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Preface

Since the discovery of the Mossbauer Effect many excellent books have been
published for researchers and for doctoral and master level students. However,
there appears to be no textbook available for final year bachelor students, nor for
people working in industry who have received only basic courses in classical
mechanics, electromagnetism, quantum mechanics, chemistry and materials sci-
ence. The challenge of this book is to give an introduction to Mdssbauer Spec-
troscopy for this level.

The ultimate goal of this book is to give the reader not only a scientific
introduction to the technique, but also to demonstrate in an attractive way the
power of Mdossbauer spectroscopy in many fields of science, in order to create
interest among the readers in joining the community of Mdssbauer spectroscopists.
This is particularly important at times where in many Mossbauer laboratories
succession is at stake. This book is based on tutorial lectures, organized at the
occasion of the 2011 International Conference on the Application of Mdssbauer
Spectroscopy (ICAME2011) in Kobe.

In Chap. 1 is written by Saburo Nasu, the reader will find a general introduction
to Mossbauer Spectroscopy. What is the Mossbauer effect and What is the char-
acteristic feature of Mossbauer spectroscopy? These questions are answered briefly
in this chapter. Mossbauer spectroscopy is based on recoilless emission and res-
onant absorption of gamma radiation by atomic nuclei. Since the electric and
magnetic hyperfine interactions of Mossbauer probe atom in solids can be
described from the Mdssbauer spectra, the essence of experiments, the hyperfine
interactions and the spectral line shape are discussed. A few typical examples are
also given for laboratory experiments and new nuclear resonance techniques with
synchrotron radiation.

Chapter 2 is devoted to chemical applications of Mdssbauer spectroscopy, and
the authors are Philipp Giitlich and Yann Garcia. They begin with a brief reca-
pitulation of the hyperfine interactions and the relevant parameters observable in a
Mossbauer spectrum. The main chapter with selected examples of chemical
applications of Mossbauer spectroscopy follows and is subdivided into sections on:
Basic information on structure and bonding, switchable molecules, mixed-valence
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compounds, molecule-based magnetism, industrial chemical problems like cor-
rosion, and application of a portable miniaturized Mdossbauer spectrometer for
applications outside the laboratory and in space. This lecture ends with an outlook
to future developments.

In Chap. 3, Robert E. Vandenberghe describes the applications of Mossbauer
spectroscopy in earth science. With iron as the fourth most abundant element in the
earth crust, °’Fe Mdssbauer spectroscopy has become a suitable additional tech-
nique for the characterization of all kind of soil materials and minerals. In this
chapter a review of the most important soil materials and minerals is presented. It
starts with a description of the Mossbauer spectroscopic features of the iron oxides
and hydroxides, which are essentially present in soils and sediments. Further, the
Mossbauer spectra from sulfides and carbonates are briefly considered. Finally, the
Mossbauer features of the typical and most common silicate minerals are repre-
sented. Because the spectral analysis is not always a straightforward procedure,
some typical examples are given showing the power of Mossbauer spectroscopy in
the characterization of minerals.

Chapter 4 concerns with Fe-based nanostructures investigated by Mdossbauer
Spectrometry, and the author is Jean-Marc Greneche. For the last two decades,
numerous projects and studies were devoted to nanoscience and nanotechnology.
The understanding of physical properties requires to correlate the structural,
chemical and physical properties of nanostructures. Numerous new characteriza-
tion techniques appear for the same period to investigate structural properties at
local nanometer scale. But further local spectroscopic techniques including zero-
field and in-field °>"Fe Mossbauer spectrometry have to be used in order to probe
surface and bulk structures, to determine the role of surface or grain boundaries in
the case of nanoparticles and nanostructured powders and static magnetic prop-
erties or superparamagnetic relaxation phenomena in the case of magnetic nano-
structures. He illustrates thus how in situ >’Fe Mossbauer spectrometry can be
extremely relevant when it is used to investigate local properties of nanocrystalline
alloys, nanostructured powders, nanoparticles and assemblies of particles and
functionalized nanostructures and mesoporous hybrids.

In Chap. 5, subsequently, Mossbauer studies on magnetic multilayers and
interfaces are explained by Teruya Shinjo and Ko Mibu. Mdossbauer spectroscopy
has been used as a fundamental analytical tool to characterize various magnetic
materials. It is described in this chapter that a magnetic hyperfine interaction
observed in a Mossbauer spectrum is information particularly useful to investigate
magnetic materials. Examples of studies on various magnetic materials utilizing
>Fe and also ''”Sn Mossbauer effect measurements are introduced. Modern
devices including magnetic materials often consist of multilayered structures and
therefore interface properties of ultrathin magnetic layers are of great importance.
Mossbauer spectroscopic studies focusing on magnetic properties of multilayers
and interfaces are described and unique information obtained from Mdssbauer
spectra is explained.

Finally, in Chap. 6, Guido Langouche and Yutaka Yoshida provide “implan-
tation Mossbauer spectroscopy” between 1983 and 2011, where three accelerator
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facilities, i.e., Hahn-Meitner Institute Berlin, ISOLDE-CERN and RIKEN, have
been used for materials research. The techniques developed are “Coulomb-exci-
tation and recoil-implantation”, “on-line isotope mass separation and implanta-
tion” and “projectile fragmentation and implantation”, respectively. The physics
on dilute atoms in materials, the final lattice sites and their chemical states as well
as diffusion phenomena can be studied immediately after each implantation of the
nuclear probes. In order to get such atomistic information, however, it is quite
important to select a proper system investigated in a research project, and in
addition, to consider both the defects produced near the nuclear probes and their
motions during the measurements.

In the last few years many leading scientists in our Mossbauer community
passed away in different countries: Hendrik de Waard, Uli Gonser, F. E. Fujita, and
recently also Rudolf L. Mdssbauer, the discoverer of the effect called after him.
We all are strongly indebted to their research work which has been challenging
during their whole life. We are extremely grateful to them, and we will do our best
in transferring their heritage to the next generations of the Mdossbauer family.

Fukuro, September 2012 Yutaka Yoshida
Leuven Guido Langouche
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Chapter 1
General Introduction to Mossbauer
Spectroscopy

Saburo Nasu

Abstract This chapter describes a general introduction of the Mossbauer spec-
troscopy. What is the Mdossbauer effect and what is the characteristic feature of the
Mossbauer spectroscopy? These questions are answered briefly in this chapter.
Mossbauer spectroscopy is based on recoilless emission and resonant absorption of
gamma radiation by atomic nuclei. Since the electric and magnetic hyperfine
interactions of Mdssbauer probe atom in solids can be described from the
Mossbauer spectra, the essence of experiments, the hyperfine interactions and the
spectral line shape are discussed. In addition, the experiments and the new reso-
nance technique with synchrotron radiation have been also briefly described.

In 1956 and 1957, young physicist R. Mossbauer has performed the experiments
concerning the scattering of the 129 keV y-ray of '’'Ir by Ir and discovered an
increase in scattering at low temperatures. Results obtained and his interpretations
were published in 1958 [1-3], which is the beginning of the Mossbauer effects
study and its development as the Mossbauer spectroscopy. The Nobel Prize for
physics 1961 was awarded to him [4]. Mossbauer spectroscopy is the recoilless
emission and the recoilless resonant absorption of the y-ray by the nucleus. After
the >"Fe is found as the most suitable nucleus for the recoilless resonance, the STFe
Mossbauer spectroscopy is recognized as one of the powerful analytical tools for
the study in the fields of solid states and material science. Up to now the
Mossbauer spectroscopy is contributing to the progress in physics, chemistry,
biology, metallurgy, mineralogy and so on.

In this chapter, we present a general introduction to the Mdssbauer spectros-
copy, although the many excellent textbooks for the Mdssbauer effect and its
spectroscopy have been already published [5-15]. First we discuss the nuclear

S. Nasu (PX)
Osaka University, Toyonaka, Osaka 560-8531, Japan
e-mail: sabunasu@yahoo.co.jp

Y. Yoshida and G. Langouche (eds.), Mdssbauer Spectroscopy, 1
DOI: 10.1007/978-3-642-32220-4_1, © Springer-Verlag Berlin Heidelberg 2013



2 S. Nasu

levels and their decays and then discuss the radiation of y quanta. Nuclear levels
are influenced by the magnetic fields and the electronic charge through the
Coulomb interactions, which is so called hyperfine interactions of the nucleus, and
discussed in this chapter. Recent development of the synchrotron radiation facil-
ities made possible to use this modern X-ray source as a source for the nuclear
resonance instead of the radioisotope. Brief description for the nuclear scattering
with the synchrotron radiation is presented in the final section of this chapter.

1.1 What is the Mossbauer Effect?

Mossbauer effect is, as already mentioned, the recoilless emission and the
recoilless resonant absorption of y photons by the nucleus. Two nuclei, which are
in principal identical nucleus, are necessary to observe the Mossbauer effect.
Source is the nucleus, which emits y photon, and the absorber is the nucleus that
resonantly absorbs y photon. Since the source emits y photons, source nuclei have
unstable nuclear levels and prepared in principally by the nuclear reactions
induced for the stable nuclei by the bombardments of particles like deuteron,
proton and neutron so on. Excited nucleus is a parent nucleus having a moderate
lifetime and decays to the first excited state of Mossbauer source nucleus, which is
followed, by the decay to the stable ground state of the Mossbauer nucleus. Decay
to the ground state creates the emission of y-ray photons. The y-ray energy emitted
from nucleus is usually very high compared to the photons emitted by the atomic
process. During the emission and absorption of y-ray, the momentum and energy
conservation law needs usually the recoil of the nucleus. However, when the y-ray
has relatively low energy and the source nuclei embedded in solid, there is a large
probability to have zero recoil energy (recoilless) in the y-ray emission process. In
the same way for the absorption process, there is a large probability to have
recoilless resonant absorption. Figure 1.1 shows schematic illustration of the
source and absorber in a Mossbauer experiment. Creation of the source and the de-
excitation of the absorber after resonant absorption are also indicated. Doppler
velocity is used to modulate the y-ray energy by the first order Doppler effect, for
example, by the mechanical motion of the source. What is the Mossbauer effect?
The answer for this question is, by one word, as follows; that the Mossbauer effect
is recoilless emission and absorption of y photons by atomic nucleus.

1.1.1 Nuclear Levels

As shown in Fig. 1.1, the parent nuclei for Mossbauer experiment should have a
moderate lifetime (for °’Fe Mossbauer experiment, >’Co has a half-life 270 days).
After the decay of the parent nucleus by « or f# and so on to the excited state of
Maossbauer nucleus >’Co decays by E. C. (electron capture) to *’Fe excited states.
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Unstable parent nucleus

adpny.. s Excited state

Stable nucleus
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—_— Detector

Doppler velocity

Fig. 1.1 Schematic illustration of the source and the absorber in a Mdssbauer experiment

Finally this excited states decay to ground state of the Mdossbauer nucleus. For
57Fe, S7Co decays to two excited states of 57Fe, but decays 99.8 % to the lowest
energy level 14.4 keV that is called as a first excited state from ground state of
7Fe. Ground state of >’Fe is a stable nucleus and shows no decay. Each nuclear
level has a unique energy, spin, parity and decay constant A (probability of
decaying per unit time). Ground state is, of course, zero energy and decay constant
is zero.

1.1.2 Decay'

From the definition of A, the number decay in a time df is given by
dN = —AN(t)dt (1.1)

where N(f) is the number of particles present at time t. Integration yields the
exponential decay law,

N(t) = N(0)e ™. (1.2)

Figure 1.2 shows log N(¢) versus ¢. Half-life and mean life (lifetime) are indi-
cated. The mean life is the average time a particle exists before it decays; it is
connected to 4 and 7/, by

I tip
= - == =144t . 1.3
T 2 1/2 (1.3)

! Frauenfelder H. and. Henly M. E: Subatomic Physics (Prentice-Hall, Inc., Englewood Cliffs,
New Jersey 1974).
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Fig. 1.2 Exponential decay logN(1)
Mean life, T
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To relate the exponential decay to properties of the decaying state, the time
dependence of the wave functions of a particle at rest is shown explicitly as

Y1) = p(0)e M. (1.4)

If the energy E of this state is real, the probability of finding the particle not a
function of time because

W (n)*= [w(0)" (1.5)

A particle described as a wave function as shown in (1.4) with real E does not
decay. To introduce an exponential decay of a state described by (¢), a small
imaginary part is added to the energy,

1
E=Eo—il, (1.6)

where Ey and I are real and where the factor % is chosen for convenience. With
(1.6), the probability becomes

W ()= [¥(0) e~ "™, (1.7)
It agrees with the exponential law (1.2) if
I'=/h. (1.8)
With (1.4) and (1.6) the wave function of a decaying state is
W(1) = (0)e /e TN, (1.9)

By the Fourier inversion of (7) to g(w), g(w) is given by



1 General Introduction to Mdssbauer Spectroscopy 5

s}
1 .
g(w) = —=y(0) / dte o/ =TI (1.10)
0

N

or

¥(0) in
V2 (ho — Ey) +iT/2’

g(w) = (1.11)

where the decay starts at time # = 0 and then the lower limit on the integral can be
set equal to zero. Since E = Tiw, the probability density P(E) of finding energy E is

proportional to |g(w)[*= g*(w)g(w):

K 0)?
P(E) = const.g"(w)g(w) = const. o o |Z()2)|+ a (1.12)
— ko
The condition
+00
/ P(E)dE =1 (1.13)
—00
yields
const. = ———,
w[y(0)°
and P(E) becomes
r
P(E) ! (1.14)

T 2n(E—Eo) + (T2

This equation gives the very important fact that the energy of decaying state is
not a constant and is distributed over a region with a width determined by the
decay constant. The width is called natural line width. The shape of the distri-
bution is called a Lorentzian or Breit-Wigner curve as shown in Fig. 1.3.

Fig. 1.3 Lorentzian 2/nl
distribution curve of decaying

state. I is the full width of

half maximum I(E)

1/nl

Eo E
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From (1.8), the product of lifetime and width is
t-I'=h (1.15)

This relation can be interpreted as a Heisenberg uncertainty relation,
At - AE > h. To measure the energy of the state within an uncertainty AE =T, a
time At = 7 is needed. For 57Fe, the lifetime of the first excited state is 141 ns and
the width of this state given by I' = /i/1 = 4.67 x 107 eV. The ratio of decay
energy 14.4 keV of the first excited state to width is E/T" = 3.1 x 10'? which is
extremely large, that can make the physical measurements in very high precession.

1.1.3 Recoilless Emission and Recoilless Resonant
Absorption of y Photons

Figure 1.1 shows the essence of the Mossbauer effect and the widths of the excited
states of source and absorber are extremely small which is the order of 10~° eV for
57Fe. The width of the emitted y-ray is the order of 10™° eV. When the y-ray
emission and absorption processes do not need any energy and momentum transfer
to nuclei, the resonant absorption of y photons can be expected. However, the
energy and momentum conservation law is always important for the emission and
absorption process of y photons. Consider the y-ray emission process by the decay
from first excite state to ground state of °’Fe, momentum conservation gives
Prucleus = —Pphoton- 1he magnitude of the photon momentum is connected with the
photon energy by Pphoton = Ephoton/C. There will be a recoil energy loss R in this
process. To calculate R, we assume that the photon is emitted by a nucleus of mass
M that is at rest before the decay. Since the nuclei are vey heavy, we can use the
nonrelativistic approximation to connect the magnitude of the momentum with the
recoil energy R that is the recoil energy of the free nucleus and given by

R = P oions/2M = E3 J2Mc?. (1.16)

For the absorption process, the same conservation law should be satisfied. For the
transition Ey = 14.4 keV in The, R is 1.9 x 1073 eV which is 10° times large
compared to the natural line width of the excited state and no resonance between
source and absorber for the free nucleus can be expected. When the nucleus is
bounded into the solid, the recoil energy can be dispersed by the excitation of the
solid. When the source and absorber are the nuclei embedded into the solid, recoil
energy R may be used for the excitation of phonon that is the vibration state of solid.
Phonon is quantized as discrete value in solid and in usual metals the excitation
energy of phonon states is the order of 107'=1072 eV and there is rather large
probability to have a zero phonon excitation in emission and absorption process; in
other word, the recoilless emission and recoilless resonant absorption of photon.
This is the most important characteristic feature of the Mossbauer effect. As a
consequence, the y photon emitted by the decay from the first excited state that has a
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natural line width I' is resonantly absorbed by the absorber nucleus to excite to the
first excited state apart 14.4 keV for 3’Fe from ground state that also has same
natural line width I". Spectrum obtained by the Mossbauer experiment as shown in
Fig. 1.1 consists of the y photon counts passing through the absorber as a function of
Doppler velocity v of the source. By the Doppler velocity v the photon energy E, is
changed by the first order Doppler effect AE = ¥ Ey. Finally Mdssbauer spectrum
consists of y-ray count rate versus Doppler velocity v. Since source line shape is a
Lorentzian with width I" and absorber line shape is also Lorentzian with width I', the
observed spectrum by transmission of the y-ray should have a Lorentzian with width
of 2I" because of the convolution of source and absorber Lorentz functions. This is
an ideal case for the ideal source and very thin absorber. However, the real source
shows a little self-absorption of y photons and the absorber has a finite thickness
showing a thickness effect, although the resultant spectrum is very close to Lorentz
function [17, 18].
A general expression for the fraction of zero phonon or recoilless process is

=m0 = expl-w(e)). (117)

where /1 is the wavelength of the y-ray, k = 2n/4 = E/fic, and (x?) is the com-
ponent of the mean square vibrational amplitude of the emitting nucleus in the
direction of the y-ray. In order to obtain a value of f close to unity, we require
K? <x2> < 1, which requires that the root mean square displacement of the nucleus
is small compared to the wavelength of the y-ray.

Emission of y-ray by the decay from excited state |i) to ground state |f) is
accompanied the conservation of energy and the angular momentum. Using the
quantities denoted in Fig. 1.4, following conservation should be satisfied. For
energy conservation,

Ei = Ef + h(,l)
Angular momentum and parity conservations give
lie = jg| <L <lje +j| and L#0 (1.18)

M| = |m, —mgy| <L and m, = m,m, (1.19)

JomT,)

Fig. 1.4 Initial and final i) =|at);
states of nuclear levels,
photon energy, their angular
momentums and parities

hw LM,

¥ |f)=

B):

JomT,)
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Fig. 1.5 Decay of ’Co o
to *"Fe 270d
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where suffixes e and g denote the excited state and ground state, respectively. It is
known that any 2" pole multipole radiation field carries angular momentum L and
z-component of angular momentum M. The parity 7 of a multipole field is (—1)*
or (—1)*~ for EL or ML radiation, respectively [16].

For the >’Fe Mossbauer level whose parent nucleus is °’Co, the decay scheme is
shown in Fig. 1.5. Spin and parity of the first excited state are 3/2 and —. For the
ground state, spin and parity are 1/2 and —. Because of no parity change the
multipole radiation field of the y-ray emission decaying from excited state to
ground state is M/ and E2 radiation. Higher order multipolarity is less expected
and known as negligible small like 0.0006 % for the 14.4 keV v radiation from the
first excited state of >’Fe [17]. For y-ray, the distribution function F¥(6) can be
found by calculating the energy flow (Poynting vector) as a function of 6 for
multipole radiation characterized by the quantum numbers L and M. For dipole
radiation, one obtains

F)(0) =3sin’0,
3 (1.20)
Fi1(0) =5 (1 + cos® 0).

Usually 3’Co source for the >’Fe Mossbauer experiment is doped into the metal
like Rh matrix and distributed uniformly without self-absorption showing a rather
sharp single Lorentzian energy distribution. Absorber is a specimen to study by the
Mossbauer effect and has a finite thickness containing multiple phases of resonant
nuclei °’Fe. As shown in Fig. 1.4, the y transition of nucleus from excited state to
ground state or vice versa shows the radiation field depending on the quantum
numbers of L, M, j., m,, j, and m,. That is, the transition probability between
nuclear levels depends on Am = m,—m, and the angular 0 dependence of the
emitting or absorbing radiation depends on the L and M given by (1.20).
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For a thick absorber specimen containing n multiple phases, the following
expression is frequently used for the analysis of the transmission spectra [18-20].
~+00
p(v) = No(1 —f;) + N, + Nofs / s(E —v)e " EldE, (1.21)
—00
where N, is counts from resonant radiation, N, counts from other radiation and f;
recoilless fraction of source. Source has Lorentzian line shape as mentioned before
and is given by
I 1

T e

Cross section ¢(E) for the resonance absorption is usually expected to have the
form

B T,(T,/2)*
) = Ey (T (122

where T = Y T, = naaf,00t is a total effective thickness of the absorber. Other

n
notations are listed in Table 1.1.

When the absorber thickness is thin, the (1.21) can be rewritten as follows;

_No+Ny—p(v) T —o(E)
cv)y=s——*~= sS(E—v)(1 —e dE
N —4 . (1.23)

-3 T, T,((Ts +T)/2)°
T4 T (v—E) + (T, +T,) /2)

When the absorber is thin, the observed transmission Mdssbauer spectrum is a
superposition of several Lorentz functions.

Table 1.1 List of the parameters used in Eq. (1.22) and T

I Full width at half maximum (FWHM) of the source

r, FWHM of the absorption

E, Absorption line center

T, Effective thickness of nth atomic site

n, Number of atoms per cubic centimeter of absorber volume
fa Recoilless fraction of absorber

a Fractional abundance of atoms which can absorb resonantly
a9 Absorption cross section at resonance in square centimeter
t Thickness of absorber in centimeter

@ g =% x Hetl x L and o is the internal conversion coefficient of y transition

2 7 2j+1 T+o
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1.2 Application to the Material Research

Previous discussion on the nuclear levels is for the point nucleus or for the bare
nucleus. But the nucleus has a finite charge radius and surrounded by the atomic
electron clouds. The interaction with the electron clouds leads the shift and/or split
of the nuclear levels, which is called as the hyperfine interactions. When the
nucleus has a magnetic dipole moment, the magnetic interactions with the
magnetic field due to the atom’s own electrons lifts all of their (2j 4+ 1)-fold
degeneracy of the nuclear levels which is called as the nuclear Zeeman effect.
Coulomb interactions between electron charge clouds and the proton charge dis-
tribution within the nucleus make a shift and/or split of the nuclear levels. From
the observation of these shift and split, it is possible to determine the electronic
states of the Mossbauer active atom, using nuclear parameters like a charge radius
and electromagnetic moments of the nucleus.

Soon after its discovery the application of the Mossbauer effect has been made
by the fact that the energy of electromagnetic radiation can be measured with very
great precision. Using this characteristic feature, study on gravitational red shift
has been performed [21], but details concerning this type of the experiment are not
described here. Atomic motion and lattice vibration of solid are also important
research subjects using Mossbauer effect. However, the Mossbauer effect is fun-
damentally concerned only with processes in which the quantum state of the lattice
remains unchanged. The information concerning the motion of the lattice atoms is
less obtained in an experiment where only recoilless y-rays are observed.

A development of synchrotron radiation facility made possible to perform the
nuclear resonant scattering with synchrotron radiation. Elastic scattering is iden-
tical, in principle, to the Mdossbauer resonance by 7 photons from radioactive
nuclei. From the inelastic scattering one can observe the scattering involved
phonon annihilation and creation in solid. Nuclear resonant scattering with
synchrotron radiation will briefly described in final part of this chapter.

1.2.1 Hyperfine Interactions

Coulomb interactions between electron charge clouds and the proton charge dis-
tribution within the nucleus is given by

el—//pe L ,DN dedva
|re — rnl

and

1 00 k 1 ; L -
:4”2 Z rk% on(Te) Yim (Tn). (1.24)
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where the suffixes N and e denote the nucleus and the electron. From (1.24), the
monopole interaction for k = 0 is given by

1
Ey = //—pe(re)pN(rN)dredrN.
n

This interaction energy can be computed classically by considering a uniformly
charged spherical nucleus imbedded in its s-electron charge cloud and makes a
shift of the nuclear levels. Observed shift of the resonance spectrum is called as
“isomer shift” because the shift depends on the difference in the nuclear radii of
the isomeric (ex.) and ground (gd.) states. A change in the s-electron density that
might be due to the change in valence will cause the change in isomer shift. It
implies that for 3’Fe the isomer shift values depend on the valence state of Fe
atom.

The change in y-ray energy due to the monopole interaction is therefore the
difference of two terms written for the nucleus in isomeric (ex.) and ground (gd.)
states,

2n
AEex - AEgd = ?Zezhb(()”z(sz - Rid)

AE is the difference from the point nucleus. Observed isomer shift is the difference
between source and absorber and given by

tsomer shift (1) = 22 2¢* 1, (0)F W, (O)F] (R, ~ K2,

Figure 1.6a shows the isomer shift and the expected Mdssbauer absorption
spectrum.

Since the nucleus has no electronic dipole moment from the parity, the elec-
tronic dipole interaction for k = 1 does not exist. Next interaction is the electronic
quadrupole interaction for k = 2 which is given by

4 ~ |
E2:§n Z /pN(rN)rlszzm(rN)drN/pe(re)r—3Y2m(re)dre.

m=— e

This is the result of the interaction of the nuclear quadrupole moment Q with
the electric field gradient EFG that is due to other charges in the solid. Nuclear
quadrupole moment Q is expressed by the left-side integral and the electric field
gradient is expressed by the right-side integral in the above equation. The nuclear
quadrupole moment reflects the deviation of the nucleus from spherical symmetry.

A flattened nucleus has negative Q while an elongated nucleus has a positive Q.
Nuclei whose spin is 0 or 1/2 are spherically symmetric and have a zero Q; thus the
ground state of >’Fe, with Jg = 1/2, cannot exhibit quadrupole splitting.
The electric field gradient is obtained by applying the gradient operator to the three
components of the electric field that is a vector. Consequently the electric field
gradient EFG is a 3 x 3 tensor. However, this tensor is reduced to diagonal form
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Fig. 1.6 Shift and splitting of nuclear levels of *’Fe nucleus by the hyperfine interactions and
expected Mossbauer spectra. a Center shift of the observed absorption line. In this case the
observed shift is the sum of isomer shift and second order Doppler shift. b Electric quadrupole
splitting AEq and ¢ magnetic hyperfine splitting that is a nuclear Zeeman splitting. Hy is the
magnitude of the hyperfine magnetic field at nucleus

using a proper coordinate system and can be completely specified by three com-

ponents 3°V/dx2, 9*V/dy* and 0>V /dz? those are generally denoted as V,,, V,,
and V.. These three components must obey the following Laplace equation,

Vi + Vyy + Vo, = 0.
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Consequently, there remain only two independent components, usually chosen
as V,, and  which is the asymmetry parameter defined by

Vxx - Vyy
VZZ .

Usually the components are chosen as |V,| > |V | > |Vyy| and then 0 <z < 1.

The excited state of >’Fe has spin 3/2 and has a positive Q value showing a
quadrupole splitting. From the quadrupole interaction Hamiltonian, the eigen-
values are

1
Fo = gy [ -+ D]+ /3 == 1

Figure 1.6b shows the quadrupole splitting of *'Fe excited state j = 3/2 and the
resultant Mossbauer spectrum which is a doublet.

As described in the first part of this section, when the nucleus has a nuclear
magnetic dipole moment, the magnetic hyperfine interaction with magnetic state of
its own electrons lifts all of their (2j 4+ 1)-fold degeneracy of the nuclear levels as
the nuclear Zeeman effect. For 57Fe, both of excited and ground states have nuclear
magnetic dipole moments and interact with the magnetic fields being created by
the electronic states like electron spin-polarization, electron orbital current and
dipole field by other electron spin or external magnetic field. Nuclear levels of
excited and ground states are divided into six different levels. Excited state
(je = 3/2) splits into four sublevels and ground state (j, = 1/2) splits into two
sublevels and eight 7y transitions between excited and ground states can be
expected. However, the radiation field is M/ and its selection rule excludes the
transition of Am = +2 and resultant Mossbauer absorption spectrum consists of 6
lines as shown in Fig. 1.6¢c. The hyperfine magnetic field from a single electron is

H = 2 [i—”5|w(0>|2+(%) * (Mﬂ

I

The first term is the Fermi contact interaction and is only operable for s elec-
trons. The second term is due to the orbital current. The third term represents the
dipole field due to the electron spin. These two latter terms are generally smaller
than the contact term and vanish for s-state ions. For °’Fe in Fe>* S =572,
L = 0), the contact interaction gives about —60 T. For STFe in Fe?* S =2,
L = 2), the field is somewhat smaller because of smaller spin and also appreciable
positive orbital contribution. At room temperature the hyperfine magnetic field at
"Fe in metallic iron is —33 T and this is the reference value to determined the
hyperfine magnetic field in magnetic materials using >’Fe Mdssbauer spectros-
copy. Nuclear levels of *’Fe under magnetic field and the expected Mossbauer
spectrum are shown in Fig. 1.6c.

Figure 1.6c shows the >’Fe spectrum obtained from magnetically ordered
materials like ferromagnet or antiferromagnet that have a cubic symmetry to
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vanish the quadrupole interaction. Generally the magnetic substance has non-cubic
symmetry having the electric field gradient and shows the quadrupole interaction.
In this case the °’Fe Mdssbauer spectrum shows a combined quadrupole and
magnetic hyperfine interactions. For the analysis of the combined quadru