzer in depend-
ence ejther on time (the so-called multiscaler or time mode opera-
tion) or on velocity (analogue mode .operation) repeatedly for
successive identical sweeps through the entire selected region of
velocities constitutes the spectrum.

In the case of symmetrical harmonic motion the time mode
operation potentially leads to the storage of two Missbauer spectra,
one of which is reversed (version i). Alternatively, if only one
of these spectra is stored, the overall time efficiency is less
than 50% (version 1i). To approach 100% efficiency, the wave form
must be asymmetrical (version iii). These three versions of
operation are illustrated in Figure 7, ‘

‘In more complex systems the so-called folding operation is
performed where the two spectra are instrumentally added together
after proper inversion of the second spectrum (version iv).

The three latter systéms (i1, 111 and iv) have obvious dis-
gdvantages {(e.g. economics and reliabi]ity gf operation). To

- decide between the first two versionslis‘rather a simple task. If

~ the resolution is adequate and there {s the usual need for improved
i gstatistigalvand oyerall validitx oﬁ derived parameters (and if :'7
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enough computing capacity is availabie), two spectra should be

used, Where higher resolution is desired or only limited curve.
fitting can be done, only one spectrum should be stored,

Many different constructions and princ1é1es have been used
for building MGssbauer spectrometers. Adequate descriptions are
available in review articles and in most of the monographs
(Greenwood, Gibb),

The first (constant acceleration) spectrometer already avail-
able in this laboratory was operating in the: analogue mode. Such
a system has two main disadvantages. The inevijtable delay (in the
region of 2-10 msec) of the velocity signal behind the real motion
of the source causes the doubling (for smaller differences only
broadening) of peaks.'{fhat can be removed by using only one branch
of the velocity signal (thus losing approximately 50% of the
counting time). Moreover the real motion is of Higher quality than
the electronic signal derived from such\motion, which is usually

non-linear and contains electronic noise\mainly from the 60 hz line

frequency. ‘ \

* Therefore a new spectrometer was bui]t which operates in the
time mode, It consists of parts andbinstrpments inctuded in Table 2.

The instruments used should 1dea11y represent an optimum
selection. However they were mainiy chosén on. account of their
availqbil!ty, and as a consequence it is certain that their para-
neters are not matched, Better’ 1nstruments are, or have been,
availaple from these same and other manufacturers.

‘It was. found by direct observation of fhe amplified velocity

'signal from the detector coil of the .t_r\ansducep‘ that a.motion of -
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#*

TABLE 2 Mossbauer Spectrometer Components*

Mbssbauer source (57C0 + 57mFe(Pd)) (New England Nuclear Co.)
Mdssbauer abso;ber'~\

Mdssbauer drive unkE (Carleton University, Science Workshop)
Power amplifier (Hewlett-Packard, 6823A)

Triangle generator (Hewlett-Packard, 3300A)

Detecibr’ (Reuter-Stokes, RSG-61-M2)

Preamplifier (Simtec, P-10)

High-voltage source (Phillips, PW 4025/10)

Pulse amplifier (Hamner, NA-15) \

Single channel analyzer (Mamner, NC-11)

Analog-to-digital converter (Northern Scientific, NS-622)
Memory -unit (Northern Scientific, NS-633)

Readout control (Northern Scientific, NS-621)

Teletype (Northern Scientific, 102)

Acoustically Ansulated box (Carleton University, Chemistry
S Workshop) °

-

y * -For assembly diagram see Figure 8




the source occurs even when no signal js applied to tke system.
Th1s motion is caused by accoustical and mechanical vibrat1ons and
the sensitivity of the velocity measuring circuitry is éuch that
the motion is detected without difficulty, A deformation of the
Mdssbauer spectra, mainly broadening of the peaks, is caused by
these two types of vibration.

A series of experiments were performed in order to suppress
the mechanical vibrations. Various materials were investigated to
separate the bench top from the mounting bench of the Mossbauer
drive unit. Evaluation of this vibrational isolation was done in
different ways, the most advantageous was by the recording of the
amplified signal from the velocity measuring coil of the transducer
by a fast strip chart recérder.

The frequencies found for these extraneous vibrations were 2.5,
6 and 30 Hz. The finding of extraneous vibrations was independ-
ently confirmed (Word) and the ﬂrequencies corroborated and
identified as those of building vibrations. Two other commonly
observed major building vibrations (at 0.7 and 60 Hz) were not
detected by this method. A program to measure and analyze the
vibrations of other laboratories on different floors of the building
. ‘was suggested (Word) but was not carried out mainly because in any
hase it uou]d not be possible to move the Mossbauer spectroscopy
“‘faboratory.. Considerable improvement w:i made by enclosing the system
_in an accoustically isolated box. -After some experiments with an
~open or closed glove box.'an~§gcous£{callyfisqlated box was
'«;onstructeﬂ.bf plyuboq.'1egd;aqd'ﬁlqss,fipqg tile XThiessen). At

' the ‘same ‘time, 2.m0 Jayer: ead. ‘worksas_a radfation protection.
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The inertia of the box and material used for {ts construction

diminish the ampTitude of all vibratijons,
A block diagram of the spectrometer is given in the next
Figure 8, Diagrams for instruments which were obtained commercially

are not included here. -

Selection of Gperating Conditions

(1) Selection of the proper distance between the source and the
detector,

Two contradictory requirements have to be reconciled. First,
the distance between the absorber and the detector should be the
maximum available to suppress deformation o% the spectrum by
fluorescence in the absorber. Second, the distance betjeen the
source and the absorber should be the maximum possible-to suppress
the cosine deformation of the spectrum. Obviously, at the same
time, the source-detector distance, should be as small as possible,
to obtain high detection efficiency. The absorber was consequently
located in the middle, between the source and the detector.

(2) Setting of the detector high voltage.

The detector voltage must be close to the maximum because the

-~signal from 14.4 keV y -ray is small. The optimum gain of the

preamplifier is the highest available. (Since in this spectrometer

the quality of the preamplifier used is better than that of the

amplifier.) o o

(3) Setting of the amplifier gain. 3 ‘ )
K:ff Hbssbauer active peak (14 4 keV) of the pulse hetght
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Block diagram of Missbauer spectmmeter
see page 37 '
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spectrum is conyenjently set within the third quarter of the
memory, The position of the peak for this system changes with

the chdnge of counting rate and changes of gain are required to
compensate for this in any individual absorber. Changes in overall
gain can be achieved by changes in the high voltage but there the
current through the detector system will change, therefore the
temperature will change and there will be inevitable changes in the
position of the peaks.

(4) Setting of the single channel analyzer.

The ‘1ow level discriminator and the window have to be set by
means of an external pulse generator, so that they span the third
quarter of the memory, and encompass the Mossbauer peak.

(5) Setting of the triangle generator and tge memory unit.

For regular work the selection of the frequency, the dwell
timé and the number of channels of the memory unit has to be done
such that the velocity change per channel and the velocity range
are satisfactory for the ob§erved spectrum (about 0.003 cm sec'1
ch™! and 3 cm sec“l). For a given velocity range, a higher | ’"\)
frequency gives a smaller displacement of the source and thus
reduces the paraﬂolic backgfound of the spectrum. The frequency,
number of channels and dwell time must fulfill the following

expression:
;- > N.1
where f is the frequency (c sec™})

N 1s“t§5/number of channels .

T 1s the dwell tiae (sec ch™l).
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For 10 hz and 1024 channels this relation requires a dwell time

of about 100 usec ch'l_‘ The number of channels used can normally
be changed (d1m1n1shed;.on1y by factors of two and the dwell time
only by integers within the given order. Therefore the proper
number of channels and the dwell time are selected and finally the
(continuously variable) frequency is adjusted to fulfill the above
condition. This is easily checked visually by following the stop -
indicator of the memory unit,

The {ntensity of the triangular signal from the generator and
hence the velocity range, can be set using a proper absorber. With
enriched iron foil it can be done visually. The parameters
described in this point were selected in such a way that the
velocity increment per channel is about 0.003 cm sec?. _This value
is a reasonable compromise between the requiremént of the highest

. resolution (it is equal to about 1/7 of the FWHM) and the contra-
dictory requirements of the highest statistical validity of the
accumulated counts ﬁer channel and an acceptable value of the veloc-
ity iqterva] for the constant number of available channels.

(6) Setting of the memory unit. ’

"o

The memory unit operates in a single sweep mode. The trigger-

ing for each new sweep is done externally from the triangle generator
The number of sweeps is stored in channel 0.

»

The start and the end of the measurement must be done manually.

[~<4

The measurement is usually terminated after accumulation of circa

one mj}lion counts in the background.

~

<o
Y




INTEGRAL MOSSBAUER SPECTROMETER

anrat1on of a MOssbauer spectrometer in the integral mode

requires the use of much larger dwell time -- up to 900 sec per

channel 1s convenient. This is readily accomplished by a simpTe

divider circuit activated by a toggle switch. This 1is the

only change required in the circuitry to give integral capability.

OPERATION

1)

The setting of the intensity of the triangular signal can be
easily done visually, using a proper absorber. It was done
using the iron foil enriched in 57Fe so that one of the inner
peaks was entirely in the spectrum and the second cne was cut
off at its maximum. ‘

The setting of the dwell time depends on the rate of the
chemical reaction under observation and must also be long
enough in comparison to the period of the Doppler motion so
that incomplete scans will not cause the systematic deforma-
tions of the Integral Mdssbauer spectra. This latter is only
a minor problem which can, if necessary, be solved simply. by
including an independent period counter to trigger the
address advance externally. In this vg;sion of operation the -
dwell time multiplier described above is not necessary any |

nore.- The lowest achievable limit is the channel advance fgr
1

-every sweep, that is, about 100 msec ch™~. It is necessary

to bear in mind that there are other limitations as well (e.g.

counting rate). Thus a dwell time of 60 sec per chaqpe] was

used in most cases.




‘__________7___________‘____________‘_________j__‘_j""-----r---IIIIIIIIIlqu:IIIIIII

(3) Al other operating conditions are kept as in the regular
Mdssbauer spectrometer, althouPh some parameters are no
longer critical. For exampldﬂ it 1s possible to decrease

the distances and use a poorer quality Mossbauer spectrum.

¢
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SOURCES AND ABSORBERS

57 57m

Throughout this work five sources of ""Co Fe were used.
All but one were in &palladium matrix which gives better resolu-

tion and high M@ssbauer fraction. Their basic parameters are:

Source Producer Activity Recoilless FWHM
Number  Number (mC) Date Fraction- (mm sec ')
A (%)
//_7)
4 1189 < 10 10.2.1971 44 0.24
5 1683 11 28.8.1973 43 0.25

With the exception of source #5 all were supplied in the form of a
foil which was cemented onto the polymethyl methacrylate support;
Source #5 was mounted by the manufacturer, because in some previoug
cases cracks ultimately developed in the polymethyl methacrylate
because of the cement used.

~

N I addition to the experiments done w{fh Seg + O

Fe a few
~experiments were done with llngn source. The source was prepared
by grinding coarse crystals of SnMg2 in an agate mortar and fixing
7the ground material with a cement on a polymethyl methacrylate disc.
Absorbers used were(metallic foils (sppplied by various manu-
facturers), crystalline powders, solutions, sheets and in one case
a monocrystal. Whenever possible the thickness of the absorber was
selected so as to have about 10 mg ;m‘z

about 200 ug cm”2

of Fe, which corresponds to
of 57Fe£ Materials were taken.as often as possibl
in the available form. Any unavoidable grinding was done in an
;gate or porcelain mortar or in an agate vibration mill. LBw meltin

hydrates and other bompduads which may decompose during grinding wer
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'handled under an inert liquid (usually hexane) whose boiling point
is lower than the decomposition temperatufe of the gompound. This
1iquid serves to control local temperature,. to suspend the solid in
the .cell and to reduce losses of water from the surface. The slurry

N is transferred intoc a Teflon cell with mica windows. Solutions were
either filled into appropriate cells or absorbed in a filtration
paper and placed in the cell. The main advantage of the second
version is the prevention of settling of an eventual ﬁ}e;ipitating

solid phase.

CELLS | C ¢

G
Different types of cells were used through the work. In most

cases they were mounted on the cell holder with the help of.iwo

springs. ;n the case of thermal scans the célls were sthed into

the s1it of the thermally isolated block.

The paper cells were used first on account of their availability

in the laboratory. For some absorbers they were quite’adequate.
Their main advantage 15 the lownprice (and low weight). The opening
of the cell was covered with ce11u1ose‘tape, then the absorber was
Jntnoduce& in selected quantity, spread so as to fill the cell and
closed with another piece of the adhesive tape. The main disadvan-
tage, caused by the fixed thickness of the cell, is that the gmount
of each absorber is difficult to regulate and attempts to use small
amounts give packing problems. No attempt was made to prepare a

variable thickness cell." A:second-disadvantage, appearing only for

some materials 1s the electrostatic charge of the tape which causes

(Y

~
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the repulsion of some materials.

For the measurement of the slurries a special cell with mica
windows and Teflon spacer was used. One window was cemented (Epoxy
resin) to the Teflon spacer, the second window was held by pressure
applied via two mounting plates. b .

A third type of the cell was a rectangular copper cell with a
one inch diameter opening. Closing was done with two inch wide
cellulose tape. Copper was selected because of its high thermal
conductivity. These cells were initially used for measurements at
low temperature and for the'thermal\s\ans, although later they were
used in all cases. On account of their larger “thiekness, it was
occasionally necessary to use one or.two filtration paper discs to
fi11 the empty space. A slit on one side is used for a thermo-
couple. This type of cell is also used for the isothermal Téactioﬁj’
studies. In almost all cases a pressure (usually 5 tons/in) is
used in the absorber preparation. At least some absorbers must be
in a closed system also at the time of pressing.

For thermal scans-the cells were inserted into a block of
polyurethane foam (wall thickness 2") with 300 ml of coolant. To
prevent the leakage of liquid nitrogen onto the absorber, the liquid
nitrogen was filled in a pogiethylene bag, which was in close
contact with the top of the, Checell. Ih such way it was possible
to reach liquid nitrogen temperature in the cell hofder within less
than 1 minutg, With the full amount of 1iquid nitrogen a temperature
of ~196°C could be maintained for more than 30 min before it started
~ to rise. Within about 6 h the laboratory temperature was rgiéhed.

- , »
<
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The temperature was measured with asdifferential Cu-Constantan

thermocouple connected to a Hewlett-Packard recorder (type 17500A?i/

EVALUATION OF MOSSBAUER SPECTRA

The evaluation of Mdssbauer spectra is done in various ways
depending on the requirements of the experiment. In the simplest °
case the very presence of a M8ssbauer spectrum as seen on the CRT
display is sufficient. In other cases the position of the peak(s)

is read from the CRT, the eventual presence of quadrupole or

~magnetic hyperfine splitting is observed and therefore in many

cases the identity or the structure of the compound is obtained or
confirmed. '

The next form of evaluation is the permanent record of the
spectra, which is useful in all other cases. The permanent record
is efther a photograph of the CRT display or a plot taken with an
X or XY recorder. Pictures can also be obtained from the digital
plotter—-after some computer operations. Ffor any type of more
serious work a numerical printout.of the data is necessary. The
most convenient way is to obtain a page Qrintout. An example of
the 128 channels spectrum printout is in Figure 9. The firsg
column represents the channel number (so-called address) of the
next column. In the next five columns the numbers of counts per -
channel are tabulated channel after channel. In channel zero is
the uumber of sweeps. There are other fonuats of brintout ;«ith or
“without the address qolumn 'fhe system described seems to be quite

satisfactory.

PR .t ~' N *
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0000
0005
0010
Q015
0020
0025
0030
0035
0040
0045
0050
0055
0060
0065
0070
0075
0080
0085
0050
0095
0100
0105
0110
0115
0120
0125

FIGURE 9

602547
617398
620623
618285
616439
620444
620185
620601
6197E85
617224
€20103
622298
622018
620624
620280
621228
622711
621452
621105
618550

618713

623041
619179
620417
621396
623615

-

480991
621021
618004
616439
619588
621343
620445
619909
620504
620822
619053
6193940
619216
620420
620823
623108
621742
€17579
621808
622503
620918
622465
623365
620803
618621
619213

6190655
618850
620444
621813
621906
61912¢
621494
617850
619119
618315
622360
620992
617193
€19426
617787
619659
622829
620676
620383
620931
622758
620724
620547
620495
623779
624020

937657
62172R
615045
616709
621569
622436
618322
620057
621357
622399
621975
619850
623897
621920
62163
621397
62G2¢ 3
61929¢
¢21673
6214171
694449
621698
622546
621629
623245

6201 a7
613604
617505
617612
617353
618691
€P1591
622437
c17795
1R104
583

6P Rg 11
619830
619871
618697
6207483
620037
6196F5
517702
622432
623133
622309
620927
62116R
620600

Sample printout of 128 channels spectrum

" 1llustration of the page format.

_____

]
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Quantitative evaluation, with the exception of the simplest
one (i.e. plotting of the intensity of the maxima) has to be done
by digital computer. The data can be submitted to the <omputer in
different forms. The most economical form is to extract the data -
on the punched tape and either read them in the computer through a
computer terminal in timesharing mode or convert them to the form

of punched cards or magnetic tape. First and third form were used

in this laboratory. The best but most expensive way is to output
the data directly on a magnetic tape. An added advantage of having
the data on tape is the possibi]i;y of introducing the spectrum
back in the memory for additional studigs.

Some multichannel Mdssbauer spectrometers have so-called
"computer interface" which in most cases is practically identical
with a timesharing terminal. The only part which is “saved" is
the paper tape punch ar magnetic tape drive., |

.The most modern versions of the regular Mgssbauer spectrometers
are digital minicomputers thchcan:uat only store and dispiay the
spectra but do a lérge amount of editing and data reduction (Window,
Dickson, Routcliffe and Srivastava). o - )

CALCULATIONS

The calculations in the field offM§§sbauer spectroscopy aée
basically of two types.  First there are the calculations of the
spectra of monocrystals {(both splittivgs) thch are done by
physicists and in most cases consist éf variation of parameters

-

until the agrgement-u!th-the gxperimprt'is satisfactory. One such

3 " o e .
-~ vy T P e Lo , e~
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example including the computer prpgram was published by Czerlinsky.
The second type of calculation is the curve fitting of the Mgssbauer
spectra. There are many programs available, some quite sophisticated
(but only one program corrects the cosine smearing Kankeleit). The
selection of adequate program and the proper interpretation is
rather difficult (Pfeiffer and Lichtenwalngr). The older programs
usually do the correction of the background using a sinusoidal
function what is originating from the time when constant accelera-
tion spectrometers were not in broad use and the background was

de facto sinusoidal. Some of these programs are still in use. The
fault caused by their use is small only in the case of proper
geometry.

Within this work three different approaches to the calculations
of the second type were used.

The first approach uses the approximate linearization of the
general formula by neglection of non-linear terms after Taylor
expansion (see Rhodes, Polinger, Spijkerman and Chrigt). The ‘card
deck and listing was supplied by Carson. The program had to be
rewritten and adapted before it was usable on the Carleton Univer-
sity Sigma 9 computer. Revisions of the computer program musF be
made frequently, either on account of the changes in the computer
hardware or software or as a result of the demand of the work'

|

(1arger number of peaks processed, greater convenience etc.). | The
~ .

main program has been changed extensively and the plotting subq\
b

-

¥ routine is er{tirel,y new.

A

In addition to the usual plot, a plot of differences between
the calculated and experimental values i{s obtained. That has proven

’

P .
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to be very important because it made it possible to discover
systematic deviations in all spectra up to June 1971 and subsequent
solution of that problem.
On account of the great problems with the analysis of spectra
with so-called "hidden" peaks (either small peaks present within
the area of large peaks or close unresolved doublets) which show
up sometimes only as systematic deviations in the difference
spectrum, two additional programs were used. One is the program
using interactive calculations combined with the display of the
experimental and suggested spectra on the visual display terminal
(TV-terminal). This program is also very useful for checking of
the data files before the submission of mor; time consuming calcula-
tions. The faults in data files are of different origin and cannot
be conveniently detected in any other way. ]
The last program is the large multipurpose optimization program
"Hillclimbing" available in the Science Program Library. In this
case a-short program including necessary subroutines has to be “
written defining the variables, the initial guesses and the studied
function. Only this program has made it possible to find the

correct solutions of the close doublets. .

l
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RESULTS AND DISCUSSION N

Different 'problems were encountered and subsequently solved
during this work. Some of them were instrumental, others of a
chemical or physical nature. Altogether five different multichannel
analyzers were used (one 512-channel analyzer, one 100-channel
analyzer and three 400-channel analyzers) and adequate MOssbauer
spectra obtained, before the final delivery of a 1024-channel
analyzer. All five analyzers operated in the analogue mode. The
first orientation measurements on the 1024-channel analyzer were done
also in the analogue mode, before the extermal triggering system was
installed and time mode measurements became possible. The comple-
mentary electronics and other peripherals were changed at the same
time. All Ehanges led to an improved and more compact Mdssbauer
spectrometer.

Results and discussion are presented in three separate parts.
The first one deals with the results obtained by Mossbauer spectros-
copy. The second and third part under the headings of Integral
Mdssbauer spectroscopy and non-Massbauér resonance absorption

describe a new spectroscopy for which the name Inteqral MOssbauer

spectroscopy is proposed and a new y-ray resonance effect (studied

-

within this work almost exclusively as an, absorption effect) for

which the name non-Mossbauer resonance absorption (effect) is

“suggested, in order to express the relations between the three y-ray
" resonance processes (Moon type resonance, non-Missbauer resonance

and Missbauer resonance).



MOSSBAUER SPECTROSCOPY

///' Some results of Mossbauer speétroscopy measurements are
included later, specially in the part of Integral Mossbauer
_xw///) spectroscopy, when it was necessary for the discussion of effects
encountered there. None of them have any substantial significance
in this part. The only deviation, from the point of view of the

importance of results obtained and their presentation under proper

headings, occurred in the case of calculations of non-Mbssbauer

resonance absorption of pure compounds {in distinction from the

reaction mixtures) from the béc&ground of MOssbauer spectra, which
phenomenologically does not belong into the realm of Mﬁssbauer
spectroscopy anyhow.

After the selections, changes and realization of the.fina]
constant acceleratjon Mdssbauer spectrometer (with the time mode of
operation) which was used through this work the main problem was
the identification and the correction of systematic deviations of
spectra from tﬁe theoretical Lbrentzian shape. There were different
reasons for this difficulty: 1impurities were present in the iron

foil 57Fe enriched, and FeSD4.7H20 etcs~a single peak was incor-

rectly assigned to a given spectrum (stainless steel 310) which
really has a close non-resolved doublet. This situation was
complicated by the asymmetry of the FWHM for Ehe outsige peaks in
the iron spectrum ang disagreement of the relative intensities in
s the {ron spectrum.- \
Therefore all Spectra at the tiﬁé of the accumulation of the
first analyzed spectra were in disagreement with the theory in.the

N .

P
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shape, FWHM and intensity.

Standard Absorbers

Iron, stainless steel 310, sodium nitroprussiqg dihydrate,
and a-ferric oxide were or are commonly used as standard absorbers
in M&ssbauer spectroscopy (see Herber). All these compounds were
repeatedly measured and satisfactory results were found in all
cases.

Iron is now used as the basic standard for the isomer shift
and velocity calibration. The results of some early measurements
from this work on different iron foils and iron sponge are in
Table 3. The spectra are not symmetrical, in that the fifth and
sixth peaks are broader than the corresponding first and second
peaks although the ¢ values are correct. The use of the accelera-
tion 65 cm sec 2 solved this problem (see Table 4). The reason is
that the motion of the source is better defined-;;?hg higher
Acceleration. Af;er final evaluation including the differences
in the posi‘pon of‘the centroids of corresponding peaks, the
acceleration 65 cm sec'2 was accepted as the better one for all
future measurements, but in order to preserve the necessary resolu-
tion and the velocity range the dwell time was changed to 50 usec.
Thus only one spectrum was stored within 1000 channels. The

results for 0.001* 1;on foil measured under these conditions are

given in Table 5. The calculated values of the ratio of the -
splitting for the ground state and the excited state (1.747 and  °

.‘ﬂ

1.744) are in good agreement with. the best literature value (1.750).
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Table 6 gives a survey of the average parameters for the 0.001"
selected standard iron foil measured under different conditions.
On account of partial magnetization of the samples the theoretical
ratio of the values (3:2:1:1:2:3) was not achieved.

In order to obtain a spectrum with theoretical intensity
ratios a-Fezo3 was measured. The first sample contained <10% of
q-F6203. The results for three authentic a-Fe,0, samples are in

273
Table 7. The sample with the smallest amount of a—Fe203 gave the

ratio 1:1.96:2.76 which was the closest one to the theoretjcal ;

values. No attempt was made to use samples with still sma}?ﬁT—~—">

amounts of material to achieve yet better results.

 Sodium nitroprusside dihydrate (from NEN) gave a systematic

deviation from the Lorentzian shape. Therefore two new samples

were prepared from freshly ground larger crystals. Both gave the

correct shape. The results are given in Table 8. The fifth

measurement was done immediately before the fourth measurement

but in a different geometry. The absorber was placed close to the

detector. The changes in parameters are smaller than the changes

observed within three months. In Table 9 are the results for the

measurements of the combination of absorbers #2 and #3. The

values are very close. The recalculated baseline is 47% lower

than the corresponding baseline for sample #2. Therefore the

thickness of the combined absorber is already in the strongly non-
. 1inear region of resonance absorption. That é&n also clearly be

seen from the broadening of the two peaks. The increase in- the

area is about 15% for identical backgrounds and is caused entirely

by broadening of the peaks.

[

.
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- TABLE 6 Mossbauer Spectral Parameters of 0.001" Iron Foil
Standard
\‘\
) r €
Peak * + *k * + *k
10,0257  °0.0276  0.0277 20.4 20.5 20.9
2 ﬁ.0240 ) *0,0;55 0.0258 16,1 16.2 16.5
3 - 0.0230 0.0242 0.0239 10.8 10.7 10.9
> 4 " 0.0235  0.0243  0.0235  10.7 - 10.8  10.8
5 0,0257 0.0265  0.0250 16.4 16.1 16.3
6 0.0289  0.0278  0.0272 . 20.7  20.5%

I {s given §n cm sec”

Each value is the average of at least 3 determinations.

1

» € 1s in percent.of absorption

* acceleration 0.0032cm sec "ch™}; dwell time 100 wsec

1 acceleration 0t0065cm.§gc'1ch'

+ dwell fime 100 usec

*¢ acceleration 0,00325¢m sec'lchfl; dwell time 50 usec

20.7°
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TABLE 7 M§$$bau§r Spgcgral Parameters of x~fe,0, Standard

Absorber Material

Absorber FWHM
Th1ckne§s (cm sec~!)
mg cm” Peak 1 Peak 2 Peak 3  Peak 4 Peak 5 Peak 6
Acceleration 32 cm sec‘2

200 0.0267 0.0204 0.0246 0.0283

44,5 0.0223 0.0229 0.0245 0.025¢6

44.5 0.0238 0.0226 0.0234 0.0266

5.4 0.0213 0.0213 0.0197 0.0228

Acceleration 65 cm sec'z
200 Q.0303 0.0287 0.0231 0.0254 0.0298 0.0325
44.5 /9/0254 0.0256 0.0218 0.0238 0.0259 0.0274
5.4  0.0235 0.0225 0.0190 0.0243 0.0235 0.0248

_ €
(%)
Acceleration 32 cm sec”?
200 12.4 8.62 8.8  12.4
445 8.52 5.34 _ 5.5 8.41
44.5 8.40°  5.30 a9 8.40
5.4 3.85 1.99° 219  3.82

' Acce}gration 65 cm sec”’

.

200 14.4 12.3 8,35 8.43 12.5 14,2
4,5 107 8,34 4,85 5,27 8,43 10.8

5.4 5,23" 3,90 2.22 2.01 3.8 5.23

~ Dgl) tige 100 1sec
....v-. . LI . .&




TABLE 8 Mossbauer Spectral Parameters of Sodfium

2> 0.0247 -

FWHM

Sample *(cm sec™])
Peak 1 Peak 2
. A 1 0.0241  0.0258
' 1 0.0241  0.0259
1 0,0243  0,0260
1 0.0222  0.0230
1* 0.0214  Q.0223
2 0.0240  0.0253
2 ©°0.0238  0.0251
'3 0.0239  0.0254
3 0.0240  0.0255
; 2+3 0.0284  0.0296

Acceleration 65 cm sec™?
, 2 0.0246  Q.0242
“ 2 - 0.0251  0,0244
0.0239

Nitroprusside Dihydrate

Acceleration 32 cm sec"z; dwell time 100 psec

A
(cm sec-1)

0.1728
'0.1728
0.1729
0.1706
‘0.1711
0.1708
0.1703
0.1711
0.1712
0.1708

; dwell time 100 usecf

Q.1687
0.1691
0.1689

~% The absorber was immediately in front of the detector.

w

..
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TABLE S "Self-Absorption" Data for Two Sodium Nitro-

prusside Dihydrate Absorbers

€ Baseline/ Area Counts™
Absorber (%) 10% Sweeps (x 10~%)
Number Peak 1 Peak 2 (%) Peak 1 Peak 2
2 18.6 18.5 100 127 133
3 19.8 19.8 93 135 143
2+3 18,0 18.2 53 146 154

Acceleration 32 cm sec'z; dwell time 100 usec

* Corrected to 100% baseline
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-
TABLE 10 Mossbauer SpectralyParameters of 0.0002" Stainless

Steel 310 Standard Absorbers

Peak 1 Peak 2
Absorber s* A r € T €
Number (cm sec~1T% (cm sec=l) (cm secl) (%) (cm sec-l) (%)
1 -0.,0109 0,0161 '0.0257 6,2 0.0280 8.8
2t -0.0086 Q0165 0.0264 7.2 0.0252 7.8

* Relative to iron foil centroid

T Foil loaned by D. W. Carson (Department of Energy, Mines and
Resources)




10 ug cm

Al1 samples of stainless steel 310 had systematic deviations
from the single line spectrum. There was a possibility that this
is caused by high sensitivity of the motion to distortion near
zero velocity. However such deformation was not observed for the
higher energy peak of Fe504.7H20 spectrum which is located in the
§ame position. It was therefore assumed that the spectrum consists
of an unresolved doublet: For the analysis two samples were used
with the narrowest peak. Both samples have the thickness 0.0002"
(from NEN). The results are in Table 10. No systematic deviations
remain in the different spectré under the previous simplest possible
assumption and the calculated parameters give good agreement with
the observed spectrum. Detailed further study of this doublet ha$l

nox‘been done since it is somewhat outside the scope of this work.

Inorganic Compounds

MOssbauer spectra of inorganic compounds were measured for
seyeral different reasons. The original idea was to measure the
spectra of simple ferrous and ferric compounds as preparation for
the applicatioﬁ of Mdssbauer spectroscopy to study the fate o% Fe
Species after hot atom reaction or 1ﬁplantation. Such a project
was partly realized by Fenger'but in some respects proved to be
not practicable even with the best existing means (op-line
accelerator). It appears, in fact, that fon implantation followed

by Mossbauer spectroscopy does not give the means to solve the

' probleqi\of hot atom chemistry because of the necessity to implant

2 op more of 57Fg. which causes damage to the matrix and

S’

-




requires excessive time for implantation. This same makes it
impossible to do the implantation on hydrates, where most of the
inorganic hot atom studies were done.

Unfortunately also in this case the first calculated sample
Fe504.7H20 gave systematic deviations in the difference spectrum
for the best fit of the well resolved doublet. The final solution
was simple. The sample was found tp contain a small amount of

g:rameters. The “identity of

other.Fe2+ species with different

this other compound was not detennigéd. Its presence is obvious,

a]t@ough not mentioped, in results published by Gallagher, Johnson
and Schrey. Similar problems were encountered with other hydrates.
From the results of repeated measurements on NH4Fe(SO4)2.12H20 it
was deduced thgt some problems are caused by -partial melting of
/tae hydrates during grinding. This is unfortunate because most
compounds are commonly obtained in such form that the grinding is
, necessary {n prder to prepare uniform absorbers of proper thickness.
- A different method of grinding was therefore selected. The
slo@, éentle grinQing.in én ineri 1iquid whose boil%ng point is
Tower ghaa the méltiqg poi;t of the hydrate.b‘Pentané and hexane
were ihe'sélected inert }1quidsw_ The ground gkmp1e was then trans-
ferred, together with the excess of the liquid, into an éirtight
cell and measured in a form of a slufry. Under such_conditions,_a
sample of Feso4.7H20 géve‘almost exagtly the pure ﬁheqretical
doublet. Other samples measured, NH,Fe(S0,),.124,0 and Fe(N03);.9H,0,
- gave spectra which differed from the spectra of these compounds

‘ 'prﬁpared under usual conditions. On these samples final noﬁ-

_ constrained curve fitting analysis was not achieved.
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A1l other compounds were measured for other reasons (for
example, to determine the interyal of integration for Integral
Mdssbauer Spectra measurements) and their computer analysis was
not attempted. The original intention to prepare an atlas of
spectra of the simple iron compounds measured in this laboratory
under identical and therefore comparable conditions was not ful-

filled for the ébovementioned and other reasons.

k4

Determination of Zero Velocity Position

The isomer shift values in the 1{terature are given with
reséect to some chosen st;ndard absorber. Stainless steel 310
and the centroid of the doublet af sodium nitroprusside dihydrate
were formerly commonly used referénce absorbers (Herber), but
éecently the centroid of the iron spectrum has been more widely

Jused. L |
. It {s nevertheless important to know the position of the true
zero velocjty.. The channel corresponding to zero velocity can be
) deteémingd ijn various ways; for example,.by the use 6f a Moire
grating or-a Michelson interferometer. In the present work the
zero velocity position Qas determined graphically and by calcula-
»tion. using the property of the invariance of the zero position
with changes of acceleration for given frequency and dwell time.
For any position, constant frequenhcy and identical source the

. l
. relationship .

~~  position.dwell time.acceleration = const
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" s yalid, In this relationship, “positijon" refers to the channel
number for some jdentifjable spectral feature, such as a selected

absorptijon peak, For example, given that f = 9,1 Hz, and a =

57m

65 cm sec'z, for source #5 (5700 + Fe (Pd)) the following data

were observed.

Channels used for the 256 1024
spectrum storage

1 Dwell time (psec chﬁl) 200 50

2 Position of the 3rd peak

in the iron spectrum (ch) - 138.5 554.0

— -

Product 1.2 (msec) 27.7 27.7

It is therefore possible to:linearize the previous equation

for a given frequency.

Position =« 1/a
&
Using this equation and experimental data obtained under various

conditions, the values in the following Table were obtained.

a ) 1/a ” Pos%&éon of iron ﬁeaks Zero velocity
- -1 4t position calc.
(cm sec 7)) (em © sec™) (ch). (ch) (ch)

256 channels, dwell time 200 usec

65 0.0154 138.5 151.5 *
30.3 0.033 132 ° 160 . 144.1
15.4 0.065 120 175 T 142
8.05  0.124 100 205 143.9
e Average 144.1

_1024 ghannels,.dwell time So'psec |

65 10,0154 | 554 © 608 | *
4.15 0.2105 ‘ 218 1018 576
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1y

The results for the dwell time 200y sec are p]otted\in
Figure 10, Zero velocity positjon read from the graph (143,2) is
fn good agreement with the calculated value of 144.1 as seen in
Table. The value 144.1 converted to the other dwell time (50usec)
gives 576.4, which is-again %n very good agreement with the value
(576) calculated from direct measurements.

The qetermination of the zero velocity position is important
for varioué reasons, For calculations. it defines the position of

the maximum of the background parabola, thus removing one variable.

. 11t is not possible to calculate this'maximum from measurements

using no absorber, For measurements of Mdssbauer spectra 1t is
one of the basic factors for the selection of new working condi-

tions.

idDetermination of the Phase Shift

|
I

As was mentioned earlier, there is a phase shift between the
drive signal for the Doppler unit and the amplified signal from
the velocity sensing coil of the transducer. This inevitable
phase shift is the cause for the broadening or doubling of the
peaks in Mossbauer spectra measured with Mdssbauer spectrometers
operating in the analogue mode. The delay of the amplifiga'signal
was read directly from the oscilloscope and was between 2 and
5 msec. |

In the multichannel scaler mode, too,/ there is. a. small delay _
between the scan triggering signal and the\rea] motion of the V

Doppler unit, In the previous section the zero velocity position



J
1 / acCeleration

100 channel number 200

“;, ' PFIGURE 10 Determination of zgrb velocity position -
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was calculated. That position is at the chapnel 576, which for
the dwell time used (50 ysec), corresponds to 28.8 msec after

the sweep start; The zero velocjty should be at exactly 1/4 of
the perfod (27.5 msec) after the triggering signal. The differ-
ence between these two values is 1.3 msec, equivalent to 26
channels, and is the delay time between the triggering signal and
the actual beginning of the spectrum. The first 26 channels thus
represent the end of the sgcond spectrum (from the previous scan)

which is not stored under the selected operating conditions.

INTEGRAL MOSSBAUER SPECTROSCOPY

The chemical and physical processes studied by the means of
ggsntegral MOssbauer spectroscopy were of several general types,
and included ligand displacements, dehydrations,\pxidations,
reductions, processeSﬂresultjng from temperature\zaégge. and other
processes. These can be divided into fwo classifications: |
‘measurements ;t constant femperature and measurements with varying
temperaturs. {In the finﬁt group a variety of chegical reéc}jons,
was studfed. 1n all cases where the data were available, the .-
reaction free.energy was calculated, to ensure that the reaction
would be exbected to occur. Several other interesting reactions
were reJeEtéd*on this basis. The second group treated in section
:Integral‘therﬁa] scans includes the-studies of phase changes (p.96)ﬂ
Most measurements were done witp‘the‘acquerat1on of 5 cﬁ sec'z.
-Therefore the veld jty interval for integration was from ~0.11 cm

-1 -1 >
sec to +0.14 cm sec °,
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Apparent Shifts in Spectral Characteristics

The presencefpf the background parabola causes changes in the
position of the peak in the Mdssbauer spectrum. These changes
amount to less-than one thousandth of a channel and do not depend

on the position of the peak.

The analytical form of a Mdssbauer spectrum is given by the

following equation

2 m 5
y=ax +bx+c- I C1 5 3
i=1 A1 + (X = 81)

where A1 = ri and x = chadhel number
2

B1 = position of the absorption maximum for the 1th péak
C; = height of the it peak )
m = number of peaks

The first three terms give the background parabola.

For the case of signal averaging and Integral MUssbauer Spectra

the integrated equation is :

<

1 .3,1,.2 mo x - By ’
Y = ¥y ax® + z-bx + cx + const - 151 CiA1arctan.~—K;—— + Const

4

with a definite integral

x+n 2
Yx

= n[éx2 + (an + b)x + %-an + %-bn +c] +

A,
+ (x = By + n)(x - 81)

m
+z CiAiarctan —>

i=] A

where n is the number of channels in the integration interval.

J
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The reqgular (constant acceleration) M@ssbauer spectrum is “inte-
grated" over each channel in turn and has the consequent analytical

form L.

m
L2 Lol
Y, ax” + (a+b)x+za+ 2 b+ ¢ ;gl

A

CiAiarctan 7 1
A; + (x - B, + 1)(x - B,)
i i i
o
The integration causes an apparent change in positions of maxima

of all peaks and of the parabola.

Shift in Position of Parabola

The definite integral of a general parabola equation

2

(y = ax” ¢ bx + c) is ‘ ‘

2 2 1.3,.1, 2

Y = ang + (an” + bq)x tyan” + E-bn + ¢n

The only ectremum for this function must fulfill the condit\ion
%} = 2anx f an2 +bn=20
with a solution
: b n
) - X*-7-3

The position of theextremum for the original parabola is -b/Z2a.

Therefore the position of theextremum for the integrated parabola
{s shifted by n/2 channels to the left.’

. S
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Shift in Position of Peaks

The positions of peaks in the M8ssbauer spectrum are also
apparently shifted by @be 1ntggration. Assuming a linear background,
T

the differentiated Integral Missbauer spectrum for one peak has the

form
%_I_g_C'A %2 nA-(X-B)-(X-B‘Fnj

n<A [Az + (x -B +n)(x - B)]z
[A+ (x - B+n)(x-B]%

1+

. nCAZ (x -B) + (x -B +n)
. nAS + [A° + (x - A + n)(x - B)]®

As was shown above (see page 72), the first condition (viz. linear
background} is acceptable, because the influence of the background
parabola is negligible. 7Ibe‘second condition, the use of one peak
only, does not 1nf1u§nce the Eeneral validity of the final solution.
The above expr‘ession{must be, for; an extremum, equal to zero. '{hat

can be fulfilled only if
(x -B) +(x-B+n) =0

The position of the extremum is then

&

‘x =8 --%

Peaks in an integrated MBssbauér spectrum thus appear to be
'~ shifted by n/2 channels to the left from the positions of correspond-
ing peaks in a Missbauer spectrum such as is obtained from the

" constant ‘velqcixty Missbauer spectrameter. This is the reason for

« -«
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the discrepancies between Mdssbauer parameters measured with the
wtwo basic versions of M0ssbauer spectrometers. In the case of the
constant acceleratfon Mdssbauer spectrometer, where the integration
1s done over one channel, the shift is equal to one half of a
channel.
It is clear that the "peak shift" results from the definition

of x as the position of the beginning of the given channel. Clearly

then, the middle of a single channel {s at x + 1/2 and a middle of a
block of n channels is at x.+ n/2. This becomes important however
wﬁen the method of effecting the integration is considered. ‘The use ™
of a constant‘yelocity spectrometer allows to get vy~ % to vy n
so that thé peak 1s still in the middle of the region-of integration.
If however a constant acceleration spectrometer is used, window need
not be set at the original peak position, but at a‘posittén X§ - g;
In the following Table 11 are some results of the integratioﬁ
of a §1ngle peak, where the shift of the apparent position is clearly
seen. The quantitative requts of symmeprfzal integration over one
peak are given in Table 12 and Figure 11.‘ The signal-to-noise ratio

has an optimum value for the integration interval equal to 1.5 of

FWHN.

INTEGRAL REACTION SPECTRA

Most megsdnemcnts of .Integral reaction spectra were done with

Z over all 1023 channels. That means

an acceleratfon of 5 cm sec”
that in all-cases the total (integrated) Missbauer effect absorption

should be smal]ér than 1% for € = 10% (see Table 12 on page 78).

The (i fferential) Mdssbauer effect exceeds 10%~{n only one of the

L4

-




76

reaction mixtures to be discussed.

Nevertheless in almost all cases studied the changes in
absorption were larger than 1% reaching practically the value of
20% with both signs. That i$ caused by the existence and presence
of a non-Mdssbauer resonance absorption, which has different values
for different compounds. The simultaneous occurrg;ce of this new |
Y-ray resonance eff;;t and of the MYssbauer effect, and their
changes in the course of the chemical reaction, cause that at the
present time the Integral reaction spectra are difficult to evaluate
and interpret. (Within the results presented in this work is one
case where only non-Mdssbauer resonance absorption is present - see
pagé 91.) Simple logical instrumental development can easily
eliminate this problem as is mentioned on’bage 115.

It is perhaps useful tao remind at this point that the y-ray .
(and X-ray) absorption (due to the photoelectric effect and the
Compton effect) does not change 1p closed systems. Cells with
reacting compounds, as usg& in this‘work, represent closed systems.
Therefore all changes in Integral reaction speétra are caused by
changes in the Mssbauer effect and non-Mdssbauer resonance effect.
For the following discussion the changes in the Mssbauer absorption

can in many cases be ignored (being less than 1% as compared to the

20% non-Mossbauer resonance absorption).

Solid-Solid Reactions: Ligand Transfer

Typical of the reactions which were studied was that occurring

in the system Fe504.7520 - KCN, which had previously been studied
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TABLE 11 Lorentz and Integrated Lorentz Func;jons

A2

A° % (x - B)

-

. and Yy = CAarctan , nA
A"+ (x ~ B + n)(x - B)

y=¢C

for a peak, FWHM = 2A, maximum height C (*) in channel B.

Loantz Integration At;r n channels

X Function - .

(ch) Value n=1 n=2 . nrn=25
N 26 0.500 | 0.568 " 1,287 4.124

27 0.640 © 0.719  1.5% 4,428 )

28 0.800 0.875  1.855  4.428

29 0,941 0,980  *1.960  4.124

30 *1.000 *0.980 : 1,855

31 0.941 0.875 1.594

32 0,800 0.719 1.287.

33 0.640 0.568

34 0,500

The tatal area of the peak is 12.568,




TABLE 12 Symmgtrica] Integration.of Lorentz Functjon

Condjtions;

Integrat16n Lorentz

Interval
(ch)

0

o o M

12
16
24
32
36
40

100
256

* -
. For acceleration a cm sec

Area

Function for Peak

Nalue

1,000
- 0.985
0.941
- 0,800
0.640
. 0.500
0,308
0,200
. 100
0.058
0.047
0.038
0.015
0,010

0.006

<0.001
=

0,000

for Unit
Size

0
0.994
©1.960
3.710
5.148
6.283
7.862

8.856

9.992
10.608
10.816
10.992
11.564
11,765
11.928
12.313
12,568

2

\

g8,

87,

Area

(%)

0

7.
15.
29,
41.
50.
62.
70.

\79.
8@.

86.

92.
9.
95.

o O oo oo w

Effect
Size Per
10% Peak

(%)

10.00
9.94
9.80
9,28
8.56
7.85
6.55
5.52
4.15
3.33
3.01
2.75
1.81
1.47
1.19
0.48
0.00

strajght 1ine background, FWHM = 8 channels

78

Signal to Noise

Ratio

* t
0.99 3.16
1,39 4.40
1.86 5.9
2.10  6.65
2,21 7.02
2.26 7.17
2,21 7.02
2.05 6.46
1.88 5.94
1.80 5.70
1.74  5.50
144 4.55
1.31  4.15
1.19  3.77
0.79- ----
0,00 0.00

"1 For acceleration 0,la cm sec”2, The jntegration interval must

be multiplied-by-ten..




79

~ 00
2
O .
O
O OO
O
o O
O ¢
O
< -
SO
i;
£ 1 _ 4
0 | ﬂ{ ' ;0 channels ~ 80

FIGURE 11 Dependence of signal-to-noise ratio on interval
: of integration.
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¥
by GUtlich and Hasselbach by (conventional) M3ssbauer spectroscopy.
FeSO4.7H20 + 6KCN ~+ K4[Fe(CN)6].3H20 + K2504.xH20 + (4 - x)H20

The solid starting materials were mixed as fine crystals and pressed
(5 tons 1n'2) for one minute. Only one of the two FeSO¢7H20 peaks
was within the integration interval. Mﬁssbéuer spectrum of
K4[Fe(CN)6].3H20 has only one peak, which was also within the
integration interval. Therefore, in the observed reaction spectrum
the absorption should increase up to a constant final value. Only
the first of these expectations was fulfilled, as seen in Figure 12.
The absorption increased for about 400 min, and then it was constant
for about 100 min. After that period the absorption decreased again.
The M8ssbauer spectrum, as measured afterwards, shows the main
product to be K4[Fe(CN)6].3H20 with a small amount (less than 10%)
of unreacted Fe504.7H20.

- . GUtlich and Hasselbach proposed a two-step reaction with the
formation of K3[Fe(H20)(CN)5] first, which is then converted into
K4Efe(CN)6]. The Mdssbauer spectrum of Na3[Fe(HZO)(CN)5] contains
a well resolved doublet within the integration interval. Assuming
(sim11ar absorption cross-sections for both products, the reaction
\Spectrum is compatible with formation of the aquo complex, which
will cause an increase in absorption (because it has both peaks
within the 1n;egration interval). The formation of the final product
K4[Fe(CN)é].3H20, will be accompanied by a decreasg in absorptfon.
The final absorption will remain greater than the original value. -

An atiempt was made, by using a reduced molar rath. to stop

. - the reaction and thus isolate the aquo complex.
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FeS0,.7Hp0 + SKIN = Ky[Fe(H)0) (CN) ] xH,0 + KyS04.3Hp0 + (7 - x - y)H,0

In this experiment the reaction proceeded, but the Integral
reaction spectrum was quite different (see Figure 13). After an
induction period of about 100 min, the transmission rose for 500
min. (with one change in rate) and only then a reversal in absorption
was observed, which did not compensate fully for the original
{ncrease in transmission. The Mossbauer spectrum of the reaction

product revealed the presence of [Fe(CN)6]4' and of less than 10%

of unreacted FeSO4.7H20. Part of the Fe2+

was bound to [Fe(CN)6]4'
as was {ndicated by the presence of blue coloration.

The Integral reaction spectrum was measured again after six
days (under strictly identical conditions). There were no changes
in the spectrum and the value corrected for the decay corresponded to
the final value of the original reaction spectrum. The reaction was

therefore finished within 1000 min,

The same reaction was attempted using NaCN. This reaction did

- not proceed at all using a pressure of 3 tons or 5 tons. No change

occurred in the Integral reaction " spectrum and Mossbauer spectra
measured subsequently contained only the doublet of FeSO4.7H20.

Replacing the KCN by KCNS but using the 1:6 ratio gave a
spectrum similar to that of the previous system.

FeSO4.7H20 + 6KCNS + K4[Fe(CNS)6].xHZO + KZSO4 + (7 - x)HZQ

There was a short induction period and then an increase in transmis-

sfon (seé Figure 14). The Mossbauer spectrum of the reaction prod-

ucts was so weak that it was possible to measure it only after the
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57¢o + >™™re (pd) source. It consists of

purchase of a new 11 mC
a weak close doublet (¢ ~1%) and therefore the smooth shape of the
{ntegral spectrum is practically only a measure of the disappear-
ance of FeSO4.7H20 from the system. Kinetically there is one first
order reaction, with a half-life of 216 minutes. But the most
important feature of this spectrum is the value of the change in
the absorption (AA). The AA between the beginning and the end of
the reaction, relative to the end of the reaction, is -18.1%. As
was stated.on péges 75 and 76, such a large éhange is unexplained
by the changes caused by the Mdssbauer effect. Such a situation
occurred "also in the previous reaction (where it was not mentioned
because the reaction product containéd iron in two forms). ]
It is rather aiff1cult to measure the initial value of the

absorption ("before" the start of the reaction). Therefore the

value from the end of the spectrum (after the completion of the

reaction) is taken and assigned the value of zero absorption. If
the absorption at the beginning was h;gher, then a negative sign is i
used for AA and vice versa. (On account of the logical inversion

to the beginning of the process.) The value of AA stated above is
further treated on page 106.

A similar experiment was undertaken using KCNO: .

FeSO4.7H20 + 6KCNO - K4[Fe(CNO)é].xH20 + K2504 + (7 - X)HZO

The Integral reaction spectrum (see Figure 15) is more complex than
in previous cases._.The Mdssbauer spectrum of the product contains
a close doub]eg\of the complex (a weak spectrum with ¢ about 1%)

and a very weak spectrum from residual FeSO4.7H20_(e less than 1%).‘.
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The non-Mdssbauer resonance absorption is further detailed on page
106.

The Integral reaction spectra for FeSO4.7H20 with KCNS and with

KCNO are quite different. That is caused almost entirely by differ-
ences in the non-Mossbauer resonance absorption, which is much
larger for K4[Fe(CNO)6] .tzO than for K4[Fe(CNS)6] -xH,0.  The non-
Missbauer resonance absorption of FeSO4.7H20 is similar (w1th1n )

-~

about 0.5%) to that of K4[Fe(CN0)é].xH20.
The formation of EFe(CNS)6]4' was carried out via the following

reaction:
(NH4)2Fe(SO4)2.6320 + BKCNS fwK4[Fe(CNS)g .xHZO + (NH4)ZSO4 +:

K2504 + (6 - x)HZO

which contains one molecule of H20 less than in the previous exper-
iment using FeSO4.7H20. The character of the Integral Mdssbauer
spectrum (see Figure 16) is similar to that of the heptahydrate
system, including the weakness of the Mossbauer spectrum (e = 213

on a dried sample). There are two reasons for the presence of a
weak MBssbauer spectrum only. . First the Mossbauer absorption cross-
section is small for the reaction product, secogdly it is soluble

in water (which is released in the reaction). The increase in

transmission in the Integral reaction spectrum amounts to AA of

- 6.6% and demonstrates also in this case the small non-M3ssbauer

| resonance absorption of K4[Fe(CNS)é] 0. It will be used again
on page 1N6. ® ‘ ;

- Taking into consideration the high reactivity of KCNS, an

attempt was made to prepare the mixed complex Na3K[Fe(CNS)(CN)5].kH20
® ‘ ; .

<+
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via the }eaction\*

Na3[Fe(H20)(CN)§ .xH20 + KCONS ~+ Na3K[Fe(CNS)(CN)§ .yHZO +(x +1 - y)H20

trying at the same time to parallel the second stage of the mechanism
proposed by Glitlich and Hasselbach for the formation of [Fe(CN)é]4'.
However, in this system the reaction did not proceed. There was only
a slight increase in transmission. The M&ssbauer spectrum revealed

only the presence of the starting material.

Dehydration

The following reaction was studied as an example of a reaction
- in which water was removed from the iron compound, but does not

appear as free water:
(NH4)2Fe(SD4)2.6H20 + ZMg(CIO4)2 - (NH4)ZSO4 + FeSO4 +_2Mg(C104)2.3H20

The reaction was completed in about five hours (see Figure 17). The
absorption change was -1% and afterwards fluctuated within Qtatis-
tical limits -around that value over fourteen day;. The Mbssbauer
spectrum contains two doublets, only partIyWresolved. The inner
douﬁlet beiongs to the, unreacted (NHQ)ZFe(SO4)2.6H26. After Thirty
days there remains less than about 30% of the starting material, but

even after 200 days ssome slow structural changes are still Qoing on.

Oxidation and Reduction

In the regctiog s /?.
o Zl?gso‘,.,?fizo fif,('“*a.?zszoa "':2“-*.‘4"'?,@94)2"““»20 + (14 =2x)H,0

~



the oxidation was finished in a time Jjust less than 1000 minutes

(see Figure 18) giving a Mossbauer spectrum without a trace of Fe2+.

Also 1n this case the changes in the ab§§rpt10n during the reaction
" were larger than can be expected from the changes of the M@ssbauer
effect only and were caused by the changes of the non-Mdssbauer
resonance absorption. Unfortunately‘the reaction leads to an
undefined mixture of lower hydrates, so that the observed value of
AA cannot at present be used in fu}ther calculations of non-Mdsshauer
resonance absorption.

The question of possible interference with the reaction caused .
by water freed in the reaction was clearly eliminated in the follow-

ing reduction reaction:

1
NH4Fe(SO4)2.12H20 + KI -+ NH4KFe(SO4)2.6H20 + 2-12 + 6H20

which proceeded rapidly (completed in about 200 minutes) to the
final product in one step (see Figure 19). The M&ssbauer spectrum
of the reaction product excludes the presence df the proéuct ‘
‘originally expected: Fe504.7H20. The peaks of NH KFe(SO4)2

are both within the integration interval and well separated AA
for this reaction is ggsitive (11.2%) and demonstrates the large
nonéﬁbssbauer resonance absorption of (NH )KFe(SO4)2 6H 0 in com-
parison. to (NH4)Fe(SO4)2.12H 0. This AA value will be used again
oqipage 106. A decrease in absorption starts after about 300 minutes
and {s at least partly caused by the slow reaction of I with the
uall of the cell (leading to the formation of Cul) and causing the
removal &f a part of L from the optical path. The ?aid process --
the red_uetf?n' of Nl{‘Fe(SQ“)z.lzt{ZOa‘-- s a first orfie'r reaction with

3}

I}
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the half-life of about 30 minutes,
The formation of NH4KFg(SO4)2?6H20 mentioned above led to an

attempt to prepare -similar compounds via the reaction

). 6H,0 + H,0
?
al2 0 * Fg

50, + (NH

FeSO .7H20 + (NH4)2 4

4 FeﬂSO

4)2

but this reaction proceeds only to a small extent and then stops.
The Mossbauer spectra show a small, but clearly distinguishable
doublet of the product and the stopped state of the reaction.

The reaction

'

II
FeS0,.THo0 + Ky[Fe! H(CN) o » KFelHILFet(CN) g + K;50 + 7H,0
proceeded for about 400 minutes and then apparently stopped.” The
sample was found by microscopic examination to be heterogeneous and
contained somer of the expected blue product, élthough—this {s not
readily distinguishable from the MUssbauer spectrum.

“ “-

" Solid-Liquid Reactions: Ion Exchange

g A number of reactions were studied in which one reactant was.a

sélid while thé’other was 1ﬁ aqueous so]ution; This type of condi-
tion changes the kinetics in that the transport of reactants to the

.

realtion site 1s much easier apd more rapid There are also
problems, of course, and mgfﬁods were required to preserve a certain
rigidity of the sample%in order to keep the same amount of material

%

~in the optical path. ° o E

| An attempt was made {o study the adsofption of Fekf from a

f saturated aqueous (NH,)Fe(SO;), solution on strong cation exchanger
resin _»(po.wex 50W-X8,: “:ggm. '100-200 mesh). According to Johansson

n .




no changes were expected in the Integral Missbauer spectrum. -

Nevertheless very large changes Qére found. Thé absorption first =~
"{ncreased rapidly by 1%, then smoothly in 100 minutes defreased to f
-2.4% and afterwards continuously, within the next 250 minutes,
1pcreased to the value of 19% and remained practica]ly.constanf at

that value (see Figure 20). This result indicated a strong absorb—
f_Eion, but np Mossbauer spectrum was found, in agreement with
Johansson's observations. This is the only case ‘of pure non-
MBssbauer resonance absorption changes (between two states of Fe3+),
because it is. known tﬁat neither 1njt1a1 ﬁor the final material has
2 MUssbauer spectrum. The very,1§rge increase in absorption thus
can be explained only in terms of strong non-Mdssbauer resonanée
absorption by adsorbed iron. k

Johansson also notes the appearance of the Missbauer spectrum

after removal of water from the ion exchanger. - In order to follow
the formation of the selectively absorbing species in the épectrum.
by removal of the wéter: an absorber was prepared from a second

3+ and thérough]y washed

batch of Dowex 50W-X8 satura}ed with Fe

with wa;er. The excess of free water was removed and the sample

placed in a cell with one porous window. -Through thfS‘window the -

resin sample became s]ow]y:air dried, while not settling out of the

optical path. The Integr&l Missbauer spgctrum shows only a decrease

. in absorption by 4.5% as a regllt of two simultaneous processes.

" The first effect,‘leading to decreased absorption, is caused by o
~reﬁo§a1 of Qater.from the aﬁsorption path; the second effect (small

~ 1n this case) leadiég to the increase in absorption, is-caused by V

| “the appearance of selectively aksorbing species. After 1000 minytes.
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the cell was closed and the Missbauer spectrum measured. It con-

tains one small broad peak (e about 1X).

D Comg]ex.Redox and Exchange

Some reacting systems are described in the following exper-

iments. The {precipitation) reaction between solid ferrous oxalate

and potassium ferricyanide équéous solution was siudied accordiqg -

to the reaction

3FeOx.2H

Since only one peak of .the ferrous oxalate doublet lies within the

11 v FelradtrEell
0 +g\K3[Fe () 5o + Fe“'Fe3"LFe (cn)s]zxuo + 3K,0x

2°s s+aq

integration interval and the other peak will move 1ﬁtoAthe 1ntegr§-
tion interval as a result of the reaction {for two atoms out‘ofa“
every three) an increased absorption in the I;tegral Mossbaugr
spectrum was expected. The e}pected increase is furthé}”promoted by
the transfer of iron species (complex cyanide) from the solution -
1nto the solid (precipitate) with the characteristic Mossbauer
spectrum also within &Me integration interval. However the observed
) | change in the absorption over the-first 200 minutgs was a five per
.cent decrease, followed by a slow increase (see Fiﬁure 21). Tnis

RN

‘ absorption increase compensated for the original 4gcrease after five
days. The M@ssbauer spectrum after 1,000 minutes of reacﬁ}on con-
tained only three peaks (due to overlapping); éousistent with\the

| expected spectrum of the reaction product. The M of the Integral
reaction spectrum for first 200 minutes is -4.6%. As wag already

f.explaingg earlier, such a large change-in absorption can occur only

1% an other, larger, resonance effect < occurs namely, the. non-H3ssbauer

-

‘< - U . . 7 - - .
A ‘ T
N ’

e
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resonance absorption. The reacting system contains five different

fron species and was not furtheé analyzed.

‘Reprecipitation

The Mdsspauer spectrum of the reaction product for the previous
reaction 1s complex (five iron species are present). To simplify
the Mdssbauer spectrum of the reaction product the following reac-

“tion was studied:

&

. FeOx.2H,0, + NaZSaq ~ FeS, + NaZOXaq

L 4

The absorption decreased alsc in this case (by 1% in 100 minutes)
and then started to increase. The initial value of the absorption
was reached in about 1000 minutes (see Figure 22) and then remained
constant. The MUssbauer spectrum has one single peak. )Jhere is no
ﬂfer.ZHZO left in the reaction product. The Intebr&T’ﬁdssbauer
spectrum could be explained by the precipitation of'FeS in very fine
form with very little Mussbaugr absorption. This is finished in
about 100 minutes, followed by the growth of microcrystals whose
absorption will be greater. - ‘

This previous system reacted toc rapidly for good experimental “
observation. A successful attempt was made to delay the start of
. the reaction and to*slow the reaction down. FeOx.2H,0 was mixed
with 1% agar-agar solution and poured into the cell and allowed to-
solidify, so as to half fill the cell. The saturated solution of
Ha,S was then tnjec{ed into the other half of the cell, and the cell
- was sealed. The Integral Myssbauer spectrum (see Figure 23) indicatds

- ;the ‘accurrence of foyn djstinct processes. The absorption is gen- -

f'erallyfdeqreasing.~ﬁln 1000 minutes the change in tﬁz absorption is

N
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4.5%. The absorption does 22} become constant even after five
days. -

Thus the first visible process in the reprecipitation reaction
without agar-agar which took about 100 minutes (see Figure 22) has
been extended to more than five days {extension by factor larger
than 70) by the use of agar-agar, and three earlier processes have
become evident.

The Mdssbauer spectrum shows practically only the presence of
the excess of Fer.ZHZO. The absence of the FeS peak can be
explained only in the terms of the very small reccil-free fraction
for very small particles. The growth of larger crystals is Qelayed

jby the presence of the agar-agar.

INTEGRAL THERMAL SCANS

Several compounds were studied using the method of Integral

thermal scans. In these experiments, the sample was mounted at
\

room temperature, and cooled to liquid nitrogen temperature. When

the liquid‘nitrogen had evaporated, the sample temperature increased
spontaneocusly up to room temperature. A typical temperéture profile
is shown in Figure 24. Integral spectrum measurements were started
at room temperature and thus were able to follow the initial cooling

. as well as the slow temperature rise.

a—Fe203

-A set of measurements was done on a-Fe203. A characteristic

Integral thermal scan is show in Figure 25 where an abrupt increase

.
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in absorption marked the time of cooling, and a slow recovery
accompanied the warming. The results of some measurements are

given in the following Table.

v

Plateau
AcceTerat%on Absorption* Low Temperature Room Temperature
(cm sec™¢) (%) End ‘Start
¢ (°C) (°C)

. \,

0 } 6.4 ‘ -186 -157

. ¢ . .
16 ) 5.2 -186 -154
65 5.8 ' - -184 -153

In the low temperature plateau

No chgnges in absorption had been expected in the Integral Thermal
scan for an acceleration of 65 cm sec'z, and the size of the
observed effect, as seen in the Table, was surprising. One plaus-
ible trivial explanation was the leakage of liquid nitrogen into
the optical path or the condensation.pf liquid-oxygen within the
optical path. But these two effects are distinctly different, both
lead to the increase in the absorption to the extent of about 35%.
The reality gnd reproducibility of the effect were confirmed
by repeated measurements. The observation of the increased absorp-
tion at-a low temperature indicates the occurrence of a temperature

“~

A»,
dependeggsgéh—Mﬁssbauer resonance absorption in a-Fe203. This

‘\. .
effect was already postulated for other iron. compounds and described
in the\previous part. The proof for the above statement lies in ‘the
independence of the effect on acceleration, its absence in the case

where non-resonant y-radiation was used for the measurement and a

4 P—
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good quantitative agreement of changes in the absorption calculated
from the Mdssbauer spectra measured (on anothér sample) at liquid
nitrogen temperature and room temperature {9.3% measured and 11%
calculated for the low temperature plateau). A low temperature
absorption plateau, observed in all Integral thermal scans, is
clearly seen-in Figure 25 and runs to -186°C. The following steep
slope ends for a-Fe,0y a3 about -15¢°¢.

Changes in the Mssbauer spectrum at liquid nitrogen temperature
and room temperature are too small to have a measurable influence on
the above measurements under used experimental conditions. (The
thickness of absorbers was low.) The main change™in the spectrum is

a shift of the first peak to a higher velocity.

Fe(C104)2.6H20

(.

The first measurement was done with an acceleratiqg of 5 cm
sec'zk where the ﬁﬁssbauer spectrum shows only ;;e peak ;ithin the
ve}ocity range used. The increaée in absorption on cooling was
small (1.6%). To achieve a larger ?hange a new acceleration was
selected (9.5 cm sec’z). With this accelératioﬁ the room }emperature
Mﬁssbauer\spectrum contains both peaks, one at channel 182 and the
second at channel 469 (e = 4.6%). Cooling to the liquid nitrogen
temperature causes a shift of‘ihe first peak out of the interval of o
integration. The second peak shifts to the position 680 and its
intensity increases by a factor of almost two (to 8.4%).

Additional improvement was.realj}ed by the use of the coin-
cidence uadnique.. In the first measurement undex these conditions

only the pulses present within the low temperature peak (around

-
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channel 680) were counted. The absorption was 3.2% (maximum value
at -196°C) and steedily approached 0% with increasing temperature.
(0% absorption was reached at about -10°C.) A secona measurement
was made, where only the pulses within the corresponding room
temperature peak (around channel 469) were counted. The absorption
started to decrease from about -30°C and reached the extreme at
-196°C (-1.8%). It returned smoothly to the room temperature value
with rising temperature. Room temperature measurements under both
coincidence conditions showed a 1.1% difference in ;bsorption.
Unfortunately fhe statistical error was large (about 1%) due to the
fact ;hﬁt only 1/8 of the real time was used fér the counting.
Nevertheless a continuous change of the absorption with temperature
was proven. This\excludes the possibility of a phase thange'as the
explanation for the known difference between the room temperature
and the liquid nitrogen temperature values of the quadrupole split-
ting, A "
It is not possible to decide between the other two explanations;

that is, between a continuous change of A with the temperature and

~an increase (or decrease) of ¢ for the peaks at their respective

L1

positions. :
But still the two values of AA (-1.8% and 3. 2%‘ and the room -
temperature y;lue of the difference in the absorption for both ~
coincidence conditions (1.1%) made it possib1e to elimlnatg the
Missbauer effect changes and obtain the difference in the non-

Missbauer resonance absorption between -196°C and 24°C which 1is

-0.7%. That is, the calculated pure non-Mgssbauer resonance absorp-g;

-~

tion 1s lower at -196° C.

\‘v——’\
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- Stainless Steel

The room temperature and liquid nitrogen temperature Mossbauer

5

spe%xra of a stainless steel absorbef enriched in “Fe (NEN) were

meaéqred under the following conditions: acceleration 5 cm sec'z,
dwell time 200 psec per channel, 256 channels. The characteristics

of the single-peak spectra are:

Temperature> Position €
(°c) = (ch) (%)
24 170 31

-196 155 23

&

The M¥ssbauer spectrum measured at room temperature qeder the usual
conditions (5 cm seg-z, 50 usec, 1024'channels) sho;s that the peak
is not quite totally inside the measurea interval but the measured

C={pterval is about three times the FWHM. - For this reason coincidence
measurement, as was used in the case of Fe(CIO4)2.6H20, will not
bring any advantage. Therefore the Iﬁtegral thermal scan (see

Figure 26} was measured over the whole velocity interval. The first

~+  (very short) plateau of 3.3% absorption starts at -196%C and -ends at

-188°C. The sudden decrease in thes absorption to 1% ﬁtops at -184°C.

From there.the absorption decreases until it reaches the final

constant value (relative 0%) at -30°C. An apparent plateau at 1%

absorption is ‘caused by the non-linearity jn the temperature program.

The higher value oé the absorption at low temperatures and-its tem-
rature dependence are caused b} a combination of three effects:

two pos}tive and one negative. Absorption decrease on rising .

temperature results from the decrease of the non-MOssbauer resonance

~ absorption and the desymmetrization of the spectrum (the shift of

&

U




~ AA € AA Fe
Reactants . Product Corr. Amount 2
(%) (%) (%) (mmoles cm )

FeSO,.TH,0 + 6KCN + 1.1 10 0.5  0.138
FeSO,.7H,0 + 6KCNO » -0.6 < -0.1 0.138
FeSO, . TH,0 + 6KCNS = -18.1 <1 -17.6  0.118
(N, ) Fe(50,),.6H,0 + 6KCNS » - 6.6 <1 - 55  0.0986 h
(NH, JFe(S0,),.12H,0 + KI = 11.2 3.5 11.2 0.0986

Positgxg sign for AA means that the absorption rose during the reacr
°t10n.:;3:i}1¢1uded in the table are also € of the product as measured
éfter the reaction and the amount of iron compound. ¢ for the
initial iron compound was 10% for FeSO,.7H,0 (value obtained from
ihe MUssbauer spectra of systems which did not react) and a?out the
same value should be expected for (NH4)2Fe(SO4)2.6320. The low
value of € (expected value 10%) of the reaction product for fifth
- reaction is perhaps caused by the fine dispersion of the product.
These values were-used to calculate the pure non-Myssbauer resonance
absorption (represented by AA corr.), in which the influence of the
Mﬁssbauer effect changes is eliminated.

The non-M8sybauer resonance absorption of NH4Fe(SO4)2.12H20
was lowest among/the studied compounds. NH4Fe(SO4)2.12H20 was
lthgnefare selected as relative zero non-Mossbauer resonance absorber.

\ The non-Mgssbauer rezonince absorption of other iron compounds

can then be calculated from the absorption in the previous table and®

- 0‘
following values of the non-Mossbauer resonance absorption for 0.1

mole cm~2

of individual compOunds can be obtained (assuming that -
the non-Missbauer resonance absorption of (NH4)KFe(SO4)2.6H20‘1s

equal to that of‘(NH4)2Fe(SQ4)Z.6H20)..

-
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Spike
Plateau ) . Temperature
Measurement Start Absorp. Start  Max. End Absorp.
(©C) (%) (fC) (%)} (°c¢) (%)
1 -180 2 ' 4.4 +3.6 + 5.6 4
) 2 ~191.5 5.7 -6.2 -1.0 + 5.3 8
3* - 20.1 ‘5.6 -  -6.4 -5.0 24 7.5

!

* g
cooled with solid CO2 only -- lowest t?mﬁé?ature reached ~22.2°C

14

Similar spikes were _observed from successive Mdssbauer spectra

by Keszthelyi and othep§;:~Ihey had great difficulty with reproduc-
ibility in the spike formation. In view of this, the data in the
Table are rather encouraging. Similar spikes were occasionally

observed 1n'satgrated‘solutions of NH4Fe(SO

—_ y :
AN

4)2'

T

NON-MUSSBAUER RESONANCE ABSORPTION

Some of the previous results on the non-Mossbauer resonance

absorption are further treated or presentg? again in this part. b//
The ﬁain reason for such treatment is to summarize important,
’previously described results together with new‘evidence (the non-
Mﬁssbauer’resonance aﬁsorption of pure compounds) in order to
illustrate better the non-Missbauer reso%?née absorption.

In the following table are the results of measured’AA‘Es

obtained from the Integral reaction spectra which form an evaluable

set due to the common reactants or products. v

- \
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- AA € A Fe
Reactants - Product Corr. Amount _,
(%) (%) (%) (mmoles cm )
FeS0,.7TH,0 + KON ~ 1.1 10 0.5 0.138
FeS0,.7H,0 + 6KCNO » 0.6 < -0.1 0.138
FeS0,.7H,0 + BKCNS = -18.1 <1 -17.6 0.118
((NH,) Fe(S0,),.6H,0 + BKCNS » - 6.6 <1 - 5.5 0.0986
(NH, Fe(50,),. 12H,0 + KI ~ 11.2 3.5 11.2 0.0986

Positgye sign for AA means that the absorption rose during the reac-
“tion. *Included in the table are also e of the product as measured
§fter the reaction and the amount of iron compound. € for the
initial iron compound was 10% for FeSO4.7H20 (value obtained from
;he Mbssbauer spectra of systems which did not react) and a?out the
same value should be expected for (NH4)2fe(SO4)2.6H20. The low
value of € (expected value 10%) of the reaction product for fifth
-reaction is perhaps caused by the fine dispersion of the product.
These values were-used to calculate the pure non-Missbauer resonance
absorption (represented by AA corr.), in which the influence of the
Mbssbauer effect changes is eliminated.
The non-MUsybauer resonance absorption of NH4Fe(SO4)2.12H20
was lowest among/the studied compounds. NH4Fe(SO4)2.12H20 was
.therefare selectad as relative zero non-Mdssbauer resonance absorber.
The non-Mossbauer rezonance absorption of other iron compounds
can then be calculated from the absorption in the previous table and®’
following values of the non-Mdssbauer regsnaqce absorption for 0.1

mnole cm'2

of individual compounds can be obtained (assuming that
the non-Missbauer resonance absorption of (NH4)KFe(SO4)2.6H20‘is

equal to that of‘(NH4)2Fe(SO4)2.6H20)._

-
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(NH4)Fe(SO4)2.12H 0 0.0%

2
v Ky [Fe(CNS) 1.xH,0 491
(NH4)2F€(304)2.6H20 10.1% ~
Fes0, . 7H,0 19.1%
K, [Fe(CNOY 1. xH,0 19.0%
Ky [Fe(CN)E].3H,0 19.4%

Among the strong non-Mdssbauer resonance absorbers be]qngs also
hydrated Fet adsorbed on s¢rong cation exchanger resin,’with the
non-M8ssbauer resonance absorption at least 19%. .

It was not possible for different reasons to derive comparatiye
values for the non-Méssbéuer resonance absorption for the following

compounds: FeS, Fer.ZHzo, FeSO4, NH4Fe(SO .xHZO' (x<7),

a)2
Né3[Fe(H20)(CN)5].xH20 and [Ee(@N)6]3'. Nevertheless the first two
compounds have practically the same non-Mdssbauer resonance absorp-
tion. ’

In order to obtain the non-Mdssbauer resonance absorption from

"direct measurements of pure compounds proper part of the “background"

of the M3ssbauer spectra (identicaf in all cases) was selegted, the
counting rate was corrected for differences in y-ray absorption an&
dispersion of individual coépounds (see Liebhafsky, Pfeiffer, Winslow
and Zemany) and the non-Mdssbauer resenance absorption (AA)_calcula-
. ted relative to standard iron foil. The values of the non-Mdssbauer
//;esonance absorption in the following taple obtained with source #5
are rather large and demonstrate the differences between differfnt

compounds. For definition of AA see Appendix 2.

-
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Compound : AA
(0.2 mmole cm~2) (%)

Fe ( 0.0)

K4[Fe(CN)6].3H20 10.6
- (NH4)2Fe(SO4)2.6HZO . 15.7
) K3[Fe(CN)é 23.7

The size of the non-M&ssbauer resonance absorption is similar to
the values derived from Integral reaction spectra (see page 107).

Two compounds present in both tables have different values and

inversed order. That contradiction (among other facts) demons;{ates N

the dependence of the non-Mdssbauer resonance absorption on the
’ ~A

state of gbsorber (matrix effects, or crystal size and other effects).

b
The following table contains another set of the nonMossbauer

resonance absorption values (aAA) of pure compounds calculated rela-

“tive\to the non-Mdssbauer resonance absorption of Fe(N03)3.9H20

usifg source #4.

Compound - bA
(0.1 mmole cm2) (%)
Fe(Nog)4.9H,0 ° 0.0
Fe (bzac), ' 3.0
- o - Fe,0 5.0 (for 0.05 mmole cm'z) -
273 v )
Fng.ZHZO g . 10.8 ~
p(NHA)Fe(SO4)2.12H20 . . 15.3
Fe504.7H2 17.0 -
Nag[Fe(NO)(CN)S] 21{ 0 T 22.2

Theggigie again two- compounds present which already appeared in the
-,At;ablfe of A derived from Integra] reaction spectra. (see page 107).

3 . DR Y .
. -~
4 . IR . —
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FeSO4.7H 0 value is in good (accidental ?) agreement. The value

2
of AA for (NH4)Fe(SO4)2.12H20 is much higher for the pure compound.
Some explanations for this disagreement were already mentioned
earlier. Integral thermal scan results demonstrated the thermal
dependence of the 6on-Mﬁssbauer resonance absorption and the
different degrees thereof. The resonant character of the non-
Missbauer absorption was proven by the absen;g}of the effect in
Integral therpa] scans of a-Fe203 using the non-resonant part of

57C0 + d/m

the y-spectrum of Fe. The *mon-selective“ character of
the non-Mgssbauer resonance absorption was proven also from the
independence of results of Integral thermal scans on acceleration.

The non-Mvssbauer resonance absorption is temperature dependent,
different at least for some compounds, and is at least in some cases
larger (by more than one order) than the Mdssbauer absorption. It
is present also under the conditions where the Mossbauer effect is
not possible.

This absorption can be called in terms of Mossbauer épectros-
copy a non-selective resonance absorption, or a “gray" absorption,
which means that there exists a compound- and temperature-dependent .
-specific absorption which does have a constant (or nearly constant)
walue over an energy interval much larger than the ﬁatura} width of
the Mossbauer peaks. At the same time this absofption is Timited
to a relatively narrow energy interval in terms of X-ray absorption
-spectroscopy. . ‘ : _ .

Therefore this absorption forms a very broad peak with the FWHM
- »::uhich is {(much) larger than 3 cm sec™ (1.4 x~10'6ev) but ﬁgaller

“than 1 eV. | N

\
\

-
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o

The existence of such peak({s) is consistent with the zero
phonon non-Myssbauer transition or low energy one phonon or multi-
phonon transitions.

Regular X-ray diffraction cannot cause the non-Mdssbauer
resonance absorption described because the intensities of diffracted

lines are too small.
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CONCLUSIONS

The main result of this work has been the development of a
new method of application of the Mossbauer effect to the study of
systems which are changing as a function of time. This application
which has essentially no direct forerunner in the literature
(except the zero velocity work of Mdssbauer and the constant non-
zero velocity work of Preston, Hanna and Heberle) now enables BS
to follow the progress of chemical and physical changes with a
closeness hitherto possible in only rare cases. The ease and
simplicity of the work and the low sophistication of tae equipment
should make this method attractive to solid state chemists.

This work has not concerned itself with detailed under§tanding
of the Integral Mdssbauer spectra nor with the exhaustive inter-
pretation of the changes in resonance absorption. These will wait
for a further work.

It has bgen shown that this new method can be applied to a
wide varjety of reactions of iron-containing compounds in the solid
state: coordination changes, oxidation and reduction, hydration
changes. A wide variety of other possible reactions can doubtless
. be studied in this way. Similarly the method has been applied to
. processes occurring in the liquid state or on surfaces where even
though no Mossbauer effect is displayed, the observed changes in
transmission show the time dependence of the occurring reaction.

LFurther,rtransitions occurring as a function of temperature have
. been observed by Integrai Mdssbauer spectroscopy. These seem likely
to have their greatest application in 1dentify1n§ the temperature

ranges over which to make more detailed Mossbauer studies.

AN
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A possibly very important result is that the background non-
Mossbauer resonance absorption seems to vary strongly as a func-
tion of the 'state of the system. The effect has not yet been
explained theoretically, but doubtlessly involves the phanon
processes of thg solid. Since the effect is in some cases larger
than the Mossbauer effect, its use in off-resonance Integral
Mossbauer spectroscopy is likely to give greater variability to
this latter method. This result must originate in changes in the
lattice rigidity and is also connected with the (micro) size of
the sample assembly (crystal growth).

Within this work, the difficulty of obtaining the correct
Mossbauer spectra was recognized, together with the fact, that a
large amount of published data is not of very high quality. There
are two reasons for it. Part of the work was done by physicists
who-usually do not appreciate problems with identity or purity of
chemical compoun%s or in the case of chemists the problem was
connected with the lack of computing capacity or lack of necessary
sophistication of used programs.

For the part of Integral Mdssbauer spectroscopy the presented
results are rather phenomenological. The main concern was to
establish the reality of Integral MOssbauer spectroscopy, to use
it in different areas and specially to present original data without
any “"beneficial” computer trickery.

Nevertheless the computer was used heavily in the first part

(Missbauer spectra) and only through its use some important problems

. of Myssbauer spectroséopy were recognized and subsequently solved

(non-equality of FWHM, incorrect intensity ratios-for magnetically
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split spectra et cetera).

Yery important feature og procedures realized within this
work is their convenience and easy app®icability and usability

"ﬁf also without extensive computer usage. The eventual (sometimes

very useful) calculations are done only to extract as an example
the kinetic law for isothermal measurements or the analytical
function for the temperature dependence of corresponding parameter
in varying temperature measurements.

Larger amount of work done in different areas of Mossbauer

57Fe is not included in this work. The reasons

spectroscopy of
for not presenting these topics are different. Usually it is

\
because the continuation of work™te publishable conclusion was

asking for prohibitive amount of'computer time or for realization
of very difficult or expensive experimental techniques. The last
reason was that it would have enlarged the scope of this Qofk far
‘beyond 1ts Feasibility. As an example only: <
\\v,/ (a) The analysis of silicate minerals (annites started in coopera-
tion with R. Moore and G. Skippen from Department of Mineralogy
and pyroxenes with S. Abbey from Geological Survey).
(b) The measurements of Mdssbauer spectra of viscous solutions
(rather narrow low intensity peaks were discovered).
(c) Very weak numerous peaks in Mdssbauer spectra originating in

57Fe in the beryllium window of the

the trace amounts of
- detector (or in the source) which are visible only after
signal averaging and which can be instrumental artefacts.

In some cases of the Missbauer spectroscopy either the absorber

or the source will undergo very slow changes (reaction, phase
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transition, thermal annealing) during the measurement of a spectrum.
This 1s &ften not noticed because the differences in the measured
Mossbauer spectrum are difficult to recognize as such. It is
however strongly recommended to use an Integral Mossbauer spectro-
meter in parallel in all cases of sericus Mossbauer spectroscopy
work and accumulate the two spectra concurrentiy. The Integral
Mossbauer spectrometer is in such case used as a control device
only, whose function would bg f? demonstrate the absence of such

changes,

&
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. PERSPECTIVES

From the tremendous amount of possibilities in the study of

Mdssbauer effect only few are mentioned here,

In élassical Mossbauer spectroscopy:

(a) The study of the signal averaging, its significance, optimaliza-
tion and use (first for the solution of the origin and
identification of numerous small peaks found in the backgroun%
parabola). |

(b) The changes in the main curve fitting program to include
results from the presented study in order to eliminate two
variable parameters, which is important to every practising

Mossbauer spectroscopist.
~ G/ .

In Integral Mossbauer spectroscopy:

(a) The realization of the Integral spectrometer without the use
of multichannel analyzer. The publication should lead to the
increase bf'accessibi]ity (economic reasons -- saving of at
least $6,000) of Mﬁssbauef effect studies.

(b) Most interesting and important future work is in the field of
concurrent measurements of successive ("short time") Mdssbauer
spectra and Integral Mdssbauer spectra. The number of useful
combinations is rather large and it is impossible to guess
which one is more important and interesting. Only as an
example an assembly of two Integral spectrometers, one set

off resonance and second on resonance, will gjve the~possib111t¥

- - to separate two cpmponents contributing to the‘large absorption
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chqnges as described in this work, namely the small contribu-
! tion from the Mossbauer component ;nd the rather large non-
M&ssbauer component . *
{(c) Also the possibilities of.further fundamental exploratory

studies with the present equipmen@c as realizaed in this

laboratory, are far from being exhausted. To mention only

one which seems quite interesting is to measure the phonon
speEFra of solids by using the non-M&ssbauer resonance absorp-
tion,iplacing the absorber (source) in a sonic field and
sweeping through proper range of frequencies.

(d). In Integral Thermal Scans the basic necessary 1mpr0vement is
obvious -- the use of selectable linear temferature scans
(values of the order of 0.1°C/1 min and lower are atf;active).

) \\)(e) But most of all for the advancement of the basic research the

realizatioq of universal multipurpose spectrometer syétem

based on the minicomputer will/gg greatly enjoyed by the
author. Nonethe1e§f,\fhe realization of such system anywhere

else, predicted for the near future, will be equally appre-

clated. To that effect will this work and derived -publications

hopefully contribute.
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APPENDIX 1 /

Signal-to-noise ratio

A Lorentzian fungtion is an even function. For the determina-
Aion of its area in the case of one peak is therefore enough to
integrate from the position of tﬁe maximum and multiply the result
by two. The position of the maximum can be shifted to the beginning
of the coordinate system. The integration in the transposed system

will be from x = 0 to n/2,rwhich leads to-~

2Y3/2 = 2/3 an3 + bn? + 2cn - ZCAarctan(nA/ZAz)

3

= 2/3 an” + bn2 + 2cn - 2CAarctan(n/2A)

Substition of a dimensionless factor f defined as

= 2fA

leads to

3

~ zvg/z = 2/3 an> + bn® + 2cn - 2CAarctan(f) -

{
J

fhe signal-to-noise ratie for the integral spectrum is then

peak area
(n.background - peak ar'ea);5
NG .

S/N =

The peak area in the denominator can be made (by selection of C)
negligibly small compared -to the area of the integrated background.

The simplified expression for the S/N ratio is then

S/N = peak area N
(n. background)li
‘4 g

Using the analytical expg?%sion for the peak area (after substitu-
'tion of the dimensionleas‘fraction f/reduced 1ntegration interval/

e
Pt

est
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&a

f = n/2A) and transferring the non-variable expressions into a

constant, the expression

S/N = const/A[Arctan(f)] /V/f

is obtained, where YA can be considered as a parameter which does
not influence the position of the optimum of S/N in terms of f.

The final expression

S/N = Const{Arctan(f)] /v/f
has a maximum for

Arctan(f) = 2f/(1 + £2)
‘/—’\

This last equation can only be solved numerically. The approximate
value of f is 1.4,

It is thus shown that in Integrjl Mossbauer spectroscopy exists
an optimum for the signal-to-noise ratio which lies at an f value
about one order in magnitude greater than is possible iH conventional
Mdssbauer spectroscopy and is in a methodically separate “non-
dispersive" region of the dependence of S/N on f.

The existéﬁce of this optimum is not Timited to the field of
General Mossbauer spectroscopy. It is equally valid for all
spectroscopies in which are found Lorentzian line shapes (and also
for other liﬁe shapes - but with a different numerical value for f).

At the same time this representation demonstrates that

Missbauer spectroscopy is.a special case of Integral Missbauer

spectroscopy. )
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jAPPENDIX 2

e 2

Definition of AA for pure compounds

The initial intensity (IO) and the measured intensity (Il) of
the standard iron foil are not compatible with transmitted inten-
sities of pure compounds (Ii) due to different counting conditions
or different geometry of the standard sample. It is still possible
to calculate (apparent) transmissio; (Tl,i’ where 1 represents
different samples with the exception of the first one). Logically
T

the sample with the highest transhission (T can be

1,22 T1,¢)
selected as a sample with the relative transmission equal to one.
This assumption makes it possible to transform the set Tl,i into a
set T2,1 and from TZ,i to calculate reIative‘ébsorptions forming a
set AAi. (The symbol AA was chosen to distinguish these values

from the correct absorption.)

As an example:

- 2 =
Tl.z T']T — Tz’z - 1
) I I T
3 3 1,3
T = —_ T = = =2
1,3 T;' 2,3 TE' T1.2
and generally
’ \ I 1, T
i i 1,i
T = —_— T = F N
1,1 TI' 2,1 TE' Tl,Z
The relative absorptions are then
Iy o T .

=z ] - SI_T =] -
. a7y T 2.1 T2



which can be expressed as

1 - A, = —'\f—\-‘—_—l—;l
' i 1 -4
1,2
or .
ML = S RIS
1 1 - 1,2
The former two assumptions are then
Ry,2 =74
=0

A2 ®

and warrant that

oAy < A

which means that the correct absorption (Ai) for any given compound
will be larger than (or equal to) the tabulated relative absorption
(88,).

At the same time on such sets the recalculation between dif-

ferent area concentrations 1is still meaningful.

~

N
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