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ABSTRACT

The change in magnetic properties of hematite (α− Fe2O3) nanoparticles were

investigated by observing the change of Morin transition fraction at different temperatures.

X-ray diffraction, transimission electron microscope (TEM), vibrating sample

magnetometer (VSM), and Mössbauer spectroscopy techniques applied to study the

magnetic and structural properties of the sample. According to the XRD results the

sample has a double phases with dominant hematite (α− Fe2O3) phase. The TEM

analysis confirmed the prepared nanoparticles have a large size distribution with average

diameter less than 20 nm. The Morin transition temperature of the sample was measured

by both the magnetization measurements and Mössbauer study. The zero-field cooled

(ZFC) and field-cooled (FC) magnetization measurements show the particles undergo a

magnetic phase transition from a weakly ferromagnetic to antiferromagnetic phase at

250 K. Room temperature Mössbauer spectra show the superparamagnetic behavior of the

materials where the magnetic moment fluctuates in all directions. Morin transition started

just below (285 K) the room temperature. The Morin transition was found strongly

temperature dependent and increased constantly with decreasing temperature. The

magnetic and structural changes with changing the Morin transition fraction revealed

important characterisitics about the sample. The Mössbauer spectra recorded at 140 K

and below showed complete Morin transition, which indicates the materials are strongly

antiferromagnetic. The average hyperfine magnetic field and isomer shift have similar

relationship and both continuously increased with decreasing temperature. The weighted

average Morin transition temperature for the sample obtained from Mössbauer studies is

265± 15.8 K which is higher than the Morin transition found from the magnetization

measurements (250 K) measured by VSM.
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CHAPTER ONE

INTRODUCTION

The iron oxide nanoparticles have many remarkable magnetic, structural, electrical, and

optical properties largely different from their bulk state. In recent years, the nanoparticles

have attracted the interest of researchers and have been extensively studied due to their

diverse applications in biotechnology, environment protection, data storage, magnetic

sensor, drug delivery. The nanoparticles’ properties depend on the size, dimension,

morphology, crystallinity, surface effects, and inter-particle interactions of the materials.

Hence, understanding the fundamental properties of the nanomaterials is the prerequisite

for their widespread applications. The iron oxide is a transition metal oxide that generally

exists in nature in three phases: hematite(α− Fe2O3), maghemite (γ − Fe2O3), and

magnetite (Fe3O4)[1, 2, 3, 4].

Hematite (α− Fe2O3) has the corundum crystal structure, which is the most stable

iron oxide and commonly found in nature. The hematite (α− Fe2O3) nanoparticles have

potential applications; they are widely used as coloring agents (pigment) for paints,

electrode material, as essential raw materials for producing iron and steel.

Hematite(α− Fe2O3) exhibits antiferromagnetism with weak ferromagnetism behavior. Its

crystal structure consists of hexagonal close-packed oxygen-sheets with two-third of

octahedral interstices between the sheets filled with Fe3+. In antiferromagnetic crystalline

(rhombohedral) hematite (α− Fe2O3), a spin-reorientation phenomenon (phase transition)

occurs at TM ≈ 263 K, which is called the Morin transition TM . Below TM , the orientation

of the two magnetic sublattices are directed toward the rhombohedral axis [111] and

exactly antiparallel, and then the material is an antiferromagnet. Above TM , due to the

super-exchange interaction, the moments are in the basal plane (111) with slight canting

from the antiferromagnetic axis. This causes a small net magnetization, and so the material

is weakly ferromagnetic. The Morin temperature decreases with decreasing the particle size
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and tends to zero for the particles with size 10 nm or less [5, 6, 7, 8]. The surface effect has

a significant role in determining the TM value. The Morin transition occurs due to the

competition between the two different anisotropies with a comparable magnitude but

having opposite sign. Hematite (α− Fe2O3) nanoparticles show superparamagnetic,

weak-ferromagnetic, and antiferromagnetic behavior at different stages, and so, hematite

(α− Fe2O3) nanoparticles are the exciting materials for the fundamental research.

In this study, we performed Mössbauer spectroscopy aiming to understand the

magnetic and structural properties of the hematite (α− Fe2O3) nanoparticles at different

temperatures starting from 20 K to 300 K. Through the hyperfine interactions, the

Mössbauer measurement precisely detects the minute perturbations of the nuclear energy

levels caused by the interactions of the nucleus with its surrounding electronic system.

Mössbauer is a powerful technique in studying the disordered magnetic states, common in

nano-sized magnetic particles. The linewidth of the nuclear transitions in the Mössbauer

effect is very narrow; hence the resonant absorption is highly resistive to the energy

variations of the γ-radiation [9]. This makes the Mössbauer technique distinctive that

allows this system to investigate both the magnetic and structural properties of the

materials simultaneously, which is difficult to obtain by applying other methods.
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CHAPTER TWO

PRINCIPLES OF MÖSSBAUER EFFECT

2.1 Early age of Mössbauer’s discovery

Spectroscopy is the interaction between matter and electromagnetic radiation. Among the

different spectroscopic techniques, only the fluorescence (resonance) spectroscopy shows

that the transition energy of an absorbing material completely matches the energy of a

γ-radiation emitted by the source material. Hence, in the fields of atomic physics and

optics, scientists attempted a lot to get resonance spectroscopy immediately after the

gamma radiation discovery in 1900 [10]. In most cases, these early attempts were

unsuccessful to get resonance spectroscopy. The main cause of their failure was the recoil

energy that the source and absorber experiences when transition occurs.

The German physicist Rudolf L. Mössbauer in 1955 was doing experiments with

γ-rays for his doctoral thesis work; he was trying to determine the lifetime of excited 129

KeV of Ir191 at Max Plank Institute. There is an uncertainty in the energies of the excited

states of a nucleus, so both for emission and absorption processes, the transition lines

between an excited state and a ground state have a definite width known as the natural

linewidth Γ [11]. The Heisenberg’s uncertainty principle gives the relationship between

natural line width Γ and the lifetime τ of an excited nuclear state by the equation

Γ · τ = h
2π

where h is Plank’s constant. Hence, getting the resonant absorption between

emission and absorption lines, he needed to determine τ .

At the time of working with resonance absorption of 191Ir, Rudolf Mössbauer

needed to decrease the thermal overlap that arises from thermal excitation of room

temperature, and so he cooled the source and absorber at liquid nitrogen at 78 K. He then

observed a strange phenomenon; instead of reducing the resonant effect, Mössbauer found a

sharp rise in the absorber’s resonant absorption. Mössbauer understood that this big
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resonance overlap appeared because of the significant fraction of recoil-free emission and

absorption, where the loss of recoil energy is negligible. Thus, for the first time, in 1957 he

experimentally discovered the "recoilless emission and resonant absorption of gamma-rays."

It was a great discovery in the field of science, named after his name Mössbauer effect,

because of this great work, he got the most prestigious award Nobel-prize in 1961.

In the nuclear resonance spectroscopy technique, the effective recoiling mass M is

the mass of the whole crystal instead of mass an isolated atom. This recoil-free transition

is called no-phonon events [12]. The Debye theory of solids explains this event, which

suggests a direct relationship between the Debye temperature of the solid and the fraction

of recoil-free events. By measuring the hyperfine interactions, the Mössbauer experiments

sharply boosted the spectroscopic system to characterizing the solid materials.

2.2 Mössbauer Effect and Mössbauer Spectroscopy

From long before scientists knew that whenever radioactive nuclei emit γ-ray from the

excited state, that γ-ray can excite other stable nuclei of the identical isotope, and thus

creates resonant absorption. However, they could not show this resonant absorption

experimentally because of nuclear recoils. For a free nucleus, recoil happens in both the

emission and absorption processes. When a nucleus transition occurs from its higher

energy state to a lower energy state, it emits a γ-ray. Since recoil happens in the emission

process, the energy of the resulted emitted γ-ray becomes smaller than the energy

difference of that two specific energy levels. The same thing happens in the absorption

process where the absorbing nucleus recoils, and the energy of the resonantly absorbed

photon becomes higher than the transition energy [13, 14]. Hence, nuclear recoil does not

allow the recoilless emission and resonant absorption for a free nucleus.

Let us consider a nucleus of mass M in solid. If the nucleus makes a transition from

the excited energy state to the ground state, then the nucleus experiences a recoil by

emitting a γ-ray with energy Eγ. From conservation of energy,
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E0 = Eγ + ER (1)

Where, ER= recoil energy experienced by the nucleus, Eγ = energy of the emitted

gamma-ray, and E0 = Ee − Eg = the nuclear transition energy (or the energy difference

between the excited and the ground state energy level).

After the emission, the nucleus experiences a recoil velocity vR; the recoil energy can

be expressed as:

ER =
1

2
Mv2R =

(MvR)
2

2M
=

P 2
n

2M
(2)

Where, Pn is the momentum gained by the nucleus after the emission. The

conservation of momentum says that the momentum of the nucleus Pn is equal and

opposite to the momentum of the γ-ray. The magnitude of the momentum of γ-ray is,

Pγ =
Eγ

c
= h̄k (3)

where c is the speed of light, k is the wave vector of γ-ray, and h̄ is h/2π. Now,

equation-(2) becomes,

ER =
P 2
γ

2M
=

E2
γ

2Mc2
≈ E2

0

2Mc2
(4)

From equation 4, we see that the recoil energy is inversely proportional to the mass

of the nucleus M. So, for a free nucleus, the mass M is very low, and consequently, the

recoil energy is very high that eventually prevent occurring the resonance. On the other

hand, if M is relatively large comparing to the mass of the free nucleus, then ER is

negligible. This permits the resonance emission and absorption of gamma radiation, where

there is no loss of energy. This recoilless emission and resonant absorption of gamma

radiation is called the Mössbauer effect. The technique to study the change of energy levels

of an atom by the nuclear environment is called the Mössbauer spectroscopy.
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Experimentally the Doppler effect compensates the recoil energy by moving the source

continuously relative to the absorber. This recoilless event profoundly depends on the

energy of γ-ray, γ-ray linewidth, temperature, and vibrational properties of the solid

lattice. This is why the Mössbauer effect is limited to only some specific number of

isotopes. There are around 40 Mössbauer isotopes have been applied for Mössbauer

experiments. Figure 1 shows the periodic table of Mössbauer’s active isotopes. 57Fe is the

most used Mössbauer nucleus whose transition energy is 14.4 KeV.

In the emission process, when γ-ray emitted, the first-order Doppler effect shifts the

energy of the γ-ray by,

ED =
v

c
Eγ (5)

After the γ-ray emission, if the atom’s velocity is v, then the linear Doppler effect

becomes,

ED =
Pn · Pγ

M
=
v

c
cosαEγ (6)

Where α is the angle between momentum vectors of moving atom and photon. So,

considering the Doppler effect and the movement of the atom, the emitted γ-ray energy is,

Eγ = E0 − ER + ED (7)

For the absorption process, the recoil would be the opposite, and so the equation is:

Eγ = E0 + ER − ED (8)

Figure 2 shows schematically the nuclear resonance made by two identical nuclei.

The first nucleus emits a γ-ray when it makes transition from the excited state to the

ground state, then this emitted photon is absorbed by the second nucleus in a reverse

mode. The two arrows in the emission and absorption process that connect the excited and

ground state express the nuclear resonance which shown in 3.
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When an atom is fixed in a solid crystal, the mass is huge and recoil goes to zero.

This concept based on classical point of view. According to quantum mechanics,the energy

levels are quantized. It requires an exact energy to excite the energy levels and create

photon. The nucleus and atoms continuously oscillate back and forth, the recoil energy

goes into the oscillation and generates phonons in the system. Hence, quantum mechanics

says the recoil energy ER can’t be exactly zero rather has a fraction of recoil. When there

is resonance, more γ would be absorbed and the γ-ray counts go down, but not zero.

Figure 1: Periodic table of Mössbauer active elements known Mössbauer isotopes (red colored elements) in
which Mössbauer effect have been observed.
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Figure 2: Nuclear transition of γ-radiation between excited and ground state energy levels during the
emission and absorption process. For a free nucleus, the recoil prohibits the emitted γ-ray to be absorbed
by the absorbing material.
(https://www.rsc.org/Membership/Networking/InterestGroups/MossbauerSpect/Intropart1.asp).

Figure 3: When nuclei are in a solid matrix,the emission and absorption are recoil-free. The emissiona and
absorption spectrum overlaps (shaded region) and produce nuclear resonant spectrum.
(https://www.mtholyoke.edu/courses/mdyar/theses/Eli_Sklute_2006.pdf).

2.3 Factors contributing to the Mössbauer spectrum

Hyperfine interactions: The nucleus of an atom interacts with its surrounding electrons;

these interactions are called the hyperfine interactions. The hyperfine interactions can

change the energy levels or raise their degeneracy and thus influence the Mössbauer

spectrum [15]. In the Mössbauer spectrum, mainly, three hyperfine interactions occur.

These are electric monopole interaction or isomer shift, electric quadrupole interaction or
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quadrupole splitting, and magnetic dipole interaction or magnetic splitting. The hyperfine

interactions determine the Mössbauer spectrum characteristics like number of peaks, shape,

position, and relative intensity of the absorption lines.

Natural linewidth Γ: In physics, the Heisenberg’s uncertainty principle states that

the precision of the measurement of two conjugate variables cannot exceed a certain value

h̄ at the same time. Mathematically, it is expressed as ∆E∆̇t ≥ h̄. The symbol ∆ denotes

the uncertainty of time and energy. The ground state of a nucleus is a stable state with a

greater lifetime. The energy levels of the ground state are precisely defined. The half-life of

the excited state is t1/2 = τ ln 2, where τ is the mean lifetime. There has an energy

uncertainty in the excited state of source and the absorbing nucleus. So there has a definite

minimum width in the lines. This width is called the natural linewidth of the emission of

the absorption line and denoted by Γ [16]. The Heisenberg’ uncertainty relation can

express the linewidth of a nuclear transition:

∆E = Γ = h̄/τ = 0.693h̄/t1/2 (9)

If the source nucleus decays exponentially, then the emitted γ-ray energy

distribution can be expressed as a Lorentzian profile (i.e., Breit-Wigner):

N(E) =
N0

(E − Eγ)2 + (Γ/2)2
(10)

Where Eγ is the nuclear energy of the distribution, Γ = h̄
τ

is the natural linewidth

which is the full width at half-maximum of the emission line. Like the emission line, the

absorption line has an identical Lorentzian shape and have the same linewidth Γ. The

shapes of these emission and absorption lines finally make the absorption curve. When the

linewidth of the emission line overlapp the linewidth of the absorption line, then the

resonance linewidth would be their sum 2Γ. Then the Lorentzian line of such a resonant
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absorption is expressed by the total cross-section σ:

σ = σ0Γ
2/Γ2 + 4(E − E0)

2 (11)

where σ0 is the maximum cross-section.

Recoil-free fraction: The recoil-free fraction measures the depth of the Mössbauer

resonance. The fraction of the emitted γ-ray without recoil is called recoil-free fraction of

the source. The fraction of the incidentγ-ray absorbed by the absorber without recoil is

called recoil-free fraction of the absorber. The recoil-free fraction f is the probability of

emitting or absorbing the γ-ray without losing any energy. When the recoil momentum is

taken up by the whole crystal, only then recoil-free processes happen. It is known from

solid-state physics that the lattice vibrations are quantized, and it comes as a packet which

is called phonons. The recoil-free fraction entirely depends on the structure of the lattice

and on the phonon spectrum. The expression of recoil-free fraction in the Debye theory is

called the ’Debye-Waller factor’ or ’Mössbauer-Lamb factor f’ and is given by,

f = e

(
−

E2
γ

(h̄c)2
<x>2

)
(12)

Here < x >2 is mean square displacement of the atom in its thermal vibrations.

Equation-12 shows that f is significant when the γ-ray energy is low and when the atoms

are firmly bound. An approximated value of the mean square displacement of the atom can

be known from the Debye theory of lattice vibrations, and then f can be determined using

that value [17]. The thickness of the absorber changes the recoil-free fraction. When the

absorber is thin, it cannot absorb all the recoil-free γ-rays because there are not enough

nuclei to occur the interactions. Again, the thick absorber absorbs the emitted γ-ray with

more recoil. Hence, because of the absorber’s thickness, the absorber’s recoil-free fraction is

not equal to the recoil-free fraction of the source, and thus absorbers thickness modifies the

observed Mössbauer spectrum. Equation 4 says high energy γ-rays have larger recoil

energy ER. Thus, Mössbauer spectrometry is not for all the nuclear transitions and
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happens only for energy 14.4 KeV.

Blocking Temperature: The relaxation time of magnetic moments has an inverse

relationship with the temperature, and hence the temperature is a dominant factor in a

Mössbauer measurement. If relaxation time τN is very small than the measurement time τm

(τN<τm), then the hyperfine spectra would not be resolved; rather, it would be unblocked

[18]. Therefore, there is no blocking temperature, and hence the spectrum is not the

Zeeman-splitting. For τN > τm it is possible to achieve the blocking temperature, and so

blocked spectrum arises with clear resolved lines. The blocking temperature relationship is:

TB =
aKV

k
(13)

where a = 1
ln(τm/τ0)

Curie Temperature: The Curie temperature Tc is the critical temperature above

which a ferromagnetic material loses its permanent magnetic properties and becomes a

paramagnet. It says that, above the Curie temperature, at the absence of applied magnetic

field, the magnetic moments in the material are not aligned, and so the net external

magnetic field is zero. When the temperature is higher than the Curie temperature, the

thermal energy is so high that it removes the order of the magnetic moments of the

ferromagnetic materials [18]. The Curie temperature for iron is about 1043 K.

Doppler Effect: The Doppler effect is a dominant parameter in the Mössbauer

measurement in terms of energy of the emitted γ-ray and thermal vibration of the nuclei.

1st-order Doppler Effect: When a radioactive source constantly moves relative to

the stationary absorber and emits γ-radiation, then the γ-ray energy shifted by the

1st-order Doppler effect and becomes,

Eshift = Eγ(1±
v

c
) (14)

where v is the velocity of the source relative to the observer and c is the speed of light.

(ii) 2nd-order Doppler shift (Temperature shift): The frequency of the recoil-free
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radiation varies by the thermal vibration of the nuclei in terms of relativistic Doppler effect

(i.e., 2nd-order Doppler shift). The second-order Doppler shift δSOD is associated with the

mean square speed of lattice vibrations:

δSOD = ∆ESODc/E0 =< u2 > /2c2E0c/E0 =< u2 > /2c2 (15)

Where ∆ESOD is an energy shift. The above equation shows that δSOD decreases

and < u2 > increases with temperature, so the γ-ray energy becomes lower for the higher

temperature. In the Mössbauer measurements, the source nucleus is always in a vibration

mode. So there is a second-order Doppler shift which influences and changes the isomer

shift. The isomer shifts δ is the combination of chemical isomer shift δc and second-order

Doppler shift δSOD: δ = δc + δSOD [19]. The chemical shift δc does not depend on

temperature, but δSOD is temperature-dependent, so the isomer shifts δ also depends on

temperature.
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CHAPTER THREE

PRACTICAL ASPECTS OF MÖSSBAUER SPECTROSCOPY

This chapter gives details about the description of various components need for the

Mössbauer spectroscopy experiment. The Mössbauer measurement consists of a radioactive

source, an absorber, a detector, and other components. Typically, the absorber is placed

between the source and the detector. The radioactive source emits γ radiation and this

γ-ray goes perpendicular to the sample. Sometimes γ-ray absorbed by the sample and

sometimes it goes through the sample. When there is absorption,the γ-ray counts go down

and we see resonance lines. The detector detects the spectrum and the recorded data then

stored and analyzed in a computer. This experimental configuration is called the

absorption geometry. Figure 4 illustrates the experimental setup of the Mössbauer

measurement. The experimental tools that we used in our lab for doing the Mössbauer

measurements are shown in Figures from 5 to 7.

Figure 4: Mössbauer Experimental setup. The sample is placed between the source and detector. A radioac-
tive source emits γ-radiation that goes through the sample. The detector then detects the internsity of the
transmitted γ-radiation as a function of source velocity. A Mössbauer drive constantly vibrates the source
that shifts the emitted γ-ray energy and helps to observe the resonce spectrum.
(https://commons.wikimedia.org/wiki/File:Mossbauer_Spectrometer.jpg).
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Figure 5: A standard constant acceleration spectrometer (MS-1200, Ranger Scientific) was used in a trans-
mission mode to record all the Mössbauer spectra. The sample was placed inside a vibration-free closed-cycle
refrigerator. Helium cryostat used to cool down the sample and suitably controlling the temperatures.

Figure 6: Sample holder:The sample holder including the sample placed in a closed-cycle refrigerator for
performing the Mössbauer measurements.
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Figure 7: Vacuum pump: The vacuum pump helps the cryostat to maintain the temperature to do the low
temperature measurements. The vacuum pump sucks the air from the environment where the sample placed
and thus enables to cool the system.

3.1 Radioactive Source

The first job for doing a Mössbauer experiment is managing a suitable source of radiation

that emits -ray. The common Mössbauer radioactive sources are 57Co, 119Sn, 151Sm, and
125Te. The half-life of the precursor of 57Fe is high, it is straightforward to control, and it

contains a high number of magnetic substances. For these reasons 57Fe is the most

frequent source in the Mössbauer experiment. The unstable 57Co whose half-life time is 270

days, absorbs a K-electron, and then after decaying, it forms an intermediate excited state

of 57Fe with energy 136 KeV. By 10−8s, 57Fe nucleus partially decays from 5/2 energy

state to the ground state and partly to the 3/2 energy level. Around 10−7s later, the 3/2

energy level decays by emitting a K conversion electron and a γ-ray. This 14.4 KeV -ray is

used for the Mössbauer experiment, while 136 KeV is very energetic, which is unstable.

The decay scheme of 57Co is shown in Figure 8. Thus, the second γ-ray with energy 14.4

KeV is the desired one for the Mössbauer spectroscopy, while the first γ-ray with 122 KeV

helps to form the 57Fe excited state. So, the emitted radiation from 57Co radioactive

source is relatively complicated, which consists of resonant γ-ray (recoilless, second γ-ray),

non-resonant γ-ray (first γ-ray with recoil), and radiation from other transitions. Here, the

resonant γ-ray is used to getting the Mössbauer effect, whereas the radiation from others is
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essential for the background. Because of many advantages, metals are suitable as

radioactive sources like metals have high coordination symmetry, a low percentage of

impurity, long lifetime, for producing effective Debye-Waller factor, and metals create

high-speed electron relaxation processes. The 57Co Mössbauer radioactive isotope mainly

implanted in a host Rh matrix by diffusion method. When 57Co isotope is fixed into

rhodium (Rh) matrix, the 57Co atoms stay as dilute on the face centered cubic (fcc) Rh

crystal lattice where their neighbors are pure Rh [17, 20]. Therefore, all the 57Co atoms

have identical local environments and thus have the same nuclear energy, and hence all

atoms create the same energy γ-ray.

Figure 8: Nuclear decay scheme of 57Co to generates 57Fe. By capturing electron from k shell 57Co forms
an intermediate excited state of 57Fe. The excited 57Fe decays both the high and low energy γ-radiation.
Only the γ-radiation with relatively lower energy (14.4 KeV) is suitable for Mössbauer experiments.
(http://www.cmp.liv.ac.uk/shrike/mphys/chap3.html).

3.2 Absorber

In the Mössbauer spectroscopy, the absorber is the material we study. The absorber is

encapsulated in a plastic. The perfect thickness and texture of the absorber play a

dominant role in producing a suitable Mössbauer spectrum. Mathematically the thickness
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of an absorber is expressed as,

Ta = fadanaσ (16)

where fa is Mössbauer fraction for the absorber, σ0 is cross-section for maximum

Mössbauer absorption, na is the number of atoms per unit volume in the absorber able to

give rise to resonant absorption, da is the physical thickness of the absorber in cm. The

value of Ta for iron compound absorber is 0.5907fa ·m, where m is the amount of natural

iron in milligrams per cm2 [21]. The cross-section and the incident photons energy

distribution are equivalent to the function 1
[(E−E2

γ)+(Γ/2)2]
, which offers the Lorentzian

distribution. Hence, if the absorber is thick and the incident Mössbauer photon falls on the

first layers of the absorber, the area close to Eγ absorb relatively more photons than the

sides of the absorber [21]. Since the photon beam penetrates the absorber, the absorption

line is broader, and thus the absorption line loss Lorentzian form slowly and has a

Gaussian shape. For the small value of Ta (<4), the effective linewidth rises almost

proportionally with thickness. The experimental line-width at half maximum absorption

Γobs. has the relation with theoretical line-width Γt by the equation Γobs. = (2 + 0.027Ta)Γt.

The real line-width is slightly larger since there is a small environmental difference between

the source and the absorber. The total observed intensity decreases with increasing the

absorber’s thickness, and larger line-width diminishes the Mössbauer spectrum’s resolution.

So very thin absorbers are suitable for the Mössbauer experiments. For a thick absorber,

the absorption line widths rise, whereas the number of photons per unit time recorded by

the detector decreases, hence for getting the desired Mössbauer spectrum there needs a

suitable thickness of the sample. In addition to thickness, the absorber’s crystal orientation

largely determines the Mössbauer spectral line’s intensities.

3.3 Detector

The Mössbauer source creates the resonant γ-rays. It also creates non-resonant γ-rays

which arise from the internal conversion and photo-absorption events. Hence the detector

must be effective enough to choose only the photons that produce better energy resolution.
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The conventional Mössbauer detection system comprises a γ-ray detector and other

electronic accessories [21]. If the quality of the detector’s resolution is not standard, it can

be compensated if the detector’s count rate is very high. Thus, before selecting a detector

for the Mössbauer measurement, several parameters are considered: efficiency, resolution,

count rate, and price. Based on these parameters, there are three standard detectors used

in Mössbauer measurements: scintillation detectors, proportional counters, and

semiconductor detectors. We used the proportional counter as a detector in our experiment.

Proportional counter: The proportional counter is a cylindrical ionization chamber

that has a central wire anode. Typically, the chamber is filled with inert gas and a small

amount of methane. Heavier atoms are quite visible in the high-energy photons, so inert

gas He is highly sensitive to γ-rays. Moreover, since noble gases do not interact with the

detector, the lifespan is also relatively high. In the chamber, the ionization creates voltage

electrons, which lead further ionization that accelerates the electrons to move toward the

anode and thus provide voltage pulse, which is directly proportional to the height of the

initial ionization. Around 102 to 104 times, internal amplification is easily possible. An

external amplifier is needed to use for further amplification. In the proportional counter

detection system, the observed peak widths of the pulse-height spectrum are significantly

narrower than the scintillation detector. The photons’ interaction with gas in this counter

is almost the same as the scintillation counter. For minimizing the photo peaks from

X-rays and measuring the escape peak, filters with suitable K-absorption edge is often used

[18, 21]. The proportional counter is highly efficient measuring the lower energy Fe

Mössbauer photons 40 KeV). Its efficiency can be enhanced by using heavier inert gas and

raising the gas pressure. A thin Be foil that contains a minimal amount of iron materials is

used in the counter to make the counter suitable enough so that the photon radiation has a

path to arrive at the central point of the counter.
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3.4 Cryostats

Getting a satisfactory Mössbauer spectrum sometimesit requires cooling the source, and

sometimes source and absorber both need to be cooled. For cooling the absorber and

source or controlling the temperature suitably, a cryostat is needed to use in the Mössbauer

measurement. The He cryostat is best for doing the low-temperature experiments because

it allows a superconducting magnet that creates a strong external magnetic field that

provides an excellent hyperfine effect. There are several benefits of using a cryostat. The

cryostat allows the experiment running for a longer time without replacing helium, and the

sample only then remains in contact with helium gas [18, 21]. Usually, the cold head and

sample stay in contact and using cryostats make them separate. So one can change the

sample very easily and quickly by using cryostats. The cold head is in the contact of

helium gas surrounding the sample. A refrigerator used to cool the He gas column in the

chamber. Thus, when the sample placed inside the apparatus with a rod, it cools down the

complete volume of the sample uniformly.

3.5 Velocity driver or transducer

The 57Co source moves periodically back and forth relative to the stationary absorber.

This changes the γ-ray energy by the first-order Doppler effect. The suitable movement

allows the emission and absorption lines overlapping and thus creates resonance. The

Mössbauer spectrum is taken as a function of relative velocity ν. The positive velocity is

when the source moves toward the absorber and negative velocity when the source moves

in the opposite direction. The Doppler velocity is so vital in the Mössbauer measurement

since it presents the spectrum in the order of line-width. A loudspeaker or a vibrator coil is

used to connect the source, and this drives the source electro-mechanically as a sinusoidal

voltage powered by the drive control unit. The rod that connects the 57Co source and the

loudspeaker is called the velocity driver or transducer. The velocity transducer consists of

two sections, a shielded cylindrical coil assembly, and a permanent magnet. The motion of

the magnet corresponds to the voltage produced by the coil.
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The magnitude of voltage indicates the velocity, and the polarity of the voltage

defines the direction of the motion [21]. The radiation pulses in Mössbauer spectroscopy

that passes through the absorber are expressed as a function of Doppler velocity ν, and it

is normalized to the off-resonance counting rate to get the resonance-effect magnitude of

the relative transmission. Depending on the working method, there are different types of

velocity modulation systems used in Mössbauer measurement, like mechanical,

electromechanical, hydraulic, piezoelectric. The benefit of the constant-velocity system is,

it is possible to choose a definite velocity. Changing the count rate can cause a transition

(Morin transition), and by using this system, one can measure the transition correctly.
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CHAPTER FOUR

HYPERFINE INTERACTIONS

The interactions between a nucleus and its surrounding environment are called hyperfine

interactions. This chapter discusses details about the three hyperfine interactions that

occur between the source nucleus and the electromagnetic environment of the substance.

The three hyperfine interactions that happen in the Mössbauer spectroscopy are electric

monopole interaction or isomer shift, electric quadrupole interaction or quadrupole

splitting, magnetic hyperfine interaction, or magnetic splitting. The hyperfine interactions

provide chemical, physical, and crystallographic information about the samples.

4.1 Isomer Shift

Electric monopole interaction is the Coulomb interaction between protons of the nucleus

and electrons (mainly s-electrons). The isomer shift arises from this electrostatic interaction

(Figure 9). The isomer shift defines the displacement from the zero velocity of the center of

the resonance spectrum shown in Figure 10. It provides valuable information regarding

oxidation state, spin state, and bonding properties like covalency and electronegativity.

The electric monopole interactions are different for the source and absorber. Hence

the influence of this interaction is different for the nuclear ground and excited states. The

electric monopole interactions excite the excited and ground-state and change the energy

levels. Since the radius for the ground and excited states are different, these shifts for two

states are not the same. The different electron density in the source and absorber causes

the energy difference between two states (ES and EA)in the source and absorber. Isomer

shift (δ) formula is,

δ = EA − ES =
2

5
πze2[|ψA(0)|2 − |ψA(0)|2][R2

e −R2
g] (17)
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where Re and Rg are the nuclear radii for the excited and ground states, e electronic

charge, z is the atomic number, ψA(0) is the s orbital wave function of absorber, ψS(0) is

the s orbital wave function of source. The s-electron density mainly leads the isomer shift,

and the shielding effects of p, d, and f electrons have an indirect contribution to isomer

shift [22].

Figure 9: Electric monopole interaction between protons and surrounding electrons (Isomer shift). This
interaction excites the nuclear energy levels and shift the resonant spectrum.
(https://sites.google.com/a/umn.edu/mxp/student-projects/2014---spring/
s14moessbauerspectroscopy).
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Figure 10: Mössbauer spectrum for electric monopole interaction. δ defines the distance from the zero
velocity of the center of the resonant spectrum.
(https://sites.google.com/a/umn.edu/mxp/student-projects/2014---spring/
s14moessbauerspectroscopy).

4.2 Quadrupole splitting

The nuclear state whose charge distribution is not spherical and has an angular quantum

number greater than 1/2 have nuclear quadrupole moment Q. The nuclear quadrupole

moment Q defines the divergence of the nuclear charge distribution from the spherical

symmetry. The quadrupole interaction is the interaction between the nuclear energy levels

and neighboring electric field gradient (EFG). When the electronic charge distribution is

not symmetrical, the electric field is asymmetrical, and this causes the splitting of the

energy levels.

The ground state has no quadrupole moment, and so the ground state remains

un-splitted. The excited state I=3/2 splits into two substates with magnetic spin quantum

numbers mI=±3/2 and mI=±1/2 that is shown in Figure 11. The energy difference

between these two sub-states is the separation between the two resonance lines in the

spectrum. These two transition lines in the spectrum are transition from the unsplitted

23

https://sites.google.com/a/umn.edu/mxp/student-projects/2014---spring/s14moessbauerspectroscopy
https://sites.google.com/a/umn.edu/mxp/student-projects/2014---spring/s14moessbauerspectroscopy


ground state to the splitted sub-states. The energy for the quadrupole interaction for an

axially symmetric electric field from the perturbation theory can be shown as:

EQ = eQVzz
3m2

I − I(I + 1)

4I(2I − 1)
(18)

where Vzz is an electric field gradient, e is the electron charge, and Q is the

quadrupole moment. Since for I=1/2, the quadrupole moment disappears, so the ∆ EQ is

zero. From the equation-18, the ∆EQ is directly proportional to the quadrupole moment Q

and electric field gradient (EFG).

In the case of 57Fe measurement, EFG does not affect the I=1/2 ground state and

splits I=3/2 into two non-degenerate sub-states mI=±3/2 and mI=±1/2. Thus, two

transitions from the ground to the excited states give two peaks in the spectrum, called the

doublet (Figure 11). The separation between these two peaks is the measurement of the

quadrupole splitting and portrays the properties of the electric field of the nucleus [23].

The quadrupole splitting supplies valuable information about the oxidation state, spin

state, local symmetry, and ligands arrangement of the Mössbauer atom.
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Figure 11: Quadrupole splitting in the nuclear energy levels of 57Fe and the corresponding Mössbauer
spectrum. Quadrupole interaction splits the excited state into two degenerate substates. The symbol ∆ refers
the magnitude of the quadrupole splitting while ∆EQ is the energy difference between the teo substates.
(https://www.rsc.org/Membership/Networking/InterestGroups/MossbauerSpect/part2.asp).

4.3 Magnetic hyperfine splitting

Any spin state I have a magnetic dipole moment µ. In a magnetic field, the spins orient in

different directions, and hence the magnetic field alters the nuclear transition energies. In

the presence of a magnetic field, when the nuclear states have the magnetic dipole moment,

the magnetic dipole interaction occurs. The interaction between the nuclear dipole moment

and the internal magnetic field at the nucleus creates the magnetic splitting or nuclear

Zeeman effect. The internal magnetic field provides fruitful information about the

magnetic characteristics of the sample

The ground state I=1/2 and the excited state I=3/2 both have the magnetic dipole

moment µ. Spin state I split into 2I+1 non-degenerate sub-states. Hence, excited state

I=3/2 splits into four substates, and ground-state I=1/2 splits into two sub-states. The

first-order perturbation theory explains the energy of theses sublevels which can
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mathematically be expressed as,

EM(mI) =
µBmI

I
= −gNβNBmI (19)

Where gN is the nuclear Lande factor,and βN is the nuclear Bohr magneton. The

selection rules (∆mI=0,±1) determine the number of transitions between the excited

state’s sublevels and the ground state.

The magnetic dipole interaction in 57Fe splits the excited state I=3/2 into four

non-degenerate sub-states with mI=+3/2,+1/2,-1/2,-3/2 and the ground state I=1/2 splits

into two sub-states mI=+1/2,-1/2 (Figure 12). The selection rule (∆mI=0,±1) allows six

transitions, and so six equidistant peaks are observed in the 57Fe Mössbauer spectrum

(Figure 13). The six allowed transitions are: −1/2 → −3/2, −1/2 → −1/2, −1/2 → +1/2,

+1/2 → −1/2, +1/2 → +1/2, and +1/2 → +3/2.

The hyperfine magnetic field in a Mössbauer nucleus creates "Fermi contact

interaction" describing the negativity of the hyperfine magnetic field for 57Fe. The range of

the hyperfine splitting directly proportional to the magnetic field strength, and so the

distance between peaks gives information about the magnetic field [23, 24]. Sometimes in a

material, the electric quadrupole and the magnetic dipole interactions appear together. In

that case, the six peaks are not at equidistant because there has a distortion made by the

electric quadrupole interaction in the presence of a strong magnetic field.
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Figure 12: Magnetic dipole interaction that splits the excited and ground state energy levels (Zeeman
splitting). In the presence of magnetic field, the dipole interaction splits I nuclear state into 2I+1 substates.
In 57Fe, following the selection rule there are 6 allowed transitions occur from the ground state energy level
to the excited energy level.
(https://orgspectroscopyint.blogspot.com/p/mossbauer-spectroscopy-spectroscopic.html).

Figure 13: The resulted Mössbauer spectrum for the magnetic dipole interaction. In case of 57Fe six peaks
(sextet) observed in the resonant spectrum.
(https://orgspectroscopyint.blogspot.com/p/mossbauer-spectroscopy-spectroscopic.html).

27

https://orgspectroscopyint.blogspot.com/p/mossbauer-spectroscopy-spectroscopic.html
https://orgspectroscopyint.blogspot.com/p/mossbauer-spectroscopy-spectroscopic.html


CHAPTER FIVE

RESULTS AND DATA ANALYSIS

5.1 Sample preparation

Hematite (α− Fe2O3) sample for Mössbauer measurements was synthesized by sol-gel

method. Iron (III) nitrate (Fe(NO3)3.9H2O), 2-propanol, and propylene oxide were used

to prepare the sample. In a typical experiment, 26.4 mmol (10.7 g) of the iron (III) nitrate

(Fe(NO3)3.9H2O) precursor was dissolved in 100 ml 2-propanol, and later 25 ml (0.36

mol) propylene oxide was added as a catalyst. The mixture was then continuously stirred

for 4 hours, where a reddish-brown colloidal suspension was obtained. The resulted

suspension was aged for 24 hours before the solvent was removed by evaporation at 80 ◦C.

After washing with distilled water, the solid brown product was dried in an oven at 120 ◦C

for 1 hour before calcination at 350 ◦C and 500 ◦C for 1 hour and 4 hours, respectively.

5.2 Characterizations and measurements

This research work aims to look for the Morin transition of hematite (α− Fe2O3)

nanoparticles. The Morin transition is the characteristic of hematite (α− Fe2O3)

nanoparticles, where a phase reorientation from weakly ferromagnetic to antiferromagnetic

occurs just below the room temperature. The Morin transition percentage is different at

different temperatures. Since the materials structure is Morin transition dependent, hence

we applied different characterization techniques to investigate the magnetic and structural

properties of the sample at different temperature. Collaborators used a Shimadzu-6100

powder XRD diffractometer with Cu-Kα radiation (λ = 1.542 Å) to identify the sample’s

phases. The XRD patterns obtained in the 2θ range from 20-80 degrees at a rate of 1

degree/minute. The shape and diameter of the particles were examined from the TEM

image using a CM10 Philips electron microscope. The magnetization measurement was
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carried out using a vibrating sample magnetometer (VSM) that gives macroscopic Morin

transition information about the sample.

Finally, we used Mössbauer spectroscopy to investigate the microscopic details of

Morin transition, particle size, and magnetic behavior about the sample. We compared the

results of Mössbauer spectroscopy with the results obtained by other techniques. A

standard constant acceleration spectrometer (MS-1200, Ranger Scientific) was used in a

transmission mode to record all the Mössbauer spectra. A radioactive 57Co embedded in

the Rh matrix was used as a radioactive source for this experiment. A gas detector used to

record the spectra. The sample was studied at a cryogenic temperature in the velocity

range of 10 mm/s. The sample was placed inside a vibration-free closed-cycle refrigerator.

The cryostat used to cool the sample and doing the measurements at various temperatures.

Our collaborators (I.A. Al-Omari, Department of Physics, College of Science, Sultan

Qaboos University, P.O. Box 36, Muscat, PC 123, Oman and I.M. Obaidat, Department of

Physics, United Arab Emirates University, Al-Ain 15551, United Arab Emirates) have done

the X-ray, TEM and magnetization measurements while we performed Mössbauer

experiments.

5.3 Results and discussion

X-ray diffraction and TEM studies:

Figure 14 shows the X-ray diffraction patterns obtained from the hematite

(α− Fe2O3) nanoparticles. The XRD profile is clearly showing that the sample consists of

the peaks corresponding to hematite (α− Fe2O3) and maghemite (γ − Fe2O3) phases.

This ensures that the sample has a mixed phase. However, the low-intensity ratio of the

maghemite (γ − Fe2O3) peaks indicates that the significant phase fraction is hematite

(α− Fe2O3), while the maghemite (γ − Fe2O3) phase fraction is minor. Two broad peaks

(104) and (110) observed at the location around 2θ=33◦ and 63◦. The high intensity of the

diffraction peaks indicates the good crystallinity of the material. Decreasing the X-ray

peaks amplitude with 2θ defines higher structural disorder and small particle
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dimensions[25, 26].

The bright-field TEM image shown in Figure 15 gives the formation of hematite

(α− Fe2O3) nanoparticles. The TEM image of the sample tells that the nanoparticles have

a somewhat distorted spherical shape and have broad size distribution. Both the XRD and

TEM studies show that the nanoparticles’ average diameter is smaller than 20 nm.

Figure 14: X-ray diffraction patterns of hematite (α−Fe2O3) nanoparticles. The XRD profile confirms that
the sample is a mixed phase. The hematite phase is a dominant while maghemite (γ − Fe2O3) is a minor
phase. (Figure provided by our collaborators I.A. Al-Omari, Department of Physics, College of Science,
Sultan Qaboos University, and I.M. Obaidat, Department of Physics, United Arab Emirates University).
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Figure 15: Bright-field TEM image of hematite (α−Fe2O3) nanoparticles illustrating particles morphology.
According to TEM study the nanoparticles has a large size distribution with diameter less than 20 nm.
(Figure provided by our collaborators I.A. Al-Omari, Department of Physics, College of Science, Sultan
Qaboos University, and I.M. Obaidat, Department of Physics, United Arab Emirates University).

Magnetization measurements

Figure 16 shows the magnetic responses of the sample at different temperatures up

to 400 K for an applied field of 200 Oe in the zero-field-cooled (ZFC) and field-cooled (FC)

modes. Usually, ZFC and FC magnetization measurements are used for studying the

paramagnetic, ferromagnetic, and antiferromagnetic properties of the magnetic materials.

In ZFC, the magnetic particles are cooled under the blocking temperature without any

(zero) applied magnetic field. In FC, the particles cooled under the blocking temperature

with an applied magnetic field. The magnetization shows a peak at the transition

temperature. It is evident that the magnetization for zero-field cooled (ZFC) is

continuously increasing from 2 K to 250 K, and then gradually decreasing. The

magnetization drops at a specific temperature because of the Morin transition. As seen in

Figure 16, the Morin transition is observed around 250 K, where a spin-reorientation

occurs in hematite (α− Fe2O3) nanoparticles. The Morin transition temperature TM is the
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characteristic of hematite (α− Fe2O3) nanoparticles that indicates the transition from

weakly ferromagnetic state to antiferromagnetic [27]. The Morin transition temperature

obtained from magnetization measurement is TM= 250 K.

Figure 16: Zero-field cooled (black) and field cooled (red) magnetization curve of hematite (α − Fe2O3)
nanoparticles at 200 Oe. The magnetization measurements shows that the Morin transition temperature for
the hematite (α− Fe2O3) sample is 250 K. (Figure provided by I.A. Al-Omari and I.M. Obaidat).

Mössbauer Studies

In this work, we performed Mössbauer spectroscopy to study the Morin transition

at a wide range of temperatures and explored the magnetic behavior at each temperature.

Since the Mössbauer spectrum comes from all kinds of Fe atoms present in the sample, so

it gives the precise percentage of Fe-based phases. This also offers accurate spin dynamics

information in the order of 10−7 to 10−9s time scale. A Mössbauer spectrum usually

displays two (doublet) resonance lines for paramagnetic Fe atoms or six (sextet) resonance

lines for magnetically ordered Fe atoms. Each spectrum contains three basic hyperfine

parameters: isomer shift (IS), quadrupole splitting (QS), and magnetic splitting (HMF).

The isomer shift provides information about the valence and spin states of Fe ion. The

quadrupole splitting also gives information about the valence and spin states and

dependent on Fe site symmetry [28, 29]. The hyperfine magnetic field offers magnetic
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information about the materials. In this study, the Mössbauer data was analyzed by

least-squares fitting method ’peakfit’ which is a user defined fitting software. This fitting

software gave all the magnetic fraction, hyperfine magnetic field, quadrupole splitting, and

isomer shift values with their uncertainties.

A room temperature (300 K) Mössbauer spectrum of our sample is shown in Figure

17. The dots represent the experimental data, while the solid lines in the figure are the

least-squares fits. The sub-spectrum with their percentage, the hyperfine parameters such

as isomer shift (IS), quadrupole splitting (QS), and hyperfine magnetic field (HMF), are

summarized in Table 1. It is observed from Figure 17 that the Mössbauer spectrum at

room temperature consists of two components: one is a typical magnetic sextet (sextet 1),

and the other is a collapsed sextet. The blue color in the Mössbauer spectrum represents

sextet 1 which is 65 percent, and the black collapsed six lines represent the collapsed sextet

which is 35 percent. Six lines spectrum always has a good magnetic order,so the materials

are in magnetic order at room temperature. The sextet 1 is weakly ferromagnetic while the

collapsed sextet is superparamagnetic. The signal for collapsed sextet comes from particles

around 10 nm diameter. At every state of the materials there has a magnetic energy and

there has a thermal energy. The thermal energy always tries to destroy the magnetic order.

When temperature breaks the magnetic order,the lines starts to get broader and then

magnetization starts to oscillates. If the thermal energy is sufficiently large, the whole

structure collapses. At room temperature, there is a magnetic order in the particles, but

the magnetization of the particles as a whole oscillate back and forth periodically. This

phenomenon is called superparamagnetism. In superparamagnetism, the magnetic

moments fluctuate in all direction [30, 31]. The HMF at room temperature for component 1

(sextet 1) is 521 kG, which is slightly higher than the HMF for pure hematite (α− Fe2O3)

(518 kG). This small difference from the literature value can be due to the nanosized

nature of our sample. The isomer shift value is 0.419 for the first component. The HMF

and isomer shift both are absent for the collapsed sextet. The quadrupole splitting at this

temperature is -0.188, which suggests that our sample is a weakly ferromagnetic material
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at RT. The negative sign indicates that the hematite (α− Fe2O3) nanoparticles are in a

weak ferromagnetic state. There is no observable phase transition at room temperature.

Figure 17: Room temperature (300 K) Mössbauer spectra for hematite (α − Fe2O3) nanoparticles. The
black dots represent the experimental data, while the solid lines indicate the least-squares fitting. At RT
the sample fitted with two sub-spectra where the nanomaterials are in a magnetic order.

Mössbauer spectra of the sample collected below the room temperatures starting

from 285 K to 20 K are shown in Figures 18 to 31. The hyperfine parameters are listed in

Table 1. The Mössbauer spectrum at each temperature from 285 K to 240 K displays two
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distinct sextets and a doublet. Since there is no non-magnetic component (collapsed

sextet), so all the particles at these temperatures are magnetic. The blue color in the

Mössbauer spectrum represents sextet 1, while the red color is sextet 2. Both the sextets

are in good magnetic order. The doublet at each temperature (around 5 percent) indicates

the presence of tiny crystallite sizes of the particles. While at RT, we observed only one

negative QS, which is the indication of weakly ferromagnetic property, below the RT we

found two different QS splitting indicates two different kinds of iron. At 285 K, the

negative QS -0.188 (sextet 1) comes from weakly ferromagnetic materials, while the

positive QS 0.345 (sextet 2) comes from antiferromagnetic materials. The appearance of

sextet 2 at 285 K, which was absent at 300 K, indicates the materials transition from

weakly ferromagnetic to antiferromagnetic state. This transition is called the phase

transition or Morin transition. At 285 K, 87 percent of materials are weakly ferromagnetic

(sextet 1), while 7 percent of materials antiferromagnetic (sextet 2). The fraction that went

under phase transition is antiferromagnetic (7 percent at 285 K).

We can identify the hematite (α− Fe2O3) nanoparticles are in a weakly

ferromagnetic state that did not go into Morin transition and simultaneously can identify

materials in an antiferromagnetic state that went under Morin transition. So, from 285 K

to 240 K, we found a different fraction of two different hematite (α− Fe2O3) components,

and this depends on the temperature, size, and chemical structure of the materials. The

QS value indicates the ferromagnetic and antiferromagnetic fractions in the sample at each

temperature. If we look at the QS value for sextet 1 at temperatures 285 K, 280 K, 275 K,

270 K, 265 K, we find the QS values -0.188, -0.159, -0.18, -0.164, -0.145, respectively, which

is gradually decreasing with decreasing temperature. This means the ferromagnetic

properties slowly becoming weaker at lower temperatures.

On the other hand, QS for sextet 2 at 285 K, 280 K, 275 K, 270 K, 265 K are 0.345,

0.355, 0.398, 0.948, 0.405, which is an increasing pattern that tells us a significant fraction

of the hematite (α− Fe2O3) nanomaterials are undergoing Morin transition at each

temperature and thus becoming stronger antiferromagnetic gradually (Figure 32). When
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the temperature of the sample cool down,the coupling between the neighboring atoms

becomes negative and materials are antiferromagnetic. The QS versus temperature relation

is shown in Figure 33, which says that the QS for sextet 1 (weakly ferromagnetic) increased

throughout the whole temperature range. The Qs for sextet 2 (antiferromagnetic),is

different than sextet 1 where the QS value increased intially and remained constatnt at the

later temperatures.

The blue color (sextet 1) representing ferromagnetic in the Mössbauer spectrum at

285 K, which has the longest peaks (87 percent); at 280 K, the peak became shorter (83

percent). It continued to decrease at later temperatures and eventually became 25 percent

at 240 K. On the contrary, the red color (sextet 2) representing antiferromagnetic which

had a small peak at 285 K (7 percent) became longer and longer at the subsequent

temperatures and at 240 K it became 70 percent. This means lowering the temperature,

the more and more materials went under the Morin transition, and so the fraction raised at

each time.

The QS is very sensitive to the structure. When materials undergo Morin transition,

there occurs a structural distortion. Since isomer shift influenced by the phase transition,

the materials changing from ferromagnetic to antiferromagnetic state changes isomer shift.

At each temperature since there are two different iron components (sextet1, sextet 2), so

there are two different isomer shifts for each temperature. The relationship of isomer shift

with temperature is shown in Figure 34. The average isomer shift increased with

decreasing temperature (Figure 35). It is found that isomer shift for antiferromagnetic

materials increased with decreasing temperature. The HMF bsically comes from magnetic

moments of the iron. For the iron oxide materials (hematite, maghemite, magnetite), all

the HMF are so close to each other that in the mixed iron phases materials sometimes we

can not identify them separately. The HMF for sextet 1 and sextet 2 with temperature is

shown in Figure 36. It is clear from the figures that HMF is slowly increasing with

decreasing temperature. The average HMF is found to increase with the decrease in

temperature, shown in Figure 37. The materials at temperatures from 285 K to 240 K are
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in good magnetic order and are the combination of both weakly ferromagnetic and

antiferromagnetic.

There has a significant change in the results obtained at 220 K and 180 K. At these

temperatures, we have two sextets. Sextet 1 comes from maghemite (γ − Fe2O3) which is

antiferromagnetic. Sextet 2 comes from hematite (α− Fe2O3) which is antiferromagnetic.

The QS for both sextets is positive, although the QS for sextet 2 is higher than sextet 1.

Both sextets are magnetic and have an excellent magnetic order. The magnetic state at

these temperatures is weakly antiferromagnetic. At 220 K and 180 K the presence of

maghemite (γ − Fe2O3) and hematite (α− Fe2O3) confirms that the sample has a mixed

phase and thus agrees with the results obtained from the X-ray diffraction study. The

lower percentage of maghemite (γ − Fe2O3) (16 and 12 percent at 220 K and 180 K

respectively) suggests that hematite (α− Fe2O3) has the dominant phase in the sample.

Mössbauer data obtained at 140 K to 20 K show all it is sextet two and no existence

of sextet 1. The red color (sextet 2) has the highest peak in the Mössbauer spectrum, while

blue color (sextet 1) disappeared entirely. The QS is positive, which comes from hematite

(α− Fe2O3). Both HMF and isomer shift increased with the decrease of temperature. The

Morin transition at these temperatures is 100 percent, which means all the materials have

transitioned into phase transition. The materials at this range of temperatures are strongly

antiferromagnetic.

5.4 Average Morin transition temperature

We calculated the average Morin transition temperature < TM > for our sample using the

range of temperatures from 180 K to 285 K. At first we calculated bin width (temperature

range between two temperatures) and bin-center (center of two temperatures). Then from

the data an average Morin transition temperature can be extracted according to the

following equation:
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< TM >=

N∑
i=1

Ti+Ti+1

2
· fi+1−fi
Ti−Ti+1

N∑
i=1

fi+1−fi
Ti−Ti+1

(20)

Here Ti is temperature of measurement i, fi is the fraction that has transitioned at

temperature Ti, and the summation is over the N temperatures spanning the range of the

transition, in this case from 220 K to 285 K, although including a wider range will not

change the result as additional terms in the sums of both numerator and denominator

vanish when fi+1 − fi = 0 as will be the case when the fraction is constant at 0 or 100%

outside the range of the transition.

The result obtained from our calculation is the average Morin transition

temperature 265 K with uncertainty ±15.8 K (< TM >= 265K ± 15.8K). The way we got

the uncertainty ±15. 8 K is discussed in the next section.

5.5 Uncertainty of the measurements

Every fitted parameter has experimental error at each temperature. We got the

uncertainty of each Mössbauer parameter from the fitting software ’peakfit’. In our

measurements we obtained the similar Mössbauer spectra for all temperatures, so the

uncertainties for all temperatures are similar. The uncertainty to measure the magnetic

fraction is ±3%, the HMF uncertainty is ±5 KG, and the uncertainty for both the isomer

shift and quadrupole splitting is ±0.05 mm/s. These are the uncertainties of all the

Mössbauer parameters for our sample at all the temperatures.

The uncertainty of the weighted average Morin transition temperature was derived

using the usual error propagation technique. The Morin transition data as a function of

temperature plotted in figure 32. The data are f = 7%, 11%, 24%, 39%,... for

temperatures T = 285K, 280K,... with uncertainty of ±3%. The temperature of each

measurement also has some error associated with it, determined by the precision of the

temperature regulation of the experimental setup. That is negligible compared to the

uncertainty due to the fractions.
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We first calculate partial derivatives of < TM > with respect to fj:

∂ < TM >

∂fj
=

∂

∂fj


N∑
i=1

fi+1−fi
2

· Ti+Ti+1

Ti−Ti+1

N∑
i=1

fi+1−fi
Ti−Ti+1

 (21)

∂ < TM >

∂fj
=

(
∂

∂fj

(
N∑
i=1

fi+1 − fi
2

· Ti + Ti+1

Ti − Ti+1

))(
N∑
i=1

fi+1 − fi
Ti − Ti+1

)−1

+ (22)

(
N∑
i=1

fi+1 − fi
2

· Ti + Ti+1

Ti − Ti+1

) ∂

∂fj

(
N∑
i=1

fi+1 − fi
Ti − Ti+1

)−1
 (23)

∂ < TM >

∂fj
=

(
N∑
i=1

fi+1 − fi
Ti − Ti+1

)−1(
∂

∂fj

(
fj+1 − fj

2
· Tj + Tj+1

Tj − Tj+1

+
fj − fj−1

2
· Tj−1 + Tj
Tj−1 − Tj

))
+

(24)(
N∑
i=1

fi+1 − fi
2

· Ti + Ti+1

Ti − Ti+1

)(
∂

∂fj

(
fj+1 − fj
Tj − Tj+1

+
fj − fj−1

Tj−1 − Tj

)−1
)

(25)

∂ < TM >

∂fj
=

(
N∑
i=1

fi+1 − fi
Ti − Ti+1

)−1(
− Tj + Tj+1

2(Tj − Tj+1)
+

Tj−1 + Tj
2(Tj−1 − Tj)

)
+ (26)(

N∑
i=1

fi+1 − fi
2

· Ti + Ti+1

Ti − Ti+1

)(
∂

∂fj

(
(Tj − Tj+1)(Tj−1 − Tj)

(Tj−1 − Tj)(fj+1 − fj) + (Tj − Tj+1)(fj − fj−1)

))
(27)

∂ < TM >

∂fj
=

(
N∑
i=1

fi+1 − fi
Ti − Ti+1

)−1(
− Tj + Tj+1

2(Tj − Tj+1)
+

Tj−1 + Tj
2(Tj−1 − Tj)

)
+ (28)(

N∑
i=1

fi+1 − fi
2

· Ti + Ti+1

Ti − Ti+1

)(
(Tj − Tj+1)(Tj−1 − Tj)(−2Tj + Tj−1 + Tj+1)

((Tj−1 − Tj)(fj+1 − fj) + (Tj − Tj+1)(fj − fj−1))2

)
(29)

For the cases j = 1 and j = N the terms from equations 24 onward are including

terms with indices 0 and N + 1, respectively. These should be omitted or we can define

f0 = f1 and fN+1 = fN such that the additional terms in the sums vanish.

Now we are ready to write down the uncertainty on < TM >. In general there would

be little left but to substitute in numbers. However, given that all the uncertainties on the
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fractions are 3 percentage points, we can factor them out and simplify the sum:

δ < TM >=

[
N∑
j=1

∂ < TM >

∂fj
δfj +

N∑
j=1

∂ < TM >

∂Tj
δTj

]
fk=fmk,Tk=Tmkfor allk=2...N

(30)

=

[
N∑
j=1

∂ < TM >

∂fj

]
fk=fmk,Tk=Tmk for all k=2...N

δf +

[
N∑
j=1

∂ < TM >

∂Tj

]
fk=fmk,Tk=Tmk for all k=2...N

δTj

(31)

= δ < TM >f + δ < TM >T (32)

N∑
j=1

∂ < TM >

∂fj
=

N∑
j=1

( N∑
i=1

fi+1 − fi
Ti − Ti+1

)−1(
− Tj + Tj+1

2(Tj − Tj+1)
+

Tj−1 + Tj
2(Tj−1 − Tj)

)+ (33)

N∑
j=1

((
N∑
i=1

fi+1 − fi
2

· Ti + Ti+1

Ti − Ti+1

)(
(Tj − Tj+1)(Tj−1 − Tj)(−2Tj + Tj−1 + Tj+1)

((Tj−1 − Tj)(fj+1 − fj) + (Tj − Tj+1)(fj − fj−1))2

))
(34)

N∑
j=1

∂ < TM >

∂fj
=

(
N∑
i=1

fi+1 − fi
Ti − Ti+1

)−1( N∑
j=1

− Tj + Tj+1

2(Tj − Tj+1)
+

Tj−1 + Tj
2(Tj−1 − Tj)

)
+ (35)(

N∑
i=1

fi+1 − fi
2

· Ti + Ti+1

Ti − Ti+1

)(
N∑
j=1

(Tj − Tj+1)(Tj−1 − Tj)(−2Tj + Tj−1 + Tj+1)

((Tj−1 − Tj)(fj+1 − fj) + (Tj − Tj+1)(fj − fj−1))2

)
(36)

N∑
j=1

∂ < TM >

∂fj
=

(
N∑
i=1

fi+1 − fi
Ti − Ti+1

)−1(
T0 + T1

2(T0 − T1)
− TN + TN+1

2(TN − TN+1)

)
+ (37)(

N∑
i=1

fi+1 − fi
2

· Ti + Ti+1

Ti − Ti+1

)(
N∑
j=1

(Tj − Tj+1)(Tj−1 − Tj)(−2Tj + Tj−1 + Tj+1)

((Tj−1 − Tj)(fj+1 − fj) + (Tj − Tj+1)(fj − fj−1))2

)
(38)

In the first product terms in the second sum cancel such that only the upper and

lower limit of the sum leave contributions. The second product vanishes for measurements

evenly distributed among temperature (e.g. at 5 K intervals or 10 K intervals) as

40



−2Tj + Tj−1 + Tj+1 vanishes in that case. As the first sum in the last line may be large we

conclude that it is highly desirable to have measurements at equal intervals in temperature

to minimize the uncertainty on the average Morin transition. But our measurements were

for unequal intervals in temperature.

Thus we find the uncertainty due to the determination of the fractions δ < TM >f

to be

δ < TM >f=

(
N∑
i=1

fi+1 − fi
Ti − Ti+1

)−1(
T0 + T1

2(T0 − T1)
− TN + TN+1

2(TN − TN+1)

)
δf+ (39)(

N∑
i=1

fi+1 − fi
2

· Ti + Ti+1

Ti − Ti+1

)(
N∑
i=1

(Ti − Ti+1)(Ti−1 − Ti)(−2Ti + Ti−1 + Ti+1)

((Ti−1 − Ti)(fi+1 − fi) + (Ti − Ti+1)(fi − fi−1))2

)
δf

(40)

If we assume the temperature uncertainty to be neglegible then this is the total

uncertainty in the measurement. There may be other systematic effects not properly

accounted for in this analysis. The equation above is readily evaluated using a simple

spreadsheet. The first sum adds to 9.95 and the inverse is 0.1005. The second term is 52.5,

which is quite large due to the aparent outlier at 260 K. The terms in the last sum are

negative for three of the data points due to the lower temperature intervals being larger

than the higher temperature intervals. As we do not want to underreport the error the

negative contributions are set to zero. The total uncertainty on the Morin transition

temperature then becomes 0.1005× 52.5 K/%× 3% = 15.8. This is a rather large

uncertainty for the measurement but is compatible with the expectation that the transition

should happen between 250K and 260K.

5.6 Future research

In this research work we studied pure hematite. In the next step we are planning to

introduce different impurity like Zn and Al. Since materials are sensitive to the chemical

and topological structure, so adding impurity we can investigate how the impurity

influence different Mössbauer parameters and affect the weighted average Morin transition
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temperature. In this study we performed all the measurements for uneven intervals of

temperatures and obtained weighted average Morin transition temperature (265 K) higher

than the bulk hematite (260 K) where our measurement uncertainty is considerably large

(±15.8 K). We did a model (Toy model) where we interpolated from our measurements to

get data at equal intervals of temperature. In the result we found the weighted average

Morin transition temperature different from our current result. The Toy models suggested

that a lower uncertainty of ≈ 5K of the measurement shifted to a central value close to

255K for equal intervals of temperatures could be obtained. Hence, in the future we also

expect to perform the Mössbauer experiments for even temperature intervals and study the

new potential outcome.

Figure 18: Mössbauer spectrum of hematite (α − Fe2O3) nanoparticles at 285 K. A new spectrum (red
color) is visible at this temperature while collapsed sextet disappeared. The nanoparticles are in weakly
ferromagnetic and antiferromagnetic state. The Morin transition fraction is 7 percent.
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Figure 19: Mössbauer spectrum of hematite (α− Fe2O3) nanoparticles at 280 K. The nanoparticles are in
weakly ferromagnetic and antiferromagnetic state. The Morin transition fraction is 11 percent.
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Figure 20: Mössbauer spectrum of hematite (α− Fe2O3) nanoparticles at 275 K. The nanoparticles are in
good magnetic order. The Morin transition fraction is 24 percent.
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Figure 21: Mössbauer spectrum of hematite (α− Fe2O3) nanoparticles at 270 K. The nanoparticles are in
weakly ferromagnetic and antiferromagnetic state. The Morin transition fraction is 39 percent.
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Figure 22: Mössbauer spectrum of hematite (α− Fe2O3) nanoparticles at 265 K. The nanoparticles are in
good magnetic order. The Morin transition fraction is 40 percent.
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Figure 23: Mössbauer spectrum of hematite (α− Fe2O3) nanoparticles at 260 K. The nanoparticles are in
weakly ferromagnetic and antiferromagnetic state. The Morin transition fraction is 38 percent.
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Figure 24: Mössbauer spectrum of hematite (α− Fe2O3) nanoparticles at 250 K. The nanoparticles are in
weakly ferromagnetic and antiferromagnetic state. The Morin transition fraction is 54 percent.
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Figure 25: Mössbauer spectrum of hematite (α− Fe2O3) nanoparticles at 240 K. The nanoparticles are in
weakly ferromagnetic and antiferromagnetic state. The Morin transition fraction is 70 percent.
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Figure 26: Mössbauer spectrum of hematite (α− Fe2O3) nanoparticles at 220 K. The nanoparticles are in
weakly antiferromagnetic state. The Morin transition fraction is 79 percent.
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Figure 27: Mössbauer spectrum of (α − Fe2O3) nanoparticles at 180 K. The nanoparticles are in weakly
antiferromagnetic state. The Morin transition fraction is 83 percent.
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Figure 28: Mössbauer spectrum of hematite (α − Fe2O3) nanoparticles at 140 K. The nanoparticles are
strongly antiferromagnetic. The Morin transition fraction is 100 percent.
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Figure 29: Mössbauer spectrum of hematite (α − Fe2O3) nanoparticles at 100 K. The nanoparticles are
strongly antiferromagnetic. The Morin transition fraction is 100 percent.
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Figure 30: Mössbauer spectrum of hematite (α − Fe2O3) nanoparticles at 60 K. The nanoparticles are
strongly antiferromagnetic. The Morin transition fraction is 100 percent.
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Figure 31: Mössbauer spectrum of hematite (α − Fe2O3) nanoparticles at 20 K. The nanoparticles are
strongly antiferromagnetic. The Morin transition fraction is 100 percent.
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Figure 32: Percentage of magnetic fraction of sextet 1 and sextet 2 as a function of temperature. The plot
shows while the magnetic fraction for sextet 1 decreased with decreasing temperature, the magnetic fraction
for sextet 2 increased gradually.

Figure 33: Temperature dependence QS for sextet 1 and sextet 2 of hematite (α − Fe2O3) nanoparticles.
The QS for both sextets increased initially with decreasing temperature. The QS for sextet 2 decreased in
a slight amount after the temperature 250 K.
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Figure 34: Isomer shift of sextet 1 and sextet 2 at different temperature. IS for sextet 1 decreased contin-
uously with decreasing temperature. On the other hand, the IS for sextet 2 increased sharply for the lower
temperatures.

Figure 35: Average isomer shift at different temperature. This shows that average isomer shift is higher for
the lower temperatures.
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Figure 36: Changes of HMF (sextet 1 and sextet 2) with respect to temperature. The HMF for sextet 1
stayed almost same with decreasing the temperatures. The HMF increased rapidly for just below the RT
and after that it increased slightly with the decrease of temperature.

Figure 37: Avergae HMF versus temperature plot that shows the average HMF raised steadily with decreas-
ing the temperatures.
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Table 1: Results from fits to Mössbauer spectra. The table shows for each temperature the parameters
extracted from the fits shown in figures 17 to 31 for each of the doublets and sextets that were fit. HMF is
the Hyperfine Magnetic Field and all fits have an uncertainty of ±5 kG. QS is the Quadrupole Split with an
uncertainty of ±0.05 mm/s on each measurement. The Isomer Shifts (IS) also have ±0.05 mm/s uncertainty.
The iron fractions (Fe %) have been extracted from the amplitudes of the components of the fit with an
uncertainty of ±0.03 = ±3%.

Temperature Sub-spectrum HMF QS IS Fe
(K) (kG) (mm/s) (mm/s) %

300 Sextet 1 521 -0.188 0.419 65
Collapsed sextet 35

285 Sextet 1 521 -0.188 0.419 87
Sextet 2 539 0.345 0.312 7
Doublet 6

280 Sextet 1 521 -0.159 0.419 83
Sextet 2 539 0.355 0.305 11
Doublet 6

275 Sextet 1 523 -0.18 0.413 71
Sextet 2 532 0.398 0.412 24
Doublet 5

270 Sextet 1 523 -0.164 0.413 57
Sextet 2 533 0.394 0.413 39
Doublet 4

265 Sextet 1 524 -0.145 0.41 55
Sextet 2 534 0.405 0.419 40
Doublet 5

260 Sextet 1 523 -0.158 0.416 56
Sextet 2 534 0.398 0.431 38
Doublet 6

250 Sextet 1 524 -0.14 0.416 41
Sextet 2 533 0.4 0.425 54
Doublet 5

240 Sextet 1 524 -0.063 0.396 25
Sextet 2 535 0.406 0.438 70
Doublet 5

220 Sextet 1 524 0.145 0.352 16
Sextet 2 537 0.381 0.445 79
Doublet 5

180 Sextet 1 527 0.166 0.28 12
Sextet 2 540 0.393 0.507 83
Doublet 5

140 Sextet 2 542 0.387 0.482 94
Doublet 6

100 Sextet 2 543 0.384 0.497 95
Doublet 5

60 Sextet 2 544 0.381 0.505 95
Doublet 5

20 Sextet 2 544 0.378 0.505 96
Doublet 4

59



CHAPTER SIX

CONCLUSION

The hematite (α− Fe2O3) nanoparticles synthesized by sol-gel method was characterized

by various characterization techniques. The XRD and TEM were done for studying the

structural properties of the sample. Magnetic properties of the hematite (α− Fe2O3)

nanoparticles have been studied by Mössbauer spectroscopy and magnetization

measurements. The Mössbauer studies at room temperature showed the nanoparticles’

superparamagnetic state with good magnetic order. The magnetic behavior was found to

be strongly temperature dependent. The magnetic phase transition started just below the

room temperature. The phase transition of the materials cause their structural change.

Because of the structural change, all the physical properties of the materials changes. Thus

during Morin transition weakly ferromagnetic materials become antiferromagnetic. The

Morin transition increased sharply with decreasing temperature and became highest at the

lowest temperatures. The weighted average Morin transition for our sample is found

265± 15.8K. This is a little higher than the Morin transition of bulk hematite

(α− Fe2O3) (260 K) with a large uncertainty. The difference from the literature result is

due to the nano-sized nature of our sample. In the nano-sized range,the particles are not in

equilibrium state where the structure is very soft. Hence, it is very easy to make the phase

transformation. For some structures the magnetic transformation takes place at higher

temperature and for other structures it happens at a lower temperature than the bulk. In

this study the temperature is slightly enhanced from the bulk.
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