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A bstract

A bstract

This thesis reports a comprehensive set of Mossbauer spectroscopy measurements
on the antiferromagnetic materials, K,FeCl;.H,O and Rb,FeCl;.H,O over the temperature
range 1.4 K to room temperature on both powder and single crystals absorbers and also
at 4.2 K in applied magnetic fields up to 10 T.

This work was motivated mainly by the need to ascertain whether the compound
(NH,),FeCL,.H,0, which has been studied earlier and found to have some unusual
properties, is unique in the A,FeX;.H,0 family.

The Néel temperatures of these materials were obtained by using powder absorbers
and the variation of the hyperfine field as a function of temperature with no applied field.
These are 14 K for K,FeCl,.H,0 and 10 K for Rb,FeCl;.H,0. Particular attention was paid
to the single crystal data for deducing details of the electrostatic hyperfine interaction
from the paramagnetic spectra using three different single crystal orientations. We found
that the z-axis of the electric-field-gradient principal axes system (EFG PAS) lies in the
ac-plane and makes an angle with the crystal a-axis of about 55° for K,FeCl;.H,0 and 50°
for Rb,FeCl.H,0.

Applied field experiments on ab-plane single crystal absorbers of K,FeCl;.H,O and
Rb,FeCl;. H,0 at 4.2 K showed spin reorientations from the crystal a-axis to the c-axis to
occur with the applied field directed along the magnetic easy axis. The spin-flop fields
were found to be 32 T for K,FeCl,H,0 and 1.74 T for Rb,FeCls.H,0. The spin
reorientation phase transitions were found to be fast, possible with hysteresis, indicating

that they are first order in those compounds in contrast to the (NH,),FeCl;.H,O case,



B T ey i et R NN e, W e TR

A bstract

where the transition was found to be second order.
An applied field differential magnetization effect on the hyperfine fields, suggested
in the earlier work on (NH,),FeCl;.H,0, has been verified in the present studies of

K,FeCl;.H,0 and Rb,FeCls.H,0.
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Introduction

1. Introduction

Iron (IIT) compounds of the general formula A,FeX.H,0 where A=K, Rb, Cs, NH,
or Tl and X=Cl, Br or F, have recently been studied partly because they present the
possibility of studying the effects of relatively small structural variations on magnetic
properties. These compounds undergo antiferromagnetic ordering at easily accessible
temperatures (over the temperature range 5-25 K). Anisotropy is low due to the S
character of the iron (III) ion; therefore the compounds can be expected to be good
models of Heisenberg antiferromagnets. The exchange interactions are much stronger than
is usually observed with hydrated double salts of the other transition metal ions.
Antiferromagnets of isoelectronic manganese (II) are much better known, in part because
the syntheses are easier. Slow evaporation of stoichiometric mixtures of metal chloride
and the appropriate ferric halide in acidic solution yields crystals of the desired
A FeXs.H,0 salt; only the monohydrate seems to grow under special conditions. Another
reason for studying these compounds is that the clarity of the red/orange crystals, which
are nicely suitable for Mossbauer spectroscopy, suggests that there is little hydrolysis of
hydrated iron (III) ion in the crystal.

With the exception of Cs,FeCls.H,0, the remaining compounds are isomorphous
belonging to the orthorhombic space group Dj; (O'Connor et al 1979, Greedan et al 1980,
and Bellanca A. 1948) and have very similar cell dimensions (Carlin et al 1977). The
crystals contain discrete [FeX;.H,0]* octahedra which are hydrogen bonded together.
There are four crystallographically equivalent molecules in a unit cell, arranged in two

antiparallel pairs. The octahedra are always found to be slightly distorted, with the exact

L
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dimensions depending on the nature of the particular counterion (Carlin et al 1985).

The heat capacity measurements have been made on K,FeCl;.H,0 by McElearney
and Merchant (1978) and on Rb,FeCl;.H,O by Puértolas et al (1985). Zero field magnetic
susceptibility measurements have been made on K,FeCl;.H,O by McElearney and
Merchant (1978) and on Rb,FeCl.H,O by O'Connor et al (1978). The data in the
antiferromagnetic phase indicated that the crystal a-axis is generally the magnetic easy
axis. It was also found that the angle between the apical Cl-Fe-O directions of the
octahedra and the crystal a-axis is 40° for K,FeCl;.H,O (McElearney and Merchant, 1978)
and 38° for Rb,FeCl;.H,O (Puértolas et al 1985). The phase diagrams for K,FeCl,.H,0
and Rb,FeCl;.H,0 have been determined by Palacio et al (1980) and O'Connor et al
(1978) respectively. The diagrams are quite similar to each other. The differences are of
course due to the different magnetic parameters that describe each system.

Powder and single crystal Mossbauer spectra with zero and applied fields have
been recently carried out in this laboratory on (NH,),FeCl;.H,O (Brown and Hall, 1992),
a member of this family which has some unusual properties. e.g. two heat capacity cusps
in the region of the Néel temperature and magnetic susceptibility data not characteristic
of a pure antiferromagnet. In order to establish whether these and other properties are
indeed unique to (NH,),FeCl3H,O we have made Mossbauer measurements on
K,FeCl;.H,0 and Rb,FeCls.H,0 compounds, reported here. An important point is that the
above compounds were chosen since those ions are typically of comparable size and the
compounds would therefore be expected to exhibit similar behaviour.

Previous Mossbauer measurements on K,FeCls.H,O taken in the temperature range
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42 K-room temperature had been reported by Partiti et al (1988) as part of a comparative
study with (NH,),FeCl;.H,0. But, this work involved powder absorbers only. Above the
Néel temperature, Partiti et al found that the spectra showed doublets with a
temperature-independent small quadrupole splitting within experimental accuracy. The
linewidth also remained constant over the whole temperature range. The lattice parameters
show a smooth linear temperature dependence for K,FeClsH,O (Partiti et al 1988).

The Rb,FeCl;.H,0 compound is the last of the present series of Mossbauer studies
on these compounds and only a limited number of Mossbauer measurements on
Rb,FeCl,.H,0 had been carried out by Partiti et al (1985, 1988) whose work includes very
limited powder and single crystal absorbers in the temperature range 78 K - 300 K. They
found the quadrupole splitting of 0.31 mm/s essentially temperature independent. We
report the first systematic Mossbauer measurements on Rb,FeCls.H,O.

Mossbauer spectra were recorded over the temperature range 14 K- room
temperature for both K,FeCl;.H,0 and Rb,FeCl;.H,0O compounds. A large part of our
study concerns single crystal measurements including spectra taken with applied fields.
In contrast to (NH,),FeCl;.H,O, the quadrupole splitting is temperature independent for

K,FeCl;.H,0 and Rb,FeCl;.H,0, as is indeed expected for high spin iron (III) compounds.
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The theory of magnetism

2.1 Introduction

The purpose of this chapter is to make some simple remarks about the underlying
principles of some concepts in magnetism such as; magnet, Néel temperature, paramagnet,
ferromagnet, antiferromagnet,...etc. In addition, we particularly emphasize the magnetic
properties of antiferromagnetic material. The magnetic structure of an ordered array of
spins in a solid is described by the relative alignment of the spins to form the type of
magnetic material.

The story of magnetism begins with a mineral called magnetite (Fe,0O,), the first
magnetic material known to man. In the ancient world the most plentiful deposits occurred
in the district of magnesia, in what is now modern Turkey (Republic of Turkey), and our
word magnet is derived from a similar Greek word, said to come from the name of this

district.

2.2 Magnetic materials and Néel temperature

The general way to classify the magnetic properties of a material is its response
to an applied magnetic field and temperature. This response is characterized by the

susceptibility, %, in the relation
pM =y B_ (2-1)

where M is the magnetization, or magnetic moment per volume, and B, is the applied

field. In general, ¥ is a function of both B,,, and the temperature. If the material is
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magnetically isotropic, M and B,,, are parallel and ¥ is a scalar; for anisotropic materials,
X is a tensor.

Diamagnetic materials have a small negative temperature independent
susceptibility. The magnitude of X is of the order of 10 and since it is negative, the
induced moment is directed oppositely to the magnetic field.

The phenomenon of paramagnetism occurs only in materials in which individual
atoms or molecules have permanent magnetic moments. The susceptibility is positive and
temperature and applied field dependent. It is of the order of 107 and is inversely
proportional to temperature. Many materials are paramagnetic.

The magnetic structure of an ordered configuration of spins in crystalline solids
is also used to describe the magnetic type of materials in which the relative alignment of
the spins forms either a ferromagnetic, antiferromagnetic, ferrimagnetic or canted
antiferromagnetic structure as shown in figure-2.1. In a ferromagnetic material, the
interactions between magnetic atoms favour a parallel alignment of the atomic magnetic
moments. As a result, a spontaneous magnetization exists in such materials; that is, even
in the absence of a magnetic field there is a magnetic moment. At absolute zero, the
alignment is complete and the spontaneous magnetization has its maximum possible value
(saturation magnetization). The spontaneous magnetization decreases with increasing
temperature gradually at first, and then more and more rapidly, until it becomes zero at
a characteristic temperature known as the critical temperature T, called the Curie
temperature. In ferromagnetic materials the susceptibility is positive and very large. Above
the Curie temperature, the spontaneous magnetization vanishes. The material is then

paramagnetic with a susceptibility given by the Curie-Weiss law.

-5-



(b) Mg =

o et M

gl

Figure-2.1  Schematic representation of atomic spins in
a) ferromagnetics, b) antiferromagnetics, ¢) ferrimagnetics and d) canted

spin materials with Mg (spontaneous magnetization).
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A ntiferromagnetic materials have a small positive susceptibility at all temperatures
but their susceptibility varies in a peculiar way with temperature. As the temperature
decreases, the susceptibility increases but finally goes through a maximum at a critical
temperature Ty called the Néel temperature, as shown in figure-2.2. The material is
paramagnetic above Ty and antiferromagnetic below it. Ty is commonly far below room
temperature. In an antiferromagnet the spins are ordered in an antiparallel arrangement

with zero net moment at temperatures below the Néel temperature.

2.3 Curie Law

The first systematic measurements of the susceptibility of materials over an
extended range of temperature were made by Curie in 1895. Curie showed that a certain
class of materials have a temperature dependent and applied field independent

susceptibility given by
C
== (2-2)
X T

where T is the absolute temperature and C is called Curie's constant. The Curie law
applies only for materials that contain permanent magnetic dipole moments. It was later

shown that the Curie law is a special case of a more general law,

c
=% TE (2-3)
X=T_g

called the Curie-Weiss law and here 0 is a temperature characteristic of the material,
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generally called the paramagnetic Curie temperature. 6 is positive for ferromagnets and

negative for antiferromagnets.

2.4 Magnetic dimensionality

Magnetic dimensionality generally concerns the relative strengths of magnetic
exchange interactions along different directions in the crystal. The relative orientation of
the magnetic spins and the strength of coupling between them can be represented by the

exchange coupling energy

W ==2°% 1. 8.8 (2-4)

iy j
where J; is the exchange coupling constant (an exchange interaction constant with
negative J; is said to be antiferromagnetic in nature), S; are the spins on one sublattice
and §; the spins on the other sublattice, and the summation is over all magnetically
interacting pairs of neighbouring spins. Thus, the formation of a pattern of magnetic spins
is mediated by the exchange coupling constants. Then the exchange coupling constant is
used to define the dimensionality of system. Table-1 shows magnetic dimensionality
which is related to whether the chain directions of the coupled atoms were along the x-,
y-, or z-axis in the crystal. For the magnetically one dimensional (1D) case, the magnetic
structure of the material is made up of chains of magnetic atoms which interact strongly
along the z-axis (within a chain) but weakly along the x and y axes (between chains). For

the magnetically three dimensional (3D) case, the magnetic exchange interaction is
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comparably strong along all three crystal axes. Of course, different solid environments for

the interacting magnetic ions give rise to different magnetic exchange coupling constants.

Table-1. Magnetic dimensionality is specified by the exchange coupling constants

J,» J, and J, which are along crystal axes x, y and z respectively.

Dimensionality Exchange Coupling Constant
3D J=1=],
2D J,=0
J,=1#0
Il
1D J=1=0
J#0

2.5 Magnetic phase transitions in antiferromagnets

In the following section, we will discuss the following magnetic phase changes:
the temperature-driven change from the paramagnetic phase to the antiferromagnetic

phase, and the field-driven change from the antiferromagnet phase to the spin flop phase.
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The magnetic configuration of a spin system in a crystal depends on the external
condition of applied field and temperature. Any change in free energy (reduction or
increase) that causes a magnetic system to adopt a new phase (ordered or disordered

states, or spin flop phase) arises from the exchange interaction.

2.5.1 Temperature-driven phase transition

One of these transitions is a temperature-driven phase transition in the absence of
an applied field. In simple terms this phase transition (from/to ordered phase to/from
disordered phase) in antiferromagnetic materials may be described by spin fluctuations
because any change of the sublattice magnetization in an antiferromagnet with increasing
(or decreasing) temperature results from the behaviour of <S>. For an antiferromagnetic
material there is a finite value of the local magnetization, which may be measured by the
averaged ionic spin value <S>. If the ionic spins are fully aligned at 0° K the averaged
ionic spins is given by <S>=S.

In Mossbauer spectroscopy, the sensing time of the iron nucleus (Fe™) is of the
order of 10® s which is much longer than the spin fluctuation time of ionic spins. If there

is no applied field the effective field at the nucleus is given by

Bhr(T)=iS> . B, (0) (2-5)

As seen in the above equation, the iron nucleus responds to the averaged ionic spin <S>.

Thus, the magnetic iron ions dominate the contact interaction in which the hyperfine field
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is proportional <S>. Thus any change in the temperature causes an increasing (or
decreasing) hyperfine field because of <S>. In an ordered phase, as the temperature is
increased the energy of agitation increases and the spin fluctuations increase. The change
of these fluctuations is to reduce the time averaged value of the spin on the magnetic ion
<S> below the saturation value of S. The value of <S> decreases with increasing
temperature and goes to zero at the ordering temperature (Néel temperature for an
antiferromagnetic material). When the thermal energy is enough to exceed the interaction
of the spins (exchange energy) the magnetic order breaks down and the material passes
from an ordered (ferromagnetic or antiferromagnetic phase) to a disordered state
(paramagnetic phase). In this way, a phase transition occurs and it is a the second order
phase transition. The temperature dependent phase change and spin fluctuations are
illustrated in figure-2.3.

In addition, zero point spin fluctuation gives rise a reduction of the value of <S§>
at 0° K. Therefore the saturation hyperfine field is less than expected.

We have also observed the recent suggestion of an applied field differential
magnetization effect on the hyperfine field in three dimensional antiferromagnetic
materials, K,FeCl;.H,0 and Rb,FeCl;.H,0. This effect was observed by Gupta et al (1978)
in low dimensional antiferromagnets and by Brown and Hall (1992) in three dimensional
antiferromagnet, (NH,),FeCl;.H,0. Such a reduction on the saturation magnetization is
attributed spin fluctuations and is modelled by spin wave theory. In detail of the above

reduction will be discussed later.

-10-
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2.5.2 Applied-field-driven phase transition

The applied-ficld-temperature magnetic phase diagram and spin configurations for
an antiferromagnet are illustrated in figure-2.4. With the applied field along the magnetic
easy axis, increasing field strength induces a phase change from the antiferromagnetic
phase to the spin flop phase. In contrast to the above transition, the applied-field-driven
phase transtion provides a first order phase transition (sharp) if the applied field is
perfectly aligned with the magnetic easy axis. Chepurnykh (1968) and Rohrer and Thomas
(1969) showed that if the misalignment angle between the antiferromagnetic axis and the
applied field is larger than a critical angle which is given by tan”(B,/2Bg) in an
anisotropic antiferromagnetic material, the nature of the transition will be second order
rather than the first order. The contrasting characteristics of K,FeClH,0 and
Rb,FeCl,.H,O allow us to make a comparative study between the systems and theoretical
prediction.

The applied-field-driven phase change basically depends on how the system adopts
the lowest free energy configuration under the prevailing conditions. In an

antiferromagnet, the magnetic energy is given by
1 2
o= Exl.BW (2-6)
in the antiferromagnetic phase and by
1 2
- Bl (2-7)

in the spin flop phase where K is the anisotropy energy defined as the energy difference

£
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of the system when the antiferromagnetic axis is along and is perpendicular to the
magnetic easy axis, and ), and ), are the magnetic susceptibility when the applied field
B,,, is directed parallel and perpendicular to the antiferromagnetic axis. For a small value
of applied field, the anisotropy energy is dominant in the system and then the spins are
parallel to the magnetic easy axis. As the applied field is increased the energy of the spin
flop phase decreases faster than that of the antiferromagnetic phase because ), is smaller
than ;. In this case, the antiferromagnetic phase becomes more unstable. On applying

a magnetic field greater than

1
B, =(2B, B, +B2 )’ &5

along the magnetic easy axis a spin-flop transition occurs where the spins align in a
direction in the plane perpendicular to the applied field. Here By, is the exchange field and
B, is the anisotropy field which holds the spins along a particular crystal axis. With the
applied field perpendicular to the spin axis the magnetic energy (spin flop field phase) is
a minimum. In that case, there is a small canting angle between the antiferromagnetic axis
(c-axis for K,FeCl;.H,0 and Rb,FeCls.H,0) and the spins (hyperfine field). According to
both the molecular field theory this canting angle is given by

B
sinp = —22__ (2-9)
2B,-B

E A
This angle may be calculated to be 14° for K,FeCl;.H,0 and 17° for Rb,FeCl;.H,O at
B,=10 T.
If there is a further increase of the applied field to B,,,=B,=2B +B, the

antiferromagnetic coupling of the sublattices is broken by the coupling of each sublattice

<12.
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individually to the applied field and then a paramagnetic phase results.

13-
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The theory of Mdssbauer spectroscopy

3.1 The Mossbauer Effect

3.1.1 Introduction

Mossbauer spectroscopy is based on the emission and resonant absorption of
y-rays by a particular nuclide without loss of energy due to recoil of the nucleus and
without thermal broadening. Most modes of radioactive decay produce a daughter nucleus
in a highly excited state, which then decays to the ground state by emitting a series of
y-ray photons. A y-ray emitted during a nuclear transition from an excited state to the
ground state could be capable of exciting a second ground state nucleus of the same
isotope, thereby giving rise to resonant absorption. The first example of the recoil-free
resonant absorption of gamma rays was observed by Rudolf L. Méssbauer using “'Ir
(Mossbauer, 1958). The Mossbauer effect has been detected for a numbers of isotopes of
several elements. Iron, tin, antimony, tellurium, iodine and platinum are commonly used
experimentally. In this study, the isotope *'Fe was used.

The basis of the Mdssbauer effect and its applications have been treated in many
articles and books (Frauenfelder 1962, W ertheim 1964, Danon 1968, Greenwood and Gibb
1971 etc). Therefore, only a brief discussion of the basic principles of the phenomenon

have been given in this chapter.

-14-
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3.1.2 The nuclear resonant emission and absorption

The resonant absorption of radiation is a phenomenon well known in many
branches of physics. The Mossbauer effect is one of them and is concerned with
transitions between energy levels within the nuclei of atoms. Normally the resonant
absorption of a y-ray by a nucleus is prevented by the change in energy produced by
nuclear recoil as illustrated in fig-3.1. For a transition occurring between an excited state
of energy Eg and the ground state of energy E; not all of the energy Egz-Ej goes to the
y-ray. There is some energy loss to the recoiling nucleus so that the photon energy E,

is given by
E, =(E;-E,)-E;-E; (3-1)

where Ey is recoil energy and Ej, is the thermal (Doppler) energy. Recoil energy Eg can

be calculated from the conservation of momentum as;

2
R (3-2)
2Mc?

where c is the velocity of light and M is the mass of the atom as illustrated in fig-3.1.
The thermal energy E;, is the result of the random thermal motion of the atoms which

broadens the gamma ray by an amount;

Ep =2Eg. kT )

where k is the Boltzman constant and T is the temperature in kelvin. For *’Fe the recoil

energy and the thermal energy are about 1.95x10” eV and 1x10? eV at 300 K
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Figure-3.1 Schematic representation of; a) the emission of y-rays from a nucleus
in its excited state, b) the absorption of y-rays emitted from a nucleus in

its excited state.
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respectively (Greenwood and Gibb, 1971) .

We have already mentioned that in the transition between the excited state and the
ground state the energy would be shared by the emitted gamma ray and the recoil of the
nucleus. In the emission process the energy shift is -Eg and in the absorption the
distribution has same the shape but its shift is in the opposite direction +E; as shown in
fig-3.2. The Yy-rays can not be resonantly absorbed because of the energy difference 2Ey.
There is also the broadening effect which is due to the thermal motion. Both of these
effects are small compared with the transition energy. In order to observe resonant
absorption the atoms have to be tightly bound in a solid so that they are no longer free
to recoil individually. In this case the gamma ray momentum may be shared by all the
atoms within the solid. If the recoil energy is smaller than a typical lattice vibration
(phonon) energy of the solid (the lattice vibration energy is quantized) there is the
possibility of the emission and resonant absorption without energy transfer to the lattice
and hence energy without loss due to recoil. Thus to observe the Mossbauer effect both

the source and absorbers must be a solid.

3.1.3 Méssbauer effect in °'Fe

The Mdssbauer effect is readily observed with the 14.4 keV y-ray in *'Fe iron.
Therefore many experiments have been done using 3;Fe. The source of the *’Fe Mossbauer
y-rays is the isotope of 3;Co which is a relatively long lived species, having a half life

of 271.1 days (Mbssbauer sources, 1986). Electron capture in 3)Co produces jFe in an

-16-
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excited state of energy 14.41 keV which may decay to the ground state with emission of
a y-ray or by internal conversion leading to the emission of conversion electrons. The
average life time of the excited state is 97.8 ns. The energy level diagram for the process
is illustrated in figure-3.3. The natural abundance of ;Fe is about 2.19% (Shihab-Eldin
et al, 1978). It should be pointed out that the spins of the }/Fe nucleus are 1/2 in the
ground state and 3/2 in the excited state. This means that the degeneracies of these levels

are two and four-fold respectively.

3.14 The importance of the Mossbauer effect

The Mossbauer effect leads to Mossbauer spectroscopy which is a useful technique
to research the chemical states and electronic configurations of atoms, radiation damage
etc. When it is combined with other kinds of measurements, for example magnetic
susceptibility, neutron diffraction, heat capacity data etc, the technique is particularly
powerful. Therefore its applications are wide-spread and range across the fields of

archeology, geology, physics, chemistry, metallurgy and biology.

3.2 Mossbauer spectroscopy

In exploiting the Mossbauer effect to become the quantitative study of Mossbauer
spectroscopy attention needs to be paid to certain aspects of the phenomenon. These are

treated below.
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Figure-3.3  The decay of 'Co to *'Fe. The circled part is used in Maossbauer

transition in *’Fe.
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3.2.1 The recoil-free fraction

We have already mentioned that resonant absorption can only be observed when
the emission and absorption profiles overlap strongly. However when the Mossbauer
effect occurs the recoil and thermal energy are not simply compensated, but completely
eliminated.

The key lies in the behavior of a recoiling nucleus in a crystal lattice. In the solid
the atoms of the source and the absorber are each bound in a lattice. Whether the recoil
energy is used to create a phonon depends on the characteristic lattice vibration energy
(hw). If Ex > hw, the recoil energy of each emission and absorption events will be
dissipated by the lattice and there is no Mossbauer effect. If Ez < ho, a certain fraction
of emission and absorption events take place without recoil. The recoil-free fraction (the

Lamb-Maossbauer factor) f is given by

f =exp (—k.z, <x?>) (3-4)
where k, is the magnitude of the gamma-ray wave vector and <x™> is the mean squared

vibrational amplitude of the emitting atom in the direction of the y-ray. Since

4 7t Ei (3-5)

2 —
M A? he)?

where A is the wavelength of the y-ray. We then get

2
f =exp |- 4 <xi>| exp |- M. : 3:6)
A? (he)

This equation indicates that probability of zero-phonon emission decreases exponentially
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with the square of the y-ray energy. The displacement <x*> can be calculated by the

Debye model. According to this model, at low temperatures (where T « 8;,) fis described

by

8

T
E 2
f =exp -3. = l+4.12 : dex
2 k9, 6p ¢ -l

(3-7)

where kg is Boltzman's constant, 8, is the Debye temperature and T is the temperature
in Kelvin. The equation indicates that f increases with decreasing temperature and with

increasing Debye temperature.

3.2.2 The Mossbauer line-shape and absorption cross section

The line-shape of the absorption is derived from the calculation of the source and
absorber energy distributions. The probability of recoilless emission from the source is
£, and this recoilless radiation has a Heisenberg width at half height of I',. The distribution
of energies about the energy E, is given by Breit-Wigner formula. This leads to a
Lorentzian distribution i.e. the number of transitions N(E) between E and E+dE is given
by the Lorentzian distribution;

r
N(E) d(E) =f25 : gk

|4 I
(E -E,) (=)’

(3-8) =

According to the above equation the maximum value is for E=E (Breit et al, 1936).
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