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Abstract: This study explains uses electron and neutron diffraction techniques to study the crystallography and reciprocal space 
of higher oxides of lanthanides. The significance of crystallography in comprehending the geometric configuration and bonding 
of atoms in solids is discussed at the outset of the study. The comprehensive analysis of the crystal structures using accelerated 
electrons and neutrons highlights the tremendous penetration power of these particles. While neutron diffraction is concerned 
with plane incidence waves and their scattered counterparts, electron diffraction is concerned with electron generation pulsed by 
a laser.Important findings show how experimental data may be used to validate Bragg's equation and show how scattering 
angles, interplanar distance, and order of wavelength are related. To display the relationship between electron energy and 
electron radiation per electron volt, energy distribution curves are displayed. Additionally, several crystal systems, such as 
hexagonal, monoclinic, and cubic face-centered structures, are revealed by structural investigation of higher oxides of 
lanthanides, such as terbium dioxide (Tb2O3).The talk emphasizes how, in contrast to other elements in the series, lanthanides 
have special qualities that enable them to produce higher oxides with oxidation states greater than +3. The outcomes highlights 
the improved precision and in-depth structural insights that come from combining electron and neutron diffraction methods. 
This opens the door for more studies in the crystallography of complicated materials in the future. 
 

I. INTRODUCTION 
The field of science is developing on a daily basis. Many of the decades-old riddles are now being answered, and some of the 
answers have even been improved. The study of crystals is crucial to understanding the vast array of solids, and its importance can 
propel humanity to new heights.Thus, study of crystallography [1] deals with simplifying the pattern of arrangement & bonding of 
atoms in a solid. The geometric study of crystal will make the life easier only. It is necessary to acquire knowledge and comprehend 
certain aspects prior to drawing any conclusions. The most significant question that arises is how a crystal [2] can be defined, the 
answer is pretty simple; “A material which defines the composition of atoms, whose arrangements are definite & can be 
characterised just by stamping the surface regularity is known as crystals”.  
Since, it is now clear what is a crystal let us define few more scientific terms attached to solids. The smallest unit required to form a 
very complex structure is called a unit cell. They are generally of two types [3-4]&consists of lattice points among themselves. The 
three-dimensional arrangement of unit cells in all possible direction gives us a crystal lattice [5]. These structures follow the law of 
symmetry which has been explained within these literatures [6-7]. The group of crystal lattices are distinguished on the basis of 
axial length of unit cell & the inter-axial angles; which defines them as crystal system [8]. These are all part of real space [9], which 
also includes the 14 Bravais lattices [10].  
The crystals can be bombarded with various incident lights/waves just to see the regularity & check the arrangement of lattice 
points. The variation in the intensity of the lights/waves due to inelastic scattering can be observed & thus can be grouped in the 
same basis as of diffraction [11]. The examples of the diffractions [12-14] has been studied & shown in various articles regarding 
the phenomenon of modification of light.  
In this article, the techniques that has been used to study the structure of crystals with the help of diffraction commends the 
illumination of the specimen with the laser light. These laser lights are properly given a source of some sort to exemplify the 
answers of determining the crystal shapes and sizes.  
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The techniques [15-16] include electron & neutron diffraction out of the all the possible variable forms of the system. When certain 
X-rays are used over a lattice cell, the information carrying waves are very small & hence the study can not be completely perfect, 
counter to the other two methods which provide a better scope of information in the same working space produces more opportunity 
of them to be used. The study of real space [9] only provides a certain data to be analysed but the introduction of reciprocal space or 
lattice [17] helps in signifying the higher order of resolution, thus more questions can be answered. 
Lanthanide elements have been chosen because they can easily form oxides of their own. When these elements which are also 
known as rare Earth elements [18-19] come in contact with oxygen tend to form oxides. But higher oxides can be seen only in few 
elements which fulfil the requirement of an oxidation state more than +3, other elements only form oxides of lower transitional 
states. Various lanthanides can also be seen forming higher oxides in future when they are discovered. 
 

II. METHODOLOGY APPLIED 
There are two different diffraction techniques which have been studied, they are: -  
 
A. Electron Diffraction 
The steps of finding the structure of a material [20-21] with electron diffraction can be explained as: - 
1) The primary importance to be noted before finding the structure of material is the size of the crystallites, which should be in the 

order of 10-6-10-5 mfor convenience.  
2) The secondary requirement is that of a secondary definite structure of the specimen. For the observer, it is essential to obtain the 

texture or pattern of the secondary structure over a polycrystalline film or single crystal films can be used. 
3) During structural investigations, transmission recording is almost always used. It is also used in cases of recording the 

information through reflection from the surfaces of the specimen. 
4) The next important determination is that of symmetry & the unit cell of the crystal in structural analysis. This data is carried on 

the basis of pure geometrical theory. 
5) The next step includes determination of the co-ordinates of the atoms within the unit cell from the measured intensities. The 

position of the atoms in the crystal can also be determined by trial-and-error methods. 
6) The final stage of the investigation is the determination of the degree of accuracy of the results obtained. 
The process used here is a culmination of two different methods.The method applied to show diffraction pattern in the crystal 
structure is a mixture of 3D electron diffraction using laser plasma electrons. The first part of the method [22-24] used in this 
technique is used to generate high speed electrons.In these methods, electrons are first generated from a moving steel tape by 
providing energy to the metal tape. Since, electrons are revolving around the outermost shell of a metal, it makes the process easy to 
evacuate electron from the orbit of the atoms to its surface. When the electron reaches its potential of leaving the atom, the phrase 
commonly known as work function [25] is applied. From there, the electron moves in a straight-line path as the moving steel tape is 
kept in a vacuum chamber so that the excreted electron andother sub-atomic particle do not move in any direction in the 
environment which may be dangerous even at a laboratory stage. The techniques of ultra-fast electrons have taken the world by 
surprise. The accuracy shown by this process is more than that of X-ray diffraction; also, various unknown factors which were not 
being solved by the earlier diffraction techniquesare now being solved by this process under the special arrangement & testimony 
provided by the regular setup of the experiment. 
 
The experimental setup [22-24]consists of a commercial titanium-sapphire laser emitting 1.6 mJ in 45 fs at a 1 KHz. The repetition 
rate is focused with a 12 cm focal length lens on a steel tape. The tape is slowly moving in vertical direction and the electrons are 
emitted horizontally, along the direction of polarization. For collimating, the electrons & to reduce the amount of scattered light, two 
pinholes of 1 mm & 150 µm in diameter are placed in the beam bath.The electrons thus produced are then incident over the 
specimen & the 3D images are observed. The laser beam when passes through the two charge plates mutually perpendicular to each 
other in a landscape pattern attracts or slightly bends towards the opposite charge, which causes the speed of electron to increase. 
The strength [25] that allows us to accelerated electrons may include;  
a) Firstly, the possibility to have parallel electron probes with a size of a few nanometres which allows collecting diffraction data 

from sample volumes 2 or 3 orders of magnitude smaller than the ones suitable forms X-ray beams. 
b) Secondly, the ability to deliver both diffraction and imaging from the same nano volume allows the combination of reciprocal 

and direct space information and the experimental determination of crystallographic phases. 
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c) Thirdly, the strong Coulomb interaction between electrons and matter allows a good signal-to-noise ratio even from very thin 
samples and an easier identification of light atoms, like lithium and hydrogen, when compared with X-rays. 

d) The most important one of all the strength & feature is the ability of strong scattering by electrons which indulges us more 
towards its use. 

The second part of the setup includes the detector, analyser and the specimen being incident by the laser beams of electrons. 3D ED 
technique [26] has been studied as a conceptually comparable technique to a single crystal X-ray but this (3D ED) allows collection 
of data over a much smaller range of volumes.3D ED requires relatively small crystals and can be applied to crystallization products 
that are considered failures in the eyes of X-ray crystallographers. 3D ED requires relatively small crystals and can be applied to 
crystallization products that are considered failures in the eyes of X-ray crystallographers. In this process, the collimated electron 
pulses which are of very high speed, intensity & wavelength. These features only help us in studying the structure of material by 
strong scattering technique. When these pulses (electrons) incident over the specimen (Terbium dioxide; Tb2O3) multiple scattering 
events take place within the crystal. The beam of electrons that come out of the system is thus observed by placing a photographic 
film at all the possible angles surrounding the specimen (Tb2O3) as shown in figure. The electron beams imaged over the 
photographic film are studied, data are collected & results are drawn on this basis. The next step is collecting data & the process 
involved in collecting them.  
 
There are basically two ways of data collection [27-28]:-  
a) Stepwise Data Collection Method 
 ADT (Automated diffraction tomography). 
 RED (Rotation electron diffraction). 
 PEDT (Precession-assisted electron diffraction tomography). 
 
b) Continuous Data Collection Method 
 MicroED (Microcrystal electron diffraction). 
 IEDT (Integrated electron diffraction tomography). 
 cRED (Continuous rotation electron diffraction). 
The data collection has been done with the help of continuous rotation electron diffraction method or abbreviately said as cRED. In 
this method, the axis of rotation or the goniometer axis keeps on rotating till the complete 3D structure at every possible angle is 
being taken (the angular difference is adjusted before the start of the process). The observed sample is then studied with the help of 
rules already been set to distinguish and classify the crystals. The continuous data collection [27] relies on the high stability of the 
goniometer, since crystal re-centering is impossible, and on the speed of the detector, which should be fast enough to avoid loss of 
reciprocal space sampling during readout time. The process is at last completed with the dynamical refinement of the scattered 
waves. 
 
B. Neutron Diffraction 
Neutron diffraction or elastic neutronscattering [29] is the application of neutron scattering to the determination of the atomic and 
magnetic structure of a material. A sample to be examined is placed in a beam of thermal, hot or cold neutrons to obtain a 
diffraction pattern that provides information of the structure of the material. The technique is similar to X-ray diffraction but due to 
the different scattering properties of neutrons versus X-rays, complementary information can be obtained. Particularly, neutron 
diffraction is more helpful for the localisation of light atoms and the determination of magnetic ordering. In easier terms it can be 
understood that neutron diffraction provides more than X-ray diffraction. 
Neutron diffraction is a technique which can be used in studying not just structure of crystals but also the atomic structure of liquids, 
amorphous materials and crystalline materials. The basic principle of neutron diffraction deals with the study of incident plane wave 
on a certain specimen and causing both elastic as well as inelastic scattering of waves, which causes changes in the magnitude of 
wavelength, frequency, & the intensity of a beam of light. This helps in the measurement of the Bragg’s equation (principle).Thus, 
explanation of Bragg’s equation & its diffraction is also important for neuron diffraction. 
The experimental setup [30]clearly depicts the process.The experimental setup consists of a source or a moderator that emits waves 
with high speed. The next station for the incident waves is the incident beam properties selector which only allows those waves to 
pass through which has a sufficient a significant wavelength, that is required for that particular observation. The waves then interact 
with the sample or the specimen which is higher oxides of lanthanide (Terbium dioxide) in this case.  
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Since, neutrons have a tendency to show elastic scattering thus the part of the energy is transferred for continuous scattering within 
the crystal & the other part of the energy is passes through the specimen unharmed. The first part of the energy that is being used in 
scattering; scatters & comes out making an angle  from the crystal. This scattered wave is then analysed by the scattering beam 
properties selector or the analyser. During this process, the energy, wavelength, intensity of the scattered wave is analysed & which 
is further passed on to the latter stages of conclusion. The last stage of the setup includes detector which detects the shape, size, 
structure, intensity, wavelength, patterns, etc. of the diffracted wave.  
This is further connected to data acquisition system which understands the variation within the system in which the waves were 
incident. A conclusion can be made by above experiment is that neutron enters as an incident wave & neutrons comes out as a 
scattered wave too.The neutrons are used as an accelerated sub-particle system to generate a great deal of flux. The energy 
consumed in this process is very less as the neutrons being accelerated are then incident on the specimen to easily compute the 
diffraction process & results were used. 
 
The process in itself can be segregated into two: -  
1) Neutron scattering. 
2) Magnetic scattering. 
The process of neutron scattering can take place from each & every atomic nucleus. The magnetic moment of the atom also 
provides support in the process of neutron scattering. The incident waves when are made to fall over the specimen, there is a certain 
system of scattering which can be due to the elastic or non-elastic scattering behaviour. The scattered wave from these experiments 
is observed and further analysed. 
Similarly, magnetic scattering occurs due to themagnetic moment of neutron which can interact with either the orbital or the spin 
magnetic moment of the material examined [31]. Only because of the greater effect of electron in the magnetic scattering the 
strength of forward scattering is more than the backward scattering. 
 

III. RESULTS &DISCUSSION 
A. Verification of Bragg’s equation 
The Bragg’s equation can be given as; 

. 

Where, n = an integer determined by the order given. 
             λ = the wavelength. 

 = The scattering angles. 

Interplanar distance. 

The order of the wavelength is directly proportional to the interplanar distance and the scattering angles, same can be said for the 
wavelength of the incident wave. Thus, it can be depicted as: -  

 
Fig. Order of wavelength (n) v/s angle of scattering ( ). 
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Fig. Interplanar distance v/s wavelength. 

 
Similarly, the relation between the order of wavelength and the wavelength applied is inversely proportional to each other. 

 
Fig. Order of wavelength v/s wavelength. 

 
Thus, Bragg’s equation has been verified by putting the experimental values. The curves depict the relations clearly.  
 
 
B. Energy Distribution Curve 
The curves can be drawn between electron energy & the electrons present & radiated per electron Volt, the laser beams which are 
used as a pump for the determination of a body’s structure can be altered as per requirement.The generation of electrons is based on 
the source which is being provided energy to excrete electrons as energy [22-24]. 
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Fig. Graph depicting relation between electron energy & no. electrons per keV. 

 
Another graph can be plotted for the intensity of laser electron beams observed after passing through the electric field & just before 
striking the specimen. 

 
Fig. Intensity of laser beams v/s distance from the target. 

 
C. Structure of Higher oxides of lanthanides 
All the elements justify the property of variable oxidation states in the lanthanum group consisting lanthanides. Atomic oxygen has 
been used to convert these lanthanides into lanthanide oxides. Elements [32] like praseodymium, terbium & uranium exemplify this 
technique to form higher oxides. No higher oxides are formed for the rest of the elements present in the lanthanide series like 
ytterbium, lanthanum, samarium, gadolinium, etc. The elements of higher oxides of lanthanides generally show three structures of 
the crystal system [33]. 
 The higher oxides of praseodymium Pr6011(2 moles) when treated with hydrogen at 600  reduces to sesquioxide of 

praseodymium (Pr2O3) and again into praseodymium Pr6011. Where the sesquioxide (Pr2O3) is hexagonal in structure, i.e.; 
.The number of lattice system that can be explained with this structure is one. When the 

combination is further treated it changes to dioxide of praseodymium (PrO2) & the structure is fluorite & shows face-centred 
cubic (fcc) lattice. It consists of three lattice system where all the angles between the lattice points are perpendicular to one 
another, i.e.; . This can be of cubic or orthorhombic class of crystal.  
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 Similarly, sesquioxide of terbium (Tb2O3) shows hexagonal structure, i.e.; . The number 
of lattice system that can be explained with this structure is one. The sesquioxide can be prepared by synthesizing the higher 
oxide (Tb4O7), they show diffraction patterns, the strongest lines of which correspond to a cubic face-centered lattice. When 
the sesquioxide of terbium is further treated at a higher temperature it further reduces to terbium dioxide (TbO2). These 
dioxides have a fluorite structure & shows face-centred cubic (fcc) lattice. It consists of three lattice system where all the 
angles between the lattice points are perpendicular to one another, i.e.; . This can be of 
cubic or orthorhombic class of crystal. Cerium also shows the same property as of Terbium & Praseodymium. 

 
IV. CONCLUSIONS 

1) Bragg’s law and their reciprocal space construction are well confirmed by both Electron ad Neutron diffraction. 
2) The higher lanthanides might form oxides by keeping a sheet of rare Earth elements element in air and that is oxygen, the high 

melting point oxides are formed as thin layer over this metal &later on toLowerCaseJointly. The lanthanides are in the +2 to +4 
oxidation state. These ones exhibit variable oxidation number as a result of the fact that either they are half-filled or full.  

3) Electron & Neutron diffraction are a better technique than the X-ray diffraction method, because they provide a better 
information about the shape, size, geometry, lattice structure & presence of lattice points with the density of the material. They 
directly come in contact either with the nuclei of the material or the electron present in them. Since, neutron diffraction closely 
resembles the X-ray diffraction it can be used to verify the Bragg’s law & provide a better information of the material, the 
collection of data has also improved over the time. 

4) The values that are already included in the study of actual space or the structural array of any unit dimension, such as length, 
mass, etc. are what make up the computation of reciprocal space. The method for calculating a value in a real space is the same 
as that in a reciprocal space; the only thing that differs is that the power of the unit must be changed because a reciprocal space 
can only compute inverse values.  

5) To put it simply, the reciprocal space is produced when the Miller Indices are expressed in inverse value.All lanthanides do not 
form compounds of higher oxide; only few of them do, those having oxidation state more than +3. Few examples of them are 
dioxides, sesquioxides of Terbium, Praseodymium, Cerium, etc. & various higher oxides of these elements. The three crystal 
systems that are present in these compounds are; Cubic “face centered”, Hexagonal, Type “B” (monoclinic or trigonal).  
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