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ABSTRACT

The compounds used in this investigation are
powder crystal of ferric oxide (Fe203) and some other
hydrate iron compounds, such as: ferrous sulfate (FeSO4°
7H20), ferrous chloride (Fe012°4H20), ferric sulfate
(Fe2(SO4)3o9H20), ferric chloride (FeCl3-6H20), ferric
nitrate (Fe(N03)3-9H20), potasium ferrocyanide (KﬁF&(CN)s-
SH,0) and sodium nitroprusside (NaZFe(CN)SNO-ZHZO).

The hyperfine interaction between the nucleus and
its surrounding are expressed in terms of electromagnetic
moments. Calibration curve modified to suit the measurements
in this work, is used to obtain the percentage of 4s-electron
contribution in iron compounds. Using these walues, the
electronic charge cdensities at nucleus are calculated by
Roothaan-Hartree-Fock method, which are found to be slightly
higher then the values calculated directly from the experi-
mental results. The electric field gradient in the compounds
is calculated from the measurements of quadrupole splitting.
The quadrupole splitting is also calcullated for divalent
compounds. The internal magnetic field of ferric oxide is
estimated from the magnetic hyperfine splitting and the

results are in good agreement with those of Kistner and

Sunyar.



INTRODUCTION -

The resonant absorption phenomena have been known
in optics since early in the century. The nuclear analogue
was predicted in 1929 (ref. 1) and was observed in 1951
(ref. 2). The phenomenon of recoilless nuclear resonance
was discovered by R. L. M8ssbauer in 1958 (ref. 3) and recog-
nized by the award of Nobel Frize in 1961. Since then, it
has drawn the attention of scientists for the last decade.
This discovery makes it possible to observe the narrow gamma
lines which can be used in meny fields because of the high
energy resolution. |

M8ssbauer Effect was soon recognized as a technique
for the study of the wide range of the phenomena. In this
work, a study of hyperfine structure of chemical compounds is
made from the measurements of nuclear isomer shift, quadrupole
splitting and magnetic hyperfine splitting using M¥ssbauer
spectroscopy. From the observed value of isomer shift, the
charge densities at nucleus are calculated. The theoretical
calculation of the charge densities are also done by Roothaan-
Hartree-Fock method, and a comparison is made with the empiri-
cal values. The electric field gradients in iron compounds are
calculated from observed quadrupole splitting. The quadrupole
splitting 1is calculated for divalent compounds by considering
the electric field due to0 g-orbitals. An estimate of the in-

ternal magnetic field in iron oxide is made from the measure-



ment of magnetic hyperfine splitting. In this work, a serious
attempt has been made to study these hyperfine interactions
in various iron compounds and to gather informstion from the
observed M8ssbauer Effect spectra.

Chapter I in this work contains the general theory
of M8ssbauer Effect, a description of the equipment and its
use in the study of MBssbauer Effect. Chapter II gives the
effect of hyperfine interactions between the nucleus and its
surroundings. The interactions are derived in terms of electro-
magnetic momente. The general applications of Fe57 and in-
cluded in Chapter III. The experimental procedure are the
results are discussed in Chapter IV. The theoretical deriva-
tion of various expression relating to hyperfine interactions ..

and other numerical works are included in appendices.



Chapter I

M8ssbauer Effect Spectrometer



A. The ¥8ssbauer uffect

It is a well-known fact that the emission of gamma
rays by nuclei takes place as a result of transition between
energy levels of the nuclei. As the gamma photon carries away
most of momentum, a smell part of recoil momentum is imparted
to the de-excited nucleus. The recoil energy ER of the residual
nucleus is ER = E2/2Mc2, E being the energy of emitted gamma
ray, M being the mass of nucleus and c being the velocity of
light. The energy difference ,éE = E,o -~ E, between the transi-
tion energy Eo and that of gamma ray energy E actually carried
by gamma ray, consists of two parts: (1) the free-atom recoil
energy ER’ which is independent of initisl velocity of the nu-
cleus and (2) a term arising due to the well-known Doppler
effect, which is linear in velocity of the atom if it is moving.

The fraction of energy ER’ which is lost to the re-
coiling atom is small. For example, in case of gamma rays of
energy 100 keV and a nucleus of mass number 100, the recoil
energy is only 5 parts in 107. Before M8ssbauer's discovery, it
was impossible to detect small energy difference of this order.
However, this small energy loss becomes significant when it is
compared with the natural line width of gamma rays. This finite
line width arises from the finite time which the nucleus spends
in an excited state, The line width I and life time T of the
nuclear state are related by

FrT=Hh

or

C = (0.693/1%) n



Accoréing to this relctiom, a typical lifetime of T, = 10 sec.
will result in a line width of 4.6 x 10 eV, which is very

much smaller then the energy (E;=5 x 10-7) lost in nuclear
recoil. Therefore, the gamma-ray emission line of energy Eo - ER
does not overlap the absorption line of energy Eo + ER when

r < ER’ and the nuclear resonance absorption is not observ-

able as explained in the Fig. 1-1.
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P. =, Yoon (ref. 4) was able to bring the emissian
an¢ absorption lines back into coincidence by compenssting
for the recoil emergy loss by using the principle of Loppler
shift. According to Doppler shift, the energy of radiation
emitted by a source moving towards an absorber with velocity
V is increased by an amount EV/c. By placing the radioactive
source on a rapidly spinning wheel, Moon was able to bring
about resonant scattering.

Another method to compensate for the recoil loss
makes use of the thermal motion of the atom in a gas. The
gas atoms have a Maxwelliun velocity distribution which in
effect broadens the emission and absorption lines. This
causes resonant scattering when the broadened lines begin
to overlap.

While comparing the scattering of the 129 keV

191 by Ir and Pt, M8ssbauer (ref. 3) found

gamma rays of Ir
an increase in scattering in Ir at low temperature, which
was contrary to classical predictions. The interpretation of
this effect was first given by MBssbauer and is therefore
called after his name.

A basic setup to study the recoil free emission

and absorption of gamma rays using MbBssbauer Effect is given

in Figa I-Z.
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Fig. I-2 A baeic setup in a MBssbauer Experiment.

B. Theory of M8ssbauer Effect

It is interesting to find the reason why the gamma
absorption increased when the temperature was lowered in
the MYssbauer experiment. One importent fact that emerges is
that there is no longer a unique relation between the momen-
tum of the gamma quantum and the recoil energy as it exists
for free atoms, if an emitter cr absorber atom forms part
of a crystal lattice. Since the recoil energy is not suffi-
cient to break the chemical bond in the lattice, it is given
to the lattice as a whole and can only be radiated in the form
of collective excitation quanta called "phonon". It may also
be possible that no phonons are excited and then the recoil
momentum is taken by the whole lattice mass instead of the
mass of a single atom. Hence the actual magnitude of the
recoil energy is much less than the natural line width I .,
This small recoil energy ceases to interfere with the obser-
vation of resonance width D at half maximum given by the

relation



re——
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n

which éisappear: cue to the large mass of the crystal lattice.
Thus the Doppler broadeniag of resonance line drops out at the
same time as the recoil energy and an undisplaced resonaace
line occurs with its natural width. Therefore, the probability
of observing recoilless gamma resonance cdepends on the normal
vibration spectrum of the lattice and on the probability of
exciting different levels of the vibrations.

The lattice vibration spectrum is described by
Debye's theory, in which the lattice has a continuum of os-
cillator states with different characteristic frequencies « up
to some maximum frequency & ..., which is determined by the

number of oscillators N in the lattice volume V and charac-

terized by the Debye temperature €,

k is Boltaman constant. In the case of an isotropic cubic

crystal, wWand 6 are given approximately by equation

14) == :_2_.1‘2. -
AW = kO 5 a R (I-2)

where d is the lattice constant and u is the mean velocity
of sound in the solid in question.

At extremly low temperatures (T=0), there can be
no transitions of oscillators from higher vibration levels
to lower, since all the oscillators are in the lower levels

and upper levels are empty. Accordingly, no energy can be
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transferrec from the crystal lattice to a gamma quantum in-
cicdent on it. But even at zero temperature there is a possi-
bility of oscillators jumping to higher levels using a part
of the energy of the incident gamma quantum.

The probability of recoilless gamma resonance will
drop with increase in temperature. Since phonons obey Bose-
Einstein statistics, the greater the number of phonons already
excited, the higher will be the probability of exciting new
phonons from the recoil energy in emission and absorption of
a gemma quantum. The probability f of a transition in which
an individmal nucleus receives the recoil energy without pho-
non excitation can be calculated in the Debye approxima-

tion
f = exp § -ZA)(T)( (I-3)

f is called Debye-Waller temperature factor.

In low temperature range (T«®), wO= (3/4)(Eg/ke).
For ER < 2k0, f reaches values that are nearly unity. At higher
temperatures (T>»0), W= (3/4)(ER/kG')'(4T/Q) or > and
the factor f is very small.

The classical theory of M8ssbauer Effect developed
by F. L. Shapiro (ref. S) leads to a very simple interpreta-

tion of the Debye-Weller factor, namely,

£ = exp 1 - —Xx:-§= exp { -x° <x—2>} (I-4)

where 217'* is the wave length of the resonance gamma quanta



andé xz is the mean square ceviation of a vibration of a
vibrating atom in the lattice from its equilibrium position.
Thus the MBssbauer line is well defineé if the amplitude of
the vibration of the atoms on the lattice is small in compari-
son with the wave length of the gamma radiation. This occui's
principally at low temperatures.

A simple form of the equation for the recoil-free
fraction may be derived for Einstein solid by expanding the
exponential for case where k2 <:;%;>£ l. Using the proper-

ties of a harmonic oscillator, one can obtain

f=1- FsS5 (1+2n) (1-5)

Eq. I-5 indicates that the recoil free fraction will decrease
with increasing temperature, since the total energy and n
will increase according to

Eiotal = 3/2 kT = (n + 4) £ O  (1-6)

C. Description of experimental apparatus ised to study
MBssbauer Effect
A block diagram of the system used for the
MBssbauer Effect experiment is given in Fig. I-3. Fig. I-4
gives the actual photographs of the system used for the

experiment.
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Fig. I-3 Block diagram of the system used for M8ssbauer

experiment. Numbers are used to label different

components of the system.



Fig. I-4 The photographs of the system used for the

study of Mbssbauer Lffect.,
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A brief description of various components of the
syatem shown in Fig. I-3 and Fig. I-4 is given below;
1. M8ssbauver analyzer (NSEC Model AM-1)

This system consists of three units: (a) base plate,
(b) transducer and (c¢) control unit.

(a) The base plate is a solid steel plate which
provides a very rigid structure on which all of
the mechanical parts, the transducer, absorber
holder and a detector holder =re mounted.

(b) The transducer is an electromechanical unit
which provides the relative motion between the
source and absorber required to produce M8ss-
bauer Effect spectra. The transducer moves the
source and at the same time produces a signal
proportional to the veloéity.

(¢) The control unit is a so0lid state electronic
unit which accepts a square wave signal from the
address register of a multichannel asnalyzer. It
contains sheper. and integrator, difference
amplifier and dc power amplifier required to
drive the transducer. The velocity control unit
is used to produce a velocity (dx/dt) varying
iinearly with time in a parsbolic motion with
constant acceleration (dzx/dtz). The displacement
(x), as a function of time consists of segment of
perabolas of positive and negative acceleration.

The displacement, velocity and acceleration
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of the parabolic mption as a function of

time are illustrated in Fig. I-5.

X //’—\\\ > time
N '

ax/at \\ //\\// ~  time

y

&Px/ate ~  time

Fige I-5 The displacement, velocity and acceleration as a

function of time.

2. Source and ebsorber -

The source foil of 0657 in copper is mounted on
the sample holder of the transducer. The absorber of iron
compounds are mounted on the holder between the source and
the detector (proportional counter).

3. Proportional counter (NSEC type 743)

The proportional counter is filled with a mixture
of Xe—CH4 gases. In the counter, part of the gamma-ray is
transformed into an electric pulse proportional in height
to the enérgy of the geamma-ray absorbed in the detector.
These electrical pulses are fed into the preamplifier.

4., Preamplifier (Ortec Model 109)

The function of preéamplifier is to reduce the impe-
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dence of the system.
S. High voltage supply {(PD Model 2k10)

This unit supplies a high voltage of the order of
2000 volts required for the proportional counter.

6. Single chennel anelyzer (EEWPACH Model 55284)

The linear amplifier is used to amplify the analog
pulses from the proportienal counter. The single channel
analyzer selects part of the pulse spectrum gnd produces
pulses of standard size. —

7. Multichannel analyzer (MCA)operable in the time mode
(ND Model 180M)

The multichannel analyzer has 512 channels in the
address register. It is used as a time analyzer to cenvert
the velocity into channel mnumbers. The velocity signal is
used to modulate linearly the amplitude of standardised
pulses from a single channel analyzer set on the photopesak
of interest. The modulated pulses whose emplitudes are pro-
portional to velocity are sorted and stored in a multichannel
eanalyzer by assigning an increment of velocity to each channel,
and by having that channel accumulate counts only when the
spectrometer is moving at the appropriate velocity. This velo-
city cen be determined by using a signal generated by multi-
channel analyzer to drive the mechanical transducer.

The coincidence selector control in this unit is
used to select a desirable energy from a total emitted gamma

ray energy. When the specified gating signal is applied at the
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"COINC" receptacle, it permits an input signal to be accepted
for analysis.
8. Time base generator (ASA TU1004)

The synchronism betwéen the mechanical motion and
the analyzer is maintained by using the MYssbauer spectro-
meter analyzer with a multichannel analyzer driven in the
time mode by a pulse generator. A square wave signal derived
from the multichannel address register is used to produce a
triangular reference signal by integration with additional
operational amplifier. The signal produced in this manner
provides the input for a velocity proportional to the reference
signel.

9. Read-out device (ND 180 F)

The read-out device stores the measurement results
within the system "memory" in digital form which can be
observed in analog on a cathod-ray oscilloscope, and display
an ebsorption spectrum, either during or after data accumul-
ation. Stored data ean also be read out in digital or analog
for permanent record.

Synchronism between the channel and velocity as well
as the square wave signal and the absorption spectrum are
shown in Fig. I-6. Since the channel numbers are converted
from the instantaneous velocity, the channel numbers shown in

the figure are ladder shaped.
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Fige I-6 Synchronism between the square wave form,velocity wave

form, analyzer channel number and absorption spectrum.



Chapter II

Hyperfine Interaction between the Nucleus

and Its Surroundings



The MYssbauer spectrometer enables us to attain
line widths which are small compared to the characteristic
energies of interaction of nuclei with its surrounding elec-
trons. Nuclear isomer shift, quadrupole interaction and mag-

netic hyperfine interaction are the three types of interac-

20

tions between excited nucleus and its crystalline host, which .

have been studied in MBssbauer spectroscopy. The theoretical
expressions for such interactions in terms of experimentally
measureble parameters and electromagnetic multipole moments

are given in the following sections.

A. Isomer shift

Isomer shift is an effect according to which the
nuclear energy levels shift due to a change in Coulomb inter-
action resulting from a change in s-electron density, which
may arises from a change in valence. This effect is some times
called isotopic or chemical shift. In M8ssbauer spectra, it
manifests itself as a displacement of the resonance peak from

the zero position on the velocity scale (Fig. II-1).

-—-—"—'—'—'\
E
3
N I.S
g ~-py r ] L)
-V a v

Fig. II-1 TIsomer shift in the resonance absorption spectrum.



A theoretical expression for isomer shift can be

written as

: 2 2 2 .
I.S. =i51 Ze ‘Pa 0) -y, (o)} R? .5._%  (II-1)

where Z is the atomic number of the absorber, e4;2(0) and e$g2(0)
are the ele ctronic charge densities at the nucleus of the absord-
er and the source respectively, R is the nucleus radius and SR |
is the difference between the nuclear radii of the excited state
and ground state (See Appendix I for derivation of Eq.II-1).

The above expression for isomer shift consists of two
factors. The first factor contains only a nuclear parameter
bR/R; the second factor contains the electronic charge density
at nucleus which is essentially a chemical parameter, since it
is affected by the valence state of the atom.

It is obvious from Eq. II-1 that the experimental
measurement of isomer shift will only give us the product of
the above two atomic and nuclear perameters. Therefore, it is
necessary to calculate one of the parameters from theoretical
consideration in order to find the other parameter from the

above expression.

B. Quadrupole splitting

Quadrupole splitting arises from the interaction
between the nuclear quadrupole moment Q and the electric field
gradient due to other charge in the crystal. Unlike isomer
shift, this interaction does not shift the nuclear levels, but

splits them. It lifts all or part of (2I + 1) fold degeneracy,
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I being the nuclear spin quantum number. In the observed
spectrum, quadrupole splitting manifests itself as seperation

between the resonance maxima as shown in Fig. II-2.

no. of counts

Q.S
0] : v

|
g

Fig. II-2 Quadrupole splitting in a MBssbauer Effect Spectrum.

For a nucleus with spin I = 3/2, the difference
in the two eigenvalues of the quadrupole interaction corres-

ponding to levels m = 3/2 and m, = 1/2 is (Appendix I)

Ep=tefqeQ ”12/3)% (II-2)

oy being the magnetic quantum number; q and qu being the

electric field gradients; qbeing the symmetric parameter;

and Q being the excited state quadrupole moment. For
positive q and eq >0, the state | z3/ lies above the state
|tl/ . For eq < O, the reverse is true. Fig. II-3 explains

the quadrupole splitting in Fe57.

It should be noted that the measurement of quadru-
pole splitting only gives the product of the nuclear moment
and the electric field gradient at the nucleus. To obtain

the value for the quadrupole moment, an indépendent eveluation
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Fig. II-3 Quadrupolw splitting in Fe57.

of the electric field gradient tensor is required.

C. Magnetic hyperfine interaction

This part of hyperfine structure is magnetic in
character, which arises from the interaction of nuclear mag-
netic dipole moment M with the magnetic field B due to the
atom's own electrons. Magnetic hyperfine structure will be
absent for nuclear levels with zero spin, since for such levles,
the magnetic moment is zero. The magnetic hyperfine interaction

can be written as (Appendix I)

E (m) = - g; BU _m (II-3)

N
withm =1, I-1, eceea, -I.
Here I is the total spin;}AN is the Bohr magneton, and &r is
Linde's g factor of nuclear state I. Fig. II~4 explains the
magnetic spiitting in Fe57.

For a single electron outside a nucleus,'g can be

expressed as

g 1 3.. -‘o“ re ™ - -
B = gP 33 + I‘;g ) - :3 + —g_— SS (r) (II"'4)
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Fig. II-4 Magnetic hyperfine splitting in’Fe57.

when E in Eq. II-4 is substituted into Eq. II-3, the firet
term in E(m) gives the interaction of the nuclear magnetic
moment with the current produced by the orbital electron; the
second and third terms give the dipolar interaction between

the nuclear and electronic spin; the fourth term is the Fermi
contact term, which comes from the spin density at the nucleus,
and is finite only for s-electron.

It is obvious that the magnetic hyperfine inter-
action in Eq. II-3 contains a nuclear parameter M and an atomic
parameter P which can not be seperated experimentally. The
same type of problem arises in isomer shift and quadrupole
splitting. However, the situation is more favorable in this
case because one can apply an external magnetic field and

measure the resultant splitting.



Chapter III

Application of MUssbauer Effect Spectroscopy

to the Study of Hyperfine Structure of Fe®°’
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A. Electronic configuration of Fe57

The electronic configuration of a MBssbauer atom
is directly related to its oxidation state and covalency,
which are connected to isomer shift. Since the electric
field gradient is mainly caused by the unsymmetric distri-
bution of 4 electrons, it is also controlled by electric con-
figuration.

A neutral iron atom has 26 electrons, which have
the configuration,

182 282 2p° 382 3p° 3a° 4s

In a trivalent iron compound, the orbital configuration out-

6 ,.2

side the esrgon core (18 electrons) is 365, while in the diva-
lent is 3d6. The first 18 electron atom form a closed shell
core and thus are spherically symmetric. The 3d shell ccnsists

of five orbitals which can accomodate a maximum of 10 electrons.

B. Isomer shift studies

The expression for isomer shift in Eq. II-1 mainly
consists of two factors, one is a nuclear parameter 1SR/R,
and the other is the electronic charge density of the atomic
electrons at the nucleus. Thus by measuring isomer shift,
one can easily find the value of either of the above two
parameters, once the valpe of the other parsmeters is obtained
by some other consideration.

The measurement of isomer shift provides us with

the following information;
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1, Oxidation state determination

A series of MYssbauer experiments done u31ng some
dxfferent iron salts as absorbers showed a systematic behav1or
with respect to isomer shift. The isomer shifts were measured

2 282 6 1.2 4.6 <6

for ionic salts of both divalent, 1s 2p° 3s™ 3p 8@ and

2 232 2p6 382 3p6 365 irons. The divalent and

trivalent, 1s
the trivalent iron salts show a different isomer shift. This
effect arises indirectly due to the 3s-electrons spending a
fraction of their time further from the nucleus than the 33-
electrons. Thus the addition of 8d-electron increases the
screening effect of the d-electron on 38s-electron and there-
fore reduces the charge density at the nucleus. From the above
explanation, it is clear that the isomer shift of Fe3+ compounds
should be larger than that of Fe2* compounds.,
2. Isomer shift in high-spin and partial covalent compound

As explained in the previous section (Chapter III,
Section B.L.), the screening effect of 3d-electrons can affect
the s-electron charge density at the nucleus. In the light of
this screening effect, the isomer shift can be interpreted in
terms of the effective charge (€) of 3d-electrons. Assuming
that the electronic configuration of iron compounds have the
general form 338~ -§- “X48*, calibration graph between 43 (o)
and 4s-electron contribution can be drawn. Such a graph was
first prepared by WWJ (ref. 6). A WWJ plot adapted froﬁ Spij-
kerman, Ruegg end May (ref. 7, 8) is shown in Fig. II-1l. This
graph is usally used to find the percentage of 4s-electron

contribution of iron compounds of known isomer shift.
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Fig, ITI-1 The calibration graph between s-electron density at
nucleus and 4s-electron contribution
3. Caleulation for & R/R
As seen in previous chapter (Chapter II), the isomer

shift and the s-electron density are related by

I.S. =1511—Ze2 gu,)az(o) —\-VSZ(O)} B2 S R/R

28
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The s-electron density at the nucleus of source and absorber

can be determined from Tartree-Fock calculation for different

configuration of multipole-ionized free ions. Substituting

this density in the above equation, the value of SR/R can be

obtained. For iron it was found to be -1.8 x 10™° (ref. 9).

4. Bonding relationship, especially with respect to bonding
in covalent coordination compounds.

A ligend is a group attached to metal ion in complex.
In the crystal field theory formulation of a metal complex,
the ligands are considered as point charges or point dipoles.
These constitute an electrostatic field,which has the symmetry
of the complex. Here we are interested in the effect of the
electrostatic field on the energies of the iron d-orbitals.

In the bonding orbitals, some electronic charge from the 1li- -
gands is transferred to the metal. This process is called
ligand-to-metal TW-bonding. The type of bonding which removes
electronic density from the metal is called metal-to-ligend

T -bonding, or back donation.

For high-spin iron complex with 7r-bonding ligends,
the isomer shift varies with the increase of 4s-electron
density when the ligands incline to give the electron to the
Fe ion. For low-spin iron complex; there is a back donation
of 3s-electron to w* anti~bonding orbitals of the ligands,
and therefore the increase in s-electron density results in

the reverse effect of ligands to that of high-spin complex.



C. Quadrupole splitting stu. .es
l. The calculation of electric field gradient

In order to calculate electric field gradient gq
and qn in Eq. II-2, it is necessary to consider q, éand
(q yl ) v which are the contributions from the valence electrons,
Q; and (qv\)1 are the contributions from the lattice charges.
According to Ingalls (ref. 10),

V. /e

27 (1-x) qy + (1-?.0) q

n
Ne]
]

(IT1-1)

(vn_vyy)/e =an

(1K) (ay + (-3 (ap),
(1-K) and (1-¥,) are the Sternheimer (ref. 11, 12, 13) shield-
ing factors due to the polarization of the inner core elec-
tron by the valence and lattice charges.

The calculation of electric field gradient due to
valence and lattice charges is given in Appendix II.
2. The quadrupole splitting in iron compounds

The outer electron configuration of free Fe2+ ion
is 33°, which has a ground state of ®D,. Five of the d-
electrons form a spherical symmetry, and do not contribute
to electric field gradient. The entire electric field grad-
ient arises from the 6th electron. The ground state of Fe3+
is 685/2, which has the electron configuration of 3d5.
Because of the spherical symmetry of the half-filled shell,
the electrons do not produce field gradient. The observed

small values of quadrupole splitting comes from the ionic

charge of the lattice.
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For covalent compounds with a coordination number
6, reverse situation is found. The typical quadrupole splitt-
ing of Fe(III) compounds are larger than those of Fe(II)
compounds. The reason is that the effective atomic number of
the iron atom in covalent ferrous compounds is 36. Two 3d

28p3 bonds, leaving

electrons are used in forming six hybrid 4
three d-orbitals to be filled by ligand electrons. In octa-
hedral ferri-complex compounds, the effective atomic number
of iron is 35, the d-orbital vacancy providés a large value
of electric field gradient at nucleus.

From above, we can see that quadrupole splitting

provides the information on valence state and nature of chemi-

cal bond.

D. Magnetic hyperfine structure studies
1. The intensities of the lines

The transition between the excited state I_ = 8/2,
and the ground state Ig = 1/2 of a magnetic dipole of angular
momentum L = 1, is governed by the selection rules

am=0, %11

If m,, M and mg are projection quantum numbers for I,y L and
1,, respectively, the coupling of the angular momenta I, = 3/2

g

and Ig = 1/2 through the magnetic dipole radiation field for

L =1 is given by a 3j-symbol
3/2 1 1/2

m M m
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In the presence of an internal magnetic field, six
lines between two levels can be observed. The angular factor
FLM(G) is known as

2 o

Flo(e) 3/2 sin

(I11-2)

P *6) = 3/4 (1 + cos? 6)

© being the angle between the axis of quantization and the
direction of observation. Evaluating the 3j-symbol, the
relative intensities of the various lines may be listed as

in Teb, ITI-1.

Lines Relative intensities
1, 6 (3/4) (1 + cos® @)
2, 5 sin® ©

3, 4 (1/4) (1 + cos? @)

Tab. III-1 Relative intensities of six lines of magnetic

hyperfine splitting.

In the absence of an external magnetic field,
the six trensitions averagingover all directions have
intensities in the ratio 3 : 2 : 1 : 1 : 2 : 3. If the
sample is partially magnetized, the ratio is 3 : B:1:1
: @ : 3, where B has the value between 2 and 4 depending on
the degree of magnetization.

2. Application
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The M8ssbauer spectroscopy provides the possibility
of detecting magnetic exchange interactions and of determin-
ing the magnitude and the sign of the hyperfine magnetic
field at selected sites within crystal. Through the study of
magnetic hyperfine structure, the Curie point cen also be
rapidly and precisely determined. Further complications are

always introduced by the interaction with quadrupole moment.



Chapter IV

Experimental Part
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A. Description of the experimental arrangement

The: source (0057) is mounted on the sample holder
of the transducer, and is driven by an electromechanical
system to produce a velocity varying linearly with time, so
that equal time is spent in each velocity interval in the
region of interest. The transmitted gamma ray pulse which is
proportional in height to the energy of the gamma ray is then
amplified. Part of the pulse spectrum of interest-(14.4 keV
peak) is selected Yy a single channel analyzer:whiéh produces
unit pulses. A multichannel analyzer when operated in the
multiscaler mode, counts each pulse from the single channel
analyzer into the channel whiich is open at that moment.

The time base generator opens one channel after
the other with precisely constant time intervals repetitiously.
Synchronously with the repetitious scanning through the
channel address scaler, a binary flip-flop in the analyzer
address system switches from one memory half to the other,
thus producing a square-wave signal. Then the crude signal is
shaped with an operational amplifier to obtain a very accurate
square-wave form.

From the electromechanical system driving the trans-
duéer, a velocity signal of triangular wave form is produced.
The velocity is used to linearly modulate the amplitudes of
standardized pulses from the single-cheannel analyzer. The
modulated pulses whose amplitudes are proportional to velo-
city, are then sorted in.a multichennel analyzer. The pulses

counted by the multichannel analyzer display the entire velo-
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city spectrum. The spectrum can be observed with the oscillo-

scope. The number of counts can be printed out with the printer.

B. Correction applied to the observed MYssbauer Effect spectra
1. Second-order Doppler correction

It is possible to have a shift in the observed
spectrum due to the second order Doppler effect, if the source
and the abserker are at different temperatures (ref. 14).

The expression for the Doppler effect (ref. 15) is

> source >obs (1-vr cos ‘G/c)(1+v2/202) (IV-1)

Here ) is the frequency of the gamma ray energy, © is the

angle between the motion of source and the direction of obser-

vation. v is the velocity of emitting nucleus moving about the

equilibrium position. When the time period of vibration of the

nucleus is much less than the life-time of the excited state

of the nucleus, the linear term (vr cos 6/c) in Eq. IV-1 will
2

avergge out. The quadratic tern V2/2Q' will remain and cause

a second-order Doppler shift. Therefore, we have

)

2 2
source b obs (1+v=/2¢%)

VY . (v3/2¢2) (IV-2)

(> source ” obs’/Y ohs

Thus the shift of energy due to the second-order Doppler
effect can be written as

2
¥ Eyp (Iv-3)

Dopp o
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where E? is the gammea ray energye.

Since  the source and the absorber in our experiment
were at the same temperature, the second-order Doppler shift
correction was unnecessary.

2. Solid angle correction

The correction is necessary due to a small change in
counts of spectrum data caused by the change in solid angle
subtended at the absorber during Doppler motion. To apply this
correction to the spectrum data in the computer program, the
following equation were used

(correct no. of counts of nth channel)
= (no. of counts of nth channel)

(no. of counts of 384th channel) x 0 )2
(no. of counts of 128th channel) 128

x (1=

positive for O < n = 128, negative for 256 < n < 384;
(correct no. of counts of nth channel)

= (no. of counts of nth channel)

(no. of counts of 384th channel) x 128 - n )2

(no. 6f connts of 128th chasnnel) n

x (1 +

positive for 128 < n £ 256, negative for 384 < n < 512,
These equations are derived from the relation between the velacity
of moving source and the number of counts of each channel of the
spectrum data.

The geometric relation between the solid angle - of
emission relative to the absorber and the rélative position r
between source and the absorber gives

(a+an)/n = 2/ (rror)?



wherea ©2and & r are the changes in the solid angle and the
source-absorber distance, and displacement of the source during

Doppler motion, respectively. This is shown in Fig. IV-1.

.
I_

Fig. IV-1 Source-absorber distance and the solid angle of
emission relative to~the absorber.

The moving source has maximum velocity at equilibrium
position and zero velocity at maximum displacement. Assuming
that the intensity of transmitted gemma kay photon through the
absorber is constant for the energy within the range of velocity
scale of observation, as in Fig. IV-2, the square root of the
number of counts in each channel increases linearly from A at
velocity -v to maximum point B at zero veloeity, then decreases
to the point C at velocity +v, and changes symmetrically from
velocity scale +v to -v through C,D and E.

We assume that ¢ is the number of counts of one of the
spectrum data, when the source is at equalibrium position, a ¢

is the change in number of counts corresponding to displacement
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Fig. IV-2 The lineality of the relation between the square root
of no. of counts and the velocity scale.

ar of the source. For a point between the position of meximum

displacement in either direction and the equilibrium position

of the source, we have

Ay = kvz

(Iv-4)
k being the proportionality constant, The probability of trans-
mission is proportional to the square of the counts, and from
Eq. IV-4 we can write '

2 2 2

tafn | r = r = ¢
<L (r +Ar)2 (r + k'vz)z (¢ +a Q)?
this gives
v:a = constant x ac (IV=5)

This relation leads to the equation for the correction of

spectrum data.



3. Curve fitting to M8ssbauer Effect spectra

Tue to some irregularity in the motion of the
source and the rancdom nature of decay process in the
detector, the spectral data on the gamma ray resonant
absorption are generally scattered, such that the outline
of the specta are not smooth curves, For this correction,
a Laurentian outline of resonant absorption is assumed,

given by

= AT
L (ny) = - (np - nx? (Iv-1)
A being the amplitude, n, the channel number; np the channel
number of peak position, and [* being the half width of
resonant absorption line.

A least square method was applied to minimize the
uncertainty in the-éxperimenta} data, and the best fit
Laurentian curve was found with the help of CDC (8800)

computer at Sir Ceorge Williems University.

C. Experimental results and discussion
1. Calibration of the velocity scale

To measure the magnitude of isomer shift and quadru-
pole splitting in the corrected spectrum, calibration of
the velocity scale is necessary, since the velocity of the
source set on the spectrometer may not be its real velocity.

For the calibration of the velocity scale, generally an



absorber of known transitional energy is used as a stané-

arc. For instance, in the case of metallic iron, magnetic

f

hyperfine splitting occurs at the velocities 8, = 0.3924 cm/sec

for the ground state, and & = 0..244 cm/sec for the excitead
state. These velocities can be determined by nuclear mag-
netic resonance study. Thus, when iron is used for calibra-
tion, one can easily determine the number of channels n
existing between the third and fourth pesks in the spectrum,
which in fact corresponde to the third and fourth trensition
lines shown in Fig. III-1 in Chapter III. The energy differ-
ence between these lines is g, ~ & = 0.1680 cm/sec. Divid-
ing this energy difference by the channel number n, one
can establish the correspondence between velocity scale
and the various channels.
2. Measurements of isomer shift and quadrupole splitting
Tab. IV-1 gives the observed values of isomer shift
and quadrupole splitting in units of cm/sec. Column 1 in
this table gives the chemical:iformulae of compounds used
as absorbers; in column 2 are given the observed isomer shift
with respect to sodium nitroprusside; and the observed qua-
drupole splitting in different compounds are given in column

4.
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Chemical formulae I. S. with I. S. with Q. S.
respect to respect to
57 . sodium
of the absorbers Co in Cu nitroprusside
(em/sec) (cm/sec) (cm/sec)
FeSO4-7H20 0.101 0.150 0.274
FeC12-4H20 0.098 0.147 0.286
Fez(SO4)3-9H20 0.021 0.Q70 0.0580
FeClS-GHZO 0.014 0.063 0.068
Fe(N03)3.9H20 0.013 0.062 0.070
Fezo3 0.007 0.056 0.014
K@Fe(CN)6-3H20 -0.027 0.022 o
Na2Fe(CN)5NO-2H20 -0.049 0 0.169

Tabe. IV-1 observed values of isomer shift and quadrupole

splitting of different iron compounds.

3. The calculation of electronic charge density at nucleus
from observed isomer shift

The constant factor C in the equation

&R

ns.=cx 2 x (W 20 - ¢ 20 s o)

has been calculated by Shirley (ref. 16) and can be expressed

as
42 o2 R ¢
5 Eg

15.6 x 10720 x 2 4%/3 g1 an/sec  (Ep in kev)
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o7

For Fe™', the atomic number is Z = 26; the mass number is

A = 57, and Ep= 1l4.4 ke¥, this gives

a4 emg/sec

C = 4.1787 x 10
S(Z) is the relativity correction factor and is equal to
1.32 for iron (ref. 17).
Using sodium nitroprusside as standard substanée,
and substituting in Eq. IV-2 the measured values of igomer
shift in column 8 of Tab. IV-1l, the constant C, S(Z) and

R/R = -1.8 x 10°

from the theory of shell model, the
electronic charge densities at nucleus in various compounds
relative to sodium nitroprussige were calculated. These

values are given in column 3 of Tab. IV-2.

ic; 2 2
Chemical formulae qva (0) - qJSNP (0) qjaz(o)
-3 -3
of the absorbers (ao. ) (ao )
FeSO4o7H20 -2.,36 11880.54
FeClzo4H20 -2.20 11880.78
Fez(SQ4)3-9H20 -1.06 11881,.74
Fe013-6H20 -0,95 11881.81
Fe(N03)3o9H20 -0.94 11881.84
Fezo3 -0,84 11881.96
K@Fe(CN)6-3HbO -0.33 11882.47
NazFe(CN)sNO-ZHEO 0 11882,80

Tab., IV-2 Electronic charge densities at nucleus in

different iron compounds. a, stands for the

atomic unit and is equal to 0.5292 X.
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From the calibration curve of WWwJ plot (ref. 8),
the electronic charge density at nucleus in sodium nitroprusside
is estimated to be 11882.80 ao-s, where a  is the atomic unit
and is equal to 0.5292 £. Adding this value to column 3 in
Tab. IV-2, the electronic charge densities in different com-
pounds were obtained and are given in column 4 of this table.
A sample of the above calculation is given in Appendix III.

By using Roothaan-Hsrtree-Fock method (ref. 18,
19, 20, 21, 22, 23, 24), the electronic charge density at

nucleus of s-electron can be calculated from the wave func-

tion,

n +% n -1 -t
Wina™ Zp Ci)\p [(Zn)\p)!]'% (zsxp) S N T SAp

‘Y, (8, #)

More detail about this wave function as well as the sample
calculation of electronic charge density at nucleus is given
in the Appendix IV.

Fig. IV-3 gives the cuslibration curves of 4g-electron
percentage contribution for different iron compounds. These
curves are obtained from the modification of WwWJ (ref. 8)
curve.

The values of 4s-electron percentage contribution
for each compounds cbtained from this graph is given in

'Iabo IV-30
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Fig. IV=3 Calibration curve of 4s-electron percentage

contribution.




Chemical formulae 4s-electron percentage
of the absorbers contribution
Feso4-7H20 0

FeCl,+4H,0 1.5
sz(SO4)3-9H20 o

FeClS-6H20 2.3

Fe (NOg) 5+ 9H,0 2.5

Fe 0, 3.2

K,Fe(CN) g+3H,0 53.0
NazFe(CN)5N002H20 62.0

Tab. IV-3 4s-electron percentage contribution for different

compounds.

The theoretical electronic charge densifies at
nucleus are given in column 2 of Tab, IV-4. The percentage
difference between calculated electronic charge densities and
empirical values found in this investigation are given in
column 4. A sample calculation is given in Appendix IV.

3. Explanation of the discrepancy of the results

The theoretically calculated charge densities are
glightly higher than the empirical values. The discrepancy
may be due to partial neglect or too low estimation of the
effect of d- and p-orbitals to the inner s-orbitals by
Roothaan-Hartree-Fock method. The charge density is of the

order of the square of the magnitude of wave function.



| Chemical formulae | Calculatedé | Empirical | Percentage
electronic | values of | difference
charge electronic | between the
censities charge values in
at nucleus | densities column 2
at nucleus | end 3
(a.~%) (a %)
o o
FeSO4°7H20 11898,65 11880,.54 0.160
FeClzo4H20 11898,69 11880.78 0.159
Fe2(804)3'9H20 11900,11 11881,74 0.163
FeClgoﬁHZO 11900.22 11881.81 0.163
Fe(NO3)3°9H20 11900.23 11881.84 0.163
Fe.=203 11900.27 11881,96 0.164

Tab. IV-4 The theoretical values of electronic charge

densities at the nucleus in different compounds.
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Therefore, a small change in wave function will likely intro-

duce an appreciable change in electronic charge density.

4. Quadrupole splitting in Fe compounds and the electric

field gradient

Comparing the quadrupole splitting of different

absorbers, one can see that the splitting for trivalent com-

pounds is much smaller than that for divalent compounds.

This can be explained by the fact that the high spin compounds

of half-filled d-orbitals in trivalent iron compounds have

zero contribution from d-orbitals, and therefore, the quadru-

pole splitting for such compounds must come from the lattice

charg-.



The observed zero quadrupole splitting for

K@Fe(CN)6°3H20 indicates that the iron atom is surrounded

by six equivalent bonds, resulting in a spherically symmetric

charge distribution which causes the absence of quadrupole
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splitting. The weak splitting in the case of NazFe(CN)5N0°2H20

is due to the presence of NO* ion and the disturbance of

spherically symmetric charge distribution by NO+.

Putting the values of excited state quadrupole moment

Q= 0.29 x 107%% cn® in the equation

2
Qs. =248 +1%s)?,

values of q (1 +“q2/3)% for each iron compound calculated are

given in column 3 of Tab. IV-5.

Chemical formulae QeSe in eq (1 + 2/3)% in
of the absorbers eV x 1078 V/cm® x 1017
FeSO4'7H20 11.86 8,176
FeC12°4H20 12.76 8,804
FeCl3°6HéO 2.97 2.049
Fe(NOs)a‘QHZO 3.07 2.118

Fe203 0.61 0.420
K,Fe(CN) 5+ 3H 0 0 ©
NaZFe(CN)sNO’ZH 0 7439 Q.099

Tabe. IV-5 The Q. S. and the values of q (1 + \?2/:3)4k
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5. The calculation of quadrupole splitting for divalent

iron compounds.
In the ionic divalent iron compounds, it is assumed
that the electric field gradient 9 due to the lattice charge gives
a minor contribution, and therefore can be neglected. The

quadrupole splitting in ferrous compounds can be expressed

as (see Appendix II),
2
s = =42 k) <™ x2 Flag,a,

Using Q = 0.29 x 1072% cn®, X = 0.32 (ref. 10), <r 3> a4

3

4,8 ao- » the ground state orbitals, covalency parameters
(ref. 9), and splitting parameters (ref. 10) the quadrupole

splitting are calculated and given in Tab. IV-5.

Chemical Ground state Calculated
formulae

of the d-orbitals A | A1] A

compounds Q.S. (cm/sec)
FeSO4o7H20 dxy 0.08 | 480 1300 0,358
Fe012-4H20 dxz_yz-O.O]‘.dZz 0.08 | 750 2900 0.367

Tab. IV-S Quadrupole splitting of divalent compounds

The difference of the calculated values and the
observed values of quadrupole splitting may be due to the
absence of contribution from electric field gradient due to

the lattice charges. Comparing the quadrupole splitting of
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the two compounds in Tab., IV-l and Tab. IV-5, it is clear that
the contribution of electric field gradient due to the lattice
in these compounds are close to each other.
6. Calculation of internal magnetic field

For F9203, the six spectrum lines are nét uniformly
distributed as for Fe&7. There is a perturbation due to
quadrupole interaction. The enémgy levels due to the combined
effect of magnetic hyperfine intefaction, the quadrupole
interaction and the isomer shift are shown in Fig. IV-4.

Mr

+3/2 _ /:: s deqa
—

wa | 3 s.j_\f:: '''''' SR

-1/2

-3/2 \ o el T

—
14.4 keV = _— —
e |
+1/2 180 &o
Fe metal Fe203

Fig. IV-4 Schematic energy levels of Fe and FeZOB'
The values of go' and g, ' measured for Fezo3 are

g&,' = 0.345 em/sec
g ' = 0.615 cm/sec

At room temperature the internal magnetic field in metallic



iron is 333 kOe (ref. 25). Therefore, using the relation
g, "/go = H/333
g '/8 = H/333

with H in kOe, the internal magnetic field of Fe203 is
found to be 515 kOe. This value is in good agreement with

that obtained by Kistner and Sunyar (ref. 9).



Appendices
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Appendix I

Nuclear Hyperfine Ipteraction

The Coulomb interaction Hamiltonian between the
nucleus and electron is given by
e,n ITh el
where the subscript n and e refer to the nucleus and electrons,

respectively. The multipole expansion of —rfr—————j- for

Tl >ty | gives L
1 £ 3 1 n
I - TAT f20 Meen BRI g T
n e e
%, ,2) v¥e , o) (A1-2)
L ‘"n? % L e? e

YLM(Q, @) being the spherical harmonics.

According to the definition of the electric multipole moment,
2 -
My(EL) = Z & |7y | v, e, 8 (A1-3)
The electrostatic interaction Hamiltonian is given by
() S 1l 2 -1
H(E) =41 -1
L=0 ==

M, (EL)  V_, (EL) (A1-4)

where the spherical field tensor V (EL) is defined as

V. (EL) = e M ) (41-5)
M B zz p Ll L (ee » Yo -

e



54

A. Monopole interaction

For monopole interaction L = O, the Hamiltonian
in Eq. Al-4 is given by,

e
H(EO) = Z2e £ == (A1-6)
e

This interaction causes a shift of all nuclear levels, which
is not generally observed. The derivation of this interaction
is based on the assumption Ire|< R, R being the nuclear
radius. As a matter of fact, the wave function of atomic
ele ctron does not vanish inside the nuecleus. Therefore, we
assume that the energy shift depending on the charge dis-
tribution inside the nucleus, is caused by the interaction
between the electon charge density and the nuclear charge
density inside the nucleus.

The electrostatic interasction energy between the
electron cherge density ef,(r,) and the nuclear chargs

density ef (r ) inside the nucleus is,
n‘'n

= 2 Pn(rn) Pe(re) _
E(0) = -e // T, dTe: ct’(“n (A1-7)
If the density /°(r) is averaged over a sphere of radius r,
such that
£*(0) =7}Tf/f’(r) sin © do ag (A1-8)

then E(0) becomes,

() "(z)
E(o)=---(4.lre)2//’on T’ Lo '%e r?ar 12 ar

Ie e e n n
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2 o /r 1 1 .
= - (ame?) // (L - L) e xp )
e 0 o rn I‘e e eﬁ.’l n
rzdr +

2
ry- dr, T, n - By (A1-9)

where Eo is just the Coulomb energy for a point nucleus

and can be written as

(p, '(r.)
Eo=-Ze2 Pire—e— a =, (A1-10)

Let us consider the density in thenuclear region
only, P '(r,) then becomes
P,'(0) = e YF(0) (A1-11)

The difference between the interactions E(0) and Eo is
de=—g1 o yio [rfr @ ar,
=£T % z YZ0) <z 2> (A1-12)

If the nucleus with radius R is uniformly charged

2

|

3. Ré
<rn>-5 R

and Eq. Al-12 cen be written as

2E = —‘g—ﬂ z &g \PZ(O) (A1-13)

For nuclear transition from level b to a, the change S E
is shown in Fig. Al-l.

The difference in quantity & @E) between the source
and the absorber gives rise to the.isomer shift and the

expression for it is;
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excited
state Ea

E

0
ground
state absorber
Fig. Al-1 The origin of isomer shift
2 ,.2(.2__2 20y 2‘ _
I.S. =—% Ze IRe Rg”‘l’b (0) \Pa (0) (A1-14)

Subscripts e and g refer to an excited and a ground state
of the nucleus, respectivdly. If éR is the dlfference

be tween R and Rg

a

I.S. = & z &2 ftp 2(0) - W _2(0) | B? §-§— (A1-15)
absorber source

B. Quadrupole interaction

Teking the higher order term (L = 2) for quadru-
pole moment in the electrostatic intersction Hamilténian
of Eq. Al-4, we have

(£2) = £ 1L 5 (e1) M. (E2) V . (E2) (A1-16)
Hy =l) My -M
M==2

The matrix element of HQ is given by
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L' | uez2) | o> ’
= LI ()T’ (_i ; :1) <I[M(E2){ I>

x V_p(E2)
m being the magnetic quantum number. If the electrostatic
field is quantized with respect to z axis fixed in space, and
# is defined as the electrostatic potential at the nucleus, then

in Eq. Al_s,

V,,(E2) = 0
v, (E2) + v_(s2) = L. [X> (278 >
+2 -2 3 A 8Jr 3::2 byT
v (E2) = —1- /—.}?—r— ;—g (A1-18)
=z
therefore,
L' | B@E2) | m >
_ -1 I 22
= (-1) } ( m) x <|M(E2)| > ;z%

+ ]18'5*; (_:1 | g > <|M(E2)| >

1,22 2°¢
5 S_g_ - 5;2-)} (A1-19)

X

The definition of quadrupole moment gives

4}351—— Q1 |w,2)| 1> (A1-20)
o[, 21 tar - 1) & [u@E)| T>

[(21+3) (21+2) (2141)21)?

e Q

On evaluating the 3j-symbols and substituting, we obtain the



expression for quadrupole interaction

E(Mp) = <[mlH(E2)' @
2
= equ 3m2-I(I+l)} (1 + X2
41 (21 - 1) [ i 3
(A1-21)

where YI is the symmetry paremeter defined by

- -3 x2 P} ¥
D2

C. Magnetic interaction

The magnetic moment M4 is expressed as

M= T G o] >
I 1 I
= [£x (-1 ] 1) <1 M(ML) >

= [AD I > -
8 [(2I+1)(I+1)I]? <I uom) |1 (41-22)

M(ML) is a vector operator of static dipole moment and can be

written in the form

b

/4J =g My I (A1-23)

The Hamiltonian of the interaction between a magnetic

dipole moment /44 and a magnetic field B is,



H(ML) = = #B = -, B

- /——g‘l M_(M1) B (A1-24)

If the z-axis is so chosen that its direction is parallel to

B, the interaction matrix is

<Im' | non) I@ /_%_T—r B émlmo(m)l Ib (41-25)

when m = m'

' _| AT m
é IH(MI)I® ]_;—B ((e1-1)(1+1)1] ®

<& |uon) | > (A1-26)
From Eq. Al1-23, we obtain

Em) = (Im | HO)| i§:>
= - g BUym (A1-27)
with
B =T, I-l,ecerer, -

59



60

Appendix II
Electric Field Gradient

A. The electric field gradient due to 3d-electrons
For a charge e at a distance r from the nucleus,

the electric field gradient is

_ 98 e
eq = 222 ("‘ T )
3 cos2 e -1
= =g ( 3 ) (Az-l)
r

where © is the angle between the radius vector r and the z-axis

(See Figo A2-l) e

Fig. A2-1 Polar coordinate of a charge e.

When the electron charge is distributed over an

orbital, the expectation value is

-0L3 cos2

e

we can write

3 cos? e~-1=2 (_%l[)t Yzo (A2=2)

and that



£ Ypm' I YLM | g,2>
' ' - 1) 18 7 & 0
1 L
= (-1)C [(22 *1)(ZL*1)(2 ) ] ( )

-m' it m
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X (é 3 g) (42-3)

with =-m'+ M +m =0
Here YLM is an operator, L is the orbital angular quantum
number operator, M is the magnetic quantum number operator;
? and {* are theelectron orbital angular quantum numbers; m
and m' are the magnetic quantum numbers. (-1%1 '. i{‘ ﬁ is
the 3j-symbol. If we consider the d-orbital

<Y2m'IY2:°’lY2m> = (-1)'m' 5(-%—]1.— )% (_nzl" g i) ((2) g

(A2-4)
with the condition m' = m

The value of 3j-symbol for different values of m are given

in Tab. A2-1.

m (= & 2Z2)
2 2(1/70)%
1 (1/70)%
0 -2(1/70)%
-1 (1/70)*
-2 2(1/70)%

Tab. A2-1 The values of 3j-symbol for -2 m 2.

5)



Therefore, we obtain

-1
eq <:r-§;>-1 =4f:§ cos® 6 -;::><E—lgi>>
| r

-4/7 for d o
pA

4/7 for 4
<2 - yz

= 4 =2/7 for d, .

-2/7 for 4

VZ
4/7 for dXy
Similarly
2 2
- (2 ) __e
ca = (37 - 52 -5)

3 sin © cos2 e - sin2 2

r3

[}
!
"

Also

2

sinz 8 (cos“ @ - sin2 g) = —%ﬂ; ( Y22 + Y,
and

<:?2m |Y22 * Yz-z I;;E>

= =10 (=¥ (FF ()®

2 2 2 ) 2 2
+
-m* 2 m -m' =2

with the conditions,

m' = 2, 1’ O’ -1’ -20
m = 0, -1, %2, 1, oO.
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(A2-5)

(A2-6)

(A2=7)

(A2-8)
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The expectation value of Y22+ Yz"2 vanishes for m or m'

equal to *2 and O, i.e., for dzz ’ dxz-yz and dxy.v
Using
1 2 21y 1N - _ %
gt 11,2 + 1,720, > = —(2/7)(15/8) (42-9)
in Eq. A2-8, we get
0 for dzz
0 for dxz_y2
q<r~ 21 - 0 for d,, (A2-10)
6/7 for dyZ

-6/7 for dzx

q can be reduced from the free ion value by the
following factors: (a) the crystal field at finite temperatures,
(b) covalency effect. The effect of the crystal field 1lifts
the level of degeneracy. According to Ingalls (ref. 10), the
electric field gradient should be multiplied by the covalency
parameter &2 and a function

F=2" (1+exp-24;/kT + exp-24,/KT = exp-4, /kT
- eXpﬁA2/kT - exp-(AI*AE)/kT
Z =1 + exp-4 /kT + exp-lb/kT.
where 4, and 4, are the splitting pai-émeters. The function
Fcél,csz, T) containing the different Boltzman populations

of these orbitals account for the variations of the quadrupole

splitting at different temperatures.
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B. The electric field gradient due to lattice charges
The electric field gradient due to distant point
charge e; are exppessed by summing terms of the form of

Eq. A2-1 and A2-5. Thus, we have

N 3 coszei -1
ca= = o —g
i= ry
2 (A2-11)
N 38 sin Oi cos ¢i
e q q = = e —3
i=1 i

Here (ri, 61, ¢i) are the position coordinates of charge e;.



63

Appendix III
Calculation of Electronjc Charge Density at Nucleus,

in Iron Compounds from Experimental Results

For Fe504-7H20, the isomer shift with respect to

NazFe(CN)SANO°2H20 is found to be 0.151 cm/sec a&s in Tab. IV-1.
Substituting this value and the other factors into Eq. IV-1,

we have
0.151 cm/sec = 4.1718 x 10°* cn®/sec x (1.8 x 1079
2 2 -3
b'q S\Pa (0) - LPSNP (0)} cm © x 1,82
2 2 1.51 -3
W (o) - (0) = . _ cm
a Ve 4.1718 x 10™%% x 1.8 x 10°° x 1.52

X 1.48 x 10729 cma/aOB

The factor 1,4820 x 1072° cm3/a03 is for converting

the unit of electronic charge density em™3 to 30-3. Since

2 -3
Yqp (0) = 11882.80 a,

therefore,

Y 2(0)

a

(11882.80 - 2.36) ao‘3
11880.54 a =2

]
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Appendix IV

Calculation of Electronic Charge Density at Nucleus

The Hemiltonian of Roothaan-Hartree-Fock equation

can be written in the form

- 1o 2 z 1
H = - V - + R
Z (- 5V, Ty ) z;b I, (44-1)

The total wave function {) is in general the sum of several

Slater determinants
= Z L @ (A4-2
Q g g 8 )

¢ig-;isfan antisymmetrized product of spin-orbitals, which is
ob'tained by solving the Roothaan-Hartree-Fock equation.

The orbitals in each ¢g are characterized by the
indices A, X and i, the index A, which indicates the symme try
species, corresponds to the quantum number { ; the index <,
which indicates the subspecies, label the individual members
of the degenerate set, that transform according to the repre-
sentation A; and the index i, refers to the ith orbital of
symme try M.

The orbital Q)iM is expanded in terms of basis

function according to

a. = C. (A4~3)
irak % )()p)\‘* ixp

The subscript p refers to the pth basis function of symme try

M. The basis function can be written as

DCPM (r, 8, 9) = R]\p (r) Y,f (e, 2) (A4-4)



where
n _+% n -l r
Rop = [(amy) 1 (25,0 ¥ ¢ P e »p (A4-5)

and Y;T(G, @) are normalized spherical harmonics.

Since only the s=-electrons have the contribution of
charge density at nucleus, we consider the wave function of
nAp = AN+ 1 =0 only. The wave function for the s-orbital
thus becomes
1

3/2 3/2 _

For iron, i has the value from 1 to 4 corresponding to
ls, 28, 3s and 4s orbital. |

Phe values of the parameters are given in "Pables
of Atomic Functions" by Enrico Clement. For iron of 5D state,

the basis functions and the parameters are given as (ref. 16)

S 1 = 25.87820 \S o = 38, 73300
Cq1 = 0.95050 Cqio = 0.02057
Co1 < -0.31119 C oo = 0.00637
C a1 = 0.11608 C g9 = -0.00282
C 49 = =0.02430 Cyo = 0.00041

Substuting these values into Eq. A4-6, the wave function of

an electron corresponding to each s=~orbital is obtainegd,

87
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;= 73.39
¢ g = —22.24
8.23

-6
0
n

sg4= - 1.76

The electronic charge density of each electron at nucleus
is then the square of the wave function, therefore (ref.

17, 18, 19, 20, 21, 22, 23),

P ;= 5886.36
P o= 49.5
P 5=  67.86
P 4= 3.11
0y -3
in ao .

There are two electrons in each of 1ls, 2s and 3s
orbital and 4s-electron percentage contribution of each
compound is given in Tgb. IV-3. The electronic charge density

at nucleus is then equal to
ZPI + 2P2 +2f>3 +XP4

X being the 4s-electron percentage contribution.
For FeClz-4HzO, X is found to be 1.5 %, therefore,
the electronic charge density is
2 x (5382.56 + 494,50 + 67.86) + 3.11 x 1.5 %
= 11898.69
-3

in a, .



Appendix V

M8ssbauer Effect Spectra for Different Iron Compounds

Fig. AS5-1 through AS5-8 give the corrected

M8ssbauer Effect spectra observed in our experiments.
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Fig. A5-1 The MYssbauer Effect spectrum of FeSO4-7H20

at room temperature.
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Fig. A5-2 The M8ssbauer Effect spectrum of Fe012-4

at room temperature.
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Fig. A5-3 The MYssbauer Effect spectrum of Fe(504)3

at room temperature.
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Fig. AS-4 The MYssbauer Effect spectrum of Fe013'6H20

at room temperature
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Fig. A5-5 The MBssbauer Effect spectrum of Fe(NOg)g*9HS0

at room temperature.
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Fig. A5-6 The M8ssbauer Effect spectrum of Fe203

~at room temperature.
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Fig. A5-7 The MUssbauer Effect spectrum of K4Fe(CN)6°3H 0

at room temperature.
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Fig. A5-8 The M8ssbauer Effect spectrum of

NaZFe(CN)SNO-ZH 0 at room temperature.
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