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           ABSTRACT 

 

 The high pressure behavior of γ- Fe2O3 has been investigated up to 52 GPa using 

X-ray diffraction techniques and a diamond anvil cell. We are reporting phase 

transformation of bulk and nanocrystalline γ- Fe2O3 samples.  The behavior of bulk 

sample has been carried out to 31.9 GPa and nano sample has been examined to 51.8 

GPa. The phase transformation pressure of nanocrystalline sample is about 20.8 GPa. The 

bulk modulus of bulk sample is KOT = 172.5 ± 5.6 GPa, and its pressure derivative, K’OT 

= 20.6 ± 1.0 and in case of nano sample, KOT =135.21 ± 6.38 GPa, and its pressure 

derivative is K’OT = 28.01 ± 1.91. 
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     CHAPTER 1 

           INTRODUCTION 

  

Ferrous materials are not only important technologically but these are also main 

constituents of the earth’s core in addition to their importance to material sciences. This 

has stimulated continuing research of their properties at different pressures and 

temperatures.  

 

   Figure 1.1. Earth layers diagram [1-4] 
 (The temperature increases 1 ºC per kilometer below Crust) 

Iron melts at 4800±200 K (4527±200ºC) at the Earth’s core mantle boundary 

where the pressure is 136 GPa (1.342 million atmosphere pressure), and 7600±500 K 

(7327±500ºC) at the inner-outer core boundary (330 GPa) [5]. The high pressure melting 

curve of iron is the key to estimating the earth’s temperature at the inner-outer core 
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boundary at a depth of 5150 km (330 GPa) as it is presumed to be due to melting of iron 

[6]. The melting curve of Iron with respect to its structure and volume has been studied 

up to 330 GPa by Boehler et al [6] and they found that laser heated diamond cells, shock 

experiments and theoretical measurements of melting of iron give different results at high 

pressures and temperatures. The melting temperature of Iron at the pressure of the inner 

core has been theoretically calculated to be approximately 6700±600 K [7]. Funtikov 

analyzed static and shock wave experimental data of the melting curve of iron obtained 

by different authors [8]. H. K. Mao et al [9] obtained ε-γ-liquid triple point of iron at 

60±5 GPa and 2800±200 K. It has also been re-analyzed using sound velocity 

measurements of shock compressed Iron at Earth core conditions [10]. Here authors 

found that melting starts at 225±3 GPa (5100± 500 K) and is complete at 260±3 GPa 

(6,100 ± 500 K). In [11] the discrepancies in the theoretical calculations of the melting 

curve were discussed. 

 

   Figure 1.2. Phase Diagram of Iron [12] 
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  Figure. 1.3 Phase Diagram of Iron up to 200 GPa [12] 

Iron has three oxides, FeO (Wustite), Fe3O4 (Magnetite), and Fe2O3. Fe2O3 has 

four forms α, γ, and 2 β forms [13]. FeO is deficient in Fe when it is prepared under 

atmospheric pressure, which is the wustite phase Fe1-xO. Some Fe2+ ions are replaced by 

two-thirds their number of Fe3+ to maintain electrical neutrality [13].   

Fe3O4 (Magnetite) has an inverse spinel structure, Fe3+(Fe2+Fe3+)O4. One third of  

the cations occupy tetrahedral interstices in a c.c.p (cubic closest packing) assembly of 

O2- ions and equal number of Fe2+ and Fe3+ ions octahedral interstices [13]. 

α-Fe2O3 (Hematite) has a corundum structure [13, 14]. The figure 1.4 shows the 

crystal structure of α-Fe2O3. The blue color is atoms of oxygen.   
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  Figure. 1.4 The Corundum Structure of α-Fe2O3 [19] 

β-Fe2O3 has two different solid phases. The first phase is tetragonal and is formed 

by the dehydration of β-FeOOH. The second phase has bixbyite structure and is prepared 

by hydrolysis of FeCl3.6H2O and later as a surface film by the decomposition of Ferric 

trifluoroacetylacetonate [13]. 

γ-Fe2O3 has a cubic structure with some tetragonal sub lattice distortion as found 

by X-ray diffraction and Raman spectroscopy [15, 16]. It has a statistical distribution of 

21⅓ Fe3+ ions in the 8 tetrahedral and 16 octahedral sites of the unit cell of the spinel 

structure, which contains 32 c.c.p oxygen atoms. The structure is closely related to that of 

inverse spinel Fe3O4 (Magnetite) but differs from the latter by the presence of vacancies, 

distributed on the cation sublattice [13]. At high pressure it transforms into hematite (α- 

Fe2O3) with a corundum type rhombohedral structure.   
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 Figure. 1.5 The Isometric Tetartoidal Structure of γ- Fe2O3 [20] 

In [15] J. Z. Jiang et al reported that the phase transition pressure for nanometer 

sized particles from γ-Fe2O3 to α-Fe2O3 is much lower than that of bulk material. The 

phase transformation of γ- Fe2O3 (macro crystalline) to the  α- Fe2O3 structure was 

observed at 35 GPa using Raman Spectroscopy [17]. The author also found a phase 

transformation of nanocrystalline γ- Fe2O3 to α- Fe2O3 at 26.6 GPa and nanocrystalline α- 

Fe2O3 phase transforms to a perovskite phase at 53.3 GPa, which is the same as that 

observed in the bulk material. Two γ- Fe2O3 samples (bulk and nano size) were studied 

using in situ X-ray diffraction in [18], and the measurements show that the phase 

transition pressure from γ- Fe2O3 to α- Fe2O3 is 35 GPa for bulk and 27 GPa for 

nanocrystals.  

The research is insufficient to depict the exact phase transformation pressure of  

γ- Fe2O3 to α- Fe2O3. In this paper we have discussed phase transformations of bulk and 

nano-crystalline particles of γ- Fe2O3 using synchrotron X-ray diffraction. We discuss the 

results later in this report.      
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     CHAPTER 2 

            METHODOLOGY 

 
2.1) Diamond Anvil Cell 

 

Diamond anvils are used to generate very high pressures because diamond is the 

hardest substance known and transparent to photons over a wide energy range [21]. One 

can reach hundreds of gigapascals in pressure and thousands degrees in temperatures by 

the help of these miniature cells [22]. 

 

2.1.1) Principle 

The principle of the DAC is simple. A sample placed between the parallel faces of 

two opposed diamond anvils is subjected to pressure when a force pushes two opposed 

anvils together. The force applied over a small area results in high stress. The stress in the 

sample is made hydrostatic, or close to it, by surrounding it with a fluid or fluid like 

medium confined by a gasket. The pressure limit is controlled by the ability of the 

diamonds, gasket and diamond backing plates to withstand the applied stresses [21, 23]. 

High pressures can be achieved when the anvil support is strong, that is, its Young’s 

modulus is as high as possible [24]. WC bound in a Co matrix can be used at room 

temperature. At high temperatures above 1000 ºC, metals such as W, Ta, Re, Mo and 

their alloys, and carbide ceramics can be used. Boron carbide is the most suitable support 

material in cells used for x-ray diffraction due to its x-ray transparency [24, 25]. The 

parts bearing the central assembly (piston and cylinder assembly) are not subjected to 
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high stresses and temperatures as compared to anvil support. Fe and Ni alloys can be used 

for central assembly. Fe and Ni alloys as tool steels (up to 500 ºC), stainless steels (750-

850 ºC), inconels, incoloys, nimonics (800-1200 ºC) can be used at high temperatures 

[27].  

 

    Figure. 2.1 Principle of Diamond Anvil 

2.1.2)  Diamond Anvil Cell 

 The main components in a diamond anvil cell are the piston-cylinder assembly 

and the diamond seats. We have used the symmetrical diamond anvil cell. The piston and 

cylinder are held together by 2 right handed and 2 left handed screws which have equal 

number of Belleville spring washers. Alignment of diamonds is done by adjusting the 

position of seats by a set of 4 screws. The diamonds with culet diameters of 300 µm are 

glued on the seats by epoxy. The piston-cylinder assembly has two radial and two lateral  
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holes for viewing the sample. Figure. 2.2 provides the picture of the Diamond Anvil Cell 

used for the experiment.  

 

 

  Figure. 2.2 Components of diamond anvil cell 
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Figure. 2.3 A loaded DAC compared with a quarter dollar coin 

2.1.3) Diamond Anvils  

 Diamonds are selected based on their optical quality [27]. The selection of 

diamonds is extensively described by S. K. Sharma [28]. Type II (a) diamonds are best 

suited for the purpose as they are white, so they absorb less X-rays. Diamonds with 16 

sides are better than with 8 sides since they withstand higher stresses [29]. Higher the 

pressure we need to attend, the lesser should be the culet diameter. For 30 GPa pressure, 

about 500 µm culet diameter would be used [23]. Beveled edges must be used if the 

pressure range is above 50 GPa as they generate cracks. The following formula gives the 

relation between culet diameter d of the diamond and the maximum pressure Pmax which 

can be attained. This formula is close but not exact. 
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   Pmax = 10/d           (2.1) 

 

2.1.4) Centering of Diamond Anvils in a cell 

 The centering of diamond anvils is obtained by first tightening the set screws so 

that  the two diamonds can not touch each other. The diamonds are aligned by rotating 

lateral screws. First, the piston was fixed and cylinder was rotated 180° and diamond 

present in the cylinder was checked for alignment. If they are misaligned, the diamond in 

cylinder was moved halfway towards the center. Next, the cylinder was fixed and piston 

was rotated 180° and diamond on piston was checked for alignment. If misalignment is 

observed, the piston diamond is moved halfway towards center. Above procedure is 

repeated until alignment is achieved.  

 

       

  Figure 2.4. Unaligned DAC [30] 
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    Figure 2.5. Aligned DAC [30] 

2.2) Sealing Material: Gasket 

 

2.2.1) Principle 

 The purpose of the gasket is to provide a chamber in which a fluid-like substance 

can be contained to apply approximately hydrostatic stresses to the sample. A subsidiary 

purpose is to provide support to the anvils [31]. In a diamond anvil cell only the 

mechanical properties or the diffraction characteristics of the gasket material are of 

importance as the collimated beam directly hits the sample after passing through the 

diamonds [32].  

Steel [33], Rhenium [34], and Tungsten [35] are extensively used as gasket 

materials. Boron [36] and diamond [37] have also been recently used as a material for 

gasket.  
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2.2.2) Gasket Indentation 

The gasket is placed between two anvils after their alignment, by opening the 

piston-cylinder assembly and either piston or cylinder anvil is used to place a gasket. A 

small amount of wax is seated between anvil support and back of the gasket, so that 

centering of gasket on anvil surface can be done easily. The piston-cylinder assembly is 

closed and pressure is applied by screws. The indentation pressure depends on the 

maximum pressure to be achieved in the experiment, and calculated using the ruby chips. 

Some pressure values are as under, 

For, Pmax< 30 GPa,   P = ½ Pmax      (2.2) 

           Pmax> 30 GPa,   P = 20 GPa     (2.3) 

 Pmax> 50 GPa,   P = 30 GPa     (2.4) 

where,  Pmax, is maximum pressure achieved in the experiment and P is indentation 

pressure of gasket.  

 

   Figure 2.6. Gasket before indentation [30] 
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   Figure. 2.7. Indented gasket [30] 

2.2.3) Gasket drilling by Electric Discharge Machine (EDM) 

An EDM has been used to drill a hole in the indented gasket. In this process, a 

wire and a gasket of different voltage polarity are brought close to each other to initiate a 

spark across the gap. With enough available energy, this spark can melt the surface 

corresponding to the gap. By iterating this erosion step, intricate shapes can be machined 

into metals. Since the process can be applied to either soft or hard materials, the EDM is 

ideally suited for drilling high-pressure gasket materials [38]. 

 



 14 

     

  Figure. 2.8. Gasket drilled by EDM 

The spark is the essential step in the erosion process. The discharge locally heats 

both the electrode and the gasket, thus melting small portions of material. The choice of 

dielectric medium plays a key role here. As the discharge passes through the dielectric 

fluid, a plasma is created that can cause local pressures of several kilobars and 

temperature of several 104 K [39, 40].  

Figure 2.9 shows a picture of the EDM. A wire of small diameter is used as the 

drill bit. The wire is held by a drill socket which is connected to the negative terminal of 

the circuit. The gasket is held in position firmly on the metal mount, which is connected 

to the positive side of the circuit. The metal mount can be moved in the X and Y 

directions and the drill can be moved in Z direction. The exact position of the drill with 

respect to the gasket is viewed by a microscope. The gasket is submerged in the dielectric 

medium (Ethanol) and the drill is lowered to drill a hole in the gasket. Care must be taken 
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to drill a hole in the center of indentation of gasket. The drill bit is lowered close enough 

to gasket for a spark to jump across the gap. 

 

 

 Figure. 2.9. Electric Discharge Machine for Gasket Drilling 
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The precision with which the hole is drilled in the gasket is also very important. It 

depends upon the energy, time and current. High energies will melt more material in less 

time. This will erode not only the gasket but also the drill bit thereby decreasing the 

precision of machining. 

In our experiment, a hole of 150 µm diameter was drilled using the Tungsten 

Carbide drill bit. The machining process lasted about 5 minutes at 0.5 µJ energy and 0.1 

W current. After the hole was drilled the gasket was cleaned in Ethanol. The container 

with gasket and Ethanol was kept in an ultrasonic machine for about 30 minutes. Thus the 

gasket was free of burrs, produced during drilling.  

 

2.3) Pressure Medium  

 

The purpose of pressure medium is to provide hydrostatic pressure to the sample 

contained in the pressure chamber. It, thus, should:  

1) be non reactive to sample. 

2) have low compressibility. 

3) provide electric insulation. 

4) be stable at high pressure and temperature. 

5) have low heat conductivity. 

6) be transparent to electric and magnetic field. 

7) have low viscosity. 

The pressure medium can be solid, liquid or a gas. The examples are provided in 

the following table 2.1, 
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   Table 2.1. List of Pressure media 

PRESSURE MEDIUM EXAMPLES 

Solid Al2O3, NaCl, KCl 

Liquid Mixture of Methanol & Ethanol 

Gas N2, Ar2, He2, Ne2 

 

Al2O3 is used for pressures ≥ 100 GPa and for high temperatures. NaCl can be 

used for about 28 GPa whereas KCl is suitable till 2 GPa. For liquids, Methanol and 

Ethanol can be used till 12 GPa. For gases, Nitrogen and Argon can be used up to 60 

GPa, and Helium and Neon can be used up to 100 GPa. Gas is an ideal medium amongst 

three types of pressure media. 

 

2.4) Pressure Calibration 

The diamond anvil cell has made possible generation of very high pressures up to 

300 GPa [41] and high temperatures up to 4000 K in the laboratory [42]. So there is a 

need of calibration standard at high pressures and temperatures. NaCl can be used up to  

about 29 GPa as it undergoes phase transformation at that pressure and is thought to re-

crystallize at temperatures above 600 K [42, 43]. Currently ruby is used for pressure 

calibration. Pressure calibration is done by the shift of the ruby R1 line. The calibration of 

the Ruby R1 line is done up to 100 GPa by Mao et al [44]. Ruby is calibrated to 136 GPa 

and 2350 K [45] as it is widely used as pressure calibrant these days. It undergoes phase 

transformation above 96 GPa and at high temperatures and has a Rh2O3 (II) (PbCn) 

structure [45].
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  Figure. 2.10. R1 and R2 lines in a Ruby Sensor 

The pressure in a sample chamber is measured by shift of the ruby R1 line. The 

laser light is incident on ruby chips present in a sample chamber, and wavelength of 

refracted light is measured by an optical sensor. It gives a graph showing R1 and R2 lines 

as shown above. The wavelength λ is measured by using the following equation 

developed by Mao et al [46], 

  P = A/B {[1 + (∆λ/λ0)]
B – 1}      (2.5) 

where,  

P   Pressure in megabars 

λ   wavelength of ruby R line 

∆λ = λ – λ0 

λ0 = 694.24 nm wavelength of ruby R1 line at room pressure 
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A = 19.04 Mbar  the initial slope (after Piermarini et al [47]) 

B = 7.665 

The pressure in a sample chamber is, 

hydrostatic if,   IR1/IR2 = 5:1 

& non-hydrostatic if,   IR1/IR2 = 3:1 

where, 

IR1 Intensity of R1 line 

IR2 Intensity of R2 line. 

 

2.5) Experimental 

 

2.5.1) Diamond Anvil Cell Cleaning 

The DAC must be cleaned properly before a sample is placed on it. The piston 

and cylinder assembly is opened to clean top and bottom anvils. They are placed under a 

powerful microscope so that one can see easily if there is any external particle on the 

anvil surface. We used cotton dipped in methanol-ethanol mixture to clean the anvil 

surfaces. Once we finish cleaning, the centering of anvils is done, as explained in detail 

above. 

 

2.5.2) Sample Loading 

This is the second step in the experiment. After the cleaning and alignment of the 

anvils, the sample is placed on the culet. To do this, a drilled gasket is placed on the culet 

such that the center of gasket hole is lined up with the center of anvil. A sample of γ-
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Fe2O3 is placed carefully in the gasket hole (about 100 µm diameter) under the 

microscope. Some ruby chips are placed with the sample for pressure calibration. The 

piston-cylinder assembly is closed and tightened with the screws.  

 

  Figure 2.11. Schematic of loaded DAC [30] 

 

     Figure 2.12. Picture of sample and ruby loaded in the gasket [30] 
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The third and final step is filling argon in the sample chamber. The position of all 

four top screws with respect to DAC is marked. The top screws of diamond anvil cell 

were slightly loosened by 180º and the main screws (2 screws present on the piston) were 

tightened so that it makes a little gap in the sample chamber for argon penetration. The 

diamond anvil cell containing γ-Fe2O3 sample was then carefully placed in the Container 

II as shown in figure 2.13. The coil was lowered in Container II surrounding the cell 

which runs argon. Container II is present in Container I. Liquid nitrogen having very low 

temperature was poured in to Container I. We waited until liquid nitrogen liquefied the 

argon gas in Container II. Then all of the top screws were tightened by 180º with the 

DAC still in liquid argon bath. We cranked 90º more. The DAC was then taken out of the 

bath and checked under microscope to make sure γ-Fe2O3 sample and ruby chips were 

present in the sample chamber. 
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  Figure. 2.13. Argon Injection in sample chamber 

The diamond anvil cell was held in a fixture for x-ray diffraction studies. The 

fixture was set on a XRD machine table. Here the first step was to find the exact location 

of the sample. It was done by rotating the sample together with moving it in x, y, and z 

directions. This greatly reduced peaks which were not from the sample. The x-rays were 

then passed through the sample and x-ray diffraction pattern of the sample was detected 

by a detector set at an angle 2θ. Refer figure “Energy Dispersive X-ray Diffraction” 

above. The intensities of the peaks were recorded by software. This is explained in detail 

in next chapter.  
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2.5.3) Synchrotron high pressure x-ray diffraction used for experiment 

The X-ray diffraction at Brookhaven National Laboratory is used for carrying out 

the experiment. It has energy range of 5-80 keV [48].  

 

 

 Figure. 2.14. Synchrotron XRD Machine at Brookhaven National Laboratory 

There are two types of diffraction techniques to analyze the powdered samples; 

Angle Dispersive X-ray diffraction (ADXRD) and Energy Dispersive X-ray diffraction 

(EDXRD). In the angle dispersive method [49], a monochromatic beam of wavelength λ0 

is selected from the white synchrotron radiation (SR) by means of a crystal 
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monochromator and the intensity of the beam diffracted by the powdered sample is 

measured as a function of the scattering angle 2θ which is variable. In Energy Dispersive 

Method [50], white SR beam is imposed on a sample, and the scattering angle 2θ is fixed. 

The wavelength (photon energy) composition of the diffracted beam is analyzed by a 

solid state detector (SSD). In our experiment the energy dispersive method is used. The 

Bragg’s equation for the EDXRD is as under,  

   dhkl = λhkl/2Sinθ      (2.5) 

or,   dhkl = 6.199 keV/EhklSinθ      (2.6) 

where  d Interplanar spacing, Å 

 E  Photon Energy, keV 

h, k, l The set of reflection indices 

 

 Figure. 2.15. Energy Dispersive X-ray Diffraction (2θ is fixed) 

In order to avoid diffraction lines from the gasket, obscuring the X-ray pattern, 

and to keep the background as low as possible, it is mandatory that the X-ray beam hits 

the sample only [49].  
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The energy method has advantage over angle dispersive method, as it can employ 

a wide range of available energies, and one therefore obtains a much larger range of d-

spacings [51]. Energy dispersive diffraction also greatly enhances the efficiency of the 

diffracted beam and provides a well-resolved diffraction pattern within seconds.
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   Figure 2.16. Schematic of Energy dispersive x-ray diffraction system [30]



 27 

 

    Figure 2.17. Typical XRD generated by EDXRD method
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    CHAPTER 3 

    RESULTS AND DISCUSSION 

 
3.1 Bulk γ- Fe2O3 sample 

 The diffraction patterns were analyzed using the PEAKFIT 4.11 program. The 

diffraction pattern of bulk γ- Fe2O3 is shown in figure 3.3. We observed peaks at (2 2 0), 

(3 1 1), (4 0 0), (4 1 0), (4 2 2), (3 3 3), and (4 4 0) at 0.0001 GPa (1 atm pressure) using 

energy dispersive method. The maximum pressure generated using the diamond anvil cell 

was 31.9 GPa. Peaks shifted linearly to higher energy with increasing pressure except the 

one at 27.18 keV which was from the system. A new peak, (3 3 1), appeared at a pressure 

12.6 GPa as shown in figure 3.4. All the peaks could be indexed to cubic (γ- phase) 

structure. We checked their indexing with rhombohedral (α- phase) structure also. The (2 

2 0) line has no counterpart in the α – Fe2O3 phase. The peak (0 2 4) at 49.06 keV, which 

appeared at 31.9 GPa, could be indexed to rhombohedral structure. This was illustrated 

by increase in lattice constant a, as shown in figure. 3.5. We assume the structure is the 

same, but as there is an additional peak (0 2 4), which could be indexed to rhombohedral 

structure (α- phase), and there is a change in volume at 31.9 GPa, so we think there is a 

phase transformation at 31.9 GPa. More data is needed to accurately identify the phase 

transformation pressure. Table 3.1 lists the values of lattice constant a, at different 

pressures. The bulk modulus is calculated using 3rd order Birch Murnaghan equation of 

state [43], 
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 which gives KOT = 172.5 ± 5.6 GPa, and its pressure derivative is K’OT = 20.6 ± 1.0 

when fit to 28.2 GPa. In this calculation, the data at 31.9 GPa was not used due to the 

possible phase transformation. When K’OT is kept constant to be 4, we found KOT = 

253.99 ± 0.53 GPa. The phase transformation of γ- Fe2O3 (bulk) to α- Fe2O3 structure 

was observed at 35 GPa by Jiang [15, 18]. This was done by plotting intensity ratio as a 

function of pressure as shown in figure 3.4. Our results show the transformation at about 

31.9 GPa. This is lower by about 4 GPa as compared to J. Z. Jiang’s value [15, 18].  
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Figure 3.1. Energy dispersive diffraction spectra for nanocrystalline and bulk γ-Fe2O3. 
 (Nanocrystalline material transformed to α phase at 27 GPa whereas bulk material 
 is still in γ phase at 30.2 GPa; J. Z. Jiang et al [15]) 
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Figure 3.2. Intensity ratio I(311)/I(220) vs. pressure for γ-Fe2O3.  
 (Filled circles denote nanocrystalline material, and open circles denote bulk 
 material; J. Z. Jiang et al [15]) 
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  Figure. 3.3. Energy dispersive diffraction data for bulk γ- Fe2O3 sample.  
    (The peak marked with an asterisk is from the system.)  
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Table 3.1. Refinement results of bulk γ-Fe2O3 

Pressure (GPa) Cell Parameter: a (Å) Unit Cell Volume: V (Å3) 

0 8.4024(30) 593.22(63) 

1.3 8.3832(38) 589.16(80) 

3.2 8.3556(76) 583.3(16) 

5.3 8.3224(56) 576.4(11) 

7.9 8.2992(38) 571.63(80) 

10.1 8.2871(31) 569.12(65) 

12.6 8.2690(83) 565.4(17) 

14.2 8.2551(54) 562.5(11) 

16.2 8.2444(60) 560.3(12) 

18.8 8.231(11) 557.7(22) 

21.4 8.211(12) 553.7(24) 

25.7 8.187(21) 548.9(42) 

28.2 8.166(14) 544.7(28) 

31.9 8.1851(49) 548.37(99) 
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Figure. 3.4. Effect of pressure on d-spacings of bulk γ- Fe2O3 sample.  
 (hkl values on left are for γ phase whereas those on the right are for α phase. 
 Filled point denotes α – phase whereas empty points denote γ – phase.)
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Figure 3.5. Comparison of cell parameter ‘a’ of bulk γ- Fe2O3 sample with respect to  
 pressure. The value at 31.9 GPa shows starting point of phase transformation.  
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Figure. 3.6. Comparison of volume ‘V’ of bulk γ- Fe2O3 sample with respect to pressure. 
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3.2 Nano γ- Fe2O3 Sample 

 We reached 51.8 GPa for the nano sized γ- Fe2O3 sample. The diffraction patterns 

are shown in figure 3.7. We observed peaks at (3 1 1), (2 2 2), (4 0 0), (4 2 2), (3 3 3), (4 

4 0), (4 4 2), and (5 3 3) at lower pressures. The peaks at energies 27.33, 59.69 and 61.21 

keV are from the system. Two new peaks, that can be indexed as (3 2 1), and (4 2 1) 

appeared at 25.8 GPa as shown in figure 3.8. Peak (3 2 1) was hard to index as it has a 

low intensity. We could index all the peaks to the cubic (γ- phase) structure, similar to the 

bulk sample and checked their indexing with rhombohedral (α- phase) structure. The 

results are shown in figure 3.8. The filled points could be indexed to the α- phase. The 

phase transformation begins at about 20.8 GPa marked by appearance of two new peaks 

at 25.8 GPa. Since Argon was used as the pressure medium, same as in the first 

experiment. So there was an error in lattice constant a, for pressures greater than 20 GPa 

in our experiment due to non-hydrostaticity of the Argon pressure medium. This is shown 

in figure 3.9. There is a reduction of cell parameter a, from 20.8 GPa to 25.8 GPa as 

shown in table 3.2. We consider this due to the beginning of phase transformation at 25.8 

GPa. The peaks at (4 4 0) and (4 4 2) started broadening from 20.9 GPa and converged 

into a single peak at 51.8 GPa. The bulk modulus is calculated using 3rd order Birch 

Murnaghan equation of state, which gives KOT = 135.21 ± 6.38 GPa, and its pressure 

derivative is K’OT = 28.01 ± 1.91 when fit to 20.8 GPa and when pressure derivative K’OT 

is fixed at 4, KOT = 230.4 ± 1.0 GPa. Ziang [18] reported that the phase transformation of 

nano γ- Fe2O3 occurs at 27 GPa. Wang and Saxena [53] found the phase transformation to 

start at 13.5 GPa and complete at 26.6 GPa. Our results indicate the phase transformation 

to begin at about 20.8 GPa and complete at about 25.8 GPa.  
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Figure. 3.7. Energy dispersive diffraction data for nano γ- Fe2O3 sample.  
 (The peaks marked with an asterisk are from the system.) 
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   Table 3.2. Refinement results of Nano γ-Fe2O3 

Pressure (GPa) Cell Parameter: a (Å) Unit Cell Volume: V (Å3) 

1 8.3584(75) 583.9(15) 

4.7 8.3166(21) 575.23(44) 

7.9 8.2952(9) 570.79(60) 

11.1 8.2694(61) 565.4(12) 

14.5 8.2473(85) 560.9(17) 

17.7 8.205(15) 552.5(30) 

20.8 8.201(23) 551.6(46) 

 
 

Table 3.3. Refinement results of Nano α-Fe2O3 

Pressure (GPa) Cell Parameter: a (Å) Cell Parameter: c (Å) Unit Cell Volume: V (Å3) 

25.8 4.934(23) 13.15(20) 277.2(35) 

32.9 4.928(35) 12.97(29) 272.8(50) 

36.7 4.919(35) 12.97(30) 271.9(51) 

40 4.906(34) 12.95(29) 270.0(50) 

44.2 4.895(27) 12.81(22) 266.0(38) 

51.8 4.868(37) 12.59(30) 258.5(50) 
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Figure. 3.8.  Effect of pressure on d-spacings of nano γ- Fe2O3 sample.  
 (Filled points denote α phase while empty points denote γ phase. h,k,l values at 
 left are for γ phase and those to the right are from α phase.) 
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Figure. 3.9.  Comparison of cell parameter ‘a’ of nano γ- Fe2O3 sample with respect to  
  pressure.  
 (The phase transformation from γ phase to α phase starts at 25.8 GPa.) 
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Figure. 3.10. The change of cell parameters a, & c of nano α- Fe2O3 sample with   
  pressure. 
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Figure. 3.11. The change in cell volume ‘V’ with pressure of the nano γ- Fe2O3 sample  
  with respect to pressure. 
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    CHAPTER 4 

            CONCLUSION 

 

The high pressure behavior of the bulk γ- Fe2O3 sample has been carried out to 

31.9 GPa. We did not clearly observe the phase transformation. The bulk modulus KOT is 

determined to be 172.5 ± 5.6 GPa, and its pressure derivative is K’OT = 20.6 ± 1.0. When 

K’OT is fixed at 4, the bulk modulus is 253.99 ± 0.53 GPa. 

The nano γ- Fe2O3 has been examined to 51.8 GPa. It is stable below 20.8 GPa. It 

starts to transform to an α phase at 25.8 GPa. The percentage volume change in phase 

transformation from 20.8 GPa to 25.8 GPa is about 33%. The bulk modulus of nanosized 

γ- Fe2O3 is KOT = 135.21 ± 6.38 GPa, and its pressure derivative is K’OT = 28.01 ± 1.91. 

When pressure derivative K’OT is fixed at 4, KOT = 230.4 ± 1.0 GPa. 
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        APPENDIX A 
 
       STRUCTURE OF THE EARTH 
       
               Fig. Structure of Earth [55] 
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     APPENDIX B 
 
 

CHEMICAL COMPOSITION (BY MASS) OF THE EARTH [56] 
  
 
 
Table 3.3 Chemical composition (by mass) of the Earth 

Element Percentage 

Iron 34.6  % 

Oxygen 29.5 % 

Silicon 15.2 % 

Magnesium 12.7 % 

Nickel 2.4 % 

Sulfur 1.9 % 

Titanium 0.05 % 
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     APPENDIX C 
 
 
   ELEMENTS IN EARTH’S CRUST [1]      
 
 

Table 3.4 Elements in Earth’s crust  
Element Percentage 

Oxygen 47 % 

Silicon 27 % 

Aluminum 8 % 

Iron 5 % 

Calcium 4 % 

Sodium 2 % 

Potassium 2 % 

Magnesium 2 % 
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     APPENDIX D 
 
 COMPOSITION OF EARTH’S MANTLE IN WEIGHT PERCENTAGE [57]  
 
 

Table 3.5 Composition of Earth’s mantle in weight percentage 
Element Amount 

Oxygen 44.8 % 

Silicon 21.5 % 

Magnesium 22.8 % 

Iron 5.8 % 

Aluminum 2.2 % 

Calcium 2.3 % 

Sodium 0.3 % 

Potassium 0.03 

Sum 99.7 % 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Compound Amount 

SiO2 46 % 

MgO 37.8 % 

FeO 7.5 % 

Al2O3 4.2 % 

CaO 3.2 % 

Na2O 0.4 % 

K2O 0.04 % 

Sum 99.1 % 
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     APPENDIX E 
 

  THE COMPOSITION OF THE EARTH’S CORE [58]    
 
 

Table 3.6 The composition of the Earth’s Core 
H 600 Zn 0 Pr 0 

Li 0 Ga 0 Nd 0 

Be 0 Ge 20 Sm 0 

B 0 As 5 Eu 0 

C % 0.20 Se 8 Gd 0 

N 75 Br 0.7 Tb 0 

O % 5.8 Rb 0 Dy 0 

F 0 Sr 0 Ho 0 

Na % 0 Y 0 Er 0 

Mg % 0 Zr 0 Tm 0 

Al % 0 Nb 0 Yb 0 

Si % 0 Mo 5 Lu 0 

P % 0.35 Ru 4 Hf 0 

S % 1.90 Rh 0.74 Ta 0 

Cl 200 Pd 3.1 W 0.47 

K 0 Ag 0.15 Re 0.23 

Ca % 0 Cd 0.15 Os 2.8 

Sc 0 In 0 Ir 2.6 

Ti 0 Sn 0.5 Pt 5.7 

V 150 Sb 0.13 Au 0.5 

Cr % 0.90 Te 0.85 Hg 0.05 

Mn % 0.30 I 0.13 Tl 0.03 

Fe % 85 Cs 0.065 Pb 0.4 

Co 0.25 Ba 0 Bi 0.03 

Ni % 5.20 La 0 Th 0 
Cu 125 Ce 0 U 0 

Concentrations are given in µg/g (ppm), unless stated as "%", which are given in weight 
%. 
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