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What ever trouble life holds for you, that part of your Jives which you spend finding out 
about things, things that you can teil others about, and that you can learn from them, that 
part will be essentially a gay, a sunny, a happy life, not untouched by rivalry, may be not 
even untouched by an occasional regret that somebody else thought of something that you 
should have thought of jirst, but on the whole, one of those nob/er parts of the human 
experience. This makes it true that the life of the scientist is, along whith the life of the poet, 
soldier, prophet, and artist, deeply relevant to man 's understanding of his situation and his 
view of his destiny. 

J. Robert Oppenheimer 
Uncommon Sence, 

Boston, Birkhauser, 1984. 



Summary 

Mössbauer spectroscopy is a powerfut technique, which can be used to probe the 
electrooie structure of materials on an atomie scale. Conversion electron Mössbauer 
spectroscopy (CEMS) is used to investigate the structure and magnetic properties of 
thin magnetite and FeRh layers with different compositions and after different heat 
treatements. 
The CEMS-spectra of magnetite samples show the essential features of bulk magnetite. 
They consist of two sextets from Fe at tetrahedral (A) and octahedral (B) sites in the 
oxygen ion lattice. The magnetic field at the nucleus and the isomer shift derived from 
the spectra are in agreement with literature. It is also found that the magnetization 
vector tends to align preferentialy in-plane of the samples as the thickness decreases. 
The A to B intensity ratio deviates from the expected 1 :2 ratio. This shows that our 
samples are not stoichiometic and we have determined the vacancies of impurity 
fraction using two models. 
The CEMS-spectra ofFeRh samples show that not annealed samples have a non
magnetic y-phase, and that annealing process transfarms the y-phase to the CsCI-type 
structure, which can be ferromagnetic or antiferromagnetic. The detailed structure of 
our samples depends also on the composition. It is also found that the hyperfine field at 
a given Fe nucleus in FeRh samples depends both on the composition and the local 
environment. The magnetic field at the nucleus increases with increasing number of the 
nearest neighbour Fe atoms. 
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Chapter One 

Introduetion 

Atomie resonance was predicted at the end of the last century by Lord Rayleigh, but only in 1904 that 
RW. Wood discovered resonance radiation, and within a few years the underlying theory had been 
developed. From a simplified viewpoint, an atom, decaying from an excited state B to its ground state 
A, emits a pboton which carries the energy excess. When such a pboton passes through a gas consisting 
of the same element as the emitter, it can be absorbed and excites a target atom into the state B 
(Fig.l.1). A:fter a short time ( lifetime of the state), this excited a torn will in turn decay and emits a 
pboton ofthe 'same' energy as the absorbed one. 
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Fig.J.J resonant emission and absorption 

Since the quanturn nature of the atomie and nuclear levels is the same, it makes a close parallel to be 
drawn between atomie and nuclear resonant absorption. lt was recognised in the1920's that it should be 
possible to use the gamma-ray emitted during a transition of a nucleus from its excited state to its 
ground state to excite a second stabie nucleus of the same isotope, thus giving rise to nuclear resonant 
absorption. the first experiments to detect these resonant processes were with a little successes.The 
nuclear recoil and the Doppier broadening effects were responsible. The nuclear resonant absorption 
will have a significant probability if the emission and absorption lines overlap, the larger the overlap the 
stronger the absorption. However, the nuclear recoil avoids the overlap, because a fraction of the 
energy of the emitted pboton will be used for the recoil of the nucleus, hence the energy of the emitted 
pboton will not fit between the excited and ground state of the target nucleus. This will lead to shift 
between the emission and absorption lines, so that no resonant absorption is possible. Prior to the 
Mössbauer discovery, some successful experiments on nuclear resonance absorption had been carried 
out using two ideas: i) the use of Doppier effect in various ways to overcome the effect of recoil [1,2]. 
ii) the thermal broadening may be increased by heating the souree and absorber, so that some overlap of 
the absorption and emission lines occurs [3]. 
In 1958, while investigating the scattering of 129 keV y-ray of 191 I by Ir and Pt, by the thermal broadening 
method, RL. Mössbauer discovered that a reduction of the temperature increases the resonant absorption, 
contrary to the expectation as outlined above. For 129I the fee recoil energy ER is 0.05eV and the Doppier 
broadening at room temperature is about O.leV. At room temperature emission and absorption spectrum thus 
overlap considerably, and resonance scattering can be observed. In order to reduce this residual scattering, 
Mössbauer cooled both souree and absorber and expected a decrease in effect. Instead, the resonance scattering 
increased. The interpretation of these effect was given by RL. Mössbauer in an artiele in Zeilschrift für physik 
publisbed in 1958 (4], which makes the beginning ofthe Mössbauer spectroscopy. By adapting Lamb's theory 
[ 5] for the effect of the lattice binding on the capture cross section of slow neutrons to gamma rays, he was 
able to explain the observed phenomena: A fraction ofthe 129-kev y-rays, emitted by the cooled source, 
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2 Introduetion 

didn't show a measurable recoil energy loss, and these same y-rays also didn't display a Doppier 
broadening. Their line width correspond to the natura! line width. He showed by giving small Doppier 
veloeities to the souree that very small energy changes could annul the resonance absorption, and 
deduced that at low temperatures the emission and absorption spectra contained sharp peaks centred on 
the resonance energy. Mössbauer's key discovery was that when the emitting nucleus is embedded in a 
solid at low temperature, there is a finite probability that the recoil momenturn of the y-ray will be taken 
up by the crystal as a whole, rather than by a single nucleus. The recoil energy and Doppier broadening 
for such y-rays are then characterised by the mass and random velocity of the whole crystal, and are 
therefore completely negligible, so that the emitted line has essentially the energy and width defined by 
the nuclear transition. As we shall see in the next chapter, the Mössbauer effect makes it easy to 
achieve the full intrinsic resolution in nuclear resonance absorption experiments. It is gratifying that the 
importance ofMössbauer's work was recognised by the award ofthe 1961 Nobel prize in physics. 
The applications of Mössbauer spectroscopy reeovers now all areas of natura! science. the most 
important majority of these stem from the observation, long thought universally to be impossible, of 
transitions from individual Zeeman sub-levels ofthe nuclear excited state to individual sub-levels ofthe 
ground state. The measurements of hyperfine interactions, those small interactions of the nuclear 
multipoles with the surrounding electronic charge, local magnetic field and the electric field gradient at 
the nucleus yield a considerable amount of information of both nuclear and solid state interest. 
The Mössbauer spectroscopy is a high resolution spectroscopy (-10-13

), which like nuclear resonance or 
electron spin resonance is a technique which can be used to probe the dectronie structure of matenals 
on an atomie scale. Because of this microscopie nature, the technique can be used to determine the 
properties of magnetically ordered structures and dilute alloys; like hyperfine field, nuclear radius of the 
excited state, dectronie density at the nucleus, etc. 
The most usual experimental arrangement for the Mössbauer spectroscopy involves a radioactive 
souree containing the Mössbauer isotope in an excited state and an absorber consisting of the material 
to be investigated (sample) which contains the same isotope in its ground state. In the transmission 
experiment the y-rays emitted by the souree pass through the absorber, where they may be partially 
absorbed. In order to investigated the energy levels of the Mössbauer nucleus in the absorber it is 
necessary to shift the energy ofthe emitted y-radiation by the souree in a known way, so that they can 
have the correct energy for resonant absorption. This is usually accomplished by the Doppier effect, i.e. 
the souree is moved relative to the stationary absorber. The Mössbauer spectrum is a record of the 
transmitted radiation from the absorber as a function of the Doppier velocity, i.e.the absorption 
spectrum of the absorber. An alternative method of detecting the resonant absorption is to measure the 
radiation emitted by the nuclei of the absorber as they decay back to the ground state. Part of this 
radiation will of course be y-radiation of the same energy as the Mössbauer y-ray which was absorbed. 
Usually, there will also be conversion electrons, X-rays, Auger electrous etc. When one of these 
radiation is detected, the spectrum accumulated gives the resonance frequencies and their intensities. In 
this case we get peakes instead of dips in transmission mode. These methods are called backscattering 
methods and have the advantage that the absorber may have any thickness, which it is not the case in 
transmission method. If conversion electrous are detected, whose energy is given by the y-ray energy 
less the binding energy of the electron in the atom, only atomie layers very near the surface can be 
investigated, because the range of the electrous is only a few hundred angstroms. This backscattering 
method is called conversion electron Mössbauer spectroscopy (CEMS). 
In fig.1.2 an example of the Mössbauer spectrum is shown; in this example the nuclear Zeeman effect 
of the Mössbauer isotope 57Fe produced by the intemal magnetic field is ilhtstrated. The first excited 
state of 57Fe has a nuclear spin number I=3/2, which splits into four( m1 =I,I-1, .. ,-I), and the ground 
state with I= 112 splits into two. There are six possible transitions between the first excited state and the 
ground state according to the rule &11=0,±1. Accordingly the absorption spectra of 57Fe shows six 
peaks as a function of the relative velocity of souree and absorber as shown in Fig.1.2. The spacing of 
these peaks is proportional to the hyperfine field, and the shift of the center of this group from zero 
velocity is defined as the isomer shift. 
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The aim of this report is the investigation by means of the Mössbauer effect of magnetite (Fe30 4) and 
RhFe systems, which have interessant physical properties. This report deals also with the optima! 
operation ofthe Mössbauer spectrometer using a gas-flow detector. We shall begin in chapter 2 with a 
rather extensive description of the Mössbauer effect; section 2.1 of this chapter deals with a survey of 
some important parameters, which form the background effects necessary for a better understanding of 
this effect and its applications, this are: nuclear resonant absorption, line width, recoil energy and 
Doppier broadening. Insection 2.2 the theory underlying the Mössbauer effect is treated classically and 
quanturn mechanically. These theories will give us the recoilless or recoil-free fraction expression f, 
which leads to the conditions necessary to the observation the Mössbauer effect. In section 2.3 the 
resonant cross-section will be treated. 
Chapter 3 is concemed with some applications of the Mössbauer effect, we shall begin first in 
section 3.1 with a survey view of some application in relation to relativity theory. Insection 3.2 the 
hyperfine interactions are treated, which are of interest with respect to our applications. In section 3.3 
some applications in solid-state physics will be outlined. 
The CEMS-spectrometer used in our group cooperative phenomena is described in chapter 4. The 
optima! operation of a gas-flow detector is also discused in this chapter. 
Chapter 5 is consemed with magnetite ( Fe3Ü4 ). The physical properties of this material are given in 
section 5.1, which are illustrated by means of the results reported in litterature. In section 5.2 our 
measurement results will be represented and commented. 
Chapter 6 deals with RhFe, which has also interesting properties. In section 6.1 a summary of the 
properties of this system will be given. the design and characterization of the measured samples will be 
illustrated in section 6.2. The measurement results will be represented and interpreted in section 6.4. 
Finally, we will conclude in chapter 7. 



Chapter Two 

The theory of the Mössbauer effect 

In this chapter the mechanism of the Mössbauer effect is discussed, and an outline of the different fea
tures of this effect will be given. We shall begin in the first section with the background concepts neces
sary for the understanding of this effect and its applications in different areas of natural science. For 
these means the following concepts will be treated: resonance absorption is viewed for nuclear proc
esses in comparison to electrooie processes, the recoil energy which forms the main cause which avoids 
nuclear resonance to take place and the Doppier broadening , i.e. the broadening of the emission and 
absorption lines as a consequence of the thermal motion of nuclei. The second section deals with how 
emission and absorption processes can take place in solids without recoilless and Doppier broadening, 
this is expressed with the recoilless fraction f. We first begin by a classical description which yields 
some of the essential features, particularly the existence of an unshifted line. However the complete 
treatment of the Mössbauer effect, including recoil phenomena, requires quanturn mechanics. After a 
general quanturn mechanica! treatment, two particular cases of solids will be discussed, namely, Ein
stern's solid and Debye's solid. Inthelast section the resonance crosssectionis considered. 

2.1 Background concepts 

2.1.1 Atomie resonant absorption 
From a simplified viewpoint, the atomie resonance is the effect that an atom in an excited B state de
cays to its ground state A by theemission of a photon, which carry offthe excess energy E0 (fig.2.1a). 
When such a photon strikes an other target atom of de same element, it can be absorbed by electrooie 
excitation (fig.2.la). Aftera short time, this excited target atom will in return decay and emit a photon 
of energy E0. Primary and secondary radiation thus have the same energy, but the processes of absorp
tion and reemission are independent. This effect can be understood from a quantum-mechanical point of 
view; the energy levels of a physical system are represented as lines with energy E, solutions of the 
Schrödinger equation (fig.2.la ), and the emitted photon can thought be of as the result of an electrooie 
transition between the ground state and the excited state and the resonant absorption process takes 
place because the incident photon has just the right energy to raise the other atom to the excited state. 

2.1. 2 Line width 

In reality the energy of a given quanturn state is not well defined but it spreads over a certain energy 
range ~E (fig.2.1 b ), which can be obtained from Heisenberg' s uncertainty principle. 

(2.1) 
with ~ (= ï) and ~t (=•) are respectively the uncertainty in energy and the lifetime of the quanturn 
state, Eq.(2.1) yields 

(2.2) 

The uncertainty in energy ï corresponds to the natural line width of the emission or absorption lines 
and appears also as the full width of the energy distri bution of the line at half-height (fig.2.1 b ). The 
ground state of a system is stable, or has a long life time and therefore there is no uncertainty in its en
ergy (fig.2.la). A detailed examination employing perturbation theory showsindeed that the decaying 
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6 The theory ofthe Mössbauer effect 

state B can not be characterised by one well-defined energy Eo, but that the energy E of the state is dis
tributed about the centre energy E0 (as shown in fig.2.lb). 

2.1.3 Nuclear resonant absorption 

Since atomie resonance depends essentially on the quanturn nature of the energy levels and since quan
tified levels also occur in nuclei, the possibility of observing nuclear resonance was obvious. It was 
recognised that it should be possible to use the gamma photon emitted during a transition to a nuclear 
ground-state to excite a second stabie nucleus of the same isotope, thus giving rise to nuclear resonant 
absorption. However, even though problems in atomie and nuclear resonance seem similar, there exist 
marked differences which render nuclear experiments much more difficult, the main difference being in 
the much higher energies ofthe gamma radiation involved in nuclear transitions. The effect ofthe recoil 
momentum, which can be neglected for electronic transition, becomes important for y-radiation, be
cause of its much higher energy in comparison with optica! radiation. 

2.1.4 Recoil energy 

In order to show how the nuclear recoil which accompanies both the emission and absorption of y-rays 
prevents resonant absorption to occur, we consider a free nucleus at rest, of mass M, with two energy 
levels B(excited state) and A (ground state) separated by an energy E0 (fig.2.2). When the nucleus de
cays from the excited state B to the ground state A, a gamma ray with energy Ey is emitted. The mo-

E 
menturn of the photon is then PY = _]__ . The conservation of momenturn demands that the nucleus 

c 
must recoil with an equivalent momenturn (fig.2.2). This problem can be treated non relativistically, 
because in nearly all cases y-rays have energies that are small compared to the rest energy Mc2 of the 
emitting nucleus. Conservation of momenturn and energy yields 

PR =-Py 

Eo =ER +Ey 
(2.3) 

The y-ray is deficient in energy by a recoil kinetic energy ER, which is given by: 

p 2 E 2 
E - R - y R ----

2M 2Mc2 
(2.4) 

Because Ey << Mc2 the recoil energy is thus very small compared to the y-ray energy and Ey can be 
replaced by the transition energy E0 

(2.5) 

To give an order of magnitude we use as example 57Fe, which is the most used isotope in Mössbauer 
spectroscopy. The energy ofthe excited state is E0 = 14.4lkeV and its lifetime -r = 6.78 10-8 s. Equa
tions (2.2) and (2.4) then give 

r = 6.78 .10-9 eV 
ER= 1.95 .10-3 eV 
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Fig.2.1 Energy distributions involved in resonance emission and absorption. (a) Emission and 
absorption processes. (b) Natura/fine width. The energy ofthe level with a mean life r 
has a width F=/z/r. (Ç) Energy distribution ofphotons emitted in a transition B-+A. (d) En 
ergy required to excite state B. (e) The resonant overlap for successive emission and ab 
sorption. 
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8 The theory ofthe Mössbauer effect 

It follows that the recoil energy is indeed small compared to the decay energy, but it is very large com
pared to the natura! line with. Consequently, The ernitted y-photon has only an energy Ey=Eo -ER. 
Moreover, when a photon of energy Ey and momenturn P y strikes a target nucleus of the same isotope, 
which is initially at rest, the entire momenturn p is transferred to the target. The target thus recoils and 
the energy ofrecoil is again given by Eq.(2.4). This energy must be supplied by the y-ray. Thus only an 
energy Ey=Eo-ER is available for the excitation of a target nucleus fig.2.lc. In order to excite a level of 
energy E0 the incoming y-ray must have the energy Eo + ER, as shown in fig.2.ld Resonance absorption 
can only occur if some of the incoming photons possess enough energy to excite the state B and at the 
sametime provide the recoil energy ER . The difference between emission line and absorption line is then 
2ER. Thus only the overlapping part of the absorption and ernission lines is responsible for resonance 
fig.2.le. The condition for overlap is 

(2.6) 

The electranies transitions fulfil this condition, but nuclear trans1t10ns are far from it. 
Now, we see how the nuclear recoil degrades the energy of the photon and therefore prevents nuclear 
resonance absorption. The ratio of line with to energy r /Eo is the intrinsic resolution of the ernitted ra
diation, this is of the order 10·13

. This ratio is much smaller for nuclear than for optica! transitions. 
This high definition of the y-radiation is very useful for the measurement of the small perturbations due 
to hyperfine interactions and relativistic effects as we shall see in chapter three. The naturalline width 
is not always the dominant feature in resonance processes. The Doppier broadening plays also an im
portant role intheresonant processes. This will be treated in the next paragraph. 

2.1.5 Doppier broadening 

In a solid matrix, atoms (nuclei) are in thermal motion rather than at rest. This thermal motion intro
duces an additional broadening of the absorption and emission lines, called Doppier broadening. If an 
atom (nuclei) moves with a velocity v along the direction of emission, the energy of the ernitted photon 
will be shifted by an among of energy given by 

V 
ED = -·Ey (2.7) 

c 
Where c is the velocity of light. the energy of the photon is changed from Ey to Ey' given by 

Ey' =Ey(l+~) (2.8) 

The atoms in a solid have random velocity orientations with respect to the direction of emission. The 
energy distribution due to the Doppier effect centred at Ey will reflect the Maxwell velocity distribution 
of atoms. The line width ofthis distribution can be estimated from the theory of gases. The thermal ki
netic energy per degree of freedom of an atom is given by 

(2.9) 

Where KB is the Boltzman constant, T is the absolute temperature of the gas, and v2 is the mean 
square velocity of the atom. If we take into account the motion of the atom, the energy of the ernitted 
photon becomes (c.f. Eq.(2.3)) 

(2.10) 

With equations (2.4) and (2.9): 
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E D = ( :: · E/ J " 2~ EK ·ER (2.11) 

In general, because ofthe recoil and Doppier effect due to thennal motion, broad emission and absorp
tion lines centred on Eo-ER and Eo +ER are expected, as shown schematically in fig.2.3b. Because of 
the very smalloverlap ofthe two lines negligible resonance absorption is expected (fig.2.3b). In general 
for optical radiation, the recoil energy ER is small compared to the Doppier broadening, emission and 
absorption lines overlap, and resonance conditions are obtained, but for nuclear y-rays, however, the 
recoil energy ER is comparable to, or greater than, the Doppier broadening, so that the overlap between 
the emission and absorption lines is very small, and nuclear resonance is not obtained. 
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L ................. ~?.~~ .......... ~?~.~ ................... ~ .. 
Fig.2.3 (a)The statistica! distribution in energy ofthe emission fine is broadened by ED into a 

dis tribution of width 2ED. (b) The resonant overlap for successive emission and 
absorption. 

2.2 The mechanism of the Mössbauer effect 
The Mössbauer effect is the resonant absorption or emission of y-rays in a solid matrix without degra
dation by recoil or thennal broadening, and it gives an energy distribution of the line dictated by the 
Heisenberg uncertainty principle (Eq.2.1). The physical origin of the Mössbauer effect lies in the 
quanturn nature of the lattice vibrations. In this section the underlying theory for the Mössbauer effect 
is considered, i.e. the expression of the recoilless fraction f will be derived and related to the vibrational 
properties of the crystal lattice. Therefrom the physical conditions for the recoilless resonant process 
will be discussed with means of the expression of f. We shall begin with a simple, classical description 
for the Mössbauer effecttobring out its basic features. Wethen advance to the quanturn mechanica! 
treatment. 

2. 2.1 The recoilless fraction f 

In this section the theoretica! expression for the recoilless fraction f, i.e., the fraction of the emitted 
gamma-rays in an absorption (or emission) process without recoil energy loss and without Doppier 
broadening, will be derived classically and quanturn mechanically. 

2. 2.1.1 Theory 

In a solid an atom is no more free and it is confined by its neighbours, and at low temperatures there is 
a finite probability that the recoil momenturn will he taken by the solid as a whole, without emission or 
absorption of phonons; since the mass of the crystal is effectively infinite the recoil energy will be neg-
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ligible (cf.§2.1.3). Ifwe consider both the radiation and the atomie vibrations classically, the effect of 
the atomie motion is to apply frequency modulation to the emission; the side bands represent Doppier 
broadening and the carrier wave is the Mössbauer line. This is a valid picture of the lack of broadening 
for the Mössbauer emission, but the predicted lack of recoil is trivia!, since there is no recoil classically, 
because the spectrum is symmetrical about the carrier frequency. To consider even the possibility of 
recoil we have to treat y-rays quanturn mechanically as a photon, but we first give a classica! account 
which brings out several ofthe essential points. 

2.2.1.2 Classica[ description 

The classica! denvation of f follows from consirlering a decaying nucleus as a classica! oscillating di
pole, this produces inspace an electromagnetic wave. The nucleus doesn't experience the recoil effect, 
and the distribution in energy is entirely govemed by the Doppier effect. A decaying nucleus produces a 
vector potential given by 

A (t) = Ao exp(iro ot) (2.12) 

where ro 0 and Ao are the angular frequency and the amplitude of the radiation. we assume 1Aol2 = 1. If 
the frequency is a function of time, this equation is replaced by 

A(t) ~ Aoex+l w(t'}dt'] (2.13) 

Assume for simplicity that the emitting nucleus moves in the x direction, with a velocity v (t) which is 
small compared to the light velocity c. The Dopppler effect changes the frequency ofthe emitted radia-
ti on 

ro (t' ) = ro o( 1 + v~') J 
Inserting (2 .14) in (2 .13) and integrating yields 

A = Ao exp(iro ot) exp(iro 0 x~)) 

(2.14) 

(2.15) 

Which is the expression for the Doppier effect. If we assume now that the nucleus is oscillating, with 
frequency ro and amplitude x0, 

x(t) = xo sinrot (2.16) 

The vector potential becomes 

A= Ao exp(iro ot) exp(ik xo sin ro t) (2.17) 

Where k=roofc is the wave vector of the radiation. This is the expression for a frequency modulated 
wave. The spectrum, which originally just contained the frequency ro0, splits up into lines of frequencies 
roo, roo± nro where n=1, 2, 3 ..... This splittingis derived in the following way. Using the expansion 

00 

exp(iysin8) = IJn(y)exp(in8) (2.18) 
n=-oo 

Equation (2.17) becomes 
00 

A= Ao IJn(kxo)exp[i(roo +nro )t] (2.19) 
n=-oo 
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This equation indeed describes an electromagnetic wave which is a superposition of partial waves with 

frequencies w0 , w0 ±w, w0 ±2w, .... as shown in fig.2.4. The amplitude of each wave is given by the Bes
se! functions In (kxo). The intensity ofthe unshifted line which can he identified with the Mössbauer line 
is given by 

:··································································································. . . . . . . . . . . . . . . . . . . . . . . . . 

E~ 

' ~ ~'~ m~,m~m~',~ ~OO~ 
Fig.2.4 Spectrum of a classica! electromagnetic wave of a .finite length emitted by an Einstein solid. 

(2.20) 

Since Ao is normalised, f directly yields the probability of emission of the unshifted component. This is 
the answer for an Einstein crystal where, the emitted wave is modulated by one frequency only. In a 
more realistic model, there will be a large number of frequencies, and the expression for the intensity in 
the undisturbed line becomes 

3N 

f = n Jo(kxm) (2.21) 
m 

The number 3N of frequencies in a solid is extremely large. Xm is the peak amplitude for the mth mode. 
Since Xm is small for each value ofm, we make use ofthe expansion 

and then 

Jo(Y) = 1- _!_ y 2 

4 

lnj = 22)nJo ~ 22)n[1- ~ (kxm)
2 J 

m m 

1 2 
~ -22:

4 
(kxm) 

m 
For harmonie oscillations, the mean square deviation (rms) is given by 

so that 

(2.22) 

(2.23) 

(2.24) 

(2.25) 

This equation is exact in the limit N~oo [6], so that the final result for the recoilless fraction can be 
written 
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(2.26) 

This equation leadstosome interesting remarks: 

l.The classica! theory yields an unshifted line, and in order to obtain emission without energy loss, i.e. 
a value of f close to unity, we require k2(x2

) ((1, which in tums requires that the rms displacement of 
the nucleus be small compared to the wavelength of the gamma ray. The physical significanee of this 
requirement is apparent. 

If the period of the motion of the atom in the lattice is short compared to the time associated with the 
emission of the gamma ray, and the amplitude comparable to the emitted wavelength, then the phase of 
the emitted wave will be strongly modulated. Such a phase modulated wave is not monochromatic, and 
a resonator tuned to the unmodulated wave is not readily excited because the excitation of the passing 
wave train is not coherent. 

2.The wave train described by Eq.(2.19) is infmitely long and the corresponding emission line is infi
nitely narrow. In decays with a mean life 1:, the lines possess a with 1, Eq.(2.1), and the spectrum cor
responding to Eq.(2.19) then is ofthe form shown in fig.2.4. From this spectrum it is obvious that the 

Mössbauer line is clearly recognisable only if the line width is smaller than the separation tzro from the 
first satellite, i.e., if the nuclear lifetime 1: is larger than the characteristic lattice time 1/ro. This latter 
time is ofthe order of 10·13sec. 

3.Fig.2.4 gives a somewhat misleading impression since it is based on an Einstein solid without inter
action among the various oscillators. In an actual solid, whether described by an Einstein model with 
interactions or by Debye model, only the unshifted line shows the natura) width 1; all the satellites are 
broadened, overlap each other, and give rise to a continuum. 

2.2.1.3 Quanturn mechanica/description 

The quanturn mechanica! description of the Mössbauer effect is derived from the dispersion theory [7]. 
In this section the quanturn expression for the recoilless f will derived, and related to the lattice vibra
tion properties. The starting point is to consider the decaying nucleus, its atom, and the entire solid in 
which this atom is embedded, as one quantum-mechanical system. The wave function of this system is 
separated into a product of a nuclear wave function and a solid wave function. This is possible because 
the nuclear forces are strong, and have a short range; the nuclear state is then not influenced by the 
solid state, and the wave function ofthe solidis not affected by the state ofthe nucleus. 

'-~'system = <f>nucleus · \jf solid (2.27) 

The transition probability for a given transition is proportional to the square of the matrix element 
connecting the two states involved in the transition (Golden rule). In particular, the probability for a 
transition in which the nucleus decays from the excited state q>; to the ground state <Pf , while simultane
ously the lattice goes from its initia! stationary state 'Jf; to its final state 'l'f, is 

W( <f>i ~ <fJ 1, \jij ~ \jf f) = const ·1<'-1' JIHintl\fi >1
2 

(2.28) 

Where I \l';) and I \l'f) denote the initia) and final state ofthe entire system, and Hint is the Hamiltonian 
responsible for this decay. The energy transferred to the lattice during this transition is very small 
compared to the y-ray energy. The factor exp(ik.r) in the radiation Hamiltonian [9a] affects only the 
centre of mass co-ordinate of the nucleus, and the remaioder of the Hamiltonian affects only the intemal 
co-ordinates ofthe nucleus. The matrix element Eq.(2.28) then factorizes into a purely nuclear partand 
a part depending only on lattice co-ordinates: 

('-I' JIHintl\{'i) = (\jf Jlexp(iko · r)l\jfi )(N) (2.29) 
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Here the nuclear matrix element (N) depends only on nuclear properties, Ko is the wavevector of the 
emitted gamma ray, and r is the co-ordinate vector of the centre of mass of the decaying nucleus. 

<'l'lexp(iko.r)l'l' ) is the matrix element for transfer of a momenturn liko to the lattice through the atom 
of the decaying nucleus with the lattice going from 'I' i to 'Jfr. A more detailed justification of Eq.(2.29) 
may be found in [8,9b]. The stationary states ofthe solid are given by the schrödinger equation 

Hj Un) = En ·I Un) (2.30) 

Where H is the Hamiltonian for the solid and Un is a stationary state of the solid with energy En. We 
assume that the eigen function Un form a complete orthogonal set, and that before the gamma emission, 
the solidis in a stationary state 'l'i =ui with energy Ei. Furthermore, we assume that the solid is at rest 

so that ui is an eigenstate ofthe momenturn operator -iliV' with eigenvalue 0 

(2.31) 

After emission of a pboton with momenturn po=liko, the olid is in state 'l'f· Since the recoil energy ER 
even for very energetic gamma rays is too small to eject an atom from the solid, the entire solid must 
take up the recoil momenturn -p0 . The final state 'l'r is an eigenvalue of the momenturn operator with 
eigenvalue -po 

-in vl \11 f) = -Po ·I \11 f) (2.32) 

To find 'l'r we expand the stationary wave function ofthe initia! state ofthe solid 'I' i =ui in plane waves 

I \jl i) = I ui) = I CJd . eik.r (2.33) 

k 
The momenturn state of the solid before and after gamma emission differs by the recoil momentum: the 
recoil changes each momenturn in the expression Eq.(2.33) from k to k-ko. The state 'l'r is hence given 
by 

I ) 
, i(k-ko)·r 

\jl f = L.cki ·e (2.34) 
k 

or with Eq. (2.33) 

I ) _ -iko·rl ·) _ -ik0·rl ·) \jl f - e \j/1 - e ul (2.35) 

This wave function satisfies the condition Eq.(2.32) and represents asolid recoiling with momenturn -p0 

= -liko. After the emission, the solidis no longer in an eigen state ofH. But we can expand 'l'r in terms 
of the energy eigenfunctions { Un } : 

I \jl f) = I Cn I Un) (2.36) 
n 

The probability of finding the solid in a state with energy Em is then given by lcml2
, the modules of the 

projection of 'l'r on the eigenvector urn: 

(2.37) 

with Eq.(2.35) 

(2.38) 
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The probability f for emission without change in lattice state, i.e. recoilless emission fraction, is found 
when we select m=i in Eq.(2.38). The solid has then the same energy after the gamma emission as be
fore. The recoil-free fraction is therefore given by 

f I 1
2 1Jd3 * -iko·r 1

2 I( I -iko·rl )1
2 

=c; = r·ui ·e ·ui= uie ui (2.39) 

Since the density of probability is given by 

p(r) = u* (r) · u(r) (2.40) 

Eq.(2.39) can be written as 

(2.41) 

fis therefore the square of the Fourier transform of the probability density. If p(r) is spread over a 
large volume, f will be small. If, on the other hand, p(r) is concentrated in a small volume, f will be 
large. In the ideal case, p(r) is a delta function: f then becomes unity. In the wave picture, this means 
that ifthe souree nucleus moves over a large distance while radiating, the waves emitted from different 
points in space add up to a partially incoherent wave train. As a consequence the frequency of the wave 
is not well defined, and the energy is not sharp. That is the same interpretation as in the classical case. 

The following step is to express f (Eq.(2.26)) as a function ofthe lattice parameters, todetermine the 
conditions necessary to get the so large possible f. This problem is treated in the following sections for 
two cases, namely, simple Einstein solid and the more realistic modelfora solid, the Debye model. 

2.2.1.3.1 The Einstein solid 

One of the puzzles of classical physics was the decrease of the specific heat of solids below a certain 
critica! temperature. Einstein, in 1907, first explained this decrease by assuming that a solid consisted 
of a large number of linear oscillators, each vibrating with a frequency roE. The corresponding spectrum 
oflattice vibrations is shown in fig.2.5. 

!~<·~·········································································l 
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Fig.2.5 spectrum oflattice vibrations in a solidfor Einstein model. 

A quanturn mechanica! harmonie oscillator cannot have any energy but has energy eigenvalues which 
are equally spaeed by firoE. Furthermore the lowest energy state of the oscillator does not have zero en
ergy, but has a zero-point energy of Y2 firoE. We assume for simplicity that the solid can be represented 
as a one-dimensional harmonie oscillator. Our goal is to find the expression of f as a function of 

the solid parameters. For this means we look for the expression of (x2
). The Hamiltonian of a nucleus 

of mass M bound in this harmonie potential is given by 
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p2 Mro2 2 
H=--+--·X 

2M 2 
The energy eigenvalues of this Hamiltonian are given by [9c] 

1 
En = (n+-)hro E 

2 

15 

(2.42) 

{2.43) 

where nis the quanturn number, i.e. any positive integer or zero. The ground-state wave function [9c] 

1 

u 0 (x) = ( M:h E) 4 . exp(- M;h E x2) (2.44) 

Inserting this wave function into Eq.(2.44) yields 

-too 2 

f = f dx·uo *(x)·e-iko·x ·uo*(x) 
-00 

(2.45) 

The integral can be calculated using per example the expression 

2 

-too 2 l _L 
f -iyx -ax dx _ 1t 4 e ·e - - ·e a 

a 
(2.46) 

-00 

For y =k0 =Er/lic and a= McoE//i, the integration yields 

f = exp{- Eo
2 

} = exp(-~J 
2Mc2nro E hro E 

{2.47) 

where ER is the recoil energy Eq.(2.4) and licoE=EE is the Einstein energy. To relate fto the vibrational 
properties of the crystal, we need to fmd the average displacement of the atoms from their equilibrium 
positions. ifwe assume harmonie interaction forces the mean kinetic energy per degree offreerlom is the 
same as for anideal gas and is also equal to the mean potential energy. For the total energy ET we can 
write 

(2.48) 

where (x2
) is the mean square vibrational amplitude in the x-direction, and is given as a function of 

temperature by 

(x2) = kB· T 
M ·CO E2 

(2.49) 

In the quanturn theory the energy En is used insteadof kB T. For the lowest Einstein level, n=O, we can 
write 

(2.50) 

Eq.{2.47) then becomes 
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2 f = e-ko·(x ) (2.51) 

This expression agrees with the classical expression Eq.(2.26). From Eq.(2.47) we conclude that ifthe 
energy ER is small compared to the excitation energy EE, the probability of emission of a pbonon will be 
small, the lattice will not be excited and the gamma ray will escape with the full transition energy. A 
solid will be in its ground state (n=O) only at temperatures T such that T<<TE =EJdl<B. At higher tem
peratures, excited states arealso strongly populated and wethen expect the fraction fto besmaller than 
given by Eq.(2.47). From the form ofthe exponent in Eq.(2.51), fwill only be largefora tightly bound 
atom with a small mean-square displacement, i.e. for low temperatures [c.f. Eq.(2.49)], and fora small 

value ofthe y-ray energy, Eo=konc. 

Now, we will check that on average the lattice gains the recoil energy ER, for this means we calculate 
the total energy ofthe final state 'l'r, which is given by the matrix element ('JfoHI'Jfr) 

[ ( 
2 ~?. J 2 r ik x ti er -ik x * Mro 2 

(Ej) = f uie o - 2M ax2 e o ui +ui -2-x ui 

[ 2( J 2 ] 2 2 * ti 2 a Mro 2 ti ko 
= f ui 2M ko - ax2 +-2-x uidx = 2M +Ei 

(2.52) 

We have used the fact that eikox commutes with any function of x, in particular, with the potentialen-

Mi 2 ti a 
ergy _ro_ x2 , whereas it does not commute with the momenturn operator Thus the average 

2 i ax 

ti2k 2 
energy transferred to the system is ER = 0 

2M 

In order to describe the behaviour of an actual Mössbauer atom in a crystal, we have to generalise our 
treatment ( 1) to three dimensions and (2) to some 1022 modes of vibration in thermal equilibrium. The 
first generalisation is trivial. We simply interpret (x2

) of Eq.(2.49) as the mean-square displacement 
along the direction of the photon. 

The second generalisation is realised ifwe use in the quanturn expression (x2 ) = En 
2 

Eq.(2.50), the 
Mro 

average energy (En) of a harmonie oscillator at temperature T instead of the energy En . The average 
energy is given by 

(2.53) 

Wh ere 
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1 
n = ~:----

liw 
(2.54) 

ekBT -1 
is the Bose-Einstein distribution function. The amplitude ofthe displacement is then given by 

(2.55) 

We can thus calculate the recoil-free fraction f for an Einstein solid, which has only one vibrational 
frequency w for all atoms, as discussed before. 

2.2.1.3.2 The Debye solid 

Einstein's theory explained the decrease of specific heats qualitatively, but the exponential behaviour at 
very low temperatures predicted by his theory differed from the experimentally observed T3 depend
ence. Debye, in 1912, derived the T3 dependenee and thus improved the agreement between theory and 
experiment by introducing a continuurn of oscillator frequencies, ranging from zero to a maximum fre
quency w0 and obeying a distribution function 

c(co) = Aw 2 

Where A is a constant, such a distribution is shown in fig.2.6. 

ie( ro) 
~··················]······················································································: 
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Fig.2.6 Spectrum oflattice vibrations in a solidfor Debye model. 

The Debye cut-offfrequency Wo is related to Debye temperature by the expression e D = nco D 0 

kB 

(2.56) 

In de Debye model we have to consider the large number of oscillator levels in the solid and their fre
quency distribution given by Eq.(2.56). Each of the levels available has a eertaio probability to be ex
cited by the recoil. In this model we also have to find the expression for (x2

). The constant A in 
Eq.(2.56) is found from the condition 

with 

This gives 

00 

J c( co ) dco = 1 
0 

c(co) = Aco 2 for 

=0 for 

(2.57) 

(2.58) 
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A=-3-
ro D3 

(2.59) 

For the Mössbauer recoilless fraction weneed the mean value of (x2
), averagedover the vibration fre-

quenc1es, I.e. 

ron ( 1) li 
(x2

) = f c(ro) n +- -dro 
0 

2 Mro 

we can insert this expression for (x2
) into the equation for the recoilless fraction (Eq.(2.51) to get 

8n 

3 ER ( T )
2 

Tf xdx J=exp -- 1+4- --
2 ks8 D 8 D 0 ex -I 

In the limit oflow or high temperature (above 8n) we obtain approximately 

f = exp(- 3ER ); 
2ks8D 

f = exp(- 6ER. ~J; 
kseD 

(2.60) 

(2.61) 

(2.62) 

From the form ofthe equation (2.61) it can beseen that fis large when 8n is large (a strong lattice) and 
when the temperature T is small. As the temperature T decreases, the fraction f increases, but not infi
nitely. There is a limiting value at absolute zero which is still less than unity, given by the first equation 
in (2.62). This decreasein fwith temperature follows in general from equation (2.51). Thermal energy 
will increase the amplitude of vibration of the nucleus. The fraction fis very closely related to Debye
WaHer factor of X-ray spectroscopy. We can now see the explanation of the Mössbauer's result on 
191lr. The fraction fis also a function of ER, hence f will be large for a small value of the gamma-ray 
energy, Ey. The essential practical condition necessary to observe the Mössbauer Effect is ER ( ks8n 
and we see that we need gamma-rays of low energy and solids with a high Debye temperature, i.e. large 
binding energy. Since Debye temperatures are of the order of a few hundred degrees the y-ray energy 
must be ofthe order of 10-100 keV. The Mössbauer Effect has been observed in about 100 nuclei of 
which the best known are57Fe (Ey=14.4 keV) and 119Sn (Ey=26 keV). 

2. 3 Cross section for resonance processes 

In this section we will treat the energy distribution ofthe ernission and absorption lines, this distribution 
is given by the Breit-Wigoer formula which can be derived classically by consirlering the exponentially 

decaying wave train with a eertaio amplitude. The electric field produced by a nucleus regarcled as an 
asciilating dipole is given by 

Ç(x, t) = Ço exp{ {i(-root- kx)- ~~} (2.63) 

This describes a wave with angular frequency ro 0, travelling in the x-direction with velocity c= roofk, 
whose amplitude decays exponentially with a lifetime -c =tz/1. 

Neglecting the spatial variable, the speetral distri bution of the radiation can be obtained by taking the 
Fourier transfarm 
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Ç( ro) = ~ J l;o exp(-iro ot- ft) exp(irot) dt 
v2n 2n 

-oo 

I l;o 

- ../2-i i(ro -roo)+I_ 
2n 

The intensity distri bution is given by I( ro) oc IÇ( ro) f 

I(ro) = Jl;oJ2 _I I 

2n 2 (r)2 
( ro - ro 0 ) + 2n 

19 

(2.64) 

(2.65) 

This is the well-known Lorentz distribution. lt has a maximum for ro0 =ro, and falls to one halfits value 
when ro -ro0 = f/2. Thus the full with ofthe distribution at halfheight is r (cf. fig.2.1b). Quanturn me
chanically ris the naturalline width which is given by the Heisenberg uncertainty relation Eq.(2.2). 

The quanturn mechanical expression of the line shape is derived by considering the probabi1ity that the 
emitted y-ray will have an energy E and it is given by [ 10, 11] 

W(E)= r f 
2n 2 (r)2 (E -Eo) + 2 

(2.66) 

where fis the recoilless fraction and El is the energy of the nuclear transition. This expression coincides 
with the classical expression given in Eq.(2.65) with E= tzro and E0= tzro0. 

The expression {2.66) is the recoilless Mössbauer ernission, with the natural width of the nuclear ex
cited state, and contains a fraction f of the total ernission. 

If in a resonance experiment an emission line of natural line width r is moved over an absorption line of 
naturalline width r the sum of both resonance line widths, C = 2r, will be observed. The Lorentzian 
line ofsuch an absorption experiment is represented by the total cross section [12] 

With the maximum cross section 

r2 
cr( E) = cro -----=

r2 +4(E -E0)2 

cro = 2n( nc)2 2Ie + 1 _I_ 
Eo 21 g + 1 1 + a. 

(2. 67) 

(2.68) 

Where Ie and Ig are the nuclear spin quanturn numbers of the excited and ground states and a. is the in
ternal conversion coefficient ofthe y-ray, because y-ernission does not always lead to an observable y
ray. In a proportional of events an atomie s-electron is ejected instead in a process known as internal 
convers ion. a. is defined as the ratio of the number of conversion electrons to the number of y-ray pho
tons ernitted. For cr0 to be large, both E0 and a. should he small. 



Chapter Three 

Applications to relativity and Solid-state physics 

The discovery of the Mösshauer effect grew out from the study of a nuclear property, namely, the life 
time of the first excited state in 1911r, to include other fields, such as solicl-state physics, relativity, 
chemistry, metallurgy, Biology etc. 
Because ofthe extremely small energy changes, typically on the order of 10"13 it is possihle to measure 
hy means of Mösshauer resonance a numher of small relativistic effects and hyperfine interactions. The 
latter provides us with direct, microscopie information on the electronic structure of the relevant atom, 
and other information of importallee for nuclear physics. 
In this chapter, we will illustrate some application ofthe Mösshauer spectroscopy in relation to relativ
ity and solicl-state physics. 

3.1 Relativity and the Mössbauer effect 
During the first decade ofthe twentieth century, the principlesof relativity were laid down in a series of 
papers mainly hy Lorentz, Einstein [13] and Minkowski. Some of these principles are the time dilata
tion due to a gravitational potential and the Lorentz time dilatation of the 'doek paradox'. 
Some of the earliest experiments making use of the Mösshauer effect were designed to test certain pre
dictions made by relativity theory conceming the hehaviour of clocks, or frequency standards which can 
heusedas clocks. The Mösshauer effect permits us to use a natural frequency vihration of anatomie 
nucleus as the standard. 

3.1.1 Gravitational red shift (apparent weight ofphotons) 

The most fundamental of these experiments is the verification of the gravitational red shift [ 14]. These 
may he thought of most directly as the change in the energy of a pboton as it moves from one region of 
space to another of differing gravitational potential. The expression of the expected shift rnay he ob
tained in the following way hased only the conservation of energy and the relativistic mass-energy 
equivalence. 
Imagine two nuclei, one in the ground state of mass M and the other in an excited state of mass M•, 
located in regionsof different gravitational potential A and B as shown in fig.3.1a. The excited nucleus 
emits a recoil-free y-ray of energy E which is ahsorhed hy the other nucleus in a similar recoil-free 
process. We can restore the system toa state energetically equivalent to the starting one hy interchang
ing the nuclei (fig.3.1d). According to the mass-energy equivalence, the nucleus in the excited state has 
a greater rnass hy the amount E/c2

• Ifwe interchange the nuclei, the one that goes from B toA gives up 
energy M• gh to the system and the nucleus that goes from A to B gains the energy Mgh. The conserva
tion of energy requires that the pboton of energy (M• -M)c2 loses energy (M• -M)gh on passing from A 
to B, i.e. a pboton of energy E loses energy (E/c2)gh. In other words the pboton must interact with a 
gravitational field as though it had a mass equal to E/c2

. 

The expression for the gravitational red shift may he written 
8E _ gh 

E - c2 

The fractional shift in the energy of the pboton according to this equation is 
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(3.1) 
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BE= _K_ ~ 9.81 ~ 10-16m-l 
E c2 9.1016 

(3.2) 

ifa height of lOm is available, then the shift is 10-15
. Pound and Rebka at Harvard have performed the 

experiment with 57Fe [15], achieving a measurement ofthe line position within 5.10-16 ofthe y-energy. 
A second experiment which has been carried out to test relativistic laws is concemed with rotating sys
tems. The apparatus consists of a rotor with a souree mounted at the axis of the rotor and the absorber 
on the periphery. As the rotor is speeded up, the counting rate increases as a difference in potential en
ergy is established between the centre and the edge of the rotor. the equation which describe this effect 
is readily obtained by substituting the difference in potential energy between the centre and the edge of 
the rotor, l/2ro2R2

, forthefactor gh in Eq.(3.1), 

BE ro 2 R2 v2 
= 

2c2 E 
(3.3) 

where v is the peripheral speed. These effect is observed by Hay et al. [ 16] in an experiment with an 
57Fe souree on the axis of a rotor and an 57Fe absorber on the periphery. 
It has been asserted that the existence of the predicted red shift in both gravitational and the kinematics 
case shows that the principle of equivalence is valid for the mass ofthe photon. 

ToB () 0 0 

1 

I 

I 
\ 

h Y-ray 

-vA 0 0 ~) 
(a) (b) (c) (d) 

V Excited nucleus 

() Nucleus in ground state 

Fig.3.1 Derivation of the equation ofthe gravitational red-shift (a) initia! state, (b) gamma-ray 
transfers energy E to the upper nucleus, (c) intermediale state, (d) work can be done by 
moving the heavier exited state nucleus down and the lighter ground state nucleus up, 
thereby restoring the initia! state. 

3.1.2 Thermal red shift and the "twin paradox" 

As we have see insection 2.3 the atoms (nuclei) are inthermal motion in a solid, the velocity of vibra
tion v(t) changes its direction at frequencies characteristic of lattice vibrations, 1012-1013 Hz, i.e., many 
oscillations take place within the lifetime of nuclear levels useful in Mössbauer experiments. The aver

age velocity (v) vanishes when the average is taken over numerous periods, but (v2
) does not so average 

away. This will introduce a line shift called the thermal red shift or the second order Doppier effect. 
This shift can be calculated in the following way: consider a souree of radiation at rest in a system Ks, 
which moves with a velocity v=j3c with respect to the absorber system K •. The radiation souree can he 
used as a doek. If this doek measures in its system Ks a time to between two events, then an observer in 
K. will find a longer time t between these same events (time dilatation) 
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t 
to 

(3.4) 

Ifthe souree in Ks emits a radiation offrequency Vo, then the frequency v measured in Ka is given by 

~1- B
2 

1 + B cos88 
V= VQ = VQ (3.5) 

1 - B cos e a ~ 1 _ B 2 

where es is the angle between the direction of emission of the photon v0 and the velocity v measured in 
Ks, and e. denotes the same angle measured in K •. For v<<c Eq.(3.5) can be approximated by 

v ~ vo[l+Bcos8a- ~ B2 J (3.6) 

V 
The linear term - cos8a will hence average out, giving rise to the unshifted and sharp Mössbauer line. 

c 

1 v2 
The quadratic term, - - 2 will remain and it will cause a shift in the energy of the emitted or ab-

2c 
sorbed y-ray. Thus the second Doppier effect is given by 

ÖE v- vo (v2 ) 
-= =-- (3.7) 
E vo 2c2 

It is obvious that (v2
) increases with rise in temperature Eq.(2-49). Accordingly, the Mössbauer reso

nance will movetoa more negative velocity as the temperature is raised (red-shift). 
The experimental results found by Pound and Rebka [15] using 57Fe as Mössbauer isotope and Boyle et 
al. [ 17] using 119Sn, are consistent with the prediction of Eq. (3. 7). 

3.2 Hyperfine interactions 
A second and important class of applications of the Mössbauer effect are the determination of the small 
interactions of the nucleus with the surrounding electronic charge, i.e., the interactions of the nucleus 
multipales with the electric and magnetic fields in which it is immersed; known as the hyperfine inter
actions. Prior to Mössbauer's discovery the possibility of being able to resolve directly the hyperfine 
splitting of the nuclear energy levels had been universally discounted. With the Discovery of the Möss
bauer effect and the subsequent extremely high definition of the gamma-ray energy it is possible to de
tect these small effects. There are three principal interactions to consider. These are: 
1) An electric monopole interaction (coulomb interaction) between the nucleus and electronic charges. 
This effect is known as isomer shift or centre shift, because it is seen as a shift of the absorption line 
away from zero velocity (Fig.3.2). 
2) A magnetic dipole interaction between the magnetic moment ofthe nucleus and the magnetic field at 
the nucleus. 
3) An electric quadrupale interaction between the quadrupale moment ofthe nucleus (ifit has one) and 
the local electric field gradient (EFG) at the nuclear site. 
All of these interactions are a consequence of the fact that the nucleus is a cluster of moving charges, 
distributed over a finite volume, rather than a point charge. These three effects may occur together, but 
only the magnetic and quadrupale interactions are directional and thus have a complicated interrelation
ship. The isomershift behaves independently of the other two interactions, and is conveniently consid
ered first. 

3. 2.1 Jsomer shift 

In atomie spectroscopy, lines from an isotopic mixture show a splitting which is not present in the 
spectrum of an isotopically pure element. In heavy elements, this splitting is due to the fact that the 
addition of one or more neutrons changes the nuclear radius. This change, shifts the atomie energy lev-
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els. A change in the radius can occur even without a change in nucleon number when the nucleus goes 
from one state to another. The corresponding shift is called an isomerie shift. The first observation of 
an isomerie shift was made by Kistoerand Sunyar in 1960 [18], using 57Fe. 
A change in nuclear radius which shifts the atomie energy will obviously also affect the nuclear levels. 
In this section we will see how changes in radius affect the electrostatic interaction between the nucleus 
and the surrounding electronic charges. In order to calculate the shift ofthe nuclear energy levels, con
sider the interaction energy between the total electronic charge e p(r) and the electrostatic potential gen
erated by the nucleus V(r) 

U= -ef p(r)·V(r)dr (3.8) 

Fora point nucleus, V(r) = Z;l,., and one finds for the corresponding energy 

up = - Ze2 J p~) dt = - Ze2 (r - 1
)' (3.9) 

where ((1
) denotes an average over all electroos present. Since the only nuclear parameter involved in 

Ur is the total charge Z, this energy will be the same for all nuclear states of a certain nuclide. In a 
Mössbauer experiment one measures only the change of the total energy of the system when the nucleus 
undergoes a transition between the ground state and excited state. Therefore, the coulomb energy of a 
point nucleus caooot be seen. 
Real nuclei have a finite size which in general will be different for the two states connected by the reso
nant gamma transition. Hence the coulomb interaction between the electrooie charge and the nuclear 
potential will be different for the ground state and the excited state, consequently, an energy shift will 
generally be observed. 
To find the shift, one assumes the nucleus to be a sphere of radius R with the nuclear charge distributed 
uniformly throughout the volume. The potential from R to infinitely is the same as for the point nu
cleus. Hence only the volume from 0 toR needs tobetaken into account when determining the energy 
shift. For r ( R, the nuclear potentialis given by 

V(r)=-----Ze[3 l(r)2] 
R 2 2 R ' 

r(R (3.10) 

us the finite size ofthe nucleus causes a change in V(r) from that ofthe point nucleus, which is given 
by 

Ze [ 3 1 ( r) 
2 R] ~V(r) =- --- - --

R 2 2 R r 
r(R 

(3.11) 

~V(r) = 0 r)R. 

According to Eq.(3.8) and first order perturbation theory this causes an energy shift compared to the 
coulomb energy of a point nucleus (Eq.(3.9)) 

~Uv= -eJ p(r)~V(r)dr (3.12) 

If the electrooie charge density can be considered constant over the nuclear volume, one may replace it 
by its value at the origin p(O) and integrate Eq.(3 .12) to obtain 

(3.13) 
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This expression relates the electrostatic energy of the nucleus to its radius, which will in general he dif
ferent for each nuclear state (fig.3.2). We are not interested on the location of individual nuclear levels 
but on y-rays resulting from transitions between two such levels. The energy of the y-ray represents the 
difference in electrastatic energy ofthe nucleus in two differentstatesof excitation which, in the present 
model, differ only in nuclear radius. The expression for the change in the energy of the y-ray due to the 
coulomb interaction is therefore the difference of two terms like Eq. (3 .13 ), written for the nucleus in the 
ground (gr) and excited states (ex) 

Mv = ~Uvex -~Uvgr = ~ nZe2M 2p(O), (3.14) 

where 

(3.15) 

is the difference of the square of the radius between the excited state and the ground state. This quantity 
Lillv, which involves the total density p(O)=I'I's(O)I2 at the nucleus of all s-electrons, is not measurable. 
If the souree and the absorber consist of two chemically different environments such that the wave 
functions at the nucleus in the souree S and the absorber A are different, one has to shift the energy of 
the emitted y-ray by an amount 

(3.16) 

The application of a Doppier velocity to the souree is therefore necessary to attain resonance and detect 
the shift 

ö = c· tiliJs = 3.~ze2M2~p(o) 
Ey 5 Ey 

(3 .17) 

in the position ofthe resonance form zero velocity (fig.3.2a), with 

(3.18) 

8 is called the isomer shift, reflecting the fact that Lill.2 refers to two isomeriestatesof a given nuclide. 
The equation consists of two factors: the second contains the electronic charge density at the nucleus, 
which is basically anatomie or chemical parameter, since it is affected by the valenee state ofthe atom; 
the first contains only nuclear parameters, in particular the difference between the radius of the iso
merie excited state and that of the ground state. In fig.3 .2 we have indicated schematically the origin of 
the sign of the isomer shift; in this example the mean square radius of the charge distri bution is taken to 
be greater in the ground state and the s-electron density greater in the absorber. The energy levels on the 
left in each case are appropriate to a point nucleus and those on the right indicate the change introduced 
by the finite charge distribution. In this case we see that the energy of the souree radiation needs to be 
decreased to produce exact resonance, as indicated by Eq. (3 .17). In section 3 .3 we will discuss how to 
get physical information from the isomer shift 
The thermal vibration ofthe nuclei will also shift the gamma-ray energy as result ofthe relativistic sec
ond-order Doppier effect (Eq.3.3). The observed isomershift includes this term; some findit convenient 
to refer to the centre shift when the second-order shift is nat subtracted. This effect is aften small, and 
in many situations the isomershift and centre shift are used as synonyms. 
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Fig.3.2 Schematic energy level diagram illustrating the origin ofthe isomer shift: (a) souree 
(b) absorber. In each case the levelsfora hypothetical point nucleus areshownon the left. 
For the case illustrated, the nuclear charge radius is greater in the ground state (as it is 
found in the case of57Fe), and the s-electron density is greater in the absorber. (c) the 
resulting line shift. 

3.2.2 Magnetic dipole interaction (Nuclear Zeeman Effect) 
Magnetic hyperfine interacties were first observed by Pound and Rebka in 1959 [19]. A nucleus with 
spin quanturn number I greater than zero can have a nuclear magnetic moment 11, which can interact 
with a magnetic field B at the place of the nucleus. The magnetic field B may he an extemally applied 
field or a local effective field; the different possibilities for its origin will be discussed in the end of this 
section. The Hamiltonian descrihing the interaction is 

(3 .19) 

where lln is the nuclear magneton and g1 is the nuclear gyromagnetic ratio !lil- The direction of B has 
been taken as the axis of quantization oz. The nuclear state with spin I ( I ) 0) splits into 21+ 1 equis
paced sublevels with the eigenvalues 

Em = - gJilnBmJ (3.20) 
m1=1,1-l, .... ,-I 

where m1 is the magnetic quanturn number. The splitting between adjacent levels is g!lnB and the split
ting between the lowest and the highest level is 2I!lnB. The level diagram for 57Fe is shown as example 
in Fig.3.3, together with the allowed transitions between the sublevels ofthe excited state and ground 
state. The isotope 57Fe has I== 1/2 for the ground state which splits into two sublevels and I=3/2 for the 
14.4 kev first excited state which splits into four. The allowed transitions duringa Mössbauer transition 
between the first excited state and the ground state are restricted by the selection rule &n=0,±1 to six 
(fig.3 .3). In this case the ordering of the sublevels m1 indicates the fact that the ground state magnetic 
moment is positive, while the excited state has a negative magnetic moment according to the Eq.(3.20). 
The magnetic interaction Eq.(3.20) is a product of a nuclear parameter, the moment 11, and anatomie 
parameter, B. This is the same case as for the isomer shift. In the last section we will discuss the ex
perimental use ofthis expression for the deterrnination ofthe two unknown physical quantities. 
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Fig.3.3 Magnetic splitting ofthe ground state and.first excited state of57Fe. Note that the sign of 
nuclear moment ofthe ground and excited stafes differ. On left the six allowed 
transitions are indicated. On right the resultant Mössbauer spectrum. 
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As it is mentioned above the origin of the magnetic field B may be extemal, intemal to the atom itself or 
bath. The intemal (hyperfine) contribution to the field B can be derived by consirlering the interaction 
of the nuclear magnetic dipale f.l with the surrounding electrons. This interaction is small compared 
compared to the atomic-energy splitting and it is considered as a perturbation. The Hamiltonian Hhf 
descrihing these interaction is obtained from the atomie Hamiltonian given by [20] 

(3.21) 

where the sum is over all electrans of the atom. The first term in the sum is the kinetic energy of the 
electrons, the second term is the magnetic energy of the system and V is the potential energy. B and A 
are the magnetic field and vector potential produced by the nucleus magnetic moment f.l at a point re
moved from it by a vector r and are given by 

Ë=VxA. 

A= J.lO ~x r = J.lO V x (~J 
4n: r3 4n: ~ 

(3.22) 
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Pi, ri and llsi are the momentum, vector position and spin magnetic dipole respectively ofthe electron i. 
Equation (3 .22) can be written in the form 

[ 
-2 J ( ~ [ 2 2J 
Pi e-- -- -- eA 

H= I-+V + I-(Jt·A+A·l})- L(llsi·B)+-
i 2m i 2m i 2m (3.23) 

= Ho + + 

H0 is the Hamiltonian in the absence of the nuclear field, H1 and Hz are the second and third terms re

e2 A2 
spectively in Eq.(3.23). In the firth term the factor -- is negligible. H1 and Hz are small compared 

2m 
to the atomic-energy splittings and will only slightly perturb the atomie energy levels. We will bere not 

look for the solutions ofthis perturbation problem, but we want only to describe the interactions H1 and 

Hz as the interaction of the nucleus magnetic moment with the fields created by the electroos at the 

place ofthe nucleus. Therefore we writ H1 and Hz as Jl.Bhf. 

In the case of the Coulomb gauge condition, i.e., V· Ä = 0, we have Ï{ · Ä = Ä · Ï{ and H1 can be 

written 

e - - llO en ~ · ~ 2J.lo l · Ï 
H1 =I -1} ·A= I---=-giilnllBL-1 -

i m i 41t m r? 47t i 1}3 
(3.24) 

where we have use the expressions 

- -nt = r x P 

~ = JlngiÏ 
(3.25) 

- -
where l , I ,g1 are the orbital momenturn of the electron, the nuclear spin momenturn and the nuclear 

Lande factor respectively. H1 can be seen as the interaction of the nuclear spin with the magnetic field 
produced by the orbital momenturn 

(3.26) 

with (3.27) 

Hz can be written in the following form 

H2 =-I~i ·Ë 

(3.28) 

=-~·(se +Bdip) 
bere we have used the expression 

~ · B = ~ · v x Ä = llo ~ . v x v x ( lls; J 
47t IJ 

(3.29) 
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H2 can also be seen as the interaction of the nuclear magnetic moment jJ with the fields Be and Bwp· 

The derived fields Be, B1 and Bdip constitute the so called hyperfine field or internat field. 
If we take into account an external applied field the effective field at the place of the nucleus can in 
general be written as 

(3.30} 

we will now give an interpretation ofthe various sourees ofthis magnetic fields: 
Be rises from the Fermi contact interaction, which is a result of the polarisation of the care s-electrons 
caused by the valenee d-electrons. In the case of iron, in an atom the most electrans are in pairs, one 
having ms =+ 1/2 and the other ms =-112, the net spin being zero. But the unpaired electroos in the 3d 
orbitals will have the same spin (say m. =+ 112}, and will attract towards them all other spin-up elec
trons, while the interaction with the spin-down electrans is repulsive. 
This willleave a preponderance of spin-down electrans at all other points in the atom. This mechanism 
is particularly effective where it is the s-electrons which are being polarised, since they have high den
sities at the nucleus, and interact with it. This Fermi contact interaction results in a field given by 
(Eq.(3.28)) 

(3.31} 

where !J.B is the Bohr magneton and the term under the sum is the net spin density of the electroos at the 
nucleus. In metals the polarised conduction electroos may also contribute to the contact interaction with 
the nucleus. 
The second mechanism which can give rise to magnetic fields at the nucleus concerns orbital motion of 
the unpaired electrans about the nucleus. This motion generates an electric current and gives rise to a 
magnetic field B1 at the nucleus 

Ë1 = -2(1lo)llBL \ 
4n i 'î 

(3.32} 

Here li is the orbital angular moment vector, and the sum is over all electroos in the atom. 
A further contribution arises from the dipale interaction between the nuclear magnetic moment and the 
spin of the electroos 

(3.33} 

Finally the application of an external field B0 will result in an effective field Bi .Taking into account the 
Lorentz and demagnetising fields Bi is given by 

4 (!lo) Bi =Bo +J 
4

1t rrM -DM (3.34} 

From Eq.(3.30) we see that there are many interactions which can produce large values of effective 
field at the nucleus, and that these contribtions can be of either sign. The observed field is therefore the 
relatively small resultant of many contributions, any one of which may dominate in the appropriate cir
cumstances. In the case of iron, the fermi contact interaction is by far the most important one for the 
generation of magnetic fields at the nucleus. 
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3.2.3 The electric quadrupole interaction 
In consiclering the electric monopole interaction and the resulting shift it was assumed for simplicity 
that the nucleus charge distribution is spherical. However, nuclei in states with a nuclear angular roo
menturn number I ) 1/2 have non-spherical charge distributions which are characterised with a nuclear 
quadrupole moment eQ. In the presence of alocal electric field gradient (EFG) energy differences arise 
depending on the orientation of the quadrupole moment in the spatially varying electric field. This will 
give rise to a splitting of the nuclear energy levels (Fig.3 .4). The electric field gradient can be created 
by extemal charge distributions or by the atom's own electrons. In general, incomplete subshells can 
have non-spherical charge distributions, and create electric field gradients. Since the size of the effect is 
proportional to (r-3

), intemal electric fields produce the larger effects. The nuclear quadrupole moment, 
eQ, is expressed by 

(3.35) 

where e is the charge on the proton, and p is the charge density in the volumè element d• at a distance r 
from the centre of the nucleus and at an angle 9 to the axis of the nucleus spin. the sign of eQ can be 
positive or negative according to the shape ofthe nucleus. 
The field gradient is a 3 x3-tensor, which can, however be reduced to diagonal form in the proper coor
dinate system so that it can be completely specified by three components 

ilv 
Vyy =-2, ay 

Furthermore, the Laplacian ~Eis traceless, so that 

Vxx +Vyy +Vzz = 0 

(3.36) 

(3.37) 

As a result, there remain only two independent components, usually chosen as Vzz (often denoted eq), 
and 11, the asymmetry parameter defined by 

Vxx -VJY 
11= 

Vzz 

The components are usually chosen so that IVzzi>IVxxl ~ IVyyl and then 0:::;11:::;1. 

(3.38) 

The interaction between the nuclear electric quadrupole moment, Q, and the gradient ofthe electric field 
is expressed by the Hamiltonian [20] 

2 
e qQ [ A 2 ( A 2 A 2 )] 

HQ=
4
I(

2
I_

1
) 3Iz -I(I+1)+11Ix -Iy (3.39) 

A A A 

where I x, I y and I z are quantum-mechanical spin operators. A completely general solution of this 

Hamiltonian is not possible, but exact expressions may be given under certain conditions. 
For example if the electric field gradient tensor has axial symmetry, i.e. 11=0, then the eigenvalues of 
equation (3.30) are 

2 
EQ = ( qQ )[3m/ -I(I +1)] 

4I 2I -1 (3.40) 

m1 = I,I-1, ... ,-1. 
Ifthe symmetry is lower than axial, i.e. when 11>0, an exact expression can only be given for 1=3/2, and 
IS 
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1 

EQ = 41(~i~ l)[3m/- I(!+ 1)](1 + ~
2

y: (3.41) 

This expressions contains only the second power of the magnetic quanturn number mr, which means 
that states whose m1 differ only in sign remain degenerate. 
The effect that this nuclear quadrupole interaction with an EFG has on the nuclear states can be illus
trated by taking 57Fe as an example. The nucleus of 57Fe has a ground state with spin 1/2, thus it re
mains unaffected with the presence of an EFG. While the first excited state (14,3 KeV) has a spin of 
3/2, and in the presence of a non-zero EFG this splits into two substates characterised by m1=±112 and 
m1=±3/2 and hence the degeneracy is partially removed (Fig.3.4}, this situation willleads toa two pos
sibie transitions between the excited state and the ground state, and hence a two-lines velocity spectrum, 
with the two lines separated by the quadrupole splitting Llli0 as shown in fig.3.4. In the first case 
(Eq.(3.40) the energy level 1=3/2 has the two levels at +e2qQ/4 {m1=±3/2) and -e2qQ/4 {m1=±112}, the 
splitting between this levels is Llli0=e2qQ/2 (Fig.3.4). In the second case (Eq.3.41) the two sublevels are 
at ±(e2qQ/4)(1+rt2)It2. 

1 2 

I 

lli<AEo, 2 

±112 I JJ\)~ , 
i 1/2 / velocity 

l.. .......................................... J.~2~~~ .. ~h.~.!l ...... .Q~~.~pg~.~ .. ~p~}.~~~.S.. ...................................................................... . 
Fig.3.4 Quadrupale splittingin 57Fe. On the left the energy-level scheme resultant spectrum 

for quadrupale splitting of an 1=312~1=112 transition On the right the resultant velocity 
spectrum. 

As in the case ofthe isomer shift, and magnetic dipole interaction the Quadrupole interaction {Eq.3.30} 
is also the product of a nuclear quantity; Q, and a electronic quantity; the electric field gradient. 
As mentioned above the origin of the electric field gradients at nuclear sites are basically of two kinds; 
those generated by charges on distant i ons and those generated by the electrons of the atom itself. Dis
tant ions contribute provided their symmetry is lower than cubic. EFG's generated by the electron 
cloud are produced only by open-shell electrons, because closed shells have spherical symmetry (s
electrons don't contribute for the same reason). 

3.2.4 Combined magnetic and electric hyperfine coupling 

As outlined above, the dipole magnetic and electric quadrupole interactions are directional. However, 
when this two effects are simultaneously present, their respective principal axes are not necessary co
linear, and the mixed interaction is complex, and there are no solutions in closed form for the Hamil
tonian descrihing the combined interaction, i.e. the sum of equations (3 .19} and (3 .40). However, com
plete solutions to this problem have been evaluated for the case of rt=O for I< 9/2 [21 ], and for all an
gles between the direction of Hand the crystal z-axis. However on most occasions it is sufficient to 
consicter the quadrupole interaction as a perturbation since the effect is usually much smaller than the 
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splitting produced by an intemal effective magnetic field . Abragam [20] has given the tirst-order cor
rection to the energies ofthe state m1. The resultant energy levels are given by 

1 2 ( 2 J E=-g!-!nHmJ+(-t)lmii+2e :Q 3cos29-1 , (3 .42) 

where 9 is the angle between the magnetic axis and the major axis ofthe electric field gradient tensor. 
All magnetic hyperfine lines are shi:fted by a quantity 

l•l = e2:Q(3cos:9-IJ (3.43) 
We see from Eq.(3.32) that the shift is independent ofthe sign of mr. 
For an axially symmetrie EFG tensor with symmetry axis parallel to H, i.e. 9 =0 the energy ofthe sys
tem is given by 

(3.44) 

All four substates ofthe nuclear state 1=3/2 are displaced by the same amount f:= l/4e2qQ by the quad
rupale interaction, wich is shown in fig.3 .5. The lines 1 and 6 are shifted to more positive velocity by 
+E, while lines 2,3,4 and 5 are shifted by-E. The difference in the separations 1-2 and 5-6 is therefore 
4E. This difference is used todetermine the quadrupale shift E from the Mössbauer spectrum. 

, ................................................................................................ , 
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Fig.3.5 The effect ofthe small quadrupale perturbation on a 112~312 magnetic transitionfor an 
axially symmetrie EFG with the symmetry axis parallel to H. Line 1 and 6 are shifted to 
more positive velocity (higher energy) by +e, while lines 2,3,4 and 5 are shifted by -& 

( lower energy). 

3.2.5 Relative line intensities 
As outlined in the preceding sections the hyperfme interactions can be deduced from the line positions 
alone, and that the allowed transitions are govemed by the selection rules appropriate to the multipole 
order of the radiation involved. The most Mössbauer transitions are either magnetic dipole (M1) or 
electric dipole (El) transitions (iliu=O,±l), but electric quadrupale transitions (E2) are also possible 
(ilin=0,±1,±2), and there are frequent occasions when a mixture of magnetic dipole and electric quad
rupale is present, in which case a direct measurement ofthe M1/E2 mixing ratio could be made. Ifit is 
desired to get information about the orientation of the magnetic axis or the electric field gradient tensor, 
then a more knowledge of the line intensities is essential. 
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The relative intensity of a gamma transition between two nuclear levels of spins I1 and 12 is deterrnined 
by the coupling of the two nuclear angular momenturn states. The gamma transition must conserve the 
z-component of the angular momentum, i.e., the angular momentum, J, carried off by the gamma ray 
must satisfy 

(3.45) 

where the two nuclear spin states l1 and h have lz values of m1 and m2, and their coupling obeys the 
vector sum J=l1+l2 and m=mz-mJ. However, J cannot be zero, and it is referred to as the multipolarity 
of the transition. A transition for which J= 1 is called a dipole transition. lf it is accompanied by a 
change in parity, it is a magnetic dipole MI transition; if not, it is an electric dipole El transition. lf 
J=2 the transition is called a quadrupale transition. lf there is a change in parity, it is an electric quad
rupale E2 transition; if not, it is a magnetic quadrupale M2 transition. The coupling of the two nuclear 
angular momenturn states, i.e., the transition probability between the two statescan be expressedas the 
product oftwo terms which are angular-dependent and angular-independent respectively. The angular
independent term gives the angular-independent intensity, which is given by the square of Clebsch
Gorden coefficients [9d] 

(3.46) 

For 57Fe, where 11 =3/2, 12 = 112, the most used coefficients for the 112~3/2 MI transition are given by 

(3.47) 

these yield the relative probabilities for the various allowed transitions, with a total angular- independ
ent intensity probability of unit and give directly the 3:2:1:1:2:3 intensity ratios for a magnetic hyper
fine splitting. This coefficients are given in table 3 .1. The corresponding terms for a quadrupale spec
trum are obtained by summation, because in this case only the first excited state 1=3/2 splits into two 
sub-level giving rise to two transitions (§3.2.3) with a 1:1 ratio as shown in table 3.2. 
The angular dependent terms, are expressed as the radiation probability in a direction at an angle e to 
the quantization axis (i.e. the magnetic field axis or EGF in the case rt=O). These are also given in ta
ble3.1 and 3.2 for magnetic and quadrupale cases respectively. 

Table 3.1 The relative intensities fora 112,312 M1-transition 

Transition m (or ~) cz Angular dependenee 

±3/2~±112 ±1 114 9/4( 1 +cos28m) 

±112~±112 0 116 3 sin28m 

+112~±112 +I 1112 3/4( 1 +cos28m) 

Table 3.2 The relative intensitiesfora 112,312 E2-transiton. 

Transition cz Angular dependenee 
±3/2~±112 112 112+3/4sin28Q 

±112~±112 112 3/4( 1 +cos28q) 

Form table 3.1 is clear that for magnetic transitions (MI) the ~=0 transitions have a radiation pattem 
given by sin28m, which is just that of a classica! dipole, the intensity of this transition vanishes for Sm 
=0, i.e. along the magnetic axis. The sum ofthe three angle-dependent intensities is independent of an
gle, i.e., that the total radiation ernitted between the 1=3/2 and 1=112 states bas spherical symmetry. The 
average over a sphere of the angular dependenee for each component reduces to the total relative prob
ability, using 
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27t 7t 

I sin2 8m) = -1 J d<p f d8m sin
2 

8m = ~ 
\ 41t 0 0 3 

2 1 21t 7t 2 1 
I cos 8 m) = - J d<p J d8 m cos 8 m = -
\ 41t 0 0 3 

(3.48) 

where ( ) denotes the average over a sphere. The intensity ratios are then 3:2:1:1:2:3 for the six transi
tions. In general the expected line intensities can be predicted from table 3.1 for magnetic interaction to 
be 

4sin2 8m 
3:x:l:l:x:3 where x= ( ) 

1+ cos2 8m 
(3.49) 

This ratios can easily be determined from the Mössbauer spectrum, and by means of Eq.3.49 the angle 
em between the direction of the magnetic field at the nucleus and the propagation direction of the y-ray 
can be determined. The relative line intensities for 8m=0° are 3:0:1:1:0:3 and for 8m=90° 3:4:1:1:4:3, 
this is the case ofthe 57Fe-spectrum shown in Fig.3.3. 
Because the total radiation pattem is isotopic it follows by integration over all directions that the rela
tive line intensities fora randomly oriented magnetic material is 3:2:1:1:2:3. We can see that the nuclear 
Zeeman effects observed by Mössbauer spectroscopy can give important information for the under
standing of the magnetic properties of materials. It is of particular interest that in ferrite, compounds, 
and alloys each lattice site exhibits its own hyperfine pattem. Thus sublattice behaviour or the influence 
of neighbours atom in specific environment to the resonating atom can be studied. 
The angular dependenee of the radiation pattem produced at the 57Fe nucleus by an EFG with axial 
symmetry (f1=0) is given in table 3.2. In this case eq represents the angle between the principal axis of 
the EFG and the propagation direction of the y-ray. The relative line intensities of the quadrupale split 
lines are for 8q=O, 3:1 and for 8q=90°, 3:5. Fora randomly oriented material, the relative line intensities 
are 1: 1, which can be determined by integration over all angles. The quadrupale interaction deduced 
from Mössbauer spectra is of great interest for chemistry and solid state physics. 
In the case of combined magnetic and quadrupale interactions, or "fl*O, the relative line intensities dis
cussed above are no longer strictly valid. Because the nuclear wave functions are no longer pure states 
with a defined quanturn number, and must berepresentedas linear combinations ofterms. These cases 
are complex and will not be treated bere. 

3.3 Applications to solid state physics 
The quantities that can be measured in Mössbauer experiments, namely, the recoilless fractions, the line 
shape, the line splitting and the line shift, have been discussed in the preceding sections. The fact that 
these quantities can be determined under a wide variety of conditions and with a wide range of parame
ters makes the recoilless gamma-ray emission and absorption such a powerful tooi in solid-state phys
Ics. 
The choose of parameters to be varied determines which solid-state properties will be investigated. The 
resonant nuclei can be a normal constituent of the investigated material or can be introduced as impuri
ties. The host can be ofthe same chemical composition as the radioactive material, or it can be differ
ent. The experimental conditions can be varied, i.e., the temperature, pressure and extemal applied 
fields. The emitted or absorbed radiation and its characteristics can be stuclied at various angles with 
respect to intemal or extemal fields. 
In this section some applications ofthe Mössbauer spectroscopy to solid-state physics will be discussed 
and the type of information which can be deduced from these measurements will be given. 
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3.3.1 Lattice properties 

In this section some applications of the Mössbauer effect to the determination of lattice properties will 
be discussed. 

3.3.1.1 Lattice vibrations 

The traditional way of obtaining information about the vibrational properties of the atoms in a solid is 
from specific heat measurements and with thermal neutron scattering. 
The Mössbauer effect also offers two ways of studying atomie motions in solids: 
i) from the factor f (Eq.(2.51)) 

(3.50) 

This factor can be determined by measuring the fraction of y-rays emitted or absorbed without energy 
lossas a function oftemperature T. From f(T) one finds the meao-square deviation (x2

). 

Further evaluation depends on the model one selects to describe the solid as discussed in section 
2.1.1.2. 
ii) from the second order Doppier shift of the Mössbauer spectrum measured as a function of tempera
ture. This is from Eq.(3.7). 

(3.51) 

and so measures the mean square velocity of the atoms. It is also possible to get information about the 
pbonon spectra farm a detailed measurement of the energy spectrum of the y-rays in the Mössbauer 
effect, particularly the observation ofthe one pbonon exchange. 

3.3.1.2 Diffusion 

The diffusion processes in solids can be studied, since these leads to an increase in the line width. The 
magnitude ofthe increase gives the classical diffusion constant. 

3.3.1.3 Lattice specijic heats 
These can be determined by the observation ofthe second-order Doppier effect, since Eq.(3.3) can be 
written as function ofthe specific heat CL in the following way 

öE v2 

E 2c2 
(3.52) 

since Ekin= (l/2)Mv2 where Mis the mass and Ekin the kinetic energy ofthe decaying atom. Hence one 
finds 

öE Ekin 
---

E Mc2 
(3.53) 

In the classicallimit, the kinetic energy Ekin is equal to (3/2)k8 T, and the relative energy shift becomes 
öE 3kBr 

E 2Mc2 (3.54) 

For harmonie lattice farces, where the total energy U is twice the kinetic energy Ekin, one finds for the 
temperature dependenee of the relative energy shift 

_j__(öE)--~ (3.55) ar E - M'c2 

Here CL = a U is the specific heat of the lattice and M' is the gram weight of the lattice substance. ar 
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3.3.1.4 Pressure effects 
The increasing of the ambient pressure P on a sample will increase the f-factor [23] and will shift the 
resonance line [24]. The dependenee f(P) can be derived easily in the Debye model so that f(P) can he 
deduced from f(9) in the following way 

af (afJ (a8J(avJ 
aP = a 8 v P av aP 

' 
The dependenee of the Debye temperature 9 on the volume is given by the Grüneisen relation 8ln8 

8lnV = -y 

Neglecting the volume dependenee ofthe Grüneisen constant y, Eq.{3.54) becomes a8 8 
-=-y-
av v 

The volume V depends on the pressure P through the compressibility a, 

av =-a. V 
aP 

(3.56) 

(3.57) 

(3.58) 

(3.59) 

For simplicity we assume low temperatures so that fis given by Eq.(2.62). Then one finds with equa
tions (3.53) to (3.56}, after integration 

f(P) = f(P = O)exp(( 3
ER Ja. y PJ = exp(-( 3

ER J[l- a. y P]J (3.60) 
2kB8D 2kB8D ~ 

This expression gives a means for studying the pressure dependenee of f. Mössbauer spectroscopie 
studies at high pressures can also he used to investigate solid state transformations and changes in 
chemical bonding and structures which are induced under pressure. A change in the ambient pressure 
gives rise toa shift ofthe Mössbauer line. This is mainly due to two contributions. One is caused by a 
change with pressure of the dectronie wave functions at the nucleus; this term can be called the vol
ume dependenee of the isomer shift. The other contri bution comes from the volume dependenee of the 
internat energy of the solid; this term is analogous to the second-order Doppier shift. The pressure shift 
has been investigated by Pound [23] who found a relative shift in good agreement with his theoretical 
estimates. 

3.3.1.5 Hyperfine interactions 
From both the solid-state and nuclear point of view the study ofhyperfme spectra is likely the most 
fruitfut applications ofthe Mössbauer effect. 
In section 3.2 it was seen that there are three principle parameters that may he obtained from a Möss
bauer spectrum: the isomer shift, the quadrupale splitting and, in the case of magnetic compounds the 
magnetic hyperfine splitting. All these interaction energies are proportional to the product of a nuclear 
property and anatomie or solid-state property. The major problem in the interpretation ofthe Möss
bauer hyperfine spectra is the separation of these two factors. 
In this section we will consider the use of the Mössbauer effect in the study of hyperfine structures and 
the various information which can be obtained from the Mössbauer spectrum in relation to these factors 

i) lsomer shift: 
The isomer shift given in Eq. (3 .17 ) can he written in the form 

óR ö = C-~p(O) 
R 

(3.61) 
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where C is a constant for a given isotope containing nuclear parameters, LllUR is the relative change of 
nuclear radius between excited state and ground state, and the tenn óp(O) represent the difference in the 
total electron density evaluated at the nucleus p(O), between absorber and souree isotopes. Eq.(3.48) 
shows that infonnation on two different environments can be obtained from isomershift experiments. 
On the one hand, differences in the nuclear radius between ground state and excited state can be meas
ured. On the other hand, changes in the wave function of the s electrous can be studied in various sub
stances. There is no way ofmeasuring either tenns separately by experiment and the only available op
tion is to estimate one by calculation. The quanturn mechanical calculation of óp(O) for selected souree 
and absorber and the measure of ö lead to the determination of óR/R. The Hartree-Fock calculations 

3 
have been used for the determination of :~:}v ns( 0 t for various 3d configurations of 57Fe, this calcu-

n=l 
lations have been used to supply values for the chemical factor. A convenient unit for the fractional ra
dius changes seen experimentally is - 104

. For the case of 57Fe LllUR is found to be negative, i.e., the 
excited state radius is smaller than the ground state one. The nuclear radius, given for the ground state 
as ~1.2 10"13A113 cm, where A is the nuclear mass number, does vary some from one energy level to 
another. Once the value of LllUR has been established Eq.(3.61) can be considered as a means for 
measuring the dectronie charge density. p(O) is dominated by the s-electrons and since there is usually 
only a small changes in ls behaviour with different chemica! binding, one finds óp(O)/p(O) >::::104

. There 
is a second rather more subtie way in which the isomer shift is dependent u pon the state of the atom. 
The wave function of an s-electrons is not independent of the number and type of other electrous pres
ent; this is the so-called screening or shielding effect. We findon passing from Fe2

+, ls2 2s2 2p6 3s2 3p2 

3d6 to Fe3
+ ,3d5

, the 3s-electron density at the nucleus has increased, not because there are more s
electrons, but because the removal of the 6th 3d-electron in going from Fe2

+ to Fe3
+ decreases the 

screening effect of the 3s-electrons and causes the 3s-electron wave function not to expand, increasing 
its charge density at the nucleus. 
Many applications ofthe Mössbauer effect exploit the sensitivity ofthe technique to changes in electron 
density at the nucleus. Compounds in which atomie oxidation states and coordination numbers are un
clear have been examined by Mössbauer spectroscopy and problems resolved from a consideration of 
the isomer shift data. Interpretations of this parameter have led to a better understanding of the ionicity 
and covalency of honds, the dectronie properties of intennetallic, inorganic and organomettalic com
pounds, by use of molecular orbital calculations, more sophisticated appreciation's of the nature of 
bonding in solids. Isomer shift also provide a very direct metbod of detennining the total s character of 
the conduction band. 

ii) Magnetic dipole interaction: 
the magnetic hyperfine interaction, (Eq.3.19), contains a nuclear parameter, the moment f.l, and an 
atomie parameter, B, which cannot be separated experimentally. This is a dilemma alsometin the other 
Hyperfine interactions. 
The solid-state interest is directed to the extranuclear fields responsible for the magnetic dipole interac
tion. Todetermine these fields, one requires a knowledge ofthe magnitude and sign ofthe nuclear mo
ments. Fortunately, the ground-state moments can usually be determined by conventional microwave 
and atomie beam experiments. When the ground-state moments are known, the excited state properties 
can usually be derived from the Mössbauer spectrum, since the observation of a fully resolved nuclear 
Zeeman spectrum will always give the ratio of magnetic moments for the ground-state and excited state. 
Once the nuclear moments are known, the dependenee of the internat fields on various parameters, such 
as crystalstructure, temperature, pressure, and external fields, can be studied. To determine the sign of 
the internat field it is necessary to observe the change in splitting due to an external field B0, since the 
splitting between the peaks are directly proportional to the magnitude of the field at the nucleus. If the 
resultant field in the Mössbauer spectrum has increased to B+B0 by parallel alignment of the internal 
field and external fields (i.e. the internat field is parallel to the magnetisation) then the sign is positive, 
whereas a resultant field of B-Bo signifies antiparallel alignment and a negative sign. This metbod is 
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first used by Hanna et al. [24]. The methad fails if the magnetic anisotropy of the matrix is large 
enough to prevent rotation ofthe internal field into the direction ofthe applied field. 
The study of the Zeeman splitring has led to a deeper understanding of the magnetic properties of sol
ids. The first experiments done by Hanna et al. [24], yielded a magnitude of the magnetic field at 57Fe 
nucleus of I H I =330 koe, which was in good agreement with the theoretica! prediction. Then Hanan 
group went one step farther and determine also the sign of H [25]. They found the internal field to be 
opposite to the externally applied field, in direct contradiction to theoretica! prediction. Since then theo
retica! physicists have obtained agreement with experimental facts [26]. 
Different phenomena can be investigated when Mössbauer measurements are carried out on magnetic 
substances. Information on the type of magnetism, the onset of magnetic ordering, the magnetic stroc
ture and the magnetisation can be obtained. The Mössbauer spectra of such substances frequently show 
interesting features in the critica! region near magnetic ordering transitions. The most developments in 
this area involved investigations of iron-containing compounds and specially low-dimensional proper
ties, which show that Mössbauer measurements of the magnetic hyperfine fields are a powerful means 
by which the magnetic fluctuations which occur in these materials can be investigated. 

iii) Quadrupole interaction: 
It is most difficult to separate nuclear and solid-state properties in the case of the quadrupale interac
tion, because ofthe great difficulty of calculating field gradients. Measurements of quadrupale interac
tion give only the product ofthe nuclear moment and the gradient field at the nucleus. To obtain a value 
for the moment, which aften provides a valuable test of nuclear models, requires an independent 
evaluation of the electric field gradient tensor. In the case of a l/2--+3/2 transition (case of 57Fe) the 
quadrupale spectrum is symmetrical, in this particular case there is no direct means of determining the 
magnitude of 11 or the sign of V zz. However, it is possible to determine these parameters, either from the 
angular dependenee of the line intensities in single crystals, or from the spectrum observed when large 
external field is applied. Once e2qQ and 11 (Eq.3.32) have been determined, they may be related to the 
site symmetry of an atom and the dectronie arrangement around the nucleus. The relative val u es of the 
electric field in different compounds can aften give a useful indication of the nature of the chemica! 
binding, and the temperature dependenee of the quadrupale interaction can give information about the 
nature of atomie stark levels. The advantage of the Mössbauer effect for studying the quadrupale inter
action is that, unlike nuclear magnetic resonance, it can be used to study excited state quadrupale split
ting. The first experimental accomplishements of the Mössbauer effect, in questions related to qu
drupole interaction are done by Kistner et al.[18] and DeBenedetti et al. [27]. 

3.3.1.6 Crystal structure 

The Mössbauer spectrum is a sensitive indicator of the chemica! nature of the atom containing the 
Mössbauer nucleus and its imrnediate surrounding. Therefore it farms a powerful tooi for the study of 
crystal structures of metals and alloys, mainly in the case that the study by X-rays can not be applied 
for some raison. Each different site in the lattice will induce its own spectrum, also if the specimen 
contains more than one compound this will be traduced in the Mössbauer spectra as an ensemble of 
spectra, each spectrum corresponding to a given compound. This is a consequence of the fact that reso
nant nuclei in different compounds are in different structural environments. The compounds ratios in 
the specimen can be estimated from the measurement of the intensity of the different spectra. 

3.3.1. 7 Magnetism 

One of the outstanding problems in solid-state physics is the mechanism of the spontaneous magneti
zation of iron, cabalt and nickel. The ease with which hyperfine fields can be measured leads one to 
hope that it might be very helpful in the study of magnetism. This hope for quantitative information has 
been largely frustrated by the great complexity of the mechanism producing the hyperfine field 
(c.f.section 3.2.2). As a first approximation it was assumed that the hyperfine field is nearly propor
tional to the moment on the atom. Insome cases this appears to be true. For example, the temperature 
dependenee ofthe hyperfine field at 57Fe in iron is close to the temperature dependenee ofthe magneti-
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sation [25]. Even though an exact relation between hyperfine field and local magnetic moment has not 
been found, the Mössbauer spectroscopy is a sensitive indication of magnetic properties. It can be used 
to study the disturbance produced in an iron lattice by the introduetion of an alloying element. A spec
trum of a dilute alloy usually shows a component closely resembling the spectrum of pure iron, with 
additional components with smaller fields and a slightly changed isomer shift, believed to be due to 
those iron atoms which have one or more atoms of the alloying element in its first neighbour shell. The 
mechanism of the disturbance is usually sought in the screening of the charge on the solute atom. When 
a foreign atom is dissolved in the iron, we have on one lattice point an element whose charge is different 
from that on the other lattice points. lf the difference is positive, there will be an attractive potential, 
and itinerant electrans will spend more time in its vicinity, thus reducing or screening the charge. lfthe 
difference is negative, the opposite occurs. An example of this effect will be studied in chapter six, 
namely for RhFe. 
The Mössbauer effect is also important in the study of antiferromagnets. In this case the exchange in
teraction produces an antiparallel alignment of the spins. In the simplest case there are two sublattices, 
with magnitizations of opposite sign. Thus below the Néel temperature there is spontaneous order, but 
no macroscopie moment as in ferromagnets. Hence conventional magnetization measurements are not 
very effective in providing data on these crystals. However, an hyperfine field is observed in the Möss 
bauer spectra below Néel temperature, and assuming that it is proportional to the sublattice magnetiza
tion, the latter can be measured as a function of temperature. 
In paramagnetic matenals the hyperfine field averages to zero, as a consequence ofthe rapid fluctua
tions ofthe atomie moments. This will result in an unsplitted line in the Mössbauer spectrum. 
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Chapter Jour 

Mössbauer spectrometer 

The theory of the Mössbauer effect has been outlined in chapter two, where it was shown that the 
principle of the Mössbauer effect is nuclear resonance absorption. Some applications of this effect were 
given in chapter 3, mainly, investigation ofthe hyperfine interactions. 
This chapter is concerned with the experimental arrangement of the Mössbauer spectrometer used in our 
group Cooperative Phenomena at the Eindhoven University of Technology. We shall first begin with a 
general characterisation of the basic concepts of the Mössbauer spectrum, foliowed by the description of 
the experimental set up. To this endtheseparate parts and their functions will be discussed. 

4.1 Basic considerations 
The Mössbauer emission line E(E) has a speetral distribution given by Eq.(2.66). This distribution is a 
Lorentzian line centred at the nuclear transition energy E0 and ha ving a full width at half maximum of 

r =nir where • is the lifetime of the excited nuclear state. The absorption line A(E) has a similar energy 
distribution fig.4.1a. The Mössbauer spectrum is then usually obtained by shifting E(E) in energy 
relative to A(E) without altering their speetral energy shapes and to determine the count rate N(L1E) 
bebind the absorber with a nuclear detector as function of the energy shift L1E. The resonance 
absorption strength depends on the overlap between E(E) and A(E) (shaded area in fig.4.1a). The count 
rate thus becomes a function of L1E. It has again a Lorentzian shape with a full width at half maximum 
of C = 2r, as shown in fig.4.1b. The recoilless fraction fs ofthe radiation from the souree is given by 
Eq(2.66). This radiation has a Lorentzian energy distribution, centred about E0 , the transition energy, 
and ha ving a full width at half maximum of C 

w(E) = rs fs 

2n 2 (r )2 (E- Eo) + ; 

(4.1) 

The transmission of these gamma-rays through an absorber containing the same nuclei constitutes the 
usual Mössbauer experiment. One measures the energy dependenee of the total absorption. One part is 
the usual electrooie absorption cre which is nearly energy independent. Then there is the nuclear 
resonant part described by the resonance absorption cross section, which also has a Lorentzian shape ( 
Eq.2.67) 

(4.2) crn(E) = cro 2 

(E- Eo')2 +(r;) 

In this equation we write E' 0 to allow for a possible isomer shift between the souree and the absorber, 
L1E=E' 0-Eo. What is experimentally observed is the change in counting rate as function of gamma-ray 
energy. The energy is usually varied by impairing a Doppier velocity to the souree relative to the 
absorber. Combining this, E' o =E0'+~E-E0 .(v/c). Then the observed counting rate (transmitted y) is 
given by 
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00 

N(v) = exp( -O" e .fa) J dE.W(E).exp( -na .fa.O" n(E, v)) (4.3) 

-00 

where n. is the number of nuclei per cm2 of the absorber and fa is the absorber resonance fraction. The 
integral ofEq.(4.3) has been evaluated analytically for n.crof.= t.<l [28] 

N(v)=No[l-fs!_g_] ~ 2 2 (v- v') +r 
(4.4) 

This is again a Lorentzian with a velocity full width at half maximum of 2f (Fig.4.lb).The essential 
result is that the energy shift~ has now been turned into an easily measured velocity. We notice that it 
has been assumed that r=r.=rs, but in general r. is different from r •. 

It has been stated befare that all Mössbauer spectrometers presently in use employ a Doppier shift of 
the resonant gamma-ray to trace out the resonance pattern. This requires the generation of a precise, 
controllable relative motion between the souree and the absorber. Since the hyperfine structures are 
typically about 1 o·6 e V, it is easy to calculate the order of magnitude of velocity required, if v is the 
relative velocity between souree and absorber, using the equation 

V 
M=-·Eo 

c 
(4.5) 

Where c is the velocity of light and Eo is the energy of the gamma-ray, one finds for the required 
velocity about 30 mmls. In practice, spectra of 57Fe compounds require veloeities of the order of 
±8 mm/s, and spectra of mostother nuclei require veloeities less than 40 mm/s. We have to notice that 
it is no significanee whether the souree or the absorber is moved, but in most cases it is technically 
more convenient to move the source. The basic necessary experimental arrangement for the observation 
of the Mössbauer effect is essentially very simple, consisting of a souree of the radiation, an absorber 
containing the stabie isotope, a radiation detector, and a system for providing relative motion between 
the souree and the absorber. the resonance is then detected by the change in the radiation intensity 
transrnitted or scattered by the absorber, as a function of the relative velocity between the souree and 
the absorber as outlined above. Fig.4.1c shows the basic arrangement of such a Mössbauer 
spectrometer. The velocityvis defined as positive ifthe souree moves towards the absorber. To record 
the Mössbauer spectrum, i.e., to determine the count rate N(v) behind the absorber as a function of 
relative velocity v is essentially a nuclear counting experiment. Therefore nuclear counting statistics are 
an inherent limit of accuracy. The resonance absorption is commonly defined as 

N(O)- N(oo) 
11 = N(oo) 

(4.6) 

where N(oo) is the count rate out of resonance (background) and N(O) is the count rate at resonance. 
As outlined above the usual and easiest measurement methad is to measure the radiation which passes 
through the absorber; if the nuclear levels in the absorber are split by hyperfine interactions, there will 
be a number of different energies at which absorption takes place. The counting rate at the detector will 
drop whenever the Doppier velocity applied to the souree brings the ernitted gamma-ray into 
coincidence with an absorption energy in the absorber. 
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Fig.4.1 Basis of a Mössbauer experiment. (a) Moving theemission fine across the absorption fine by 
applying an energy shift M to the souree fine. (b) Count rate behind the resonance absorber 
as ajUnetion ofthe energy shift L1E (c) Principle ofMössbauer spectrometer. 

The obtained spectrum is then an absorption spectrum. This measurement methad is called 
Transmission Mössbauer Spectroscopy (TMS). An alternative methad of detecting the occurrence of 
resonance absorption is to measure the radiation emitted by the nuclei in the absorber as they decay 
back to the ground state. Part ofthis radiation willof course be gamma radiation ofthe same energy as 
the Mössbauer gamma ray which was absorbed. Usually, there will also be conversion electrons, X
rays, Auger electrans etc. (Fig.4.2). The processof decay ofthe 14.4 keV excited nuclear level in 57Fe 
is shown schematically in fig.4.2. For every 100 nuclei in the 14.4 kev excited state 10 nuclei decay by 
emitting the 14.4 keV y-ray, and other 90 nuclei decay by the intemal conversion process (e.g. the 
intemal conversion coefficient a=9). This means that a K-shell electron is emitted with approximately 
7.3 keV energy. An electron from the L-shell enters the K-shell and emits the characteristic 6.4 keV X
ray. Of these ninety 6.4 keV X-rays, approximately sixty three cause 5.6 keV electrans to be emitted by 
Auger effect, and the remaining twenty seven 6.4 keV X-rays leave the atom. M toL cascade produces 
less than 1 keV X-rays. Intemal conversion with the L-shell occurs, but with significantly less 
probability. Because of the fact that out of ninety 7.3 keV conversion electrans emitted there are 
simultaneously sixty three 5.6 keV Auger electrans when this radiations are detected, the spectrum 
accumulated gives also the resonance energies and their intensities. These methods, called scattering 
methods have the advantage that the absorber may have any thickness. The depth of the sample 
examined in such measurements is determined by the penetration depth of the detected radiation; in iron 
14.4 keV y-rays and 6.3 keV X-rays probe a depth ofabout 20f..Ull, 7.3 keV conversion electrans up to 
about 300 nm. Scattering experiments have many advantages in comparison to experiments performed 
in conventional transmission geometry, an example of these advantages is depth selectivity, which can 
provide information which can not be obtained with the transmission method. 
lf conversion electrans (whose energy is given by the gamma ray energy less the binding energy of the 
electron in the atom) are detected, this technique is called Conversion Electron Mössbauer 
Spectroscopy (CEMS). Only nuclei near the surface can be detected, because the range ofthe electrans 
is only a few hundred angstroms. This may be an advantage enabling surface analysis to be done and 
minimising signals from the substrate. This offers thus a valuable tooi for the study of solid surfaces. 
In the case of 57Fe the K-conversion electrans are ejected from the 57Fe-atom with a kinetic energy of 
Ekin=Ey-EK-bincting= 14.4-7.1 = 7.3 keV. 
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Fig. 4.2 Schematic of internal conversion process for the 14.4 ke V transition of57 Fe . 
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Fig.4.3 Schematic set-up of Mössbauer experiments in transmission geometry (TMS) and scattering 
geometr y(CEMSj. The spectra show the magnetically split six-line pattem of iron. 

In Fg.4.3 both measurement techniques, namely, TMS and CEMS are schematically shown. 
In the CEMS case, one gets an emission spectrum insteadof an absorption spectrum (TMS). because at 
resonant veloeities the number of counted electroos is higher than that at not resonant velocities, giving 
rise to peaks in the CEMS-spectrum. 

4. 2 CEMS-spectrometer 

lt has been stated before that a Doppier shift is used to modify the energy of the y-rays emitted by the 
souree in order to trace out the resonant pattem of the absorber. This requires the generation of a 
precise, controllab ie relative motion between the souree and the absorber, usually in the region of some 
mmls. This motion is usually accomplished with electromechanical devices such as loudspeakers. 
The CEMS-spectrometer used in our group 'Cooperative phenomena' at the Eindhoven University of 
Technology operates in the so called constant acceleration or velocity sweep mode; In this mode the 
velocity of the souree is swept rapidly through the range of interest (-V max to + V max and reverse). The 
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wave form used in our spectrometer is a triangle. The counts of resonant events detected by the detector 
are stored in a memory device called Multi channelscaler (MCS) incorporated in the Integrated 
Multiscaler/ signal generator (IMS}, which forms the major component of the spectrometer. Each 
address (channel number) is assigned to a certain velocity interval and thus the whole Mössbauer 
spectrum is recorded quasi-sirnultaneously. In order to achieve good counting statistics the sweep 
through the velocity range is repeated a large nurnber of times, because the statistics of the random 

counting prediets that the standard deviation in N registered events is JN . This puts less demands on 
the long time stability of the counting equipment. lt requires, however, a high precision in the stability 
ofthe velocity sweep. 
In this section the CEMS-spectrometer will be described. A block diagram of this spectrometer is 
shown in Fig.4.4. In general a Mössbauer spectrometer contains three major parts, one part for the 
generation ofthe relative motion between the souree and absorber, a part for the detection ofthe counts 
and the thirth part for the accumulation of the information. In the following we will describe the 
different part of our spectrometer from Fig.4.4 and their functions. 
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Fig.4.4 A block diagram ofthe Mössbauer spectrometer 

4. 2.1 Souree 

The radioactive element which constitutes the parent nucleus is in general incorporated into a suitable 
metallic matrix. The choice of the matrix is govemed by the Debye temperature, atomie attenuation of 
radiation, production of X-rays and lattice parameter in order to rninimize hyperfine interactions. The 
goal is thus to produce a single line which will be shifted by Doppier effect to probe the energy levels of 
the absorber. The matrix should have a high Debye temperature 80 _, since this will deterrnine the recoil
free fraction f(c.f. §2.1). 
Our souree consists of the parent nuclei 57Co incorporated into a rhodium matrix. The 57Co nucleus 
decays with a lifetime of 270 days by electron capture into 136 keV level in 57Fe. This in turn decays 
with a lifetime of 10·8 s partly to the ground state, and partly to the 14.4 keV level. This Mössbauer 
level decays partly by ernitting a y-ray and partly by ernitting a K-conversion electron ( Fig.4.3). The 
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decay process of the souree is illustrated in Fig.4.5. The activity of the souree is about 1Gbq. The 
excited 57Fe-nuclei in the rhodium matrix have an unsplit level, because of their cubic environment, 
which leads to an unsplit Mössbauer line. In order to investigate the energy levels of the Mössbauer 
nucleus in the absorber it is necessary to modify the energy of the gamma rays emitted by the souree so 
that they can have the correct energy for resonant absorption. 
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-~-~-------------~ 
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Fig.4.5 Nuclear decay scheme of 57Co showing the transition giving the 14.4 keV Mössbauer 
gamma ray. 

The souree is shielded by 20 mm thick lead, with an aperture of 20 mm towards the absorber (Fig.4.4). 
Fora good collimation ofthe radiation collimators with different size are used in different conditions. 
As can beseen from Fig.4.5 the souree is not monochromatic, but many kinds of radiation are emitted 
which we can summary in: 
1) Resonant 14.4 keV y-rays (recoil-free). 
2) Non-resonant 14.4 keV y-rays (involving recoil) 
3) Radiation from all other transitions (mainly 122 and 136 keV). 
4) Secondary radiation produced in the rhodium matrix (mainly X-rays). 
The radiation from 1) produces the Mössbauer effect, the radiation from 2-4) contributes to the 
background. In general this gives rise to a base line in the spectra 

4. 2. 2 Absorber 

The absorber is the sample to be investigated, which contains the Mössbauer nuclei in their ground 
state. In the case that a gas-flow detector is used to detect the conversion electrons, the sample is placed 
inside the counter over an exit window. A detailed description of this kind of detector will be discussed 
in the following section. 

4.2.3 Detection 

Our CEMS-spectrometer can be easily transformed to operate as a TMS-spectrometer. To this end one 
has only to change the detector and place the sample between the souree and the y-detector. For TMS
measurement a gas-filled proportional counter is available. 
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Fig.4. 7 Spectrum of 1250 A natura! iron, measured at room temperature; (a) in CEMS-geometry 
using a gas-flow detector and (b) in TMS-geometry, using a gas jilled detector. 
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Because of the great penetration depth of the y-radiation TMS-method gives mainly bulk information. 
But to investigate surfaces or interfaces one has to use the more sensitive CEMS-method. In Fig.4.7 an 
example of measurements with the two methods is shown for 57Fe. 
As shown in Fig.4. 7 the second and fifth lines of the CEMS spectrum have an enhanced intensity in 
comparison with the same lines in TMS-spectrum, this is due to magnetic polarisation of the iron 
sample surface, i.e. the magnetic field is parallel to the surface, as can be seen from the intensity ratio 
for CEMS spectrum, which is nearly 3:4:1:1:4:3, this reflects the fact that the magnetic field is 
orthogonal to the y-rays direction (9m=90°), i.e. parallel to the surface. While the intensity ratio for the 
TMS spectrum is nearly 3:2:1:1:2:3 which reflects the domain structure in the sample with random 
orientation oftheir magnitizations (c.f. §3.2.5). 
For CEMS-measurements different kind of detectors may be used. In the following we will give a 
survey of some examples, and finally a more detailed description of the detector which we have used in 
our measurements. 
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4.2.3.1 Electron Multipliers 
In a photomultiplier tube, each dynode multiplies the electron current reaching it. Electron multipliers 
are commercially available in many configurations, ranging from continuous dynode tubular structures 
(channeltrons) to parallel plate units (channel plate). 
The drawback ofthe this kind detectors is that they are normally used in vacuum ( -10-6 mbar) and the 
very smallsolid angle of detection (case of channeltron) which results in a poor efficiency. 

4.2.3.2 Silicon electron detectors 
Silicon electron detectors have a p-i-n structure in which a depletion region is formed by applying 
reverse bias, with the resultant field collecting the electron-hole pairs produced by an incident electron. 
The resistivity of the silicon must be high enough to allow a large enough depletion region at moderate 
bias voltages. A traditional example ofthis type detector is the gold-silicon detector. 

4.2.3.3 Gas-flow proportionaf detector 
A gas-flow detector is basically a metal chamber filled with gas and it contains positively biased anode 
wires as shown in Fig.4.8. It can be purchased in different sizes and shapes, ranging from cylindrical 
with end or side windows to flat cylinders. A detector is typically specified in terms of its physical size, 
effective window size, gas path length and operating voltage range. 
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Fig.4.8 Principle of a gas-flow proportionaf counter. Conversion electrans emitted by the 

absorber are accelerated toward the anodes getting enough energy to ionise other 
atoms. The electrans created by this avalanche process are collected to produce a 
electric puls. 

In our measurements a Ranger Engineering corporation Model SD-300 gas-flow detector is used to 
detect the conversion and Auger electrans from the sample surface. Helium-I O%C~ flow gas is used 
to detect the electrans and discrirninate against X-ray and gamma-ray detection. 
Helium gas has a 100% detection efficiency for 8 ke V electrons, whereas the detection efficiencies for 
the 6.3 keV X-rays and 14.4 keVy-rays are 0.25% and 0.1%, respectively. 
The detector has a flat rectangular volume of about 45x76x10 mm3

, inclusive the pre-amplifier, the 
effective gas chamber volume is cylindrical of dimension nx40x 10 mm3

. 

The counter contains two thin wires as anodes spaeed 4mm apart and symmetrically located on either 
side ofthe chamber centre. The counter has two windows of 14 mm in diameter. One fortheentrance 
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ofthe y-rays incident on the sample, the latter is glued bebind the other window (Fig.4.8). Because the 
absorber is a part of the detector wall, this results in an effective 2n solid angle for the detection of 
emerging electrons. At high voltage the electrans are accelerated toward the anodes at energies high 
enough to ionize other atoms, thus creating a large number of electrons. The electrans are then attracted 
to the anode wires and collected to produce an electric pulse. 
The detection operation of such detector is described in the following. 

A) Operation of Helium counter: 
1) Ionization processes 

a. Direct ionization 
The operation of the He-counter is based on the production of free electrans in the i anization of Helium 
atoms by energetic electrans (primary process) as well as the electron multiplication in avalanches 
caused by the electric field near the anode wires (secondary process). In the same way, a lot of excited 
and metastable helium atoms are produced through inelastic collisions with the energetic electrons. 
According to an estimate by Platzmann [29], the ratio of the number of the excitations to that of 
ionizations in the primary process is 0.4 for helium. The ratio in the secondary process is much larger 
than that in the primary process. In the secondary process, free electrans take energy from the electric 
field, repeating elastic collisions with helium atoms. A large fraction of the accelerated electrans excite 
helium atoms befare obtaining enough energy to ionize them. Therefore, excitation is more frequent 
than ionization in the secondary process. 

b. penning effect 
Metastable He • play a dominant role in counter operation, it is usually deexcited through collisions with 
C~. Since the excited energy of He • is higher than the i anization potential of C~, The C~ molecules 
present in helium increase the i anization through collis i ons with He • 

This process is called the Penning effect [30]. The creation of free electrans in helium gas with C~ is 
mostly caused by this mechanism rather than by direct ionization. 

c. Photoeffect 
A lot of ultraviolet photons are produced in the secondary process. Since helium itself is transparent to 
most of those photons, they ionize C~ molecules or collide with catbode matenals to produce free 
electrans through the photoeffect. Additional electrans produced at the catbode (walls of the detector) 
far from the anode wires eau se new avalanches after drifting to the anode. If the number of additional 
electrans per single avalanche is more than unity, the avalanche becomes a continuous discharge. The 
C~ has the task to absorb the photons to quench the continuous discharge in helium gas and is called a 
quencher. 
In summary the helium gas is used to detect the conversion electrans and methane is added to imprave 
the ionization process by means of the Penning effect and to avoid continuous discharge. 

2)Temperature dependenee ofthe operation 
An operation problem occurs at low low temperature. Most organic gases freeze when the counter is 
caoled at liquid-nitrogen temperature (77 K). This will affect the Penning and queuehing processin the 
gas, which will results in a low gain. Methane C~ and carbon monoxide CO can be used in CEMS 
measurements as queuehers in the temperatures region of 77-300 K [31]. But for temperatures lower 
than 77 Kother queuehers must be used (e.g. H2}. Carbon dioxide was used in CEMS measurements at 
high temperatures (300-1 073 K)[32]. 

B) Optima/ operation setting 
The instruction manual ofthe gas-flow detector SD-300 gives the following operation specifications: 
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Anode voltage: 1200 V 
Gas-flow: lee/minute of96% He+4%Cè4 gas mixture 
Solid angle of detection: 2n stearadians 
Mössbauer Effect ( Eq.(4.6)): 10% for single line souree and absorber. 
Mössbauer line width: naturalline with, due to absence of thickness broadening. 
Counting rate: 220 kHz. 
However, when we use the anode voltage 1200 V and the gas-flow of lee/minute we get no counts. Our 
detector is no more operating with this nominal condition. However we get an out put pulse for an 
optimal anode voltage of 2100 V. In this conditions we have determined a new optimal operating 
setting. We have taken as criteria for a better operation conditions the resonant effect ll (Eq.(4.6)), 
which must be as high as possible. We also have varied other parameters as distance source-absorber, 
collimating and tiltration of some unwanted radiation from the source. As we have see in section 4.2.1 
the radiation souree is not monochromatic, and there is no way to eliminate the high energetic gamma 
radiation, i.e., the 122 and 136 keV (Fig.4.2) without eliminating the 14.4 keV Mössbauer radiation. 
However the adoption of a filter 0.12 mm Al-foil or 3 mm thick perspex will reduce the 6.3 ke V X -ray 
intensity by a factor of 50, while the 14.4 keV radiation attenuation is only 3%. This increases greatly 
the efficiency ofthe detector, since the 6.3 keV X-ray is an order of magnitude more intense than the 
14.4 keV Mössbauer radiation. 
To eliminate the unwanted photoelectrons produced at the walls of the detector by incident radiations, 
the detector is made of aluminium (low atomie number Z=13) and a 3 mm thick lead and a lmm 
aluminium shield with a 1 cm diameter hole restricted the radiation to the desired area of the window 
(Fig.4.9). This reduces the background in the spectra, resulting in a higher resonant effect. 
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Fig.4.9 Experimental arrangement ofthe detector. 

Different sized collimators are also available for a good collimation of the radiation. We have also 
used two different gas-mixtures, namely, 96% He-4% Cè4 and 90%He-10%Cf4. The highest resonant 
effect is obtained with the latter mixture. The distance souree-detector and the gas-flow is also 
optimised. The final resulting optimal setting is shown in table 4.1. 
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Table 4.1 Optima/ experimental setting 

Anode voltage 2100 V 
Gas-flow 12 cc/ minute 
Gas-mixture 90% He-l O% c~ 
Collimator aperture 4mm 
Al-filter thickness 0.12 mm 
Pb-shield 3mm 

Al-shield 1mm 
distance source- sample 15 cm 

The maximal resonant effect obtained with this settingfora 1250 A natural iron sample is 9% which is 
nearly the maximal resonant effect given in the detector manual (10%). The resultant spectrum is 
shown in Fig.4.10. 
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Fig.4.10 CEMS-spectrum of a 1250A thick natura/ iron sample, measured with the gas-flow detector 
for the optima/ setting given in table 4.1. The resonant effect is1] =9%. 

4.2.4 Generation ofthe relative motion 
As noticed above in the constant acceleration mode the velocity runs linearly form +V max to -V max and 
then back through zero to +Vmax· To this end a triangle velocity signal velocity signal is generated by 
the Digital to Analogue Converter (DAC) of the Integrated Multiscaler /Signal generator (IMS). This 
results in a parabalie movement ofthe source. This signals are shown in Fig 4.6. The amplitude ofthe 
velocity signal (V max) can be varied by means of the velocity range selector as function of the used 
isotape ( for 57Fe, Vmax = 8 mm/s). 
The task ofthe velocity controller (or Mössbauer driver) is to control the motion ofthe Transducer. In 
the following a brief outline of these compounds will be given: 
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Transducer 
The transducer is the device which generate the mechanica! motion of the source, it basically consists of 
two mechanically coupled loudspeaker system, one generating the motion (drive coil) and the other 
measuring the instantaneous velocity by induction (pickup coil). 
The drive coil converts the electrical signal into the mechanica! motion, which results in an oscillatory 
motion of the souree in order to provide an energy scan. 

·························································································································-································· 
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Fig.4.6 Principle of a sweep-velocity spectrometer. On left the triangle velocity signa!. On right the 
corresponding parabalie souree move ment. The synchronisation principle is shown on left. 

Velocity controller 
The velocity controller contains a feedback circuit for the control of the transducer. It is based on the 
principles outlined by Kankeleit [33]. It compares the voltage induced in the transducer with the actual 
velocity, and the voltage difference is proportional to the deviation of the transducer motion from the 
desired velocity sweep form. This error voltage is amplified, conditioned and then fed into a power 
amplifier providing the current necessary in the drive coil to produce the mechanical motion. 

Integrated Multiscaler/ Signa/ generator (IMS) 
The IMS is a phyBUS interface that combine the function of multi channel scaler (MCS) for the 
accumulation of information and an analogue signal generator (DAC), providing the velocity signal for 
the velocity controller. Both functions are synchronised by an extemal doek. This interface contains 
two memories, two DAC's and a scaler. One memory contains data for the DAC and the other is used 
for the storage of the counted pulses of the scaler. 

4.2. 5 Data acquisition 

In our spectrometer the time-mode operation is used. In this mode each memory channel of the 
multiscaler is opened for counts for the storage of counts during a constant time interval ts ( called time 
slotor channel time), i.e. the first memory channel is open for the counts from the detector during the 
time interval 0 (t ( ts, the second channel during the interval ts ( t (2ts, and so forth until the last of the 
used 1024 channels is reached. The memory address then returns to channel one, and the cycle is 
repeated. If N channels are available, the time required for one sweep is Tch =Nts. Part of the dwell
time ts of each channel is used to transfer the collected counts into the memory. To achleve a unique 
relation between velocity and channel number, the repetitive sweeps through the memory have to be 
synchronised to the sweeps of the velocity drive. The period of the velocity sweep and the memory 
period Tch thus have to be the same if the full range of both is to be utilised. 
The phyDAS (physics Data Acquisition System) forms the main part of data-acquisition; it controts the 
velocity of the sou ree, stores the counts and displays the spectrum on a monitor by means of a graphic 
display controller (Fig.4.4). 
Each count consists of a TTL-puls, obtained from a detected electron by the successive use of a pre
amplifier, a main amplifier and a single channel analyser (SCA) as shown in Fig.4.4. 
The PC is used as terminal, which provides the communication between phydas and the user. 
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4.2. 6 Velocity eaUbration 

The evaluation of Mössbauer spectra taken with Doppier effect spectrometers requires the accurate 
determination of the velocity for each data point. To this end the maximum velocity and the zero
velocity channel must be determined. We have used the hyperfine splitting of a.-iron, which is 
commonly used to calibrate Mössbauer spectrometers. The calibration factor is found to be 0.98 and 
the isomershift -0.09lrnrnls 

4.2. 7 Software 

The automation of the spectrometer is based on the PhyDAS-system, which is an automation computer 
ensemble developed for the physics department The programming language is EPEP (Eindhoven 
program Editor and Processor), which is a BASIC interpreter related to PAS CAL. 
The software for CEMS measurements is saved in the directory "MSD:"on the phyLAN. 
The detailed description ofthe used software can be found inthereport [34]. 

4. 2. 8 Fit program 

The Mössbauer spectrum consists of a number of lines, which have a Lorantzian shape, and each can 
be characterised by four parameters; the linewidth, the line position , the intensity, and the baseline 
count for zero absorption. To extract these parameters with their standard deviations a least-squares fit 
of a theoretica! function to the experimental data is required. The function consists of the appropriate 
number of resonant lines (summation of Lorentzian lines) whose positions and intensities are 
independent or related through a hyperfine interaction Hamiltonian. We use a program called "sirius 
Mössbauer fit", which is based on a least-square fit methode. For the use of this program one can 
consult the sirius manual [35]. 
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Magnetite 

Spinel Ferrimagnetic oxides are of great interest for both technicaland scientific reasons. For example, 
magnetite (Fe304) films oxidized to y-Fez03 may be potentially applied to magnetic recording [36] and 
some ferrite films may find applications in microwave devices [37]. Magnetite is a prototype of these 
ferrimagnetic oxides, which has the inverse spinel structure. This material has been extensively 
investigated by many authors and a large amount of information has been obtained. In this chapter a 
study of magnetite by means of Mössbauer spectroscopy will be presented and interpreted. By means of 
the measurement results the stoichiometry of our samples will be discussed. We shall first begin by 
giving in section 5 .1 an overview of the magnetite crystal structure. In section 5 .2 some of the physical 
properties of this material will by outlined, and in section 5.3 the design of the samples will be 
explained. Finally, insection 5.4 the measurement results will be represented and commented. 

5.1 Crystal structure of magnetite 

Below the ferrimagnetic Néel temperature (T w=850K), Fe304 has the inverse spinel structure AB204. 
The lattice structure consists of a cubic close packing of oxygen i ons o-2 in which the small iron cations 
are distributed about certain interstices. With respect to the oxygen ions the unit cell comprises a face 
centred elementary cube of double dimensions (-16.8 A) and contains eight magnetite molecules, i.e., 
32 0 2

- and 24 iron cations. Per unit cell this compilation contains 64 interstices of the tetrabedral type 
(surrounded by 4 0 2

") and 32 interstices of the octahedral type (surrounded by 6 0 2
} In the spinel 

lattice 1/8 of the tetrabedral interstices and Yi of the octahedral interstices are occupied in such a way 
that there is still cubic symmetry. Hence the elementary cell contains 8 positive ions in the former 
position and 16 in the latter. The tetrabedral and octahedral interstices are shown in Fig.5.1. 

Fig.5.1 Tetrahedral and octahedral intershees 

In summary each magnetite unit cell has 8 ferric ions (Fe3+) at the tetrabedral sites (A-sites) which have 
4 0 2

- as nearest neighbours, and 8 ferric ions plus 8 ferrous ions (Fe2+) at the octahedral sites (B-sites), 
with 6 0 2

- as nearest neighbours as shown in Fig.5 .2. The ideal formula of magnetite can be written 

t:J {Fe
3
+,Fe

2
+}o4

2-

Tetrahedral Octahedral 
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with an equal mixture of Fe2+ and Fe3+ on the octahedral sites of the cubic spinel lattice (Fig.5 .2). The 
ratio of i ons in A-site and B-site therefore is 1 :2. 

eA 0B Oo 

-~ 
-" I 
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I 

Fig.5.2 The normal spinel strueture,A[B2}04 ,eontains eight oetads A04 and B404 units as shownon 
the left;the oxygens built up info a fee lattiee of 32 i ons which coordinate A(= Fe3+} 
tetrahedrally and B(=Fe3+,Fe2

+ ). The unit cel/, A8[B16}032, is completed by an encompassing 
fee of A ions, as shownon the right in relation to two B404 cubes. 

5.2 Characteristic physical properties of magnetite 

Magnetite shows interesting chemical and physical properties, which are reported in may papers. We 
give here some of the main properties. At about Tv= 120K magnetite undergoes a transition, called the 
Verwey transition, which is characterized by an abrupt change in the physical properties. Various 
experimental studies have demonstrated the complex nature ofthis phase transition ofmagnetite. Above 
Tv magnetite shows an usually high electrical conductivity (cr -250 n-1cm-1 at 300K) [38]. When it is 
cooled below Tv (the exact temperature depending on the purity of magnetite sample) the conductivity 
drops by a factor of about 100 from its high conductivity at room temperature[39], a peak anomaly in 
specific heat is observed [40] and a decreasein ease ofmagnetisation [41]. Verwey et al.[39] suggested 
that at the transition temperature the ferrous and ferric ions at B-sites become ordered and form 
mutually perpendicular rows to each other and that crystal symmetry changes from cubic to 
orthorhombic. This Verwey model for the low-temperature phase is basedon the interatomie Coulomb 
interaction shown in Fig.5.3. Verwey et al. suggested that the high conductivity above Tv is due to a 
rapid electron transfer between ferric and ferrous ions in the octahedral sites (B-sites), i.e., there is a 
dynamic disorder offerric and ferrous ions. This rapid electron hopping between the Fe2+ and Fe3+ gives 
rise to an average cation Fe25+. Mizoguchi et al.[42] introduced a more detail about the conduction; 
magnetite can bedescribed by the formula (,i,Fe3+)["~'Fe/+,J,e- 1 ]0/, in which the parentheses refer to the 
tetrabedral or A-sites and the brackets to the octahedral or B-sites. the arrows indicate the spin 
orientation below T N, this reflect the fact that the ferrous ions have an electrooie configuration 3d6

, 

which differs from that of the ferric i ons by the presence of a single spin-down electron in addition to 
the ferric 3d5 spin-up core. At room temperature, the spin-down electroos hop among 'all' the B-site 
ferric cores with a charge fluctuation time of order 10-12 s, giving magnetite its characteristic black 
colour and nearly metallic conductivity. 
Although Verwey's model for the conductivity ofmagnetite has been accepted, and many experimental 
evidence has been presented in its support [43], recent experimental and theoretica! development have 
emerged doubts on its validity; numerous Mössbauer [44] and NMR [45] measurements have identified 
more different Fe2+ and Fe3+ sites than the single Fe2+ and single Fe3+ sites predicted by Verwey model. 
Theoretically it has been proposed that the low-temperature structure is due to small or intermediate 
polaron ordering [46]. A number of other charge-ordering models have also been proposed, based on 
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recent experimental or theoretica! results: Cullen-Callen model[47], the Yamada model [48], the Lida 

model [49], etc. 
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Fig.5.3 Verwey order o.fB-sites in Fe304 at T (Tv 

However, none of these roodels can explain all the existing experimental evidence, they either do not 
agree with the NMR-results or with the measured symmetry ofthe crystal. 

We finally notice that the above outlined properties of magnetite also depend critically on the precise 
oxygen to metal ratio, i.e., on the stoichiometry of magnetite sample under study. A wide range of 
cation deficiency; Fe3_x 0 4 with O(x~l/3, is known. Stoichiometrie magnetite has all available interstitial 
sites occupied by ferrous and ferric ions, the Fe2

+ ions being all at octahedral sites. However, non
stiocbiometrie magnetite also exist, with various number of the available sites either vacant or occupied 
by impurity cations. It has been postulated that the vacancies and impurity cations are preferentially, 
located at the octahedral sites[39]. It has been established that the verwey transition temperature is 120 
K for x=O and is depressed by cations deficiency [43], and it falls below 4.2 K for x=0.9. Also with 
increasing x the cell parameter decreases and the thermal stability decreases[50] etc. Hence a 
knowledge ofthe stoichiometry is essential fora good interpretation ofthe experimental results. 

5.3 Samples characterization 

Samples RW 1619 and JJ 690 are grown at Philips Reseach Laboratories by means of a UHV Blazers 
UMS 630 multichamber Molecular Beam Epitaxy (MBE) system. A single crystal MgO is used as 
substrate, which has been annealed for 20 min at 550 °C in an oxygen pressure of 2.8x 10·5 mbar before 
deposition. This substrate is formed by thermal evaporation of Mg from a knudsen cell. The magnetite 
samples were deposited by e-gun evaporation from the iron metallic target. The oxygen has been 
supplied through a ring shaped doser located close to the substrate holder. During the deposition 
process the substrate temperature was maintained to 225 °C, and the material flux is monitored by a 
cross-beam quadrupale mass-spectrometer. 

The measured samples have the following structure: 

Sample number 
RW 1619 MgO (100)+1000 A Fe304. 
JJ 690 MgO (100)+ 500 A Fe3 04. 
Sample80 MgO ( 1 00)+ 50 A Fe3 04 + 200 A 57Fe:1.. 0 1+50 A Fe3 04 . 
Sample81 Mg 0 ( 1 00)+ Fe304- unknown thickness. 
all the sample were gro\\'n in (100)-orientation, and they have different magnetite thickness. The latter 
samples contain an enriched magnetite layer sandwiched between two natura! magnetite layers. The 
magnetite' s thickness of the sample 81 is uncknown. The two former samples contains only natura! iron 
which contains 2.2% ofthe Mössbauer-active isotope 57Fe. 



58 Magnetite 

5. 4 Mössbauer measurement results 

The magnetite Mössbauer spectra are measured at room temperature (i.e. above Tv -120K) by means 
of the CEMS-spectrometer described in section 4.2.3. Long data aquisition times of more than two 
weeks per sample were needed for the non-enriched ones, because of the low 57Fe-concentration, and 
about one day for the enriched ones. The nuclear magnetic hyperfine fields (H), isomer shifts (8) and 
the relative intensities for each site and each sample, obtained with a least square fit program are listed 
in Table 5.1. We notice that all isomer shift data are measured relative to a.-iron and that the spectra 
are fitted with two sextets with the line intensities ratio of3:x:1:1:x:3. The results ofthe fit are given by 
the solid curves drawn through the data points as shown in the Fig.5.4a,b and Fig.5.5a,b. All four 
measured spectra consist of the superposition of two spectra corresponding to two iron Zeeman 
pattems, each characterized by a given parameter set (table 5 .1). Each Zeeman pattem consists of six 
lines. These two six-line hyperfine split pattems are partially resolved, one spectrum labelled A 
(Fig.5.4) with larger splittingis due to Fe3

+ ionsin tetrabedral (A) sites while the other is due to Fe25
+ 

(Fe2+ +Fe3+) at the octahedral (B) sites. 

Tahle 5.1 Room temperafure Mössbauer dataforA and B patterns ofthe measuredfour samples 

Sample Site 8 H 21 Lill % Fe304 
(mm/s) (kOe) (mm/s) (mm/s) spectrum 

RW 1619 A 0.26 492.3 ± 0.4 0.30± 0.02 -0.0025 43 ±3 
1000 A B 0.65 459.4±0.3 0.33± 0.01 -0.0033 57 ±3 

JJ 690 A 0.28 491.5 ± 0.6 0.32± 0.02 -0.009 43 ±4 
500Á B 0.63 458.6 ± 0.6 0.38 ± 0.02 0.010 57 ± 3 

Sample 80 A 0.27 490.4 ± 0.2 0.35 ± 0.01 -0.0013 49 ± 1 
300Á B 0.63 457.5 ± 0.2 0.41 ± 0.01 0.012 51 ±2 

Sample 81 A 0.26 488.1± 0.1 0.30± 0.007 - 38± 1 
? B 0.63 456.6± 0.1 0.35± 0.005 - 62± 1 

The A-site spectrum consistsof the 6 lines at la, 2a, 3a, 4a and 5, 6 and the B-site spectrum of greater 
intensity consists ofsix lines at lb, 2b, 3b,4b, 5,and 6; the doublets at 5 and 6 are unresolved as shown 
in Fig.5 .4a. The determination to which site each spectrum belongs to is based on the intensity; the 
spectrum with the highest intensity belongs to the B-site since their intensity ratio A:B is about one to 
two, i.e, the ratio ofthe number of cationsin A-sites to those in B-sites. The fact that we get only two 
sextets for magnetite; one for A-site and the other for B-site is a clear evidence of the exchange of 
electrons between Fe2

+ and Fe3
+ ions at the B-sites (Fe2

+ B Fe3
+) and that the Larmor frequency 

characteristic of the hyperfine interactions is much smaller than the exchange frequency. The 
component having the larger Handthesmaller 8 is due to Fe3

+ ions located on the tetrabedral A-sites, 
while the other component is due to the Fe25

+ on the octahedral B-sites. 

5. 4.1 Mössbauer parameters 
In this section the Mössbauer parameters will be discussed in comparison with literature and as 
function ofthe magnetite thickness. 

Hvperfine field H 
The internat magnetic fields are ~ 490 kOe for the A-site and ~ 460 kOe for the B-site in good 
agreement with the literature values (Appendix). The former is characteristic of ferric ions in spinel 
structures. The latter is due to the ferric and ferrous cations in the B-sites. We notice that H decrease 
slightly for both A and B sites with the sample thickness, this effect is also measured by Brett et al. [ 51] 
and Domket al.[52]. 
This decrease may be attributed toa number of effects: decreasein magnitization at the surface layers 
[52], an intrinsic size effect [53] and fluctuation ofthe magnetic vector about an easy axis [54], in this 
case defmed by the plane ofthe sample. 
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Isomershift (8) 
The results obtained for the isomershift areabout 0.26 mm/s for tetrabedral site and 0.65 mm/s for the 
octahedral site, this are also consistent with the results from literature (Appendix A). The isomer shift 
for the octahedral site is greater than that for tetrabedral site, this is in agreement with the general 
remark in spectra of spinels: o (tetrabedral Fe3+) (o (octahedral Fe3+) « o (tetrabedral Fe2+ ) (o 
(octahedral Fé+), which is a consequence ofthe oxidation state and coordination [55]. 
The variation of the isomer shift as function of the magnetite thickness is not regular but it appears that 
the value of the A-site isomer shift increases with decreasing thickness and the value of the B-site 

decreases. 

Quadrupole splitting 
The quadrupale splitting Lill for the different sites in different Mössbauer spectra are also shown in 
table 5 .1. As it can be seen it is negligabie and there is no systematic variation as function of thickness. 

Line width 
The Iine width is also in agreement with the literature (Appendix). It seems that the line broadening in 
A-site as function of the decreasing thickness of magnetite is smaller than that of the B-site, this 
phenomenon is also observed by M0rup et al. [56] who attributed this effect to slower electron 
"hopping" among Fe2+ and Fe3+. Although broadening ofthe B-site peaks may account for the deviation 
from the ideal of the B to A site intensity ratio. It appears from table 5.1 that the broadening increases 
with non-stoichiometry ofthe samples. 

5.4.2 Relative peak intensity ratio 
The relative peak intensity ratio in each sextet in all samples deviates from the theoretically expected 
ratio 3:2:1:1:2:3 (Fig.5.4 and 5.5). As outlined insection 3.2.5 the relative intensity is a function of8, 
the angle between the y-ray direction and the magnetic hyperfine, and is given by 3 :x: 1, where 
x=4sin28/(l +cos28). At room temperature, the magnetic easy axes of bulk magnetite is along (111)
direction. But, because of cubic symmetry, there can occur domains magnetized along the four 
equivalent directions summarized as (111). If these four orientations have equal probabilities, the 
intensity ratio should be then 3:2: 1. The intensity ratio of the four samples is given in table 5 .2. 

Table 5.2 Relative peak intensity ratios. 

Sample Sextet Ratio 3:x:1 
RW 1619 (lOOOÁ) A 3:2± 0.2:1 

B 3:2.5± 0.1:1 
JJ 690 (500Á) A 3:3.2± 0.2:1 

B 3:3.4± 0.1:1 
Sample 80 (300 Á) A 3:3.3± 0.1:1 

B 3:3.6± 0.1:1 
Sample 81 (? Á) A 3:2.1± 0.1:1 

B 3:2.2± 0.07:1 

from table 5.2 we can see that for all sextets A and B the intensity of the second and fifth lines (x) 
increases with decreasing magnetite thickness, this shows a tendency of the magnetization in each film 
to lay in the sample plane in which case the intensity ratio is 3:4:1. This suggest the fact that the 
magnetization in thin magnetite films has a tendency to lay in the plane ofthe film. This effect is caused 
by a form anisotropy. 
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Fig.5.4 Room temperafure Mössbauer CEMS-spectra showing the A and B patterns.The bar 
diagrams labelled A indicate the line positions for the tetrahedral spectrum, and that 
labelled B for the fine positions for the octahedral spectrum.(a) sample RW 1619 and (b) 
sample JJ 960. 
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5.4.3 Stoichiometry ofthe magnetite samples 

As shown in table 5.1 the A: B intensity ratio for all samples deviates from the expected 1 :2 ratio, which 
is the ratio ofthe number of cations in tetrabedral sites to that of cations in octahedral sites (8: 16). This 
deviation is due to the fact that our samples are non-stoichiometrie. As noted in section 5.2 non
stoichiometrie magnetite is described by the formula 

(5.1) 

where x is the cation deficiency in the octahedral sites. Formula (5.1) can be written in the following 
form 

(5.2) 

Where the parentheses refer to the A-sites and brackets to the B-sites. The indices l-3x and 1+2x are 
calculated using two equations, one for charge conservation and one taking account that the total 
number of iron atoms must be 3-x. 
Danielset al.[57] proposed two ways in which the hopping between Fe2+ and Fe3+ may take place: 
1) Localisation ofthe electron exchange within (Fe2+-Fe3+)-pairs on B-sites. In this case the transfer of 
the electron from Fe2+ to Fe3+ and back, involves only the two ions and the neighbours oxygen ions. 
Such process is called "localized process". 
2) The second way concerns a delocalization of the electron exchange, i.e., the electron hopping 
involves all B-sites ions. This process we refer to as "delocalized process". 
In stoichiometrie magnetite, all B-sites are occupied by ferric and ferrous ions, in such configuration 
there is no way of grouping the ions into pairs. In this case delocalized process seems to be preferred to 
the localized process. As consequence spectrum B originates with all the ions in the B-sites and 
spectrum A with the ionsin A-sites. 
F or non-stoichiometrie magnetite from the study of Daniets et. al [ 5 7] it appears that localized process 
is the correct process. In this case the two sextets in Mössbauer spectrum should be interpreted as one 
(B) arising from all the (Fe2

+, Fe3+)-pairs on the B-sites, and the other due to the remaining Fe3
+ ions on 

both sites. 
Adapting the localized process for our samples, the formula (5.2) may be written in the following 
manner 

sextet-A 

~~l Sextet-B ] 

~ (Fe3+)5x'(Fe3+,Fe2+)l-3x' Dx 042-

tetrahedral 
site '------o-c-ta_h_e""d-ra-1-sz-·te-----' 

(5.3) 

where the fraction 1 +2x of Fe3+ in formula (5 .2) is separated in l-3x paired Fe3+ and 5x non-paired. 
Using the formula (5.3) one gets for the intensity ratio ofthe A and B sextets: 

A 

B 

l + 5x 1 +5x 
= 

2(1-3x) 2-6x 
(5.4) 

using this equation and the measured relative intensity given in table 5.1, we have calculated the 
fraction x and deduced the composition for the different samples, the results are listed in table 5.3. 
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Table 5.3 The vacancy fraction and the composition in the different samples. 

samples A:B x composition (Eq. (5.3)) 

RW1619 0.75±0.05 0.052±0.009 (Fe3+)[(Fe3+)o 26,(Fe3+ ,Fe2+)o 84, Do osz]Ol 
(lOOOÁ) 
JJ690 0.76±0.06 0.050 ±0.010 (Fe3+)[(Fe3+)ozs, (Fe3+,Fe2+)oss, Doos] Ol 
(500Á) 
Sample80 0.96±0.03 0. 085±0. 004 (Fe3+)[(Fe3+)oAz, (Fe3+,Fe2+)o 14, Dooss] ol-
(300Á) 
Sample81 0.61±0.02 0.026±0.003 (Fe3+)[(Fe3+)o 13, (Fe3+,Fe2+)o 92, Dooz6] Ol 
(? Á) 

We will now use an other model todetermine the vacancy or impurity fraction x in the octahedral sites. 
This model [58] can be understood in the following way: The wholeB-site structure can be constructed 
by linking alternative corners of tetrahedron as shown in Fig.5 .3. If we begin with the situation given in 
Fig.5.6a and taking into account that the total charge must keep unchanged then the introduetion of a 
vacancy intheB-site sublattice will result in the situation given in Fig.5.6b. The vacancy will act as a 
negative site in comparison to the surrounding Fe3+ ions, as a consequence of the Coulomb interaction 
no hopping to this six Fe3+ can take place and this willlead to the following non-stoichiometrie formula 

(5.5) 

where (Fe3+)6x is the fraction ofthe octahedral cations which will not contribute to the hopping process, 
and the sextet-A will hence originate from this fraction and from the other ferrous cations on A-sites. 
The fractions 1-3x and 1-4x are calculated in the same way as for Eq.(5.3). 

··············································································································································································································· 
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........................................................................... ~ .... f..~~.~ .. !...E.~~.~ ........................................................................................ .J 
Fig.5.6 Two tetrahedrons ofthe octahedrallattice are shown.(a) In case of stoichiometrie magnetite 

the hopping take place among all available B-sites (b) In case ofnon-stoichiometric 
magnetite the vacancy acts as a negative centre and avoids hopping to the six neighbours 
Fe3

+ ions. 
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Using Eq.(5.5), the intensity ratio A:B is given by 

A 1+6x 
= 

B 2-7x 
(5.6) 

the calculated fraction x and the subsequent composition for the different samples are listed in table.5.4. 

Table 54 The vacancy fraction and the composition. 

sample A:B x composition (Eq.(5.5)) 

Rw1619 0.76±0.06 0.045±0.008 (Fe3+)[(Fe3+)on, (Fe3+os6,Fe2+osz), Do04s] O/ 
(1000Á) 

JJ 690 0.75±0.05 0.040±0.01 (Fe3+)[(Fe3+)oz4,(Fe3+oss,Fé+os4), Do.04] 0/ 
(500Á) 
Sample 80 0.96±0.03 0.072±0.004 (Fe3+)[(Fe3+)oA3, (Fe3+o7s,Fe2+o71), Doon] O/ 
(300Á) 

Sample 81 0.61±0.02 0.021±0.004 (Fe3+)[(Fe3+)o 12, (Fe3+o93,Fe2+o gJ), Doozl] 0/ 
(? Á) 

As shown in tables 5.3 and 5.4 there is a little difference between the calculated fraction x by the two 
models, and that a small increase in the composition (x) result in a large ratio A:B. 
We conclude that the deviation of the intensity ratio A:B from the expected ratio 1:2 is mainly due to 
the non-stoichiometry of our samples. 
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Iron-Rhodium 

Among the transition-metal binary alloys, the FeRh-system is of particular interest due to its unusual 
magnetic properties. The potential applications of this material have excited the theoretica! and 
experimental investigations. 
In this chapter we will investigate the crystal structure and magnetic properties of FeRh-thin films. In 
section 6.1 a summary ofthe properties ofFeRh alloys will be given on basis ofliterature. Section 6.2 
is concerned with the preparation and characterization ofthe used samples. The last sections deals with 
the measurements results and their interpretation. 

6.1 FeRh-properties 
The first measurements by Pallot and Hocart [59) on FeRh alloys of about 50 at.% Rh revealed an 
abrupt increase in magnitization as the temperature increased through a critica! value of about 
T tr=5 0 °C. The temperature hysteresis associated with this magnetization change reveals that this is a 
first -order transition [ 5 9, 60]. Ou ring these transition the alloy transfarms from a low temperature 
antiferromagnetic (AF) state to a ferromagnetic (FM) state as shown in Fig.(6.1). The transition has 
also been observed in the resistivity [60], as shown Fig.(6.1). 
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Fig.6.1 The jirst order franstion in FeRh alloys: (a) Magnetization (b) electrical resistivity of 
ordered FeRhfor increasing and decreasing temperafure ( closedandopen circles)[60]. 

It is found that the phase transition is accompanied by about I% volume increase, without change in the 
crystal structure [61]. The FM and AF-phases have the CsCI (ordered cubic) structure. The body
centre position and the body-corner sites are occupied by the Fe and Rh atoms, respectively (Fig.6.2). 
The FM and AF phases are noted a· and a" respectively in the phase diagram shown in Fig.(6.3). 
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Fig.6.2 Crystal structure for the CsCl-type structure of FeRh in a anti ferromagnetic state. 

Since the discovery ofthe transition, FeRh-alloys have been intensively studied both experimentally and 
theoretically, and the main properties are summarized in the phase diagram shown in Fig.(6.3), which is 
aresult ofmany works. In the following we will discuss some ofthe properties ofFeRh with the help of 
this diagram. 
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Fig.6.3 Phase diagram ofthe FeRh-system [74]. 
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The transition depends on the concentration, and it is only present in a very narrow concentratien range 
of about 5% around x=0.5 in the binary Fe1_xRhx [65]. The phase diagram also shows that the addition 
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of Rh first decreases, and then increases the a to y transition temperature, producing a minimum near 

about 25% Rh. Also at this composition, ordering ofCsCl-type farms the phase designed as a' and a". 
This phase extends toabout 52% Rh at about 1300 °C. The Curie temperature Tc of the a' and a'' 
alloys is Iowered by the addition of Rh reaching about 130 °C at the phase boundary. 

iQO-

50-

BULK SAMPLE 
,--;,-------
', ---,, ,, ,, 
Jr• .,, ,, ,, 
11 
I TH\N FILM 

I 

.---:: ,, ,, ., 
/I 

o~· --.=~cm~-==~=-=-=-~à-=-~-~~~~~,0~0------"zoo 
TEM PER A TURE.' C 

Fig. 6.4 Magnetization of a bulk and a thin film FeRh. The thin film show a large thermal 
hysteresis [64]. 

The first -order transition (a' ~a") temperature increases with increasing Rh content, to ah out room 
temperature at the phase boundary. 
It is also Found that FeRh thin films exhibita braad, incomplete first orde transition and large thermal 
hysteresis in contrast to the sharp change in bulk sample [62] as shown in Fig.(6.4). The AF~FM 
transition can be induced by a critical magnetic field which decreases with increasing temperature to 
reach zero at T tr [ 67]. In addition it is found that under the influence of pressure the first order 
transition temperature T tr increases, stahilizing the AF -phase, and the second order Curie point of the 
transition ferromagnetic to paramagnetic decreases [66]. 
It is reported that in the AF-phase the local magnetic moment of Fe is about 3f.!B withno appreciable 
Rh moment. In the FM-phase Fe and Rh moments areabout 3f.!B and lf.!B, respectively [63]. 
From the properties outlined above one can see that the transition is very sensitive to experimental 
conditions such as magnetic field, pressure and deviations from the stoichiometry. 
An other interesting effect was reported by Moruzzi and Marcus[? I]; the FeRh system in the AF-phase 
is made up of alterning monolayers of magnetic (Fe) antiferromagnetically aligned and non-magnetic 
(Rh) ions (Fig.(6.2)), forming a natura! magnetic multilayer. A giant magnetoresistance (GMR) effect 
thus would occur when the system is switched from the AF to FM order by an applied magnetic field. A 
GMR of about 50% is measured in an equiatornic FeRh alloy at room temperature by Algarabel et 
al. f 6 7]. In order to u se this alloy for teehoical applications, the cri ti cal field at room temperature is toa 
high (- 15 T) but the transition temperature can be controlled either by small changes in the relative 
composition afFe and Rh or by introduetion ofimpurities. 
Different theoretica! studies have also been suggested to describe the behaviour of FeRh alloys. First in 
1960, Kittel [68] suggested that the AF-FM transition can he due toa volume dependent exchange 
inversion. This modeL however yielded toa small entropy, compared with the observed data. Other 
rnadeis based on band-stmeture calculations are either non-self-consistent [69] or non-spin-polarized 
[69, 70] and are therefore incapable of actdressing magnetic implication. A more recent model proposed 
by Moruzzi and Marcus [71] predicted an equilibrium AF -ordering with no magnetic moment on Rh 
atoms and with about 3f.!B Fe local moments. A metastable FM-state is also predicted to exist with Fe 
and Rh local moments of about 3 f.!B and 1 f.!B respectively and with a larger volume lattice cell than the 
AF-state, in agreement with experimental results. According to this model the FM-state is very close in 
energy to the low volume AF ground state and can be reached either thermally or by applying a 
magnetic field. 
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6.2 Samples characterization 
The samples are prepared by HV co-evaporation of Fe and Rh at Philips Research laboratories. They 
have a thickness of 1 oooA and grown on a Quartz substrate. The samples have different compositions 
and subjected to different heat treatments. They are summarized in table 6.1. 

Table 6.1 Composition and heat treatment of the FeRh-samples. 

Sample number At.%Rh Heat treatment 

950258-21 41 4 hours at 700 °C 
950713-3 51 4 hours at 700 °C 
950713-6 51 8 hours at 700 °C 
950711-10 55 not annealed 
950711-1 55 4 hours at 700 °C 
950711-4 55 8 hours at 700 °C 
950829-1 57 not annealed 

The heat treatment resulted in single phase samples. After annealing the samples were examined by X
ray diffraction (XRD) and the results are summarized in table 6.2. 

Table 6.2 Crystal structure after annealing 

Annealing 
temperature At %Rh<51 At% Rh >51 

as deposited 
(not annealed) fee fee 

annealed at 700 CsCl (FM) CsCl (AF) 

Not annealed samples show a fee structure. Annealing at 700 °C results in the CsCl type structure. The 
magnetic phase ofthe samples depends on the composition as quoted above. 

6.3 Magnetization 
An example of the temperature dependenee of the magnetization during annealing is indicated in 
Fig.6.5. The arrows indicate the sequence ofthe heat treatment, startingat about 280 <X. Between 280 
and 540 °K there is no change, thus no evidence of a first-order transition near 330 °K. At about 540 °K 
there is a an increase in magnetization. On heating to about 700 °K, a normal Curie point behaviour for 
a ferromagnetic material is observed. On subsequent cooling, the first order transition appears at about 
300°K. This behaviour ofthe magnetization as function of the temperature is also reported by Lommel 
[62]. 
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6.4 Mössbauer measurement results 
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we have carried out Mössbauer measurements of RhFe-samples with different compositions and 
temperature treatment. The two important quantities relevant to the magnetic properties of solids, 
namely, hyperfine field H and isomer shift ö are derived from the spectra by the fit procedure. 
As outlined in chapter 3, experimentally, the absorption spectra of 57Fe in a magnetically ordered state 
(FM or AF) show six symmetrical peaks as a function of the relative velocity of souree and absorber, 
while a non-magnetite state (paramagnetic) gives rise to only one unsplit peak at zero-velocity. In the 
ordered state the spacing of the six peaks is proportional to the hyperfine field, and the shift of the 
centre ofthis peaks (or peak in paramagnetic case) from zero velocity is defined as the isomershift ö. 
The aim of our measurements is a systematic investigation of the RhFe samples as function of the 
composition and the heat treatment. 
We eaU back that the isomer shift ö is corrected relative to a.-iron, and that all spectra are measured at 
room temperature. 

6.4.1 Not annealed samples 
The Mössbauer spectra ofthe two non-annealed samples are shown in Fig.6.6. They consist of only one 
unsplit peak, identified as fee phase Fe, which is paramagnetic. This is in agreement with the XRD 
analysis. We conclude thus that as-deposited samples have a fee structure. The Mössbauer parameters 
are listed in table 6.3. 
It is reported that the fee single phase is obtained by rapid queuehing from the liquid phase in the Rh 
content range 30%-90% [72]. The co-evaporated samples are similar to rapidly quenched FeRh alloys. 

Table 6.3 Mössbauer parametersjor the two non-annealed samples. 

sample ö 2r 
(mm/s) (mm/s) 

950829-1 (43%Rh) 0.060± 0.002 0.37± 0.007 

950711-10 (45%Rh) 0.042± 0.004 0.32± 0.007 
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Fig. 6. 6 Mösbauer spectra of non-annealed samples. A paramagnetic peak of the gamma 
phase (fee) can be observed in the specta 
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6.4.2 Effect of annealing 
We have investigated the effect of annealing process on samples structure. To this end three samples 
with the same composition 50% Rh, but subjected to different heat treatements are measured; one 
sample is not annealed and the two others annealed at 700 °C during 4 hours and 8 hours, respectively. 
These are given in table 6.1. The corresponding Mössbauer spectra are shown in Fig.6.7. The non
annealed sample shows only one paramagnetic peak at zero relative velocity between the souree and the 
absorber, originating from Fe atoms in the y-phase. In addition to the paramagnetic peak the annealed 
samples show two more sextets of Fe caused by a magnetic hyperfine field. 
The Mössbauer parameters and the iron percent which corresponds to the area under the absorption 
peaks for each component are listed in table 6.4. The paramagnetic phase (PM}, AF-phase and the FM
phase are noted (1), (2) and (3) respectively in the table and in the Fig.6.7. 
The two annealed samples show thus three spectra : a paramagnetic peak, which arises from the y
phase and two sextets arising from magnetic phases. According to the fact that the transition 
temperature lays near room temperature, we believe that one sextet is due toa FM-phase and the other 
sextet due to AF-phase, i.e. the two annealed samples are partially FM and partially AF. The sextet 
with the larger intensities originates from the AF -phase, this follows from the fact that the samples 
with 55% Rh are expected to be AF (Fig.6.3}. An other argument is to be deduced from Shirane et al. 
measurements [65] ofthe hyperfine field as function ofthe composition, which show at the transition a 
drop of about 17 kOe, on going from the FM to the AF state, in agreement with the difference between 
the hyperfine fields ofthe two sextets (2) and (3). 
In summary, the annealed samples spectra contains three components: a PM-component , a AF
component with the larger intensity and lower field and FM-component with a lower intensity and 
larger field. These are given in table 6.4. 

Table 6.4 Results offitted curve analysis ofthe Mössbauer spectrafrom Fig.6. 7. 

Annealing time Component %Fe 8 H Identification 
at 700 °C (Hour) (nun/s) (kOe) 

0 
(not-annealed) (1) 100 0.043± 0.004 - PM 

(1) 21.4± I 0.065± 0.006 - PM 
4 (2) 46.6± 4 0 253.6± .5 AF 

(3) 32±4 0.026± 0.006 273± 0.6 FM 

(1) 18.3± 1 0.069± 0.009 - PM 
8 (2) 70.5±2 0.01± 0.004 253.8±0.3 AF 

(3) 11±2 0.051± 0.01 278.4±0.8 FM 

As shown in table 6.4, iron atoms in paramagnetic state camprises 100%, 21,4% and 18.3% of all 
atoms in not annealed sample, annealed sample at 700 °C during 4 hours and annealed sample at 
700 °C during 8 hours, respectively. This reveals that the annealing process transfarms the 
paramagnetic y-phase to CsCl-type structure. 
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Fig. 6. 7 The effect of the annealing process on the samples structure. Not annealed sample shows a 
single fine at zero velocity characteristic offcc-phase. On annealing the fee phase transfarms 
to CsCl ordered structure, the transformed quantity is a .function of the annealing duration. 
This is rejlected in the intensity of the corresponding component of each phase. 
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6.4.3 Annealed samples with different composition 

6.4.3.1 Annealed samples at 700 °C during 4 hours 

In this section we will investigate the effect ofthe composition on the structure ofthe annealed samples. 
We have measured three samples: Fes9 R1:4J , Fe49 Rhs1 and Fe4s Rhss. These samples have been 
subjected to the same heat-treatement of 4 hours at 700 °C. 
The Mössbauer spectra ofthe three samples are decomposed by curve fitting as shown in Fig.6.8. The 
iron rich sample Fe59 RJ.-41 is ferromagnetic (Fig.6.3). The corresponding spectrum contains three 
sextets, which refer to Fe atoms having different nearest neighbour (nn) Fe atoms. The three sextets are 
listed in table 6.5 and identified as follow: sextet (3)o rises from Fe atoms with 0 nearest neighbour Fe 
atoms, This are Fe atoms on Fe sites in CsCl-structure (c.f. Fig.6.2). Component (3)2_6 rises from Fe 
atoms with the number of the nearest neighbour Fe atoms varying from 2 to 6. This component is a 
superposition of many components, which are difficult to separate with the fit procedure, this is also 
confirmed by the broadening of the lines in comparison to the other sextets. sextet (3)8 is due to Fe 
atoms surrounded by 8 nearest neighbour Fe atoms, i.e. Fe on Rh sites in the CsCl-structure (Fig.6.2). 
The two other samples show three components: a PM-component due to Fe atoms in the gamma phase 
and two sextets due to a FM-phase an a AF-phase, the identification which sextet belongs to which 
phase is basedon the argumentation given inSection B. The AF-phase gives rise to the sextet with the 
large intensity and low field and the FM-phase originates from the sextet with the large field and the 
low intensity. The Mössbauer parameters, the Fe percent and the identification of the components are 
summarized in table 6.5. 

Table 6. 5 Results of .fitted curves analysis of Mössbauer spectra from Fig. 6. 8. 

Sample Component %Fe 8 H 21 identification 
(mm/s) (kOe) (mm/s) 

Fes9 R1:4J (3)o 36.6±3 0 285.7± 0.6 0.29 
0 nn } 

(3)z_6 48.6±3 0.04 307.6± 0.6 0.34 2 -6nn FM 
(3)s 14.7±2 0.23 398± 1 0.30 8 nn 

Fe49 Rhs1 (1) 3.5±0.9 -0.019 - 0.3 PM 
(2) 78.1±3 0 253.5± 0.3 0.28 AF 
(3) 18.3±2 0.026 275± 0.6 0.18 FM 

Fe4sRhss (1) 21.4±1 0.065 - 0.31 PM 
(2) 46.6±4 0.003 253.6± 0.5 0.28 AF 
(3) 32±4 0.026 273± 0.6 0.23 FM 

As shown in table 6.5 the Fe atoms percent of the paramagnetic (PM) phase increases with increasing 
at.% Rh. The sample with 59% Fe shows no y-phase. This suggests that the excess of Rh out of the 
equiatornic composition results in the maintenance of the y-phase. This effect is also observed by 
Ohtani et al.[73], who observed that the grain growth of the CsCl-type ordered structure is reduced as 
the Rh content increases from 45 .4% to 54% 
Form table 6.5 is also clear that the hyperfine field at a given nucleus depends both on the composition 
and the local environment. The field increases as function of the number of the nearest neighbour Fe 
atoms. 
In Fig.6.7 the spectra corresponding to the three samples are given. The paramagnetic peak at about 
zero velocity grows and the Cs Cl-type structure reduces as function of Rh percent. This is in agreement 
with the XRD-results. 
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Fig.6.8 The effect ofthe composition on the samples structure for the samples annealed at 700°C 
during 4 hours The paramagnetic peak at zero velocity increases and the CsCl-type 
structure(sextets) reduces as fonction of Rh concentra ti on. 
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6.4.3.2 Annealed samples at 700 °C during 8 hours 
The prolonged annealing van the samples Fes9 Rl-41 , Fe49Rhs1 and Fe4sRhss has resulted in a nuther 
transformation of the retained y-phase into the CsCl-type structure. The Mössbauer parameters and 
iron percent ofthe different components for each spectra from Fig.6.9 are listed in table 6.6. 
The hyperfine fields of the magnetic phases don't show any changes in comparison with the hyperfine 
fields of the samples annealed during 4 hours. The component for each sample are the same as for the 
samples annealed at 700 °C during 4 hours treated in the preceding section. 

Table 6. 6 Mössbauer parameters and Fe percent of the different components, deduced from 
Fig.6.9 

Sample component %Fe 8 H 2r identification 
(nun/s) (kOe) (nun/s) 

(l) 2.3 ± 0.05 0.001 - 0.17 PM 
Fe49Rhs1 (2) 59.1±4 0.009 252.2± 0.5 0.32 AF 

(3) 38.5± 4 0.037 272.2± 0.5 0.24 FM 

(l) 18.3± 1 0.069 - 0.36 PM 
Fe4sRhss (2) 70.5± 2 0.01 253.8± 0.3 0.28 AF 

(3) 11.1±2 0.051 278.4± 0.8 0.16 FM 
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Fig.6.9 Mössbauer spectra ofthe samples annealed at 700 °C during 8 hours. The prolonged 
annealing of the samples eaus es a farther transformation of the y-phase into the CsCl-type 
structure. 



Chapter Seven 

Conclusions 

As quoted in the introduction, our goal was to investigate magnetite thin samples and FeRh samples 
with different composition and subjected to different heat treatments, using the conversion electron 
Mössbauer spectroscopy. We have first optimazed the operation of the spectrometer using a gas-flow 
proportional counter for the detection of the electrons. The Mössbauer spectra have been all measured 
at room temperature. The actual gas-flow detector can't operate at low temperature but a low 
temperature gas-detector is now in construction. 
The CEMS-spectra of magnetite samples show the essential features of bulk magnetite. They consists 
oftwo six-line subspectra from Fe at tetrabedral (A) and octahedral (B) sites in the oxygen ion lattice, 
receptively. From intensity ratio A:B, the magnetic field at the nucleus H, and the isoroer shift ö, it 
follows that the less intense spectrum is due to the Fe3+ at the A-sites and non-paired Fe3+ at the B-sites 
and that the more intense spectrum is due to the (Fé++Fe3+) pairs at the B-sites. This is a consequence 
of the non-stoichiometry of the samples. The hyperfine field and isoroer shift derived form the spectra 
are in agreement with literature. It is found that the hyperfine field H decreases for both A and B sites 
as the sample thickness decreases and we have mentioned some of the possible causes. It is also found 
that the isoroer shift for A-sites increases and that of B-sites decreases as function of decreasing 
thickness, however the values of the isoroer shift and quadrupale splitting Lill are not amenable to 
rigarous interpretation. The relative intensities of the six resonance lines of each subspectrum 
3 :x: 1:1 :x:3, which reflect the orientation of the magnetization (field) vector relative to the gamma 
radiation direction, show a deviation from the bulk ratio of 3:2:1:1:2:3 and that x has a tendency to 
increase towards the value 4 with decreasing thickness. This effect shows that the local magnetization 
vector in the thin sample tends to align preferentially in-plane of the sample, which may be a 
consequence of a shape anisotropy. 
The A-to-B intensity ratio deviates from the expected 1:2 ratio, this has been related to non
stoichiomety of our samples. Two roodels are used to determine the vacancy of impurity fraction. The 
two roodels lead to nearly the same result and we have concluded that a small deviation from 
stoichiometry resulted in a large deviation from 1 :2 ratio. 
The CEMS-spectra of FeRh thin samples show different structural and magnetic properties as function 
of the heat-treatment and composition. It is found that non-annealed samples have a non-magnetic 
structure identified as a fcc-phase (y-phase), this has been related to the fact that the co-evaporated 
samples are similar to rapidly quenched FeRh-alloys, because in literature it is reported that the fcc
phase is obtained by rapid queuehing from the liquid phase in The Rh content phase 30%-90%. 
The spectra of the annealed samples at 700 °C show that the annealing process transfarms the y-phase 
to the CsCl-type structure, which may be ferromagnetic or antiferromagnetic depending on the 
composition and temperature. Thus after annealing the detailed structure of the samples depends on 
composition and temperature. Since the transition temperature AF~FM lays round the room 
temperature our samples are found to be partly FM and partly AF for samples with Fe content less than 
50%. 
Iron rich sample (59%) have only the CsCl-type structure in a ferromagnetic state. In rhodium rich 
samples (>50%) after annealing the y-phase is not completely transformed to the CsCl-type structure, 
i.e. the y-phase is retained in this samples as shown by the paramagnetic peak at about zero velocity in 
the spectra. The conclusion is that the excess Rh above the equiatomic concentration retains the y
phase, and that the percent Fe in this phase increases as function ofRh-concentration above 50%. 
It is also found that the hyperfine field at a given Fe nucleus depends both on the composition and the 
local environment. The general trend for the behaviour of the hyperfine field is that it increases with 
increasing number ofthe nearest neighbour Fe atoms. 
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Appendix 

Group Bulk/film T (°K) H (kOe) 8 (mm/s) Llli (mm/s) A:B 

Walter et al. Bulk 296 A: 491±0.5 0.26± 0.01 < 0.025 -
[ 75] B: 460.7±0.5 0.66± 0.01 

Bauminger Bulk 300 A: 500±0.2 0.45± 0.1 - -
et al. [76] B: 450±0.2 0.7±0.1 -
Graham et 4500 A-thick 300 A: 495± 20 0.46± 0.3 0.1± 0.01 0.54 
al. [ 77] film B: 470±20 0.87± 0.1 -0.1± 0.01 

Evans et al. Bulk 298 A: 490± 3 0.23± 0.03 0± 0.1 0.59 
[78] B: 459± 2 0.62± 0.03 0± 0.1 

Ramdaniet thin film 300 A: 491.6 0.25 -0.013 0.56 
al. [50] B: 462.7 0.67 0.004 
Daniels et al. thin film 300 A:491±2 0.38±0.04 0.01± 0.04 0.97 
[57] B: 462± 2 0.76± 0.04 0.01± 0.04 
Dornk et al. thin film 300 A: 490 0.17 - -
[52] B: 458 0.55 -
Fujii et al. 1000A op 300 A: 493 0.30 - -0.5 
[79] a.-Alz03 B: 460 0.65 

Fujii et al. 1000 A op 300 A: 491 0.30 - -0.5 
[79] MgO B: 460 0.65 
Fujii et al. 1000 A thick 300 A: 492± 1 0.27 ± 0.01 0.00± 0.01 0.51 
[80] film B: 462 ± 1 0.67± 0.01 0.01± 0.01 
Fujii et al 1000 A thick 300 A: 491 0.30 - -0.5 
[81] film B:460 0.65 -
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