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Bragg’s Diffraction
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X-ray diffraction pattern 
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X-ray diffraction pattern of the single crystal 

cubic SiC at 75 GPa. Diffraction peaks positions 

are marked by the open black squares. Peak 

indices are written near each box. Broad intense 

peaks are from diamond, intermittent circles are 

from the gasket, and Ne pressure medium. Please 

note that some reflections appear as small arcs 

due to a small crystal bent under pressure. This 

does not affect the accuracy of the sample 

volume determination, but it produces a small 

uncertainty in the angular orientation of the 

sample. The diffraction peaks look like dots at 

lower pressures. 
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X-ray diffraction pattern of the 

TaNbHfZrTi alloy. The indexed 

peaks belong to a BCC crystal 

lattice with the lattice parameter 

a = 340.4 pm.

X-ray diffraction pattern 
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X-ray diffraction pattern 
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Crystal Bindings
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Crystals of Inert Gas; Ionic Crystals; Binding Energy and Bulk Modulus; 

Covalent; Metallic and Hydrogen Bonded Crystals.

Introduction to Solid State Physics – Charles Kittel

Chapter 3
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What keeps the crystal intact?
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The principal types of crystalline binding. In (a) neutral atoms with closed electron shells are bound together weakly by the 

van der Waals forces associated with fluctuations in the charge distributions. In (b) electrons are transferred from the alkali 

atoms to the halogen atoms, and the resulting ions are held together by attractive electrostatic forces between the positive 

and negative ions. In (c) the valence electrons are taken away from each alkali atom to form a communal electron sea in 

which the positive ions are dispersed. In (d) the neutral atoms are bound together by the overlapping parts of their electron 

distributions.
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What keeps the crystal intact?
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The attractive electrostatic interaction between the negative charges of the electrons 

and the positive charges of the nuclei is entirely responsible for the cohesion of 

solids. Magnetic forces have only a weak effect on cohesion, and gravitational forces 

are negligible. Specialized terms categorize distinctive situations: exchange energy, 

van der Waals forces, and covalent bonds.

The cohesive energy of a crystal is defined as the energy that must be added to the 

crystal to separate its components into neutral free atoms at rest, at infinite 

separation, with the same electronic configuration. The term lattice energy is used in 

the discussion of ionic crystals and is defined as the energy that must be added to the 

crystal to separate its component ions into free ions at rest at infinite separation.
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Crystals of inert gas
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Cubic close-packed (fcc) crystal structure of 

the inert gases Ne, Ar, Kr, and Xe. The 

lattice parameters of the cubic cells are 4.46, 

5.31, 5.64, and 6.13 Å, respectively, at 4 K.



Dr Rashid, 2024Jashore University of Science and Technology

Crystals of inert gas
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The inert gases form the simplest crystals. The electron distribution is very close to 

that of the free atoms. The crystals are transparent insulators, weakly bound, with low 

melting temperatures. The atoms have very high ionization energies. The outermost 

electron shells of the atoms are completely filled, and the distribution of electron 

charge in the free atom is spherically symmetric. In the crystal the inert gas atoms pack 

together as closely as possible: the crystal structures are all cubic close-packed (fcc), 

except He3 and He4. 

What holds an inert gas crystal together? The electron distribution in the crystal is not 

significantly distorted from the electron distribution around the free atoms because not 

much energy is available to distort the free atom charge distributions. The cohesive 

energy of an atom in the crystal is only 1 percent or less of the ionization energy of an 

atomic electron. Part of this distortion gives the van der Waals interaction. 
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Crystals of inert gas

13



Dr Rashid, 2024Jashore University of Science and Technology

Van der Waals-London Interaction
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Consider two identical inert gas atoms at a separation R large in comparison with the radii 

of the atoms. If the charge distributions on the atoms were rigid, the interaction between 

atoms would be zero, because the electrostatic potential of a spherical distribution of 

electronic charge is canceled outside a neutral atom by the electrostatic potential of the 

charge on the nucleus. Then the inert gas atoms could show no cohesion and could not 

condense. But the atoms induce dipole moments in each other, and the induced moments 

cause an attractive interaction between the atoms.
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Van der Waals-London Interaction
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This is called the van der Waals interaction, known also as the London interaction or 

the induced dipole-dipole interaction. 
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Repulsive Interaction
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As the two atoms are brought together, their charge distributions gradually overlap, 

thereby changing the electrostatic energy of the system. At sufficiently close separations 

the overlap energy is repulsive, in large part because of the Pauli exclusion principle. 

The elementary statement of the principle is that two electrons cannot have all their 

quantum numbers equal. When the charge distributions of two atoms overlap, there is a 

tendency for electrons from atom B to occupy in part states of atom A already occupied 

by electrons of atom A, and vice versa.
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Repulsive Interaction: Pauli exclusion principle
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Electronic charge distributions overlap as atoms approach. 

The solid circles denote the nuclei.
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Repulsive Interaction: Pauli exclusion principle
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Repulsive Interaction
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We make no attempt here to evaluate the repulsive interaction from first principles. 

Experimental data on the inert gases can be fitted well by an empirical repulsive 

potential of the form B/R12, where B is a positive constant, when used together with a 

long-range attractive potential. The constants A and B are empirical parameters 

determined from independent measurements made in the gas phase; the data used 

include the virial coefficients and the viscosity. It is usual to write the total potential 

energy of two atoms at separation R as
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Repulsive Interaction
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Lennard-Jones potential 
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Equilibrium Lattice Constants
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Equilibrium Lattice Constants
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Equilibrium Lattice Constants
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Cohesive Energy
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Ionic Crystals
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Electrostatic or Madelung Energy
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Electrostatic or Madelung Energy
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The repulsive term describes the fact that each ion resists overlap with the electron 

distributions of neighboring ions. We treat the strength λ and range ρ as constants to be 

determined from observed values of the lattice constant and compressibility; we have used 

the exponential form of the empirical repulsive potential rather than the R-12 form used for 

the inert gases. We note that r is a measure of the range of the repulsive interaction; when 

r = ρ, the repulsive interaction is reduced to e-1 of the value at r = 0.

In the NaCl structure the value of Ui does not depend on whether the reference ion i is a 

positive or a negative ion. We neglect surface effects and write the total lattice energy Utot 

of a crystal composed of N molecules or 2N ions as U tot 5 NUi. Here N, rather than 2N, 

occurs because we must count each pair of interactions only once or each bond only once. 

The total lattice energy is defined as the energy required to separate the crystal into 

individual ions at an infinite distance apart.
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Evaluation of the Madelung Constant
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Evaluation of the Madelung Constant
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As an example, we compute the Madelung constant for the infinite line of ions of 

alternating sign in figure. Pick a negative ion as reference ion, and let R denote the 

distance between adjacent ions. Then

The factor 2 occurs because there are two ions, one to the right and one to the left, at equal distances rj.
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Evaluation of the Madelung Constant

41



Dr Rashid, 2024Jashore University of Science and Technology 42

Energy per molecule of 

KCl crystal, showing 

Madelung (coulomb) and 

repulsive contributions. 
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Covalent Crystals
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Energy of molecular hydrogen (H2) 

referred to separated neutral atoms. A 

negative energy corresponds to 

binding. The curve N refers to a 

classical calculation with free atom 

charge densities; A is the result for 

parallel electron spins, taking the Pauli 

exclusion principle into account, and S 

(the stable state) for antiparallel spins. 

The density of charge is represented by 

contour lines for the states A and S.
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Covalent bond 
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The covalent bond is the classical electron pair or homopolar bond of chemistry, particularly of organic 

chemistry. It is a strong bond: the bond between two carbon atoms in diamond with respect to separated neutral 

atoms is comparable with the bond strength in ionic crystals.

The covalent bond is usually formed from two electrons, one from each atom participating in the bond. The 

electrons forming the bond tend to be partly localized in the region between the two atoms joined by the bond. 

The spins of the two electrons in the bond are antiparallel.

The covalent bond has strong directional properties. Thus carbon, silicon, and germanium have the diamond 

structure, with atoms joined to four nearest neighbors at tetrahedral angles, even though this arrangement gives a 

low filling of space, 0.34 of the available space, compared with 0.74 for a close-packed structure. The 

tetrahedral bond allows only four nearest neighbors, whereas a close-packed structure has 12. We should not 

overemphasize the similarity of the bonding of carbon and silicon. Carbon gives biology, but silicon gives 

geology and semiconductor technology.

The binding of molecular hydrogen is a simple example of a covalent bond. The strongest binding occurs when 

the spins of the two electrons are antiparallel. The binding depends on the relative spin orientation not because 

there are strong magnetic dipole forces between the spins, but because the Pauli principle modifies the 

distribution of charge according to the spin orientation. This spin-dependent coulomb energy is called the 

exchange interaction. 
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Metals
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Metals are characterized by high electrical conductivity, and a large number of electrons in a metal are 

free to move about, usually one or two per atom. The electrons available to move about are called 

conduction electrons. The valence electrons of the atom become the conduction electrons of the metal.

In some metals the interaction of the ion cores with the conduction electrons always makes a large 

contribution to the binding energy, but the characteristic feature of metallic binding is the lowering of 

the energy of the valence electrons in the metal as compared with the free atom.

The binding energy of an alkali metal crystal is considerably less than that of an alkali halide crystal: 

the bond formed by a conduction electron is not very strong. The interatomic distances are relatively 

large in the alkali metals because the kinetic energy of the conduction electrons is lower at large 

interatomic distances. This leads to weak binding. Metals tend to crystallize in relatively close packed 

structures: hcp, fcc, bcc, and some other closely related structures, and not in loosely-packed 

structures such as diamond.

In the transition metals there is additional binding from inner electron shells. Transition metals and 

the metals immediately following them in the periodic table have large d-electron shells and are 

characterized by high binding energy. 
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Hydrogen bond 
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