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1.1 Introduction  

The conception that matter is composed of small indivisible particles is redundant now. 

However, it took lot of time and rigorous efforts to come up with modern day experiments.  

In late nineteenth century, most of the scientists were convinced that the matter is made up of 

atoms. In 1898, British scientist J.J. Thomsonôs suggested plum pudding model which stated 

that atoms are like positively charged solid spheres of matter and electron is embedded on it. It 

also stated that electrons are negatively charged. Lendard in 1903, observed that the cathode 

rays passes mostly undeviated through materials of small thickness. He proposed that the atoms 

are composed of positive tiny particles and electrons. However, these models were not 

consistent with each other. This was solved by Ernest Rutherford from 1906 to 1911. He 

performed a series of experiments in alpha particle scattering.  

He bombarded the target (thin gold foil) with alpha particles and carefully studied their 

deflection patterns. He observed that most of the alpha particles passed undeviated/ small 

deviation through the gold foil. However, some of them showed large deflections and a very 

few completely rebounded back. Alpha particles completely reflect because it might have 

encountered very heavy mass on its path. However, most of them passed un-deflected. This 

was because the heavy mass occupied very less space and atom had lot of empty space in it.  

After analysing quantitatively, he also suggested that the heavy mass/particle due to which the 

alpha particle showed complete or large deflections was positively charged and almost all the 

mass of atom was concentrated in it. He also estimated the size of the particle to be ~    10-15 

m. On the basis of these observations, he suggested a nuclear model. In accordance with this 

model, an atom contains positively charged particle ï nucleus, placed at the center of the atom. 

Almost all the mass of the atom is concentrated at the nucleus of the atom. Outside the nucleus, 

electrons with some separation move around it. The space between nucleus and the electrons 

in an atom is empty and determines the size of the atom. 

The amount of negative and positive charge is equal, thus explaining the charge neutrality of 

an atom. He also suggested that electrons are constantly in motion because the electrons at rest 

would experience coulombic attraction and fall into nucleus. However, the Rutherford couldnôt 

explain much about electronôs motion. It couldnôt explain the absorption and emission spectra 

obtained for hydrogen and hydrogen like atoms. 

Niel Bohr proposed an atomic model in 1913 which could explain the hydrogen spectral lines. 

He suggested that electrons would revolve around the nucleus in circular orbits under the 

coulombic attraction between positively changed nucleus and negatively charged electrons. His 

model is in accordance with classical laws of mechanics and as per classical laws, the electron 

orbit around the nucleus in fixed orbit. These electrons revolve with orbital angular momentum, 

ὒᴆ having a magnitude of  
p
 , where n is the orbit number 1, 2, é.. and h is the Planckôs 

constant. This introduced the concept of quantisation. He also postulated that the electrons 
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didnôt radiate electromagnetically in the fixed allowed orbits, inspite of being in acceleration 

motion. This showed that the electrons moved in stationery orbits without falling into nucleus. 

He further stated that the electrons moving in an orbit having energy Ὁ when jumps to lower 

orbit having energy Ὁ emits. Electromagnetic radiation with frequency n as n 

  έὶ DὉ Ὤn . Further, electron could also absorb energy quanta of suitable frequency 

and hence jump to higher orbit. This explained the observed absorption and emissions spectra 

in hydrogen as well as atoms with higher atomic number. The observed line spectra for various 

atoms could be now explained with the help of Bohr theory. However, the Bohrôs theory 

couldnôt explain the ófine structureô of hydrogen atom. When the line structure was being 

observed under high resolution it showed several components of one spectral line with close 

energy. Sommerfield in 1916 tried to explain the existence of these components by considering 

the Bohrôs circular orbits as elliptical. He evaluated total energy of the electron for a particular 

orbit. However, the introduction of elliptical orbit didnôt add any new energy levels and hence 

failed to explain óFine Structureô. Therefore, he added relativistic corrections. This could 

explain the óFine Structureô to an extent.  

The discrepancies were further removed by considering the Dirac theory which accounted the 

spin-orbit coupling effect and quantum ï mechanical relativistic corrections. The fine structure 

of hydrogen atom shall be discussed later in this unit. To understand the quantum mechanical 

approach, the Schrºdingerôs treatment to hydrogen atom should be understood. 

 

1.2 Objectives 

After studying this unit, the learners should be able to: 

¶ Explain and apply Schrºdingerôs Time-Independent Wave Equation 

¶ Understand and describe the fine Structure of Hydrogen 

¶ Apply Pauliôs Exclusion principle and exchange symmetry 

¶ State Hundôs Rule 

¶ Understand and explain the Helium Atom and itôs Spectrum 

 

1.3 Schrºdingerôs Time-Independent Wave Equation 

With the development of de-Broglie idea of matter waves, Schröedinger presented his wave 

equation in 1926. This equation is known to be the fundamental equations in quantum 

mechanics as it represents a differential form of the de-Broglie waves associated with moving 

particles, similarly what Newtonôs second law of motion was described in classical mechanics 

for bulky objects.  

A mathematical function ɣ was introduced by Schrödinger. It is a complex function of variable 

space (the three axes) and time coordinates, associated with a moving particle. The 

mathematical representation of wave function ɣ can be written as:  
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 ὼȟώȟᾀȟὸ 

where  is called the wave function of the moving particle, being the characteristic of the 

associated de-Broglie wave. It is postulated that  has the form of a solution of the classical 

wave equation. 

The differential equation that represents the 3-Dimensional wave motion is:  

   é(1) 

where v is known as the wave velocity. 

Now, the wavelength associated with a particle of mass ómô moving with velocity óvô is given 

by: 

       ‗  

Using Einsteinôs postulate E = hɜᾳ relating the frequency ɜᾳ of the de-Broglie waves with the 

total energy E of the particle, we have 

Ḉ   

Making this replacement in equation (1), 

  

   é(2) 

The result of the above equation is of the formula   Ὡ    é(3) 

Where  is the wave function of only space coordinates (here independent of time), i.e. 

      

  ὼȟώȟᾀ 

On differentiating the equation (3) w.r.t time t, we get 



ὸ
Ὡ

ς“ὭὉ

Ὤ
 

      

τ“Ὁ

Ὤ
Ὡ  

By substituting for  and  in equation (2), we get 
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   é(4)  

Considering this case for particle having non-relativistic motion, the particleôs kinetic energy 

K=1/2mv2. Thus, if V is the potential energy of the particle, then we can write,  

άὺ ὑ Ὁ ὠ  

Or      ά ὺ ςάὉ ὠ     

Making this substitution in equation (iv), we get 

   

Let us use the mathematical symbol called óLaplacian operatorô 

ᶯ
ψ“ά

Ὤ
Ὁ ὠ π 

Above equation is known as óSchrºdingerôs time-independent wave equationô for a particle 

with its time-independent óeigen functionô ɣ as its solution.  

Since, you must be aware of the properties of eigen function (i.e. it must be finite everywhere, 

single-valued, continuous and should have continuous first derivative everywhere) during your 

graduation, let us now concentrate on the quantum mechanical interpretation for one electron 

atom (e.g. H-atom) being the simplest bounded system having a positively charged nucleus and 

negatively charged electron (-e), moving under Columbian attractive forces. 

Consider one-electron of an atom having mass ómô and the nucleus of mass óMô move about at 

the centre of mass which is assumed to be fixed. We may consider substituting this actual atom 

by an equivalent model of atom in which the nucleus is considered to be infinitely massive and 

the electron has reduced mass óµô given by 

‘
ὓά

ὓ ά
 

The electron with reduced-mass moves about the infinitely massive (hence, also considered to 

be stationary) nucleus with the equivalent electron-nucleus separation as in the actual atom.  

We consider an electron of reduced mass óµô moving under the three-dimensional Columbian 

potential defined as a function of (x, y, and z) such as: 

ὠ ὠὼȟώȟᾀ
ὤὩ

τ“ ὼ ώ ᾀ
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 where x, y, z are the rectangular coordinates of the electron relative to the nucleus, which is 

fixed and taken as the origin. The term óradius vectorô  ὶ ὼ ώ ᾀ is the electron-

nucleus separation. 

You must be well aware till now about the Schröedinger equation as discussed previously. 

In Cartesian coordinates, we have 



ὼ



ώ



ᾀ

ψ“‘

Ὤ
Ὁ ὠ π 

Since this equation involves three coordinates of V and hence, three equations must be 

required, it is always easy to use spherical polar coordinates viz. r, ɗ, ű (as shown in Fig.1) 

 

 

Fig. 1 The correlation between Cartesian coordinates (x, y, z)  and Spherical polar coordinates 

(r, ɗ, ű) for a point P 

The relation between Cartesian coordinates (x, y, z) and the spherical polar coordinates (r, ɗ, 

ű) of  point P are:   

ὼ ὶȢίὭὲ—Ȣὧέί•, ώ ὶȢίὭὲ—ȢίὭὲ• and ᾀ ὶȢὧέί— 

And polar angle — ὧέί  and azimuthal angle • ὸὥὲ  

In spherical polar coordinates, the Schröedinger equation comes out to be  

 

 

q

j

O 

x 

z 

y 

P 

r
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ὶ ίὭὲ— Ὁ ὠ π é(5) 

 The potential energy V(r) can also be expressed as ὠὶ   é(6) 

Using the method of separation of variable, we first separate the radial component r and angular 

terms (ɗ, ű) assuming that 

     ὶȟ—ȟ• ὙὶȢὣ—ȟ•  

where R(r) is the called as radial function depending upon the radius r alone, and Y(ɗ,ű) is 

known as angular function depending upon ɗ and ű. Thus, equation (1) can be rewritten as 

ὶ ὣ ίὭὲ—Ὑ Ὑ Ὁ ὠὶ Ὑὣ π  

Multiplying the entire equation by  and rearranging, we get 

ὶ ὣ Ὁ ὠὶ ίὭὲ—   

The left side of this equation depends on the variable r, while the right side depends upon the 

other variables ɗ and ű. Hence, this equation can be correct only if both sides of it are equal to 

the same constant. Let this constant be l(l+1). Thus, we get a radial equation. 

ὶ ὣ Ὁ ὠὶ ὰὰ ρ  é(7) 

And angular equation 

ρ

ὣ

ρ

ίὭὲ—



—
ίὭὲ—

ὣ

—

ρ

ίὭὲ—

ὣ

‰
ὰὰ ρ 

The last equation cab be further separated by substituting 

   —ȟ• Ὸ—Ȣ •  

This equation gives 

ίὭὲ—ίὭὲ— ὰὰ ρίὭὲ— ά  é(8) 

ὥὲὨ ά     é(9) 

Equation (6), (7), and (9)  can be written as  

     ά ɮ π   é(10) 
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ίὭὲ— ὰὰ ρ ɡ π   é(11) 

ὥὲὨ ὶ
А
Ὁ ὠὶ Ὑ π é(12) 

Thus, we have fragmented the Schröedinger equation of Hydrogen atom into three ordinary 

differential equations, each having a single variable r, ɗ, ű, respectively. After finding the 

adequate solutions of these equations, we find the following quantum numbers:  

 

Solution of the equations: The appearance of quantum numbers is explained ahead as: 

1. The solution of ū(ű) equation (10) is ɮ • ὃὩ     é(13) 

where A is the known as the constant of integration. In order that it is an acceptable 

solution, the wave function ɮ must be a single-valued function of position, that is, it 

must have a single value at a given point in space. It is evident that the azimuth angles 

ű and ű+2ˊ are actually the same angle. Hence it must by true that  

     ɮ •  ɮ • ς“ 

  or   ὃὩ ὃὩ  

  or    ρ  Ὡ   

  or   1= cos(ml2)́ + i sin(ml2)́ 

This can only happen when ml is 0 or positive or negative integer, i.e.  

ά πȟρȟςȟσȟȣ 

The constant ml is a quantum number of the atom. 

2. The solution of Ū(ɗ) equation (11) is known to be  

ɡȢ — ὔȢ ὖ
ȿ ȿ
ὧέί—    é(14) 

where ὔȢ  is a constant and ὖ
ȿ ȿ

 is óAssociated Legendre Polynomialô which has different 

forms or different values of l and |ml|, that is  

   l = |ml|, |ml|+1, |ml|+2, |ml|+3,é 

This requirement can be expressed as a condition on ml in the following form: 

ά πȟρȟςȟσȟȣȟὰ 

The constant l is another quantum number. 

3. For solving equation (12) we must specify V(r). In the present case  
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ὠὶ    

Then, the solution of the equation is known to be  

Ὑȟὶ ὔȟὩ
ϳ ὒ   é(15) 

Where, ὔȟ is a constant and ὒ  is óAssociated Laguerre Polynomialô which has 

different forms for different values of n and l. The parameter ao is 
А

, which, in the old 

quantum theory, is the known as the smallest Bohr orbit of H-atom. 

The solution to above equation is acceptable and it remains finite if the constant E in equation 

(12) is positive, or has one of the negative values of En (which corresponds to bound states), 

given by  

Ὁ
А

  

where n is an integer, which must be equal to or greater than l+1 . That is,  

     n = l+1, l+2, l+3, é 

This requirement may be expressed as a condition on l in the form  

     l = 0, 1, 2, 3, é (n-1) 

Here, the constant n is also a quantum number 

The total eigen functions for one-electron atom can be written as: 

ȟȟ ὶȟ—ȟ‰ Ὑȟὶ ɡȟ  — ɮ ‰  

where R, Ū, ū are given by equations (xiv), (xv) and (xvi). The constants ὔȟ, ὔȢ , and A 

elaborated in these equations are so adjusted that each equation is normalized. The exact 

normalized eigen function for ground state (corresponding for n = 1, l = 0, ml = 0) of one 

electron atom is     
Ѝ

Ὡ ϳ  

Physical interpretation of various quantum numbers: The three quantum numbers originated 

from the solutions of Schroedinger equation are:  

n = 1, 2, 3,é  

l = 0, 1, 2, 3,é (n-1), 

ά πȟρȟςȟσȟȣȟὰ  
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These quantum numbers can be explained as: 

Consider the case of one electron atom; we have the total energy of bound states atom obtained 

from Schröedinger EquationὉ . Since, the energy eigen values depends only 

on quantum number n, they were in excellent agreement experimental values based on with old 

quantum theory of Bohr model. Hence, n is said to be known as ñTotalò or ñPrincipal Quantum 

Numberò. 

To understand the value of l, we have to consider the radial wave equation based on equation 

(12):    ὶ
А
Ὁ ὠὶ Ὑ π 

Here, the total energy of atom comprises of two components, viz. kinetic energy K and potential 

energy V (for its electrons). Further, kinetic energy is subdivided into radial components due 

to motion of electron round the nucleus and orbital component due to the nucleus itself. 

Therefore, we have  

Ὁ ὑ ὑ ὠὶ 

Using this substitution in the radial equation, we have 

ὶ
А
ὑ ὑ Ὑ π  

Since the radial component is basically originated due to electron motion, hence it is free from 

orbital counterpart. And this is only possible when the last two terms are equal to each other 

i.e.  

ὑ
А

  

If angular momentum is denoted by  O , then we know that ὒ ‘ὺὶ and therefore,  

ὑ
ρ

ς
‘ὺ

ὒ

ςАὶ
 

     ὕὶ 
А А

 

Or      L ὰὰ ρ  

Since l varies from 0, 1, 2, 3,é(n-1), this proves that the electron can have discrete values of 

angular momentum. Finally, the total energy E is also quantized like the orbital angular 

momentum and it remains conserved. And this is just demonstrated by quantization of l. Hence, 

l is termed as the óorbitalô quantum number. The expression for angular momentum was 

obtained through the theory of Born-Sommerfield, where k was replaced by ὰὰ ρ. The 

method for denoting the state is writing the total angular quantum number along with the 
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various angular momentum states as letters {like: s (l=0), p(l=1), d(l=2), f(l=3), é}. For 

example, a state with n = 2 with l = 0 is shown as 2s state. Similarly, another state with n = 3 

and l=1 is written as 3p.  

The analysis of ml originates when the atom is placed in an external magnetic field. You can 

imagine that when an electron is revolving round the nucleus, it behaves like a small loop of 

current having magnetic dipole when placed in an external magnetic field. Its potential energy 

depends upon its magnetic moment and its orientation with respect to the field. But here, the 

magnitude and direction of the magnetic moment depends upon the magnitude and direction 

of angular momentum ,ᴆ of the electron. This also determines the magnetic potential energy. 

Since the direction of L is also quantized with respect to external magnetic field. If the field is 

along the z-axis, the component of ,ᴆ can be defined as  

ὒ ά , where  ά πȟρȟςȟσȟȣȟὰ. 

Since we can observe that ml describes the quantization of ,ᴆ in magnetic field (known as space 

quantization), and finally, the discretization of magnetic energy of the electron. Therefore, ml 

is known as magnetic quantum number.  

Therefore, n, l, and ml are the three quantum numbers used to specify each of the eigen 

functions of single electron atom here n specifies the total energy (the eigen value), l specifies 

the angular momentum and ml determines the z-component of the angular momentum of the 

electron. For a given value of n, there are different values of l and for every different value of 

l we have several values of ml. Hence, several different eigen functions resembles to exactly 

the same eigenvalue En. And this property of eigen functions is said to be ódegenerateô state. 

 In accordance with old quantum theory the quantum-mechanical interpretations of 

energy states of single electron system matches well with each other. The differences that are 

crucial to understand is that in quantum mechanics, the electron should not be considered as 

moving around the nucleus in definite orbits. Here it is necessary to consider the relative 

probabilities of finding the electron in volume elements at various locations rather than is 

specific orbits. For this consideration, we relook the wave-function of single-electron system 

i.e.  

ȟȟ ὶȟ—ȟ‰ Ὑȟὶ ɡȟ  — ɮ ‰  

Where, the symbols have their usual meaning as specified above in equations (9), (10) and (11) 

respectively. We must know till now that the electron probability density, given by ȿȿ was 

mathematically formulated as:  

ȿȿ ȿὙȿȢ  ȿɡȿȢ  ȿɮȿ, where ȿȿ ᶻ 

We observe that ȿɮȿ ɮᶻɮ will result in A2 and since A is a constant; this shows that ɣ is 

independent of ū and does not directly determine probability density (ȿȿ . This also dispels 

that the dependent factors were ȿὙȿȢ  ȿɡȿȢ From the relation of radial probability density for 
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finding the electron between r and r+dr is given by ȿὙȿτ“ὶὨὶ. The value of probability 

density P(r) is maxima at ao and 4ao. These values of radii ao and 4ao corresponds to n=1 and 

n=2 Bohrôs orbit where the electrons is most likely to be found. In Bohrôs orbit at 4ao, the 

average distance of electron from the nucleus is given by  

ὶӶ ᷿ ὶὖὶὨὶ ρ ρ   

where, ao is the smallest Bohr orbit. This is same as for the Bohr-Sommerfeld elliptical orbit. 

Solved Example No 1:  

Question: Find the parity of N atom in ground state. 

Solution- It is known that the parity is even if the sum of l values (Sl) for all the electron 

is even; and it carries an odd parity if Sl is odd. 

The electronic configuration of N atom in ground state is given as: 

        ρί ςί ςὴ  

The value of l = 0 for s ï electron and l = 1 for p ï electron. 

Therefore, Sl = 3 

Hence, the parity is odd. 

 

1.4 Fine Structure of Hydrogen 

For hydrogen atom, when an electron transmits from one energy level to another, spectral lines 

are observed in an emission spectrum. The wavelengths of these lines are in accordance with 

Rydbergôs formula. These are collectively known as Line spectra of hydrogen atom. When 

these spectral lines split due to spin - orbit coupling effect and quantum mechanical relativistic 

corrections, it gives rise to fine structure  

1.4.1 Effect due to electronôs spin and orbital motion 

The interaction due to internal magnetic field of an atom and electronôs spin magnetic dipole 

moment is partly responsible for the fine-structure of one electron atoms (excited state). It is 

well understood that the internal magnetic field of an atom arises due to the electronôs orbital 

motion. Therefore, this type of interaction is called as spin-orbit interaction. 

Let us consider electric field Ὁᴆ, defined as a gradient of potential function V(r), where r 

represents the distance between nucleus and electron of an atom. 

Ὁᴆ ὫὶὥὨ ὠὶ 
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ᴆ Ƕ
     é(16) 

where ὶǶ is the unit vector in which electric field Ὁᴆ is directed. The magnetic field caused due 

to the orbital motion of the associated electron moving with velocity v in electric field Ὁᴆ is: 

     ὄᴆ Ὁᴆ ὺᴆ 

ὶᴆ ὺᴆ ḉὶǶ
ᴆ
 Ὢὶέά ρ  é(17) 

The orbital motion of an electron causes angular momentum ὒᴆ, where ὒᴆ is further defined as 

ὒᴆ άὶᴆ ὺᴆ, thus equation (17) may be written as  

     ὄᴆ
ᴆ
    é(18) 

The magnetic field ὄᴆ orients the electronôs spin magnetic moment ‘ and hence the magnetic 

potential energy of orientation, ɝὉȟ. The expression of ɝὉȟis given as 

ɝὉȟ  ‘Ȣὄᴆ    é(19) 

But spin magnetic moment is ‘z Ὣ Ὓᴆ, where Ὣ ς (for electrons) and Ὓᴆ is spin 

angular momentum. 

Thus, equation (19) can be written as: ɝὉȟ  ὛᴆȢὄᴆ    é(20) 

Substituting the value of ὄᴆ from equation (18) into (20), we get 

ɝὉȟ  ὛᴆȢὒᴆ    é(21) 

In accordance with óThomson precessionô when nucleus is considered to be in rest, ɝὉȟis 

reduced by a factor of 2, i.e. 

    ɝὉȟ  ὛᴆȢὒᴆ    é(22) 

Let us now express the equation (22) in terms of j, l and s quantum numbers.  

We know that   ὐᴆ ὒᴆ Ὓᴆ      é(23) 

Taking self dot products of equation (23), we get 

    ὐᴆȢὐᴆ ὒᴆ ὛᴆȢὒᴆ Ὓᴆ 

 ὒᴆȢὒᴆ  ὒᴆȢὛᴆ ὛᴆȢὒᴆ ὛᴆȢὛᴆ 

ὒᴆȢὒᴆ ς ὒᴆȢὛᴆ ὛᴆȢὛᴆ   ḉὒᴆȢὛᴆ ὛᴆȢὒᴆ  
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ḈὛᴆȢὒᴆ ὐᴆȢὐᴆ ὒᴆȢὒᴆ ὛᴆȢὛᴆ  

ὐ ὒ Ὓ   

ὛᴆȢὒᴆ ὮὮ ρ ὰὰ ρ ίί ρ    é(24) 

ḈɝὉȟ  ὮὮ ρ ὰὰ ρ ίί ρ   {from eq.22} (25) 

As electron is in motion the terms  is not fixed. Therefore, an average value during 

unperturbed motion must be considered. So, 

ɝὉȟ  ὮὮ ρ ὰὰ ρ ίί ρ    é(26) 

To evaluate the average value of , the radial probability density of the required state and 

potential function V(r) is considered. The potential function V(r) for one-element atoms in 

Colombian field is: 

ὠὶ
ρ

τ“

ὤὩ

ὶ
 

    é(27) 

Substituting the value of  from (27) into (26), we get: 

ɝὉȟ  ὮὮ ρ ὰὰ ρ ίί ρ     ....(28) 

Considering radial density function of H-Atom, the average value of 1/r3 can be evaluated as: 

, hen l > 0        é(29)a 

where ὥ          é(29)b 

a0 is the radius of the smallest Bohr orbit for hydrogen atom. Substituting the value of  from 

equation (29)a in (28), we get 

ɝὉȟ  Ȣ ὮὮ ρ ὰὰ ρ ίί ρ   é (30) 

The above equation is simplified to the following equation:  

ɝὉȟ  ὮὮ ρ ὰὰ ρ ίί ρ     é(31) 
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Where, Ὑ  (Rydberg constant for infinitely heavy nucleus) and   (Fine 

structure constant). 

Due to spin-orbit coupling effect, term shift ЎὝȟ arises 

ЎὝȟ
ЎὉȟ
Ὤὧ

 

    = ὮὮ ρ ὰὰ ρ ίί ρ  é(32) 

For one electron atom like hydrogen s=1/2 and Ὦ ὰ ί ὰ ρ
ς 

Solving the term ὮὮ ρ ὰὰ ρ ίί ρ  is l and ï(l+1) for Ê ὰ ρ
ςand Ê ὰ

ρ
ς, respectively . 

The term shift corresponding to Ê ὰ ρ
ς is 

ЎὝȟ  ὰ     é(33) 

The term shift corresponding to Ê ὰ ρ
ς is 

    ЎὝȟ  ὰ ρ    é(34) 

Therefore, the coupling effect due to electronôs spin and orbital motion causes splitting of one 

energy level into two levels with different jôs for a given l. 

The difference in the energy levels is obtained by subtracting (33) from (34). 

    ЎὝȟ  ЎὝȟ ЎὝȟ 

Ὑ ὤ

ςὲὰὰ
ρ
ς ὰ ρ

ςὰ ρ 

         é(35) 

Putting the values of RÐ=1.097×107m-1 and Ŭ=1/137 for Hydrogen atom, due to spin-orbit 

interaction. 

ЎὝ υψτ ά υȢψτ ὧά  é(36) 

From equation no. 36, it is clear that the splitting due to spin-orbit coupling increases with 

increasing atomic number (Z) and decreases with higher n and l.  
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1.4.2 Effect due to relativistic corrections 

Apart from spin-orbit interactions, the relativistic effect also contributes in the splitting of 

energy levels of hydrogen atom. In order to evaluate the shift due to relativistic corrections, 

relativistic Hamiltonian function H for an electron is considered.  

It is known that H=K+V where, k=(p2c2 +mo
2c4)1/2-moc

2 , is the relativistic kinetic energy, V is 

the relativistic potential energy, mo is the rest mass of electron and p its linear momentum. 

Ὄ ὴὧ ά ὧ ά ὧ ὠ   é(37) 

   ά ὧ ρ ά ὧ ὠ 

   ά ὧ ρ Ễ ά ὧ ὠ 

   Ễ ὠ    é(38) 

Neglecting the higher order terms, it is evident that the change in H due to relativistic correction 

is  

    since Ὄ ὠwithout relativisticcorrection 

Considering  as perturbation term first order change in energy level can be evaluated. 

The operator p is Ὥᴐ .  

Therefore,  becomes Ὥᴐ    

or ᴐᶯé(39) 

For hydrogen atom, let us consider  as unperturbed wave function, then first order shift in 

energy due to perturbation term is given as  

    ɝὉ ᷿ᶻ
ᴐ

ᶯὨ†   é(40) 

Evaluating the integral in equation no. 25 gives 

    ɝὉ     é(41) 

Where Ŭ is the fine structure constant and RÐ is the Rydbergôs Constant. 
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Hence, the term shift due to relativistic correction is  

   ЎὝ
Ў

    é(42) 

To incorporate the combined effect of spin-orbit coupling and relativistic corrections in a H-

atom spectrum, let us add equations 32 and 42.  

1.4.3 Term shift 

ЎὝ ὮὮ ρ ὰὰ ρ ίί ρ   

   é(43) 

Putting j=l+1/2 and s=1/2, we get 

ρ   

 

      é(44) 

For j=l-1/2, 

  

=  
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ρ   

ɝὝ       é(45) 

Equation 44 and 45 cab be replaced by one single equation. 

ɝὝ      é(46) 

Equation 46 is identical to equation of energy levels of hydrogen like atom given by 

Sommerfeldôs relativistic equation; as 

ɝὝ
Ὑ ὤ

ὲ

ρ

Ὧ

σ

τὲ
 

 

As seen above, the equation is similar to the equation number 31, where k is equal to Ὦ  

This equation is known as Dirac Equation. 

By substituting the values of Ὑ = 1.097 × 107 m-1, Ŭ is Rydberg Constant where    (fine 

structure constant) and Z = 1 for hydrogen atom, we get term shift 

ɝὝ  m-1 

 

or  ɝὝ
Ȣ

 cm-1 

 

Using, the term shift values in cm-1, the fine structure of HŬ line for n = 3 Ÿ n = 2 level is 

deduced as shown in Fig. 2 
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Fig. 2 The fine structure of Hh line for n = 3 Ҧ n = 2 level 

The selection rules for fine structure of hydrogen atom are 

ȹl = ± 1 

ȹj =0, ± 1 but j = 0 ź j=0 is not allowed 

The above selection rules allow five transitions as shown in the figure. However, only doublets 

are observed in general practise instead of these five components. This happens due to thermal 

motion of the molecules that results into Doppler broadening. When the Doppler broadening 

effect is reduced carefully, all the five components can be observed.  

Solved Example No 2:  

The ὌὩ doublet splitting of first excited state (2ὖ - 2ὖ) is 5.84 ὧά . Evaluate the 

corresponding splitting value of H. 

Solution- The doublet splitting separation due to spin-orbit interaction is given as: 

      DT = ¤ ́
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Where, Ὑ¤ is Rydbergôs constant,  ́is fine structure constant, Z is atomic number and 

n, l are constant for a given state. 

    DT ὤ́  

For ὌὩ, Z = 2 and for H, Z = 1 

Therefore, 
D

D
 =  ) = 16 

 DὝ =  DὝ  =  * 5.84 = 0.365 ὧά  

1.5 Pauliôs Exclusion principle and exchange symmetry 

To study the spectra of multi-electron atoms, the quantum mechanical properties of identical 

particles should be considered. As per the quantum mechanical wave theory, the particles that 

can be described by the symmetric total wave functions are called as óBosonsô. Therefore,  

ɣ (1, 2, 3éé.. N) = +ɣ (1, 2, 3é..N) 

From this it is inferred, that all the particles with the integral spins are known as Bosons. 

Examples are photons, gravitons, pions, etc.  

Opposite to it, the particles that can be completely described by the asymmetric total wave 

functions are known as óFermionsô. Therefore,  

ɣ (1, 2, 3éé.. N) = -ɣ (1, 2, 3é..N) 

From this it can be inferred that all the particles with the half integral spins are Fermions. 

Examples are electrons, protons, neutrons, etc. 

Pauli in Year 1925, formulated basic principle that governs the electronic configuration of the 

atoms. Pauliôs Exclusion Principle states that ñno two fermions can exist in the same quantum 

stateò. This can be further extended that the existence of two electrons with same spin 

orientation in one atomic orbital is not possible. 

Let us consider two identical non ï interacting particles 1 and 2 having quantum state, a and b, 

then the wave function of the system is 

ɣ ab (1, 2) = ɣa(1).ɣb(2) 

Let us now consider particle to be in state b and particle 2 in state a, then the wave function 

would be 

ɣ ba (1, 2) = ɣb(1).ɣa(2) 

As these particles are indistinguishable, ɣ ab and ɣ ba, both have equal likelihood. Therefore, 

the system can be described by linear combination of both. 
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ρȟς 
ρ

Ѝς
 ρ  ς  ρ  ς  

Where, 
Ѝ

 is the normalisation constant. 

For Bosons, where total wave function is symmetric, the above equation becomes 

 ρȟς 
ρ

Ѝς
 ρ  ς  ρ  ς  

And for Formions (Anti ï symmetric Wave), 

 ρȟς 
ρ

Ѝς
 ρ  ς  ρ  ς  

If the quantum states a ſ b, then 

 ρȟς π 

 ρȟς π 

Therefore, two Bosons can exist in the same quantum state whereas two Fermions cannot 

because because the wave function vanishes identically in case of fermions. This further 

indicates that fermions cannot be described by the same set of quantum numbers. 

Solved Example No 3: 

Consider a system comprising two Bose particles with same quantum number a construct 

normalised wave function. 

Solution- Let the two Bose particles be 1 and 2. The normalised wave function is given 

as:- 

 y (1, 2) = 
Ѝ
 ρ  ς  ρ  ς  

where 
Ѝ
  is normalisation factor. Both the Bose particles are associated with same 

quantum number óaô. Therefore, a = b. 

 y (1, 2) = 
Ѝ
 ρ  ς  ρ  ς  

                           Ѝς y ρ y ς 

1.6 Hundôs Rule 

These rules are as follows:- 

1. The terms with largest multiplicity lie at the lowest. 
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2. The terms with largest L lie at the lowest for terms with same multiplicity. 

3. The levels with lowest value of J lies at the lowest for half ï filled or lesser in outermost 

sub shell and for more than half ï filled sub shell, the level with longest J has lowest in 

energy for terms of an atom. 

 

1.7 Helium Atom and itôs Spectrum 

1.7.1 He atomôs spectrum 

Two identical particles, when treated quantum mechanically act under the influence of 

exchange of forces. This force may be attractive or repulsive depending on the orientation of 

spin of the particles. If we consider two electrons, parallel spins repel, however the antiparallel 

spins attract. 

A system having two electrons in an atom such as He atom may exist in singlet or triplet state. 

The two electrons two and two have spin quantum numbers as ί  and ί  respectively. 

Thus, the Ὓᴆ (spin angular momentum) of the considered system is
p
 ὛὛ ρ. S can have all 

the values from (ί  ί) to (ί  ί) with a difference of one. Therefore, S = 1, 0. 

S = 1 corresponds to antiparallel spins and S = 0 to parallel spins: 

ί   ¬ and ί   ¬ gives S = 1 

ί   ¬ and ί   ® gives S = 0 

The Z component (Ὓ) is given as Ὓ = ὓ ὬȾςp, where ὓ  has all the possible values from 

+S to ïS. That is 

ὓ ρȟπȟρ for S = 1 

And ὓ π for S = 0 

Therefore, there are three possible values of ὓ for S = 1, resulting into three possible spin 

states known as ótriplet statesô whereas, for S = 0 the value of ὓ πand thus singlet spin 

state arises due to parallel configuration and singlet state due to antiparallel configuration. 

The He atomôs emission spectrum for triplet and singlet states is shown in Fig. 3 below: 
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Fig. 3 The He atomôs emission spectrum for triplet and singlet states 

From the above figure, it may be inferred that for every single energy level of singlet state there 

corresponds a triplet state. The energy difference between the lowest excited state and state 1Ὓ 

is quite large. The triplet states donôt combine with the singlet states. 

This non combination of triplet state with singlet state indicates the existence of two forms of 

helium ï orthohelium and parahelium. In orthohelium form, the electron spins are parallel 

giving rise to the triplet state while, in the parahelium form, the spins of the electrons is 

antiparallel giving rise to the singlet state.  In the process of collision, the orthohelium form 

may lose excitation energy and become parahelium. On the other hand, parahelium atom may 

gain this energy via collision to become orthohelium. Therefore, in general helium is found as 

the mixture of both. However, it is well understood that the splitting of He into two non-

combing systems arises from quantum mechanical treatment.   

1.7.2 Quantum Mechanical treatment of He atom 

Let us consider a system comprised of two electrons. Then the general form of the normalised 

wave function, in space domain for symmetric and antisymmetric conditions is given as: 

Ѝ
y ρy ς  y ρy ς  Symmetric Wave function ......(47) 

Ѝ
y ρy ς  y ρy ς  Antisymmetric Wave function......(48) 
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Where a and b represent space quantum numbers. 

The spin coordinate can have two orientations ï spin up (+1/2) and spin down (-1/2). Thus 

there are only two possible wave functions - b+ and b-. Thus, there are only two possible wave 

functions corresponding to spin up and spin down states. These lead to four possible ways in 

which spin wave function can exist. The normalised form of these spin wave functions are 

given below. 

bb   

Ѝ
bb  bb   

bb   

Ѝ
bb  bb   

The first three forms (eqn 49) are for parallel orientation of electrons giving rise to the triplet 

states and the last form (eqn 50) is due to antiparallel orientation that results into singlet state. 

It is also known that the total wave function may be written in terms of spin wave function and 

space wave function as: 

y  yb         ........(51) 

Therefore the total wave function for He atom may be written as: 

Ѝ
y ρy ς  y ρy ς  bb   

Ѝ
y ρy ς  y ρy ς   

Ѝ
bb  bb   

Ѝ
y ρy ς  y ρy ς  bb   

 These forms represent the parallel orientation (Triplet State) 

Ѝ
y ρy ς  y ρy ς  

Ѝ
bb  bb   

This form represents the antiparallel orientation (Singlet state) 

Due to first three forms of symmetric spin wave function (eqn 49), triplet state arises while the 

antisymmetric spin wave function (eqn 50) gives rise to singlet state. If we ignore the 

interaction due to coulomb field, all these four states are degenerate. However, if the coulomb 

interaction is considered, the exchange degeneracy gets removed and splits each state into 

singlet and three fold degenerate triplet state (Fig. 4). Therefore, splitting of He atom into 

Singlet ï Triplet can be explained under coulomb effect.  

Symmetric (Triplet State).........(49) 

Antisymmetric (Singlet State)........ (50) 
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Fig. 4 Splitting of He atom into Singlet ï Triplet can be explained under coulomb effect 

The electrons in the ground state have same quantum numbers, that is a = b = 1s and hence 

there exists single wave function in the space domain as y ρy ς. This space wave 

function is symmetric with respect to the exchange of electrons. In order to satisfy the pauliôs 

exclusion principle, the space wave function needs to be combined with antisymmetric spin 

wave function [
Ѝ
bb  bb . Such a combination results into singlet state. This further 

indicates the absence of triplet state for the ground state. 

Except for this ground state, there exist triplet states with singlet states for higher energy levels. 

The energy due to coulomb interaction 
pe

between the two electrons is lesser in the triplet 

state compared to the singlet state. This is because the average distance (ὶ ) between the 

electrons is greater in triplet state compared to singlet state. Henceforth, the singlet states lie in 

the upper level compared to triplet states.   

It is also observed that the energy level of the ground state is much lower compared to other 

higher levels. The electrons of the ground state are strongly bounded by the nucleus compared 

to higher energy levels. The perturbation may be adopted to calculate the energy of ground and 

higher levels of He atom.  

Let us now consider He atom (Z = 2) having charge on nucleus (+Ze) and two electrons say 1 

and 2. Then the Hamiltonian operator (  is given as:  

(  
p

Ð  Ð
pe

 
pe pe

     ...........(52) 

Where ὶ and ὶ are the distances between the nucleus and electrons 1 and 2 respectively. 

While, ὶ  is the distance between the electrons 1 and 2. Due to the coulomb repulsive potential 
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energy between the two electrons, the term 
pe

 is taken positive while all other forces are 

attractive. The motion of the nucleus and few interactions such as spin-spin and spin-orbit 

coupling are neglected in the present calculation as they are very weak compared to the 

coulomb interaction. The attractive potential energy between the nucleus and the electrons 

make the terms 
pe

  ÁÎÄ 
pe

 make the terms negative. Hence the wave equation 

becomes: 

(y
p

Ð  Ð
pe

 
pe pe

y    ...........(53) 

And also,  (y Ὁy          ..........(54) 

The perturbation method is employed to solve eqn 53 and 
pe

 is considered as the perturbing 

term. Here eqn 53 can be written as: 

(ȍ  (ᴂy Ὁy  

Where (ȍ  (  ( 

Thus the wave equation (for ground state ï 1s1s) for unperturbed part can be written as: 

(ȍyȍ Ὁȍyȍ                       ........(55) 

Where yȍ  yȍ ρyȍ ς 

And %ȍ  %ȍρ%ȍς 

The unperturbed wave function is treated as the product of two wave functions of hydrogen 

like atoms in the ground state. The eigen value of yę is the sum of the individual eigen values 

of  yȍ ρ ÁÎÄ yȍ ς respectively. 

We also know that the wave function of the hydrogen like atoms in the ground state is 

yȍ  
Ѝp
:
Á  ÅØÐ ὤὶÁ         ........(57) 

And the eigen value of the yȍ is %ȍ  :%  

Here, Ὁ  
e

ρσȢφ Å6        .........(58) 

Substituting the values from eqns 58 and 57 into 56, we get: 

yȍ  
p

:
Á  ÅØÐ 

ὤὶ  ὶ
Á   

%ȍ ς:%   

       .......(56) 

..........(59) 
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As for He atom Z = 2 

%ȍ ψ%    

= - 8 × 13.6 eV 

= -108.8 eV 

However, the experimental results show that this value is -78.98 eV. This simply highlights the 

role of coulomb interaction between the two electrons play a key role in determining the energy 

state of He atom.  

Therefore, the introduction of perturbation term representing coulombic repulsion term is done. 

Now, for the evaluation of first order energy perturbation evaluation of first order energy 

perturbation, we will consider the following equation: 

%  ᷿yȍ(yÄt  

Ὁ
ρ

p
:
Á ÅØÐ

ὤὶ  ὶ
Á

ρ

τpe

Ὡ

ὶ
 
ρ

p
:
Á ÅØÐ 

ὤὶ  ὶ
Á  ÄtÄt 

Ὡ

“

ὤ

ὥ

Ὡ
ςὤὶ ὶ
ὥ

τ“‐ὶ
ὶὨὶίὭὲ—Ὠ—Ὠ•ὶὨὶίὭὲ—Ὠ—Ὠ•  

4ÈÅÒÅÆÏÒÅȟ Ὁ
υὤὩ

σς“eÁ

υ

τ
ὤ

Ὡ

ψ“eÁ

υ

τ
ὤὉ

υ

τ
ς ρσȢφ στȢπὩὠ 

  

 The total energy becomes: % % % 

     = -108.8+34.0 

    = -74.8eV 

This value is almost equal to the experimental results with an error limit of ~5%. However, for 

higher precision and accuracy, the variation method may be employed. If we consider He like 

atoms that are heavier than the He atoms like Li+, Be++, B+++ and many more, the error gets 

reduced. This is because the nuclear charge increases and the interaction between the nucleus 

and the electron become more important rather than the electron interaction and hence the 

perturbation term becomes more accurate. 

1.6 Summary 

The Schröedinger treatment on hydrogen and like atoms gives rise to principal quantum 

number, angular quantum number and azimuthal quantum number which further coined the 

concept of discreteness and quantization of energy. These quantum numbers and their 

discreteness could explain the line spectra of the hydrogen and hydrogen like atoms. Further, 
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these discrete energy levels split due to electronôs orbital and spin motion. The relativistic 

corrections in addition to spin-orbit coupling effect give rise to term shift. This term shift 

determines the fine structure of hydrogen and hydrogen like atoms.  

For atoms with more than one electron, the Pauliôs exclusion principle and the exchange 

symmetry becomes important. The Pauliôs principle stated that no two fermions can exist in 

the same quantum state. Two particle systems like He atom have two identical particles. When 

such a system is treated quantum mechanically, they act under the influence of exchange of 

forces. This force may be attractive or repulsive depending on the orientation of spin of the 

particles. If we consider two electrons, parallel spins repel, however the antiparallel spins 

attract. Due to symmetric spin wave function, triplet state arises while the antisymmetric spin 

wave function gives rise to singlet state. If we ignore the interaction due to coulomb field, all 

these four states are degenerate. However, if the coulomb interaction is considered, the 

exchange degeneracy gets removed and splits each state into singlet and three fold degenerate 

triplet state. Therefore, splitting of He atom into Singlet - Triplet can be explained under 

coulomb effect. For every single energy level of singlet state there corresponds to a triplet state. 

The triplet states donôt combine with the singlet states. This non combination of triplet state 

with singlet state indicates the existence of two forms of helium ï orthohelium and parahelium. 

In orthohelium form, the electron spins are parallel giving rise to the triplet state while, in the 

parahelium form, the spins of the electrons is antiparallel giving rise to the singlet state. In 

general helium is found as the mixture of both. 

The transitions taking place between the different energy states gives rise to spectral lines. By 

employing appropriate selection and intensity rules, these transitions between different energy 

levels are determined. In one electron atoms, all the states exist as doublets except the ground 

state. The fine structure is obtained due to the transitions between these doublets. However, the 

selection rules must be accounted for actually observable fine structure. A more complex fine 

structure is expected for more than one electron systems as these involve terms with higher 

multiplicities. However, the determination of these transitions is again governed by selection 

rules. Due to the closed shells in the atoms, the optical electrons available for transitions and 

hence spectra formation are few. Therefore, as the periodic number increases the complexity 

in the determination of fine structure of atoms doesnôt increase. Apart from this, the selection 

rules also reduce its complexity. Furthermore, the application of Pauliôs exclusion principle 

also reduces its complexity. 
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1.9 Terminal Descriptive type questions 

 

Q-1. Consider a two- electron system and write its spin function for anti symmetric and 

symmetric combinations. 

Q-2. Describe the helium atom with the help of energy - level diagram. State the conditions 

under which helium electrons transits into higher state. 

Q-3. Treat helium atom quantum mechanically and hence explain its spectrum. 

Q-4. Discuss the salient features of helium atom spectra. How does it differ from hydrogen 

spectra? 

Q-5. Discuss the helium spectra for parahelium and orthohelium states. 
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Q-6. Evaluate the energy for ground state of He atom. 

Q-7. Apply Pauliôs exclusion principle to prove that the He atom exists in singlet state only in 

ground state. 

Q-8. What do you understand by identical particles? Describe the exchange symmetry for 

identical particles wave function. 

Q-9. Differentiate between symmetric and anti symmetric wave functions. 

Q-10. State and discuss Pauliôs exclusion principle for symmetric and anti symmetric wave 

functions. 

Q-11. State the limitations of Bohr ï Sommerfeld model. Discuss the quantum mechanical 

treatment on hydrogen atom. 

Q-12. Discuss hydrogen atom quantum mechanically and hence explain all the quantum 

numbers involved. 

Q-13. Obtain the energy levels and associated quantum numbers of a hydrogen by solving the 

radial part of the Schroedinger wave equation. 

Q-14. Discuss the physical significance of quantum numbers obtained from hydrogen atomôs 

Schroedinger equation. 

Q-15. Discuss fine structure of hydrogen atom in light of spin ï orbit coupling and relativistic 

corrections. 

Q-16. Draw and explain the energy levels for fine structure of hydrogen atom. Elaborate the 

results from Dirac theory. 

Q-17. Deduce the expressions for spin ï orbit interaction energy and relativistic correction 

energy terms hence evaluate the net term shift for hydrogen like atoms. 

Q-18. Consider hydrogen like atoms and apply first order perturbation theory to deduce the 

fine ï structure splitting of n l due to spin ï orbit interaction. 

Q-19. Using Dirac theory to show transitions from n = 3 to n = 2 states for a hydrogen atom. 

Q-20. Comment on the statement that the ñthe ground state of He atom lies much deeper 

compared to the H atomôs ground level, however, the excited states lie closely to each other.ò  

 

1.10 Numerical type (Self Assessment questions) 

 

Q-1. The first order excited state (2ὖ - 2ὖ ) doublet splitting values is 0.365 ὧά  for a H 

atom. Evaluate the corresponding splitting separation value of (Å .  
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(Ans- 5.84 ὧά  ) 

Q-2. Find the parity of O atom in ground state. 

(Ans- Even Parity) 

Q-3. The first order state (2ὖ - 2ὖ) doublet splitting value is 0.365 ὧά for a H atom. Evaluate 

the corresponding splitting separation for ὒὭ. 

(Ans- 29.6 ὧά  ) 

Q-4. Prove that the total number of electrons is 2ὲ for a closed shell ( n is principal quantum 

number) 

Q-5. Consider a wave function for two particles- 

                    y  ρȟς  ! y ρ y ς ° y ρy ς . Evaluate the value of A. 

(Ans- 
Ѝ

 ) 

Q-6. Write the exchange symmetric wave function for ground and excited state (1s 2s) of He 

atom. 
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2.1 Introduction 

The atomic models given by Rutherford, Bohr and Sommerfeld were incapable of explaining 

spectral lines due to fine structure splitting of simplest system (one electron atoms). Although, 

the Sommerfeld model could give some theoretical explanation to fine structure of spectral 

lines, it was partial success. The Sommerfeld model was incapable of predicting number of 

spectral lines correctly and the relative intensities among these spectral lines. Going forward, 

the findings of the relatively new experiments like Zeeman effect, Paschen - Back effect, Stark 

effect etc., could not get accommodated in the older atomic models.  Bohr model suffered from 

one more major objection. It was based on two fundamental theories that opposed each other. 

The frequencies corresponding to emission spectra was explained and understood on the basis 

of quantum theory, however the motion of electrons in the stationary orbits was as per the 

classical laws. Therefore, the older models had become insufficient to explain and interpret 

new ideas related to atomic structure. This finally resulted in evolution of vector atom model. 

The vector atom model inculcated the conception of space quantization and the electron spin. 

Before detailing the concepts of óquantization of spaceô, óspinning electronô and various 

coupling schemes, we shall first discuss the concept of orbital magnetic dipole moment and 

Bohr Magneton.  

Let us consider one electron atom with orbital quantum number l that is orbiting around the 

nucleus. This orbiting electron serves as a tiny current loop and its movement produces 

magnetic field. An electron with electronic charge -e, mass m revolves around the nucleus in 

Bohr orbit of radius r with velocity v as illustrated in Fig.1 below. The current produced is 

given as: 

Ὥ ὩȾὝ (Magnitude only) 

Where T is the electronôs orbital time period 

Ὕ ςpὶȾὺ  

Therefore,   Ὥ ὩὺȾςpὶ 

Also, we know that the magnetic dipole moment mᴆ in a 

current loop with area a and current i is given as: 

mᴆ Ὥὃ  

mᴆ
p
pὶ  

mᴆ  .............(1) 

As electron is negatively charged, the direction of mᴆ is opposite to that of ὒᴆ. Also the magnitude 

of ὒ is given as: 

Fig. 1 Movement of electron in Bohrôs 

circular orbit 
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ὒ άὺὶ ......(2) 

Thus from (1) and (2) equations we get 

mᴆ
  ......(3) 

The ratio 
mᴆ

 is constant for an electron and is called as ógyromagnetic ratioô. 

The eqn 3 may be rewritten in vector form as:  

mᴆ  Ὣ ὒᴆ .......(4) 

Negative sign indicates that mᴆ and ὒᴆ are oppositely directed.  

mᴆ  Ὣ ὒᴆ , where Ὣ ρ (orbital g factor) 

The magnitude values of ὒᴆ (orbital angular momentum) and  mᴆ (orbital magnetic momentum) 

are given as: 

ὒᴆ  
p
 ὰὰ ρ  

mᴆ
p
 ὰὰ ρ  

Where, l is orbital quantum number. 

The quantity 
p

 is called Bohr magneton (mᴆ and has a value of ωȢςχ ρπ ὃά for an 

electron. 

mᴆ ὰὰ ρm   

The eqn number 4 can be written as 

m  Ὣ
ς“‘

Èὒ
ᴆ  

Solved Example 1: 

 Question: In terms of Bohr magneton, evaluate the spin dipole moment of an electron. 

Solution: The spin magnetic moment is given as: 

mᴆ  Ὣ Ὓᴆ  

The magnitude of m is given as; 

m Ὣ Ὓ  
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For Ὣ ς and ί  ίί ρ
p
 

ί  ЍσȾς
p

 for S = 1/2 

Therefore, mᴆ ς
Ѝ È

p
 

Ѝσ
p

  

But the Bohr magneton is m
p

 

Therefore, m  Ѝσm  

Quantisation of Space 

The quantisation of space was based on quantum theory. In the presence of magnetic field ὄᴆ, 

the electron precesses along the direction of the magnetic field. The orbital angular momentum 

ὒᴆ traces a cone aroundὄᴆ. The angle between ὄᴆ and ὒᴆ is q as shown in the fig. 2 below. 

 

The z component L is given as: 

ὒ ὒ ὅέί—  

ὅέί—   

The magnitude of orbital angular momentum ὒᴆ and its Z 

component is given as: 

ὒ  
p
 ὰὰ ρ  

ὒ  ά   

Where, l is orbital quantum number and ά  is magnetic orbital 

quantum number. 

ὅέί—   

ὅέί—   

ά πȟρȟςȟȣȣȣȢȟὰ for a given l in 2l+1 

possible ways for a given l. These further states that óqô can 

have 2l+1 discrete values. These discrete orientations give 

rise to space quantization. 

Fig. 2 Representation of angle  q 

between orbital angular momentum 

vector ,ᴆ  and external magnetic field "ᴆ 
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The space quantization of orbital angular momentum ὒᴆ corresponding to ὰ ρ is shown in the 

fig. 3 below. 

ά ρȟπȟρ  

ὒ  ȟπȟ   

The orientations given by óqô is given as: 

ὅέί—   

ὅέί—ρ
Ѝς
 Ὢέὶ ά ρ  

ὅέί—π Ὢέὶ ά π  

ὅέί— ρ
Ѝς
 Ὢέὶ ά ρ  

Spinning Electron 

The relativistic corrections inculcated by sommerfeld 

atomic model could explain fine structure of hydrogen atom to an extent. This explanation 

failed in case of atoms other than hydrogen. Further this theory couldnôt explain the 

experimental results obtained by Zeeman Effect. In 1925, Goudsmit and Uhlenbeck introduced 

the conception of óSpinning Electronsô. They suggested that the electrons must be treated as 

charged particle that spins about its own axis. Thus the electron itself carries intrinsic spin 

angular momentum (Ὓᴆ) and magnetic spin dipole momentum (‘ᴆ). 

The magnitude values of Ὓᴆ given as: 

Ὓ  
p
 ίί ρ  

Where, s is spin quantum number and has a value of ί   

The z component S is given as: 

Ὓ  ά   

Where, ά  is called as the óspin magnetic quantum numberô and can have two possible values 

ά    according to ςÓ  ρ  ς. This states that the electron spin can have only two 

possible orientations in up and down directions. 

Experimentally, it is been determined that the gyromagnetic ratio of the spinning electron  

is two times the gyromagnetic ratio due to the corresponding orbital motion Ȣ 

Fig. 3 Discrete orientations of orbital 

angular momentum ὒᴆ for l=1 
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Therefore, ‘ᴆ  ς Ὓᴆ  

Negative sign indicates that mᴆ and Ὓᴆ are oppositely directed.  

‘ᴆ  Ὣ Ὓᴆ where Ὣ ς (spin g factor) 

Vector Model of Atom 

The spin (Ὓᴆ) and orbital (ὒᴆ) angular momentums are combined to determine the total angular 

momentum of the electrons. Since the Ὓᴆ and ὒᴆ are vector quantities, the total angular 

momentum (ὐᴆ is also a vector quantity. 

The Orbital angular momentum (ὒᴆ   

ὒ  
p
 ὰὰ ρ  

ὒ  ά   (Z component) 

l is the orbital quantum number, ά  is the orbital magnetic quantum number such that ά

ὰȟὰ ρȟȣȣȣȢȟπȟὰ ρȟὰ 

The Spin angular momentum (Ὓᴆ   

Ὓ  
p
 ίί ρ  

Ὓ  ά   (Z component) 

s is the spin quantum number, ά  is the magnetic spin quantum number such that ά ὰȟὰ

ρȾς 

Therefore the total angular momentum ὐᴆ, is given as: 

ὐᴆ  ὒᴆ Ὓᴆ  

ὐ  
p
 ὮὮ ρ  

ὐ  ά   (Z component) 

j is often called as inner quantum number, ά  is the magnetic inner quantum number such that 

ά ὮȟὮ ρȟȣȣȣȢȟπȟὮ ρȟὮ 

Also, ὐ  ὒ Ὓ 

ά  ά ά   
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Since ά  is the integral number and ά  ρȾς, therefore Ὦ ὰ ί is half integral number. 

The quantum numbers ὐᴆ, ὒᴆ and Ὓᴆ are quantised and the relative orientations correspond to 

Ὦ ὰ ί  for J > L 

Ὦ ὰ ί  for J < L 

In the vector model, the ὒᴆ and Ὓᴆ precess around ὐᴆ, as shown in fig. 4a; but when placed under 

the influence of external magnetic field ὄᴆ,  ὐᴆ precesses around ὄᴆ (Fig. 4b). 

 

 

 

 

 

 

 

 

 

 

 

 

Solved Example 2: 

Question: Corresponding to j =  , evaluate the number of possible orientations of total angular 

momentum J along with z- axis. 

Solution- The magnitude of J and its z axis component is given as : 

J = ὮὮ ρ 
p
 

And ὐ = mj
p
 

Now for j=   

 
 

!ǘƻƳ 

 

 

 

!ǘƻƳ 

 

Fig. 4a      Fig. 4b 

Fig. 4 Representation of Vector model of an atom 
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 mj = 
 
 ,  ,  ,  

Corresponding to mj and j, the angle q between J and z axis is determined. 

     ÃÏÓq   =  

        ὮὮ ρ =  ρ = 
Ѝ

  

                                                        Therefore, ÃÏÓq  = 
Ѝ

  

For mj =  ,  ,  ,  we have ÃÏÓq as: 

                                     ÃÏÓq = 0.775, 0.258, -0.258, -0.775 

Therefore, q = 39.2̄  , 75.0̄  , 105̄  , 140.8̄ 

There are four possible orientations. 

2.2 Objectives 

After studying this unit, the learners should be able to: 

¶ Understand and explain the concepts of space quantisation, spinning electron and 

hence visualise vector model of an atom. 

¶ Define various spectroscopic terminology 

¶ Apply L-S coupling and j-j coupling schemes on the atoms and hence determine the 

spectroscopic terms 

¶ Discuss Landeôs interval rule and Normal and inverted multiplets  

¶ Apply selection rules while determining the transitions during L-S and j-j coupling 

2.3 Spectroscopic Terminology 

There are few spectroscopic terms associated with the atomic spectra. To understand the 

coupling criteria and mechanism, the acquaintance with following terms is necessary. 

1. State:  

It defines the overall motion of the electrons in atoms. Four quantum numbers 

associated with each electron defines the state of an atom. Ground state has lowest 

energy. States with same energies are denoted as degenerate states. 

 

2. Energy Level: 

It is defined as aggregation of states with same energy, provided external electric or 

magnetic fields are absent. It is specified by total angular momentum J. The energy 

level of ground state is minimal. 
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3. Sublevel: 

In the presence of external magnetic or electric field, the energy levels spit into 

sublevels. These sublevels are specified by different magnetic quantum numbers. 

 

4. Spectroscopic Term: 

It is defined as aggregation of levels specified by multiplicity and an orbital angular 

momentum. For example, ó3Pô term is weighed mean of ó3P0ô, ó
3P1ô and ó

3P2ô. 

 

5. Configuration: 

The electronic configuration of an atom is characterized by quantum numbers n and l 

associated with the orbitals of the electrons. For example the electronic configuration 

of 5B is 1s2 2s2 2p1. 

 

6. Equivalent Orbitals: 

It is defined as orbital having same value of n and l. The electrons present in these 

orbitals are known as equivalent electrons. 

 

7. Statistical Weight:  

It is defined as the number of states present for a particular J. For a certain specific 

level, the statistical weight is calculated as 2J+1. 

 

8. Line Transition: 

It is defined as transition between two energy two energy levels. 

 

9. Component: 

It is defined as transition between two sublevels. 

 

10. Multiplet Transition: 

It is defined as aggregation of transitions associated with two terms. 

 

11. Resonance Line:  

The transition representing lowest frequency among all the transitions from ground to 

higher energy levels is known as resonance line. 

Let us now consider an atom with N multielectrons and atomic number Z such that N ¢ Z. The 

nucleus acquires the charge +Ze. The multielectrons are distributed as completely filled 

subshells around the nucleus and some as partially filled. The electrons in the outermost shell 

are optically active, only if it is partially filled. Five following prominent energy terms should 

be present in the Hamiltonian of the considered atom: 

(a) The kinetic energy of the electrons 

(b) The electrostatic energy of the electrons 
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(c) The residual electrostatic energy of the electrons 

(d) The spin-spin correlation energy 

(e) The spin-orbit interaction energy 

In the heavier atoms, the spin-orbit energy term dominates over the other four energy terms 

and this type of atoms combine in accordance with j-j coupling. In the lighter atoms, the 

residual electrostatic energy of the electrons and the spin-spin correlation energy of electrons 

show dominance over the other terms and this type of atom combine in accordance with L-S 

coupling. Let us now discuss L-S and j-j couplings individually. 

2.4 L-S COUPLING 

Apart from the kinetic energy of the electrons and the electrostatic energy of the electrons, the 

perturbations due to residual electrostatic interaction, spin-spin correlation and spin-orbit 

correlations are involved in the Hamiltonian of an atom. As the spin-orbit correlations are much 

weaker compared to residual electrostatic interactions, spin-spin correlations for a lighter atom, 

the L-S coupling is followed by these atoms. Let us now discuss these two dominant effects 

independently. 

(i) Spin-spin Correlation Effect:  

As an effect of spin-spin interaction, a resultant spin angular momentum Ὓᴆ is obtained 

due to strong coupling of individual spin angular momentum vectors ίᴆ of individual 

optical electrons. The magnitude of Ὓᴆ is
p
 ὛὛ ρ and can have values as 

 

Ὓᴆ  ȿίᴆ ίᴆ  ίᴆ  ȣȢȢȢȿ min, ȿίᴆ ίᴆ  ίᴆ  ȣȢȢȢȿ min+1, ίᴆ+ίᴆ ίᴆ+......Ȣ 

 

The energies associated with different Ὓᴆ is also different. The state with lowest energy 

has highest values of Ὓᴆ. This further indicates that the spin-spin interaction between the 

individual electrons splits the principal energy level with different values of Ὓᴆ and 

multiplicity 2S + 1. 

 

For 1 electron atom: 

Ὓ ί       

Thus, 2S+1 = 2 (Doublet level) 

 

For 2 electron atom:  

ί    ;  ί   

S = ȿί ίȿ , ȿί ίȿ + 1, .....( ί + ί) 

   = 0, 1 

Thus, 2S+1 = 1 and 3 (Singlet and triplet levels) 

 

For 3 electron atom:  
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ί    ;  ί   ; ί   

For this evaluation, let us consider S¡ as combination of two electrons and then couple 

with third electron ί   individually. We know S¡ = 0, 1 

 

For S¡ = 0 in combination with ί   give Ὓ ρȾς. 

For S¡ = 1 in combination with ί   give Ὓ ȟ. 

Therefore, we get S = 1/2, 1/2, 3/2, that is., two sets of doublets and one set of quartets 

are obtained for three electron atom. 

 

Let us generalize the possible values of S for N number of electrons: 

 

S = 0, 1, 2, ...... N (when N is even) 

S = 1/2, 3/2, 5/2, ......N/2 (when N is odd) 

 

Previously, it has been stated that the state with highest S has lowest energy. To 

understand this statement, an atom with two electrons is considered. We have seen that 

the spin-spin interaction effect splits the unperturbed energy level into singlet and triplet 

levels. As the total eigen function remains antisymmetric with respect to exchange of 

electrons, the distance between the two electrons is smaller for singlet state having 

antiparallel spins. This distance is larger for triplet state with parallel spins. Therefore, 

in the triplet state the electrostatic repulsion energy (positive) is less compared to singlet 

state and hence the triplet energy level lies deeper compared to singlet level. 

 

(ii) The residual electrostatic interaction effect: 

As an effect of residual electrostatic interaction, a resultant orbital angular momentum 

ὒᴆ  is obtained due to strong coupling of individual orbital angular momentum vectors ὰᴆ 

of individual optical electrons. The magnitude of ὒᴆ is
p
 ὒὒ ρ and can have values 

as: 

 

ὒᴆ  ὰᴆ ὰᴆ  ὰᴆ  ȣȢȢȢȿ min, ὰᴆ ὰᴆ  ὰᴆ  ȣȢȢȢȿ min+1, ὰᴆ+ὰᴆ ὰᴆ+......Ȣ 

 

The energies associated with different ὒᴆ is also different such that the state associated 

with lowest energy has highest values of ὒᴆ. As discussed in the earlier section, the 

energy levels split due to spin-spin interaction. Similarly, the energy levels also split 

due to residual electrostatic interaction. However, the separation in the split energy 

levels due to residual electrostatic interaction is lesser compared to spin-spin 

interaction. Each splitted energy level carries different values of  ὒᴆ  . 

For ὒᴆ πȟρȟςȟσȟτȟȣȣȢ the associated levels are designated as S, P, D, F, G, ......  
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Let us evaluate for: 

 

For 3p3d electrons:  

ὰ ρ  ;  ὰ ς 

S = ȿὰ ὰȿ , ȿὰ ὰȿ + 1, ..... ( ὰ + ὰ) 

   = 1, 2, 3 (For P, D and F states) 

 

For 2p3p4d electrons:  

For this evaluation, the two p electrons will be combined first (L¡) as they are not tightly 

bound. 

 

ὰ ρ  ;  ὰ ς 

Thus L¡ = 0, 1, 2 

 

Now let us combine with d electron (ὰ σ) individually 

L¡ = 0 ; ὰ ς 

Thus L = 2 (D state) 

L¡=1 ; ὰ ς 

Thus L = 1, 2, 3 (P, D and F states) 

L¡=2 ; ὰ ς 

Thus L = 0, 1, 2, 3, 4 (S, P, D F and G states) 

 

Therefore, overall we get one S, two Pôs, three Dôs, two Fôs and one G state. 

 

Earlier in this section, it is been mentioned that the state with lowest energy has largest 

value of L. The coulomb repulsion between two electrons is minimal at maximum 

distance. Thus, the electrostatic repulsion is least when the electrons are present at the 

opposite ends of a diameter of an orbit. In this condition, electrons revolve in same 

direction around the nucleus and their individual orbital angular moments are in parallel 

direction. From exchange symmetry of wave functions, it is very well known that the 

antisymmetric eigen function corresponds to parallel direction of two electrons. Thus, 

state with higher L, is associated with antisymmetric total wave function carries lower 

energy. 

 

(iii) Spin- Orbit interaction effect: 

As the spin-orbit interactions is weaker compared spin-spin interaction and residual 

electrostatic interaction, the spin angular moments and orbital angular moments couple 

individually first to resultant Ὓᴆ and ὒᴆ respectively. Thereafter, the resultant spin angular 

momentum Ὓᴆ and the resultant orbital angular moment ὒᴆ combine with each other to 

form resultant total angular moment ὐᴆ of the atom. 

ὐᴆ  ὒᴆ + Ὓᴆ 
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The magnitude of ὐᴆ is 
p
 ὐὐ ρ and quantum number ὐᴆ has values as: 

 

ὐᴆ   ὒᴆ  Ὓᴆȟὒᴆ  Ὓᴆ ρȟȣȣȢὒᴆ  Ὓᴆ 

 

The number of J values are determined as (2S + 1) when L>S and (2L+1) when S>L. If 

S is integral value, J also has integral value and if S is half integral value, J also has half 

integral value. This further indicates that the splitting due to spin-orbit interaction is 

comparatively less spaced than splitting due to spin-spin interaction and residual 

interaction. These levels are characterised by quantum number J which has degeneracy 

(2J+1). The collection of these J levels form ófine structure multipletô. Further, the 

spacing between these multiplets is defined by Lande Interval Rule.   

 

2.4.1 Lande Interval Rule 

 

The spin-orbit interaction energy for the atoms obeying L-S coupling is given by: 

 

 DὉȟ ὥὒᴆ Ὓᴆ , 

where óaô is known as interaction energy constant. 

 

We know that 

ὐᴆ  ὒᴆ + Ὓᴆ, 

 

Letôs take self-scalar product of above equation 

 

 ὐȢᴆὐ ᴆ  ὒᴆ + Ὓᴆ. ὒᴆ  Ὓᴆ 

ὐȢᴆὐ ᴆ  ὒȢᴆὒ ᴆ ὛȢᴆὛ ᴆ  ςὒȢᴆὛ ᴆ 

ςὒȢᴆὛ ᴆ ὐᴆ  ὒᴆ  Ὓᴆ  

ὒȢᴆὛ ᴆ
ρ

ς
ὐᴆ  ὒᴆ  Ὓᴆ  

 

Thus, DὉȟ  ὐᴆ  ὒᴆ  Ὓᴆ   

 

DὉȟ  ὐὐ+1) ï L(L+1) ï S(S+1)] h2/4p2 

{ As ὐᴆ  ὐὐ ρὬȾςp ; ὒᴆ  ὒὒ ρὬȾςp and Ὓᴆ  ὛὛ ρὬȾςp }  

 

Thus, DὉȟ  ὃὐὐ+1) ï L(L+1) ï S(S+1)] 

where A= ah2/8p2 (another constant). 
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As L-S coupling multiplet has same values of L and S for fine structure levels and only differs 

in values of j. Therefore, the energy difference for the fine structure levels having J as one level 

and J+1 for another level is given as: 

 

Ὁ  Ὁ  ὃὐὐ+1)(J+2) ï J(J+1)] 

 

Ὁ  Ὁ  ςὃJ+1] 

 

This shows that the energy difference is proportional to the term (J+1). Larger the value of J, 

greater will be the energy difference and consequently larger spacing. 

 

2.4.2 Normal and Inverted Multiplets 

Generally, the lowest lying level in a multiplet carries lowest value of J. These types of 

multiplets are known as normal multiplets. However, the multiplets in which the lowest lying 

level is designated with highest value of J are known as inverted mutiplets. 

The normal multiplets are stable in nature. The orbital angular momentumὒᴆ and the magnetic 

field ὄᴆ caused by the motion of electrons in orbit (under the influence of nucleus) in same 

direction. In such a situation the spin magnetic moment ‘ᴆ of the electron lies in the same 

direction as that of ὄᴆ. This builds up a stable state as illustrated in fig. 5. As the electron is 

negatively charged ‘ᴆ is in opposite direction to Ὓᴆ. Therefore, ὒᴆ and Ὓᴆare in opposite directions 

and hence attain lowest energy as well as the lowest value of ὐᴆ . In this condition ‘ᴆ points 

opposite to ὄᴆ, corresponding to inverted multiplet (least stable). Some perturbing influences 

give rise to inverted multiplets. 

 
 

 Fig. 5 Orientations of ‘ᴆ, ὄᴆ, Ὓᴆ and ὒᴆ in normal and inverted multiplets 
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Solved Example 3:  

Question: The energy levels with increasing energy in a multiplet are separated with 3:5 ratio 

for line spectrum of an arbitrary atom. Designate S, L and J quantum numbers to these levels 

via using Landeôs interval rule. 

 

Solution: Let us consider a normal mutiplet in accordance with the energies associated 

with a level, the lowest energy is designated with J and the consecutive higher levels are 

designated with J+1 and J+2 respectively. Then the energy (E) of of the levels with J+1 

and J+2 level is 5/3 E. According to Lande interval rule, the energy interval of 

consecutive levels for a given multiplet is directly proportional to the J value of the upper 

level 

Ὁ ςὃ ὐ ρ 

υ

σ
ςὃ ὐ ς 

By dividing the above two equations, we get 

σ

υ
 
ὐ ρ

ὐ ς
 

3(J + 2) = 5(J + 1) 

3J + 6 = 5J + 5 

2J= 1 

  J=   

The values of J with increasing energy levels are given as ï J =  ;  ;  . 

We also know, 

ὐᴆ   ὒᴆ  Ὓᴆȟὒᴆ  Ὓᴆ ρȟȣȣȢὒᴆ  Ὓᴆ  

The maximum and minimum values of J are 
 
 and  respectively. 

         ὒᴆ  Ὓᴆ   

ὒᴆ  Ὓᴆ  
υ

ς
 

If L> S 

          L-S =   

                             L+S =   
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Subtraction and addition gives 

L =  and S = 1 

But L cannot be half ï integral, therefore S < L, then  

S ï L =   

S + L =    

Subtraction and addition gives, 

S =  and L= 1 

2.4.3 Determination of Spectral Terms 

 

Only the optical electrons present in the atoms are useful for the determination of spectral terms 

of L-S coupling. This is because the core electrons present in the atom do not contribute in the 

determination of angular momentum. 

The odd or even spectral terms are determined by the electronic configuration. The odd 

electronic configuration results into odd spectral terms and even spectral term is associated 

with the even electronic configuration. The even or odd electronic configuration is further 

determined by lôs of optical electrons. If the summation of lôs ( Sl) is odd, then the electronic 

configuration is odd and if the Sl is even then the electronic configuration is also even. The 

superscript ę, is written after L symbol for only odd spectral term. Let us understand this 

statement with an example. A term ó3Pô arising from an odd electronic configuration is written 

as ó3Pęô and ó3Pô arising from an even electronic configuration 2p 3p is simply written as ó3Pô. 

Now we would determine the spectral terms of the atoms under below given three categories:  

 

(a) One optical electron atoms: 

Let us compute the spectral term for atoms with one optical electron such as hydrogen like 

atom. The ground state electronic configuration of hydrogen like atom is given as 1s 

And for this configuration ρȾς ; ὰ π 

Such that Ὓ ί ρȾς and the multiplicity  Ý 2S+1 = 2 

ὒ ὰ π  (S State) 

ὐᴆ   ὒᴆ  Ὓᴆȟὒᴆ  Ὓᴆ ρȟȣȣȢὒᴆ  Ὓᴆ  ρȾς  

Hence, the spectral term for the ground state hydrogen like atom would be: ╢ . 

 

Let us now determine the spectral terms for the excited states of hydrogen like atoms: 

 

2s,3s, 4s..........................2╢  

2p, 3p, 4p........................2╟ę ȟ  2╟ę  
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3d, 4d..............................2╓ ȟ  2╓  

 

Now, we would compute the spectral terms for alkali atoms. For this, let us consider Lithium 

(Li) as alkali atom, having electronic configuration as 1s22s. 

The spectral term would be 2╢ . 

 

(b) Two or More Non-Equivalent optical electron atoms: 

We would now compute the spectral term for an atom having two non-equivalent electrons in 

its outer shell, having an electronic configuration: 4p4d 

For the above configuration 

ί    ;  ί   ; ὰ ρ  ;  ὰ ρ 

 

Thus, S =0,1 and multiplicity (2S+1) = 1, 3 

L = 1, 2, 3 (P, D, F states) 

 

Therefore, we have a total of six terms ï three singlet and three triplet terms. 

All these terms arise from odd electronic configuration ï 4p4d and this configuration has Sl = 

1+2 = 3 

 

The spectral terms associated with above configuration are: 
1Pę, 1Dę, 1Fę, 3Pę, 3Dę, 3Fę 

 

Let us now evaluate J  

ὐᴆ   ὒᴆ  Ὓᴆȟὒᴆ  Ὓᴆ ρȟȣȣȢὒᴆ  Ὓᴆ  

 

For Singlet terms we have,  

Ὓ π Ƞὒ ρ ὫὭὺὩί ὐ ρ Ý  1ὖę 

Ὓ π Ƞὒ ς ὫὭὺὩί ὐ ς Ý  1Ὀę 

Ὓ π Ƞὒ σ ὫὭὺὩί ὐ σ Ý  1Ὂę 

 

For triplet terms, we have 

Ὓ ρ Ƞὒ ρ ὫὭὺὩί ὐ πȟρȟς Ý  3ὖę , 3ὖę, 3ὖę 

Ὓ ρ Ƞὒ ς ὫὭὺὩί ὐ ρȟςȟσ Ý  3Ὀę , 3Ὀę, 3Ὀę 

Ὓ ρ Ƞὒ σ ὫὭὺὩί ὐ ςȟσȟτ Ý  3Ὂę , 3Ὂę, 3Ὂę 
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This indicates that the single level representing the configuration 4p4d splits into 12 levels as 

shown in the fig. 6. The spin-spin interaction splits it into singlet (S = 0) and triplet (S = 1) 

levels. As shown in the figure, the triplet state lies lower to the singlet state owing to higher 

multiplicity. The residual electrostatic interaction further splits the two levels into three levels 

namely; P, D and F levels. Here also the F level lies at the lowest owing to highest l value.  

Now, due to spin orbit interaction, the triplet state is further split up into three fine-structure 

levels characterised by different J values. The spacing between these levels is determined by 

Lande Interval Rule, such that the levels with lowest J lie at the lowest for a given normal 

multiplet. Furthermore, each J level is 2J+1 fold degenerate. Henceforth, a total of 60 

degenerate levels can be obtained for a level representing 4p4d electronic configuration. 

Let us now evaluate for three non-equivalent optical electrons. For this, the spins of two 

electrons are first combined then the third spin is combined. Similarly, the orbital angular 

momentum of two electrons that are more closely bound is combined first and thereafter the 

third electronôs orbital angular momentum is combined. The electronic configuration under 

consideration is 3d4s5p (Sl = 3; odd configuration) 

Letôs combine the spins first 

ί    ;  ί   ; ί   

Lets combine ί   and  ί   first to get S¡ = 0, 1. Then, ί   is combined with 

S¡ to get values as S = 1/2, 1/2, 3/2. Subsequently, the multiplicities 2S + 1 are 2, 2 and 

4. These states correspond to two sets of ¡doublets¡ and one set óquartetô. 

 

Let us now combine orbital angular moments 

Fig. 6 Splitting of 4p4d level under L-S coupling scheme 
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Consider 3d and 4s first 

ὰ ς  ;  ὰ π 

Thus, L¡ = 2 

 

Now combine the l for 5p electron (l3 = 1). 

Therefore, L = 1, 2,3 (P, D, F states) 

 

Hence, there exists two sets of three doublets terms and one set of three quartet terms. 

The spectral terms are: 
2Pę, 2Dę, 2Fę, 2Pę, 2Dę, 2Fę, 4Pę, 4Dę, 4Fę that is 2Pę(2), 2Dę(2), 2Fę(2), 4Pę, 4Dę, 4Fę 

By inculcating the spin orbit interaction, we get now: 
2ὖȾȟ   Ⱦ 
ę (2); 2ὈȾȟ   Ⱦ 

ę (2); 2ὊȾȟ   Ⱦ 
ę (2), 2ὖȾȟ   Ⱦȟ   Ⱦ 

ę , 4ὈȾȟ   Ⱦȟ   Ⱦȟ   Ⱦ 
ę , 

4Ὂ Ⱦȟ   Ⱦȟ   Ⱦȟ   Ⱦ 
ę   

A total of 23 levels are obtained. 

 

(c) Two or more equivalent optical electron atoms: 

The quantum numbers n and l are same for two equivalent electrons. To satisfy Pauliôs 

exclusion principle, ml and ms (remaining quantum numbers) differ. Due to equivalence, 

certain spectral terms are not allowed. Let us understand this with example of two non 

equivalent and equivalent p electrons.  

Non equivalent - 2p and 3p give rise to 1S, 1P, 1D, 3S, 3P, 3D 

Equivalent ï 2p2 gives rise to 1S, 1D and 3P spectral terms respectively. Thus, 3D, 3S and 1P 

are missing. 

 

To determine the spectral terms for equivalent electrons, following points should be kept 

in mind: 

 

1. 1Ὓ term is always formed for closed sub-shell (S2, p6, d10, .....) 

The maximum number of equivalent electrons in a closed sub-shell is 2(2l + 1). These 

exist in antiparallel pairs. These electrons have: 

Sml = 0 ; Sms = 0 

And hence ML = 0; MS = 0 

Correspondingly, L = 0 (S State) 

S = 0 and the multiplicity 2S + 1 = 1 (Singlet State) 

J = 0 

 

These above values are satisfied only for the term 1Ὓ. This suggests that the total spin 

and the angular momentums are zero for completely filled sub shell. 

 

2. The electronic configuration (nl)q and (nl)r-q have same spectral terms. The symbol órô 

represents maximum number electrons present in a shell (2(2l + 1)) and óqô being even 
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integral number. This implies that the electronic configurations like p5 and p1; d8 and 

d2 will have same spectral terms. 

 

Let us now consider two equivalent p electrons (p2) and evaluate its spectral term. For 

this we would place the atom under very strong magnetic field so that all the internal 

couplings are broken and individual ὰᴆ and ίᴆ vectors exist. For a p electron l = 1, ml = -1, 

0, 1 and ms = 1/2, -1/2. Therefore, ml  and ms can possibly combine in following ways: 

 

ml = 1 0 -1 1 0 -1 

ms = 1/2 ½ ½ -1/2 -1/2 -1/2 

 

  (a) (b) (c) (d) (e) (f) 

        

 

Thus, there exists six possible ways (a, b, c, d, e, f) of configuration. The above six 

combinations are for single p electrons. This can be done by taking these six ways twice 

at a time. However, ml and ms cannot be same for two equivalent electrons due to Pauliôs 

exclusion principle. Such a type of combination allows fifteen possible ways (6C2= 

6!/2!(6- 2)! = 15) 

The possible combinations are given as follows: 

ab ac ad ae af; 

 bc bd be bf; 

  cd ce cf; 

   de df; 

    ef; 

 

 

    

Under strong field two ml and ms values combine individually to form ML and MS 

respectively. Therefore, the following ML and MS are obtained. 

ά  = 1 0 -1  

-  = 2 1 0 1 

-  = 1 0 -1 0 

-  = 0 -1 -2 -1 

  S P D ά  

From the table, it is noticed that ML can take values 2, 1 and 0. 

(i) For ML = 2; L = 2 (D State) and for Ms = 0  

The spectral term as 1D (S = 0) 

Apart from ML = 2, ML has values -2, -1, 0, 1 and with MS = 0 gives 

The spectral term as 1D  

Therefore the 1D term abides with following combinations: 
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Combinations ad ae af bf cf  
1D ML 2 1 0 -1 -2 

MS 0 0 0 0 0 

       

 

(ii)  For ML = 1 and MS = 1  

The spectral term is 3P (L = 1, S = 1) 

For ML = 1, 0, -1; L = 1(P State) and MS = 1 

The spectral term is 3P and the combinations are 

 

Combinations ab ac bc bd cd ce de df ef  
3P ML 1 0 -1 1 0 -1 1 0 -1 

MS 1 1 1 0 0 0 -1 -1 -1 

 

 

(i) For ML = 0 and MS = 0  

Only one combination is justified and the spectral term is 1S (L = 0, S = 0)  

 

Combinations bc  

1S ML 0 

MS 0 

 

Therefore the spectral terms for two equivalent p electrons are 1D, 3P, 1S. Henceforth, the fine 

structure levels are 1D2, 
3P0, 1, 2, 

1S0. 

The above exercise is bit cumbersome. These spectral terms can be evaluated by using Breitôs 

Scheme. Under this scheme, a table as shown below is written bearing all possible values of 

ML.  The ML values are evaluated by combining ÍÌ1 and ÍÌ2 values of two electrons 

respectively. The ÍÌ1 and ÍÌς values are written in row and column respectively. The 

summation of ML are noted below ÍÌ1 and towards the left of  ÍÌ2. As shown in the table below, 

there exists three sets of nine ML values in L shaped (dotted) lines. These sets are  

2 1 0 -1 -2 (i set) 

 1 0 -1  (ii set) 

  0   (iii set) 

 

For the above ML values, the corresponding L = 2, 1 and 0 gives one D, P and S term. 

Singlet (S = 0) or triplet (S = 1) are obtained by combing the spins of two electrons. The spin 

quantum number ms of the electrons is same for the triplet state and hence to satisfy the Pauliôs 

exclusion principle ml should differ. Therefore, ML values placed on the diagonal cannot be 

combined (ÍÌρ and ÍÌς values are same at the diagonal). Thus, for S = 1, the ML values are 

1,0,-1 (ii set) and the corresponding term 3P or 3P0, 1, 2 fine - structure multiplet. 
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Letôs discuss for Singlet state (S = 0) now. The spin quantum number ms differ and hence any 

value of ML is allowed. As the ML values corresponding to set ii have been designated for term 
3P, the remaining sets i and iii are combined for Singlet state. Thus, the spectral terms obtained 

are 1D2 and 1S0. 

Therefore, the two equivalent p electrons give the following spectral terms: 1S0, 
1D2, 

3P0, 1, 2. 

The p4 will also have same terms. 

Let us repeat the above exercise for two d electrons which has electronic configuration (nd)2. 

Write the Breitôs scheme for the ML values.  

ÍÌ1 = 2 1 0 -1 -2  

ML = 4 3 2 1 0 2 

ML = 3 2 1 0 -1 1 

ML = 2 1 0 -1 -2 0 

ML = 1 0 -1 -2 -3 -1 

ML = 0 -1 -2 -3 -4 -2 

  S P D F G ÍÌ2 

 

The above table deduces five sets of ML values: 

4 3 2 1 0 -1 -2 -3 -4 i set 

 3 2 1 0 -1 -2 -3  ii set 

  2 1 0 -1 -2   iii set 

   1 0 -1    iv set 

    0     v set 

 

These L values = 0, 1, 2, 3, 4 (set v, iv, iii, ii, i) correspond to S, P, D, F, G respectively. 

 For the Triplet state (S = 1). As discussed in the above example (p2 configuration) here only 

diagonal ML values are not taken into consideration. Therefore, the limited ML values are: 

3 2 1 0 -1 -2 -3 ii set 

  1 0 -1   iv set 

 

For above ML values; L = 3 and 1 which give 3F and 3P terms or 3F2, 3, 4 and 3P0,1,2 fine-structure 

multiplets respectively. 

For Singlet state (S = 0); the ML values of left out sets, that is i, iii  and v are combined and term 
1G, 1D and 1S are obtained. 

Therefore, the term values of two d electron are: 1S0, 
1D2, 

1G4, 
3P0,1,2, 

3F2,3,4. 
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d8 configuration will also have same spectral terms as stated above. 

 

2.4.4 Selection Rules in L-S Coupling: 

 

The atoms in which L-S coupling is applicable abide by following selection rules: 

1. When an electron jumps to make one transition at a time then l value should change by one 

unit. That is DÌ °1. 

The above selection rule follows óLaporte Ruleô. The Laporte rule states that in an electric 

ï dipole transition, the parity of the electronic configuration must change and hence the Sl 

must change by an odd number for one electron atom. If two electrons are involved in a 

transition simultaneously then Dl will be odd for one electron and even for second electron. 

That is DÌρ °1; DÌς 0ȟ2. 

2. The total quantum number, n can take up any values. 

3. For a complete atom, the L, S and J must follow: 

D, 0ȟ°1 (DL = 0 is not allowed for one electron atom) 

D3 0  

D* πȟ°ρ but for J = 0«£ J = 0 

When the coupling between the spin and orbit is weak, L-S coupling holds good. The spacing 

between the fine-structure levels for a given multiplet is much less compared to spacings 

between different multiplets itself. This happens only in lighter atoms, thus the L-S coupling 

holds good. This we saw in case of He (Unit I, Section 1.7) that there was no inter combination 

between singlet and triplet state. As the atoms become heavier, the spin-orbit interaction starts 

predominating and hence the L-S coupling breaks up. This gives rise to j-j coupling in heavier 

atoms. 

Solved Example No 4: 

 Question: The separation, between the adjacent components for a normal triplet state is 20cm-

1 and 40cm-1 respectively for an atom following L-S coupling. The separations for higher states 

are 22cm-1 and 33cm-1 respectively. Evaluate the terms for the two states and draw energy level 

diagrams for the allowed transitions. 

Solution: The quantum numbers J, J+1 and J+2 are associated with lowest for normal 

triplet state. By applying Landeôs interval rule, we get, 

ὐ ρ

ὐ ς

ςπ

τπ
 

 This gives J=0, 

 Therefore, J=0, 1, 2 (in increasing energy order) 
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We know J=|L-S|, |L-S|+1,é., |L+S|. The minimum and maximum value of J is 0 and 

2, respectively.  

 |L-S|=0,  

 (L+S)=2 

 If L>S, then L-S=0 and L+S=2 

 This gives S=1, so that 2S+1=3 

 L=1 (p state) 

 This gives the term ὖ ȟὖ ȟὖ . 

 Let us evaluate for higher states,   

ὐ ρ

ὐ ς

ςς

σσ
 

 This gives J=1, 

 Therefore, J= 1, 2,3, é (in increasing energy order) 

Since J=|L-S|, |L-S|+1,é., |L+S|. The minimum and maximum value of J is 0 and 2, 

respectively.  

 |L-S|=1,  

 (L+S)=3 

 This gives S=1, so that 2S+1=3 

 L=2 (D state) 

 This gives the term Ὀ ȟὈ ȟὈ  

 By applying selection rule ȹJ=0, Ñ1  
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 This gives a total of six transitions as shown in figure above. 

2.5 j-j Coupling 

In heavier atoms, the magnetic spin-orbit interaction factor present in the Hamiltonian, 

dominates over the spin-spin interaction and residual electrostatic interaction. This dominance 

results into j-j coupling. This spin-orbit interaction dominance also implies that the interaction 

between spin and orbit for a single electron is strongly coupled compared to spin momentum 

coupling and orbital momentum coupling in the individual electrons. Therefore, the splitting 

of the unperturbed energy level is more affected by spin-orbit interactions compared to spin-

spin interactions and residual electrostatic interactions. 

The resultant angular momentum j of magnitude ÊÊ ρÈȾςp is obtained due to strong 

coupling between spin and orbital angular momentums of individual electrons. The quantum 

number j takes vales from j = l ï 1/2 to j = l + 1/2 (half integral values only). This implies that 

the well spaced split energy levels are obtained due to strong spin- orbit interaction. Each of 

these energy levels correspond to different j values such that j = l ï 1/2  be lowest and        j = 

l + 1/2  be highest. 

Thereafter, this j of individual electrons combine due to residual electrostatic and spin-spin 

interaction with each other. The resultant total angular momentum *ᴆ of an atom vary from *ᴆ

 Êᴆ Êᴆ  Êᴆ  ȣȢȢȢȿ min, Êρᴆ Êᴆ  Êᴆ  ȣȢȢȢȿ min+1, Êρᴆ+Êᴆ Ê3ᴆ+......Ȣ and magnitude 

as *ᴆ  ** ρÈȾςp . 

Let us understand the j-j splitting illustratively by considering the level having electronic 

configuration as 4p4d (fig. 7), 
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For the p ï electrons: ὰ1 1Ƞ ί1 
1

2
Ƞὰ1 

1

2
ȟ
3

2
 

For the d ï electrons: Ì1 2Ƞ Ó2 
1

2
ȠÊ1 

3

2
ȟ
5

2
 

The above values of Ê1 and  Ê2 may possibly combine in following ways: 

(1/2,3/2); (1/2,5/2); (3/2,3/2); (5/2,5/2) 

Thus the j-j coupling splits the energy levels into four ways such that (1/2,3/2) is the lowest 

and (3/2,5/2) is the highest level. These levels further combine to give: 

(1/2,3/2)Ý J = 1, 2 

(1/2,5/2)Ý J = 2,3 

(3/2,3/2)Ý J = 0,1,2,3 

(3/2,5/2)Ý J = 0,1,2,3 

It is relatively quite seldom to find pure j-j coupling. As atoms transit from being lighter to 

heavier there is a gradual shift from L-S to j-j coupling. 

 

 

 

 

 

 

Fig. 7 Splitting of 4p4d level under j-j coupling scheme 
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2.5.1 Selection Rules in j-j Coupling 

 

The atoms in which j-j coupling is applicable abide by following selection rules: 

1. The selection rule follows óLaporte Ruleô. The Laporte rule states that in an electric -dipole 

transition, the parity of the electronic configuration must change and hence the Sl must 

change by an odd number for one electron atom. If two electrons are involved in a transition 

simultaneously then Dl will be odd for one electron and even for second electron. That is 

DÌ1 °ρ; DÌς 0ȟ2. This rule is same as for L-S coupling. 

2. When an electron jumps to make one transition at a time then j value should follow Dj

0ȟ°1 and for other electrons Dj 0 

3. For a complete atom, the J must follow: 

Dὒ 0ȟ°1 but for J = 0«£ J = 0 

DS 0 and DL 0ȟ°1 do not hold good for j-j coupling. 

 

Solved Example 5: 

Question: Two optically active electrons in two- valance electrons are associated with 

following quantum numbers as: 

 ὲ = 6, ὰ= 3, ί=    

 ὲ = 5, ὰ = 1, ί =   

(a) Obeying the L-S coupling scheme, evaluate the possible values of L, S and J. 

(b) Obeying the j-j coupling scheme, evaluate the possible values of J. 

Solution: (a) Given Data: 

ὰ= 3, ὰ = 1 

Therefore, ὒ  ȿὰ  ὰȿȟȿὰ  ὰȿ ρȟ ----------------- ȿὰ  ὰȿ 

                          L= 2, 3, 4 

       ί =   ; ί =   

           Therefore, S  ȿί  ίȿȟȿί  ίȿ ρȟ ----------------- ȿί  ίȿ 

       S = 0, 1 

  Therefore, J values are J =ȿὒ Ὓȿ, -----------------------ȿὒ Ὓȿ 

For S = 0 and L = 2, 3, 4 the values of J = 2, 3, 4  

For S = 1 and L = 2, 3, 4 the values of J = 1, 2, 3; 2, 3, 4 and 3, 4, 5 

(b) Given Data: 

For ὲ ȟ ὰ = 3, ί =  

 Therefore, Ὦ =ȿὰ  ίȿȟȿὰ  ίȿ ρȟ ----------------- ȿὰ  ίȿ 
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            =  ,   

                      For ὲ , ὰ = 1, ί =   

  Therefore, Ὦ  =  ,  

This gives four combinations of Ὦ and Ὦ as: 

  ȟ  ;  ȟ  ;  ȟ  ;  ȟ   

These combinations give J values as follows: 

  ȟ  Gives J = 2, 3 

  ȟ  Gives J = 3 ,4 

  ȟ  Gives J = 1, 2, 3, 4 

  ȟ  Gives J = 2, 3, 4, 5 

There are a total of 12 in number J values. 

 

2.6  Summary  

As the Bohr-Sommerfeld model became incapable of explaining the fine structure splitting, 

Zeeman effect, Paschen-Back effect, Stark effect etc.,. The, evolution of vector model of an 

atom seeded the concept of space quantization and spinning electrons. This further explained 

the splitting due to various interaction energies - the kinetic energy of the electrons, the 

electrostatic energy of the electrons, residual electrostatic interaction, spin-spin correlation and 

spin-orbit correlations that are involved in the Hamiltonian of an atom. This gave rise to 

splitting due to various coupling schemes namely L-S and j-j coupling. In the heavier atoms, 

the spin-orbit energy term dominates over the other interaction energy terms and this type of 

atoms combine in accordance with j-j coupling. In the lighter atoms, the residual electrostatic 

energy of the electrons and the spin-spin correlation energy of electrons show dominance over 

the other terms and this type of atom combine in accordance with L-S coupling. 

As the spin-orbit interactions is weaker in L-S coupling, compared spin-spin interaction and 

residual electrostatic interaction, the spin angular moments and orbital angular moments couple 

individually first to resultant 3ᴆ and ,ᴆ respectively. Thereafter, the resultant spin angular 

momentum 3ᴆ and the resultant orbital angular moment ,ᴆ combine with each other to form 

resultant total angular moment *ᴆ of the atom. 
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In heavier atoms, the magnetic spin-orbit interaction factor present in the Hamiltonian, 

dominates over the spin-spin interaction and residual electrostatic interaction. This dominance 

results into j-j coupling. This spin-orbit interaction dominance also implies that the interaction 

between spin and orbit for a single electron is strongly coupled compared to spin momentum 

coupling and orbital momentum coupling in the individual electrons. Therefore, the splitting 

of the unperturbed energy level is more affected by spin-orbit interactions compared to spin-

spin interactions and residual electrostatic interactions. 

The spectroscopic terms are further determined as per these coupling schemes and the allowed 

transitions follow the selection rules governed by these coupling schemes. 
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2.9 Terminal Descriptive type questions  

Q-1. Discuss different types of coupling schemes in atoms with the help of illustrative 

examples. 

Q-2. What do you understand by L-S coupling? Discuss various interaction energy terms 

involved in L-S coupling of an atom. 

Q-3. Consider two-valance electron atom. Apply L-S and j-j coupling on this atom and prove 

that the numbers of terms are same under both the coupling schemes for ps electronic 

configuration. 

Q-4. Differentiate between L-S and j-j coupling. Give examples to support your answer. 

Q-5. Explain the concept of equivalent and non-equivalent electrons with the help of examples. 

Q-6. Discuss vector model of an atom. 

Q-7. Deduce an expression for magnetic dipole moment for a hydrogen atom. Also evaluate 

Bohr magneton. 

Q-8. Discuss Landeôs interval rule for L-S coupling. 

Q-9. State various selection rules for j-j and L-S coupling schemes. Consider an oxygen atom 

and apply the selection rules to find the allow transitions from 1D and 1S terms. 

Q-10. What is the condition of the atoms that L-S coupling transits into j-j coupling? Explain 

with the help of examples. 

2.10 Numerical type (Self Assessment questions) 

Q-1. Consider an electronic configurationρίςίςὴ. Evaluate the values of l, s and j for the 

corresponding L, S and J of an atom. 

(Ans- ὰ ὒ ρ ; ί Ὓ  ; Ὦ ὐ  ȟ ) 

Q-2. Evaluate the term symbol for an aluminium atom that has two 3s electrons and one 8p 

electron in the outer most shell. 

(Ans- 2ὖ ) 

Q-3. Two 3s electrons are present in the outer shell of magnesium. Evaluate term symbol of its 

ground state. 

(Ans- 1Ὓ )  

Q-4. Evaluate the spectroscopic notation for the following states; 



             MSCPH507 

63 

 

 

(a) ὒ ρȠὛ ρ
ς  

(b) ὒ ςȠὛ χ
ς  

(c) ὒ σȠὛ σ  

(Ans- (a) 2ὖ
ȟ
 (b) 2ὖ

ȟȟȟȟ
 (c) 7Ὂȟȟȟȟȟȟ) 

Q-5. Find the values of L, S and J for the spectroscopic term 4Ὀ . 

(Ans- ςȠὛ Ƞὐ  ) 

Q-6. Compute the spectral terms for two equivalent d electrons. 

(Ans- 1Ὓ; 1Ὀ ; 1Ὃ; 3ὖȟȟ; 3Ὂȟȟ) 

Q-7. Consider an odd electron configuration ςὴσὴ and evaluate its spectroscopic terms. 

(Ans- 2Ὓ; 2ὖ
ȟ
(3); 2Ὀ

ȟ
(2); 2Ὂ

ȟ
; 4Ὓ; 4ὖ

ȟȟ
; 4Ὀ

ȟȟȟ
) 

Q-8. Diagrammatically represent the term values of σὴ τὨ  electronic configuration for L-S 

and j-j coupling. 

Q-9. Compute the spectral terms arising from neutral nitrogen atom. 

(Ans- 2ὖ
ȟ
; Ὀ

ȟ
; and 4Ὓ) 

Q-10. Evaluate the electronic configuration of N+ and hence evaluate the spectral terms. 

(Ans- ρίςίςὴȠ 1Ὓ; 1Ὀ ; 3ὖȟȟ) 

Q-11. Prove that the neutral carbon atom gives spectroscopic terms as 1Ὓ , 3ὖȟȟ and 1Ὀ . 

Draw the energy level diagram for it. 

Q-12. Consider the data of quantum numbers of two electrons in a two valance electron atom 

as: 

ὲ υȠ ὰ πȠ ί   

ὲ τȠ ὰ ρȠ ί   

Find the possible values of the l and j under (a) L-S coupling (b) j-j coupling 

Q-13. Evaluate the angle between ὐᴆ and z axis largest value of j and mj (Given:ὰ τ ὥὲὨ ί

) 

(Ans ï 25.2ę) 
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3.1.  Objectives 

After studying this unit, the learners should be able to: 

¶ Understand and explain the features of spectra of alkali or alkali like atoms. 

¶ Better comprehend the absorption  spectra and simultaneously the ionisation potential 

¶ Apply the spin-orbit interaction to understand the doublet separation for an alkali 

atom. 

¶ Elaborate in depth the splitting of S and P levels in alkali atoms resulting of the four 

series. 

¶ Appreciate the quantitative intensity relation of the doublet spectra stated by Burger, 

Dorgelo and Ornstein.  

¶ Understand the broad and fine-structure spectra of Alkaline Earth atoms with vector 

model of to valance electron atom. 

¶ Apply the selection rules for analytical investigation of spin-orbit interaction showing 

the triplet and anomalous triplets splitting. 

¶ Calculate the energy of interaction involving L-S and j-j coupling. 

 

3.2. Introduction to Alkali Spectra  

As we all know, hydrogen is the simplest atom, studied so far. Next that comes in line with 

respect to its spectra is the óAlkali Atomsô. These alkali atoms include Li, Na, K, Rb, Cs and 

Fr having their individual spectra whose experimental study was done by renowned scientists 

Bergmann, Rydberg, Living and Dewar. The study recognized that emission spectrum of the 

alkali atoms show spectral lines in form of four series. These include: A principal  series of 

bright and constant lines, a sharp series of fine lines, a diffuse series of approximately broader 

lines and a fundamental (also called Bergmann) series in the infra-red region. 

From the Balmerôs formula for hydrogen, Rydberg edged out that alkali series can be expressed 

by similar formulae, as given below: 

   As per Balmerôs formula, 

’  ’
Ὑ

ὲ
 

Rydbergôs representation, 

Principal :   ’  ’Ð    ,   m =2, 3, 4éé Ð 

Sharp:     ’  ’Ð    ,   m =2, 3, 4éé Ð 

Diffuse:   ’  ’Ð    ,          m = 3, 4, 5éé Ð 
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Fundamental:  ’  ’Ð    ,   m = 4, 5, 6éé Ð 

 

Where ’Ð of all the equations are the wave numbers of the convergence limits of its specific 

series and these terms are called as ófixed termsô. The órunning termsô that is, p, s, d and f shows 

the Rydberg corrections for the specific series. 

Rydberg perceived that different series of same atom have following relations among 

themselves: 

1. The convergence limit is same in diffuse and sharp series ’
Ð 
 ’Ð . 

2. The common convergence limit of sharp and diffuse series is equal to the first running 

term of the principal series. 

’Ð  ’Ð  
Ὑ

ς ὴ
 

3. The convergence limit of the principal series is equal to the running term (with m=1) 

of the sharp series. 

’Ð   
Ὑ

ρ ί
 

4. The convergence limit of the fundamental series is equal to the first running term (with 

m = 3) of the diffuse series. 

 

’Ð   
Ὑ

σ Ὠ
 

 

Therefore, keeping the above relations into consideration, the above Rydberg formulae can be 

represented as follows: 

     

Principal :   ’     ,   m =2, 3, 4éé Ð 

Sharp:     ’     ,   m =2, 3, 4éé Ð 

Diffuse:   ’     ,          m = 3, 4, 5éé Ð 

Fundamental:  ’     ,   m = 4, 5, 6éé Ð 

 

Rydberg ï Schuster Law: The difference in the wave number of the principal series limit and 

the sharp (or diffuse) series limit is equal to the wave number of the first line of the principal 

series: 
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’Ð ’  
Ð  

Ὑ

ρ ί
 
Ὑ

ς ὴ
 ’  

Rungeôs law: The difference in the wave number of the diffuse series limit and the fundamental 

series limit is equal to the wave number of the first line of the diffuse series: 

’Ð ’ Ð  
Ὑ

ς ὴ
 
Ὑ

σ Ὠ
 ’  

 

3.3.  Ritz Combination Principle 

The plausibility of the occurrence of other species was pinpointed by Ritz, as a result of the 

change in the ófixed termô present in the formula for the main series.  Such new series has been 

recognised in many different spectraôs, even in that of hydrogen spectra. 

For example, the main principal series and sharp series of the alkali spectra are explained in 

the form of abbreviations as follows: 

’ ρὛ άὖ, where m = 2, 3, 4é..Ð éééééé1 

’ ςὖ άὛ , where m = 2, 3, 4é..Ð     éééééé2 

 

Ritz predicted the series that was achieved by variation in the ófixed termô 1S and 2P to 2S, 

3Sé.. and 3P, 4P,é.. . Thus, the principal series is now represented as 

ςὛ άὖȟ×ÈÅÒÅ Í  σȟτȟυȣȢȢÐ
σὛ άὖȟ×ÈÅÒÅ Í  τȟυȟφȣȢȢÐ 

 éééé...3  

And the combination sharp series are represented as 

σὖ άὛȟ×ÈÅÒÅ Í  τȟυȟφȣȢȢÐ
τὖ άὛȟ×ÈÅÒÅ Í  υȟφȟχȣȢȢÐ 

 ééééé4 

It can be observed that the fixed terms that existed in equation number 3 are included 

in the running terms of equation 2. Moreover, the fixed terms occurring in equation 4 are 

included in the running terms of equation 1. Thus the final prediction of series is simple sum 

or the difference of the terms of the main series. The resulting series are therefore termed as 

the ócombination seriesô and the possibility of their occurrence is called as óRitz combination 

principleô.  

3.4.  Theory of comprehensive features of the Alkali spectra 

It is understood till now that in case of alkali atoms, one can assume it to be consisting of an 

inert atom-as atom as its core composed of the nucleus and completed sub-shells, plus a single 

valence electron. In this case, the next incomplete sub-shell is s sub shell coming next after 

fully occupied outermost p sub-shell. It is known widely that during the optical excitation 
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process, only the valence electron is responsible for its optical spectra. The inert gas atoms are 

neutral due their symmetrical distribution of charge throughout. 

Considering the case of Na atom, it has the outer most configurations of 3s, which leads 

to an S-term. For other possible excitation terms, can be: 4s, 5s, 6s, é S-terms; 3p, 4p, 5p, é 

P-terms; 3d, 4d, 5d,éD-terms, 4f, 5f, 6f,é F-terms. With the constant energy of the core, the 

total optical energy of the optically active electron in that state is consider to be its total energy 

(taking the energy due to core as constant and as zero, here for the sake of simplicity).  One 

can look into the quantum mechanics for considering the energies of H-atom. In H-atom, the 

total energy is dependent on shell n only. When we consider the case of alkali atom, the electron 

revolves around the ócentral fieldô of the nucleus along with the core electrons. Mathematically, 

this is given by 

Ὁȟ
ς“‘ὤ Ὡ

ὲὬ
 

where  m is the reduced mass, 

 Zne is the effective charge of the nucleus for nth shell.  

The value of Zne will be greater than that of e because of Ze charge of the nucleus by the (Z-

1)e charge of the electron in the core, which is not equated or perfectly balanced. This results 

in the more negative energy of the alkali atoms as compared to H-atom. With same n. 

corresponding to above result, one can conclude that the energy levels of alkali atoms will be 

lower in energy values as compared to H-atom. Although, with increasing value of n levels in 

alkali atoms, energy will finally approach to those corresponding level of H-atom and try to 

stabilize the atom more and more with increasing screening effect. 

In contrast to Hydrogen, the energy of an alkali atom not only depends on n but also depends 

on l values. Since the probability of finding the electron near the nucleus is largest for l=0 (s-

electron) and decrease for increasing values of l. Thus for a given n, the energy is most negative 

for s electrons and further keeps on decreasing for p,d,f,é electrons. This is depicted in the 

Figure 1.  
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Figure 1.The alkali levels of Na atom, where the shift is greatest for s and becomes smaller for 

p,d,f,élevels. 

The selection rule for such allowed transitions are Dn = any integer, and Dl = °1. The observed 

transition in the emission spectra corresponds to the following series: 

np  3s, n > 2 , known as Principal Series 

ns  3p, n > 3 , known as Sharp Series 

nd  3p, n > 2 , known as Diffuse Series 

nf  3d, n > 3 , known as Fundamental Series 

Experimentally, we have huge number of atoms, so we observe all the four series collectively. 

Ultimately, the principal series is observed because the entire excited electron returns to the 

ground state making this series as most intense. 

The important observations noted from Figure 1 are stated as follows. The sharp and 

diffuse series have the same limit that corresponds to the jump of electron from infinity to 3p 

level.  The absorption spectrum of Na is obtained when the light from a source is passed through 

the cooled vapours of Na. The absorption spectra of alkali atoms follow the selection rule of 

Dl=°1. Usually at room temperature, the atoms in the vapour state are in ground energy state, 

the only possible absorption transition occurs as 3snp, for n>2. This results as the principal 
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series, which is the only series occurring both for absorption and as well as emission. The limit 

of this series corresponds to either the complete removal of 3s electron (in case of absorption) 

or de-exciting to 3s level from infinity (in case of emission). This gives the ionization potential 

of the atom, when converted in eV. 

With the above understanding of the methodology of absorption, when the electron transits 

from 3s3p, the only transition possible is 3p3s which results in the only resonance yellow 

D-line in emission spectra. These are termed as resonance lines. Usually the other transition 

may results from other possible paths, say for e.g. the transition from 3s4p and back to 

normal state may occur from (i)  4p3s, (ii) 4p4s3p3s, (iii) 4p3d3p3s, thus 

emitting other lines in the spectrum as well.  

3.5.  Fine structure in Alkali Spectra: The Spinning Electron 

Splitting of fine structure is obtained by the alkali atoms when the lines of the optical spectra 

are emitted from the atoms. The fine structure splitting is smaller for the light weighted atoms 

and increases promptly with the increase in the atomic number. Sharp series constitutes lines 

in close doublets with separation of similar wave number. In the same way, for the principal 

series, each line is also in doublet form but here the wave number separation declines speedily 

between the two components and the declination is towards the lines of increase in the wave 

number. On the other hand, diffuse as well as the fundamental series express a three component 

fine structure and therefore, are also known as óCompound doubletsô rather than the triplets. 

However, the fundamental series has negligible fine structure in the lines.  

Alkali spectral analysis show that the line splitting are etched back to the level splitting 

and the S levels are single while other levels like P, D, F are the doublet levels. The spin of the 

electron give rise to the splitting of the levels. It is through the nuclear electric field, the electron 

moves and that creates the interaction between the spin magnetic moment (of the optically 

active electrons) and the internal magnetic field. This type of interaction is known as the Spin 

ï Orbit interaction. This interaction causes the coupling of the orbital angular momentum ὰᴆ of 

the optical electron with that of the spin angular momentum ίᴆ to give rise to the resultant ᴆ 

about which both the coupled momentums ὰᴆ and ίᴆ precess  further. ᴆ is also termed as the total 

angular momentum of the alkali atom as the angular momentum of the core is equal to zero. 

There are two values which the quantum number j can exhibit as the spin and orbital angular 

momenta are parallel or anti-parallel: 

Ὦ ὰ ί ὰ
ρ

ς
 

The placement of the spin with respect to the orbit results in the splitting of each energy level 

in two, one which corresponds to Ὦ ὰ   and the other corresponds toὮ ὰ  . The 

exception is the S-level for which l = 0. The complete notation of levels is as given below: 
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Level l S Multiplicity 

(2s+1) 

j  Full 

notation 

S 0 ½ 2 1/2 2S1/2 

P 1 ½ 2 3/2, 1/2 2P3/2,
 2P1/2 

D 2 ½ 2 5/2, 3/2 2D5/2, 
2D3/2 

F 3 ½ 2 7/2, 5/2 2F7/2, 
2F5/2 

 

The components in every doublet levels, analogous to the jôs smaller value are more stable and 

thus placed deeper. The stable state arrives when the spin magnetic moment of the electron, ‘ᴆ 

channels in the direction of the magnetic field ὄᴆ generated due to the orbital motion of the 

electrons in the nuclear electric field. Moreover, this ὄᴆ is in the same direction as that of theὰᴆ, 

which is the angular momentum. Since the electron is negatively charged, the directions of the 

spin moment ‘ᴆ and ίᴆ are opposite to each other. As ‘ᴆ is in the same direction to that of ὰᴆ for 

a stable state, the latter becomes opposite to ίᴆ, while the value of j is very low,  j = l ï s. On 

the contrary, the higher value of j corresponds to the unstable or the less stable state, as shown 

in Figure 2.  

 

 

Figure 2. (A) The lower value of j corresponds to less stable state where ὰᴆ is opposite to ίᴆ (B) 

the higher value of j corresponds to less stable state. 

 

The interaction between the spin magnetic moment of an electron and an atomôs internal 

magnetic field arising from the electronôs orbital motion through the nuclear electric field is 

called as the Spin ï Orbit Interaction. Although, it is a weak interaction, it is the partial reason 

behind the fine structure of the excited states of an electron atom. The spin ï orbit interactions 

that acts on the optically active electron cause the splitting of the energy levels of the alkali 

atom, and can be calculated by deriving the expression for the interaction energy. 
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Let us take the Ὁᴆ as the electric field, in which the electrons are moving with a gradient of a 

potential function V(r). Here órô is the distance between the electron and nucleus. 

Ὁᴆ ὫὶὥὨ ὠὶ  

Since, ὫὶὥὨ ὶ  
ᴆ
 

Ὁᴆ  
ὶᴆ

ὶ
 
Ὠὠὶ

Ὠὶ
 

The magnetic field, that is, ὄᴆ, which arises from the electronôs orbital motion with velocity ὺᴆ 

in the electric field Ὁᴆ can be written as 

ὄᴆ
ρ

ὧ
 Ὁᴆ ὺᴆ 

ὄᴆ
ρ

ὧὶ
 
Ὠὠὶ

Ὠὶ
ὶᴆ ὺᴆ 

Since, the angular momentum of the electron is expressed as ὰᴆ ά ὶᴆ ὺᴆ, 

ὄᴆ
ρ

άὧ
 
ρ

ὶ

Ὠὠὶ

Ὠὶ
 ὰᴆ 

The internal magnetic field ὄᴆ  of the atom can cause different orientations for the spin magnetic 

moment ‘ᴆ of the electron and the electron itself. For different orientations, the potential energy 

is also different. The magnetic potential energy of the orientation can be expressed as 

ЎὉ ‘ᴆȢὄᴆ 

But, 

‘ᴆ Ὣ ίᴆ, where Ὣ ς 

Therefore, the above expression for the magnetic potential energy can be written in terms of 

the spin angular momentum of the electron, ίᴆ, which is given below 

ЎὉ
Ὡ

ςάὧ
ίᴆȢὄᴆ 

Now, substituting the value of ὄᴆ, we get 

ЎὉ
Ὡ

ά ὧ

ρ

ὶ

Ὠὠὶ

Ὠὶ
ίᴆȢ ὰᴆ 

This is the energy in the reference frame in which the electron is at rest. The relativistic 

transformation to the normal reference frame in which the nucleus is at rest, the energy is 
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reduced by the factor of 2. This is called as the óThomas Precessionô. Therefore, the spin ï orbit 

interaction energy can be expressed as 

ЎὉ
Ὡ

ςά ὧ

ρ

ὶ

Ὠὠὶ

Ὠὶ
ίᴆȢ ὰᴆ 

 

In the terms of quantum numbers, that is, l, s, and j, the expression can be written as  

ᴆ ὰᴆ ίᴆ 

If we take a self dot product of the above equation, we have 

ᴆȢᴆ ὰᴆ ίᴆ Ȣὰᴆ ίᴆ 

Since, ίᴆȢὰᴆ ὰᴆȢίᴆ 

ᴆȢᴆ ὰᴆȢὰᴆ ίᴆȢίᴆ ςίᴆȢὰᴆ  

Therefore, 

ίᴆȢὰᴆ
ρ

ς
ᴆȢᴆ ὰᴆȢὰᴆ ίᴆȢίᴆ 

ρ

ς
ὮὮ ρ ὰὰ ρ ίί ρ

Ὤ

τ“
 

Now,  

ЎὉ
ὩὬ

ρφ“ά ὧ
ὮὮ ρ ὰὰ ρ ίί ρ

ρ

ὶ

Ὠὠὶ

Ὠὶ
 

 

Generally,  term is not constant during the motion of electron. Therefore, its average 

value is taken. 

Ў╔■▼
▄▐

Ⱬ□ ╬
▒▒ ■■ ▼▼

►

▀╥►

▀►
 

This is the general expression for the interaction energy, provided that the  average value 

is calculated through the probability density which is attained from the Hartree eigen functions. 

The above equation reveals that the interaction energy, that is, ЎὉ π, when ὰ π as Ὦ

ί . For the other values of ὰ, ЎὉ  has two values, one being positive and the other being 

negative. 
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As per the Hartree theory, an orbital electron present in ónô shell of an alkali atom moves in a 

potential field, 

ὠὶ  
ὤὩ

ὶ
 

Here ὤ is a constant which is equal to ὤὶ examined at the average value of r for the shell n. 

The value of ὤὶ is such that ὤὶᴼὤ as ὶO π and ὤὶᴼρ as ὶO Ð. The above quantity 

ὤὩ is called the effective nuclear charge for a particular shell n. 

Ὠὠὶ

Ὠὶ
 
ὤὩ

ὶ
 

 

Therefore, the final equation can be expressed as follows: 

Ў╔■▼
╩▪▄▐

Ⱬ□ ╬
▒▒ ■■ ▼▼

►
 

 

 is calculated using the radial eigen functions Ὑ (r) of an alkali atom. The value of  is 

finally written as  

ρ

ὶ

ὤ

ὥ ὲὰὰ
ρ
ς ὰ ρ

ȟÐÒÏÖÉÄÅÄ ὰ π 

Where ὥ is the radius of the smallest Bohr orbit of hydrogen atom and ὥ . 

Now if we introduce the value of ὥ in the above equation of interaction energy will be: 

Ў╔■▼
╩▪▄▐

Ⱬ□ ╬
▒▒ ■■ ▼▼

╩▪

╪ ▪■■ ■
 

The above equation can be simplified as 

Ў╔■▼
╡ ♪▐╬ ╩▪

▪■■ ■
▒▒ ■■ ▼▼  

Where Ὑ   is the Rydberg constant for a very boundlessly heavy nucleus and 

 is the fine structure constant. 

The shift of energy level in the wave number due to the spin ï orbit interaction is 
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Ў╣■▼
Ў╔■▼
▐╬

╡ ♪ ╩▪

▪■■ ■
▒▒ ■■ ▼▼  

For a single optically active electron of an alkali atom, 

ί
ρ

ς
 ÁÎÄ Ὦ ὰ ί ὰ

ρ

ς
 

Substituting this,  

ὮὮ ρ ὰὰ ρ ίί ρ  ὰȟ   ÆÏÒ Ὦ ὰ
ρ

ς
 

ὮὮ ρ ὰὰ ρ ίί ρ ὰ ρȟ   ÆÏÒ Ὦ ὰ
ρ

ς
 

Now, the shift in the level, with respect to Ὦ ὰ  and Ὦ ὰ  is expressed as 

ЎὝǋ
Ὑ  ὤ

ςὲ ὰ
ρ
ς ὰ ρ

 

ЎὝǋǋ
Ὑ  ὤ

ςὲὰὰ
ρ
ς

 

Therefore, the spin ï orbit interaction causes the splitting of the ὰ- level into two different levels 

of Ὦ, one in upward direction and the other in downward direction. The separation between the 

two, 

ЎὝ  ЎὝǋǋЎὝǋ 

ЎὝ
Ὑ  ὤ

ςὲ ὰ
ρ
ς

ρ

ὰ

ρ

ὰ ρ
 

ЎὝ
Ὑ  ὤ

ὲὰὰ ρ
 

Putting the value of Ὑ  = 1.097  105 cm-1 and  ρ
ρσχ, we get 

ЎὝ υȢψτ
 ὤ

ὲὰὰ ρ
ÃÍ  

If  is the screening constant, then ὤ ὤ „, such that 

Ў╣ Ȣ
 ╩ Ɑ

▪■■
Ἣἵ  
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This equation shows that the splitting of the levels for an alkali atom decreases with increase 

in ónô for same level ὰ. Further it increases with increase in the atomic number and decreases 

with increase in ὰ (for same ónô). Moreover, for the value of ὰ π, the splitting is equal to zero. 

For a given value of ónô, the relative splitting of the P2, D2 and F2 levels can be drawn as follows 

(in Figure 3): 

 

Figure 3. The relative splitting of the P2, D2 and F2 levels. 

The splitting of Alkali levels involved in the emission of the lines of the four series are shown 

in Figure 4. The S2 are the single components and written as 2S1/2. The splitting of 2P is given 

as 2P3/2 and 2P1/2, where 2P1/2 is deeper and there is decrease in splitting with increase in ónô. In 

the same way, 2D and 2F levels can be splitted into 2D5/2, 
2D3/2, 

2F7/2 and 2F5/2, although these 

splitting are very small. 
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Figure 4. The emission of lines of the four series due to the splitting of involved alkali levels. 

There are selection rules which are: 

Ўὲ ὥὲώ ὭὲὸὩὫὩὶ ὭὲὧὰόὨὭὲὫ ᾀὩὶέ 

Ўὰ ρ 

ЎὮ πȟρ 

These rules provide an insight to the formation of the single as well as the compound doublet 

structure of the spectral lines.  

As per example, let us take the resonance doublet of sodium atom, called as D1 and D2 lines. 

These lines arise from the 32P  O 32S transition, which is corresponding to the given two 

transitions: 

32P1/2  O32S1/2 (D1 5896 Å) 

32P3/2  O  32S1/2 (D2 5890 Å) 

The separation in the wave number between D1 and D2 lines and that between 32P3/2 and 32P1/2 

is similar as shown in Figure 5. Other higher wave number lines of the principal series owe 

their doublet structure to the doubling of higher aP levels such as 42P, 52P, éé.levels. As we 

know, increase in ónô decreases the splitting of these levels it causes the decrease in the wave 

number separation between the doublet components. 



             MSCPH507 

78 

 

 

 

Figure 5. The separation in the wave number between D1 and D2 lines. 

Now for the sharp series, the doublets are formed by the transition n2S1/2 O  32P3/2, 3
2P1/2. Here, 

the value of n = 4, 5, 6é. . In this type of series, separation in the wave number between the 

doublet components of all the lines is equal and similar to that between 32P3/2 and 32P1/2 levels 

where there is termination to all the transitions. 

On the other hand, for the diffuse as well as the fundamental series, the lines display a three 

component structure and are called compound doublet. In the given Figure 6, transition 32D5/2, 

32D3/2  O32P3/2, 3
2P1/2 arise for a diffuse series. Here, both the 2D and 2P levels split and allow 

three transitions via selection rules. 

 

Figure 6. The splitting of allowed both the 2D and 2P levels. 
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However, the 2D level splitting is too small to cause ordinary resolution to display only two 

components. Ignoring the 2D level splitting, all the lines of the diffuse series have similar 

doublet separations since the lines of the sharp series are equal to the separation between 32P3/2 

and 32P1/2 levels. 

The lines of the diffuse as well as the fundamental series are called doublets, although it has 

three components to be called as triplets. This is because they come from the doublet level 

transitions. Here the term ódoubletô clearly refers to the multiplicity of the energy levels and 

not to the number of the components in the spectral lines. 

3.6. The Ratio of Intensity (for the Doublets) 

There are certain intensity rules that line intensities follow in doublet spectra: 

1. The transition where Ὦ and ὰ change in the similar manner give rise to the strongest line 

in any doublet. 

2. If the same doublet contains more than one such lines, then the line having the highest 

value of Ὦ, is the strongest. 

Taking Figure 5 into consideration, we can see in the principal ï series doublet, line 
2P3/2 ï 

2S1/2 is stronger than line 2P1/2 ï 
2S1/2, as in the 2P3/2 ï 

2S1/2 line, the value of Ὦ 

and ὰ change in same way, that is, by -1. On the other hand, in line 2P1/2 ï 
2S1/2, the 

value of Ὦ changes by zero while ὰ changes by -1.  

Similarly, it can be seen in Figure 6, there is a diffuse ï series compound doublet with 

two strong lines, 2D5/2 ï 
2P3/2 and 2D3/2 ï 

2P1/2, where both the value of Ὦ and ὰ change 

in same way, that is, by -1. Having the higher value of Ὦ, makes the 2D5/2 ï 
2P3/2, 

stronger. On the other hand, for the faint satellite, 2D3/2 ï 
2P3/2, the values change 

differently, that is, the value of Ὦ changes by zero while ὰ changes by -1.  

In the doublet spectra, quantitative intensity relations have been observed. The intensity 

ratio in the doublet of the sharp series line in sodium is 2:1. Similar ratio was observed 

for the diffuse and the principal series, if the 2D level splitting is unresolved and if self-

absorption is avoided, respectively. 

Burger, Dorgelo and Ornstein discovered the quantitative rules for the relative 

intensities, according to which these apply not only to the doublets, but to all the 

multiplets also. These are as follows: 

 

(A) The sum of the intensities of those lines of a multiplet arising from a common level 

is proportional to the quantum weight ςὮ ρ of that level. 

(B) The sum of the intensities of those lines of a multiplet ending on a common level is 

proportional to the quantum weight of that level. 

Taking an example of a principal series doublet (Figure 7), here are the two component 

lines beginning from the upper levels 2P3/2 and 2P1/2, and terminating on the common 

lower level 2S1/2.  
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Figure 7. Schematic showing the generation of principle series doublet. 

 

Ratio of the intensities would be same as the ratio of the quantum weights of the doublet 

levels. Therefore, 

Ὅ

Ὅ

ς
σ
ς ρ

ς
ρ
ς ρ

τ

ς
ςȡρ 

Similarly the ratio can be calculated for the sharp series. 

Now taking an example of diffuse ï series compound doublet as shown in Figure 8 

below. The line óbô arises from the 2D5/2 level while the lines óaô and ócô arise from the 

level 2D3/2. Therefore,  
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Figure 8. Schematic showing the diffuse series compound doublet. 
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Further, the line ócô terminates on the level 2P1/2 while óaô and óbô terminates on the 
2P3/2 

level. 
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Thus, solving both the above equations, we get 

ὧ
υ

ω
ὦ ȟὥ

ρ

ω
ὦ 

This means that 

ὥȡὦȡὧ  
ρ

ω
ȡρȡ
υ

ω
 

Or it can be written as 

ὥȡὦȡὧ  ρȡωȡυ 

If óaô and óbô are not resolved, then we shall see two lines with an intensity ratio 
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ρ ωȡυ ςȡρ 

Similarly, the intensity ratio for the compound doublet of the fundamental series is 

calculated and is found to be 1:20:14 that will roughly be equal to 3:2. 

This is the splitting between the levels 42P3/2 and 42P1/2. 

Now, for the wavelength 4047.2 and 4044.1 Å, we have 

Ὠ’
τπτχȢς τπττȢρ ρπὧά

τπτχȢς ρπὧά τπττȢρ ρπὧά
 

Ὠ’
σȢρ

τπτχȢς τπττȢρ ρπὧά
 

Ὠ’ ρψȢω ὧά  

This is the splitting between the levels 52P3/2 and 52P1/2. 

 

3.7. Essential factors of Alkaline Earth Spectra 

An alkaline earth atom constitutes two electrons in its valence shell, which are optically active, 

outside the subshells or the closed shells. Alkaline earth atoms include Be, Mg, Ca, Sr, Ba and 

Ra. Two types of spectral lines arise from the spectrum of such type of atoms, which are ï 

Singlets and Triplets. As discussed in chapter 10, the lines of all the types can be categorised 

into four different series: Principal, sharp, diffuse and fundamental. There are certain relations 

among these series, which are as follows: 

1. A common convergence limit has been observed between the singlet sharp (1S) as well 

as the singlet diffuse (1D) series. Similarly, the triplet sharp and diffuse (3S and 3D) 

have different common convergence limit. 

 

2. The common limit of the singlet sharp and diffuse series (1S and 1D) and that of the 

principal series (1P) have a difference of wave number and is equal to the wave number 

of the first member of the principal series (1P). On the other hand, when we look into 

the triplet series, the wave number difference between the common convergence limit 

of triplet sharp and diffuse (3S and 3D) series and that of the convergence limit of triplet 

principal series (3P), is equal to the wave number of the first member of the (3S) sharp 

series. This is called as the Rydberg ï Schuster Law. 

 

3. Runge Law states that the difference in the wave number between the convergence limit 

of 1S and 1D series and that of the limit of 1F series is equal to the wave number of the 

first member of the 1D series. This law holds true for the triplet series also, that is, the 

wave number difference between the common limit of the triplet 3S and 3D series and 

that of the limit of 3F series is equal to the wave number of the first member of the 3D 

series. 
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4. When the fine structure is taken into consideration, the above relation holds true here 

also.  

A fine structure is observed in the lines of all the triplet series: 

(i) A three component fine structure is observed in all the lines of the principal 

series with decrease in the separation of the wave number approaching a single 

limit. 

(ii)  On the contrary, similarity in the separation of the wave number approaching a 

triple limit although three component fine structure is observed in all the lines 

of the sharp series. 

(iii)  A six component fine structure was observed in the all the lines of the diffuse 

and the fundamental series, approaching triple limit ï three satellite and the 

other three strong ones. Due to the fine structure, these are called as compound 

triplets in contrast to the above simple triplets of principal and sharp series.  

(iv) There is another class of triplets, called anomalous triplets, within which some 

lines display a fine structure and features very different from the normal 

compound and simple triplets. 

(v) There are some other kinds of alkaline earth atom spectra which display lines 

that do not comply to any of the above mentioned series. These types of lines 

are called as Combination and inter-combination lines. 

All the features of the fine structures can be detailed by the vector model of an 

atom. 

 

3.8. Two valence electron Vector Model 

 

The vector model of an atom can be easily explained by several atomic spectra, within which 

different angular momenta present in the atom along with their combinations, have been 

described using the vectors and their quantum numbers. In the Vector Model, the quantum 

vector ὰᴆ has been used to express the orbital angular momentum of each electron while ίᴆ has 

been used to express the spin angular momentum. In different conditions, the resultant vectors 

arise from the combination of these individual vectors in terms of which the atomôs spectral 

properties are described. 

Suppose, for an alkaline earth atoms, with two valence rather optically active electrons present, 

the vector model constitutes four vectors (ὰᴆ,ὰᴆ,ίᴆ,ίᴆ) with the resultant vector ὐᴆ. Two varying 

coupling schemes are responsible for the formation of the resultant vector and these are known 

as L-S coupling and j-j coupling as shown in Figure 9.  
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Figure 9: The vector model of L-S coupling. 

The L-S coupling is a common type of coupling and exists in most of the lighter atoms. In this 

type of coupling the ὰᴆ and ὰᴆ of two electrons, that is the individual orbital angular momentum 

vectors are coupled to each other strongly, thus giving rise to a resultant orbital angular 

momentum vector ὒᴆ. Therefore, the corresponding quantum number L can take the values  

ὒ  ȿὰ ὰȿȠ ȿὰ ὰȿ ρȟȣȢȢὰ ὰ  

This can provide numerous terms of the atom. These terms are expressed as S, P, D, é.. as per 

the value of L= 0,1,2é. . 

In similar manner, ίᴆ and ίᴆ of two electrons, that is the individual orbital angular momentum 

vectors are coupled to each other strongly, thus giving rise to a resultant orbital angular 

momentum vector Ὓᴆ. Therefore, the corresponding quantum number S can take the values  

ὒ  ȿί ίȿȠ ȿί ίȿ ρȟȣȢȢί ί  

Since the value of ί ί  , the S = 0, 1. 

Thus in value of multiciplicity (2S+1) is 1 and 3, which means that the two electrons give rise 

to singlet and triplet terms. 

Now, for the formation of the total angular momentum ὐᴆ (resultant) of an atom, the spin ï orbit 

interaction, that is ὒᴆ and Ὓᴆ are less strongly coupled to each other. Therefore, both ὒᴆ and Ὓᴆ 

move slowly around ὐᴆ. Therefore, the values of quantum number ὐᴆ can be 

ὐ  ȿὒ ὛȿȠ ȿὒ Ὓȿ ρȟȣȢȢὒ Ὓ 
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The spin orbit interaction is important for each and every multiplet term, which being a 

combination of fine structure levels, each designated with a J value. 

 

Now this vector model can be used to describe the spectrum of the two electron atom, letôs 

suppose Ca (Z=20). The configuration, generally called as ground state configuration is 

ρίςίςὴσίσὴ τί 

 

For the electrons which are optically active,  

ὰ πȟὰ πȟί
ρ

ς
 ȟί

ρ

ς
  

Thus,  

L = 0 (S-term) 

S = 0, 1 so that (2S+1) = 1, 3 

And  

J = 0, 1 

The terms used are 1S0 and 3S0. Since the electrons (4s2) are equivalent, the term 3S1 is excluded 

by Pauliôs principle. Therefore, only singlet S- term 1S0 arises from the normal atom. 

The optically active electrons, either one or both present in the outer valence shell rise to the 

higher levels or states when the atom is excited. It seems true that excitation of just one of the 

optical electrons can give rise to the lines of all the eight series present in a spectrum.  

 

Configuration Terms 

4s 5s, 4s 6s,é. 51S0, 6
1S0, éé and 53S1, 5

3S1, éé. 

4s 4p, 4s 5p,é.. 41ὖ 1, 5
1ὖ 1, é and 43ὖ 2, 1, 0 ; 5

3ὖ 2, 1, 0 ; éé 

4s 3d, 4s 4d,é.. 31D2, 4
1D2,éé and 33D1, 2, 3 ; 4

3D1, 2, 3 ;  éé. 

4s 4f,é. 41Ὂ 3,éé.. and 43Ὂ 2, 3, 4 ; éé.. 

 

The energy levels with respect to the terms given in the table above, can be designed as per in 

Figure 10. When the spin ï orbit interactions are studied, it displays different levels with triplet 

splitting of the levels of the same L which converges swiftly with the increasing value of n. 

Moreover, it shows that intervals of 3P are broader than that of the respective intervals of 3D. 

Similarly, the intervals of 3D are broader than that of the respective intervals of 3F.When the 

excited electron jumps back through any path, as per the selection rules, it emits different 

spectral series.  

ЎὛ π 
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Ўὒ ρ 

Ўὐ πȟρȟÂÕÔ ὐ π ŶùŸ ὐ π 

 

Figure 10. Energy levels corresponding to various configuration terms of excited states. 

 

The permitted transitions can be expressed as in the Figure 10. Here, a singlet principal series 

arise from the transition of electrons from the 1ὖ 1 level to the normal and lower level 41S0. On 

the other hand, the triplet sharp series arise from the transition beginning from the 3S1 series 

level and terminating on the lowest levels, that is, 43ὖ 2, 1, 0; the triplet diffuse series arise from 

the transition from 3D3, 2, 1 to lowest 43ὖ 2, 1, 0 levels and the triplet fundamental series arise 

from the transition from 3Ὂ 4, 3, 2 to the lowest 3 3D3, 2, 1 levels. Those lines that start from the 

transitions between the levels that are higher as in the Figure 10 are called as the ócombination 

linesô. Seldom, the 3ὖ 1 - 
1S0 transition, that is the transition that takes place between the triplet 

and the singlet levels, are also seen. These reflect to óinter-combination linesô.  
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(a)  (b)  

Figure 11. (a) Simple and (b) Compound triplet structure formation, respectively. 

Figure 11(a) and (b) displays a simple as well as the compound triplet structure (3D Ÿ 3P), 

respectively. The order of the levels is regular as the lower j valued levels are placed lower. 

Moreover, the spacing obeys the Landeôs interval rule. The 3P2 ï 
3P1 and 3P1 ï 

3P0 intervals 

exists in ratio 2:1, and that of 3D3 ï 
3D2 and 3D2 ï 

3D1 intervals exists in 3:2 ratio.  

There are following rules which govern the relative intensities of the spectral lines. This rule 

says that where Ўὒ changes in the similar way as that of Ўὐ. Out of these, the transition with 

the largest value of L and J, give rise to the strongest lines. 

The Anomalous Triplets: The alkaline earth elements as well as the alkaline earth ion 

spectraôs exhibit few multiplets with structure difference from that of simple or compound 

triplets, with respect to the intensities and the relative separations. These multiplets are then 

called as anomalous triplets and these are generated as a result of excitation of both of the 

optical electrons (Figure 12).  
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Figure 12. Depiction of the transition resulting in the formation of anomalous triplet. 

A multiplet in Ca at 4300Å gives rise to six lines. An examination of this multiplet proposes 

its generation from the transition between two 3P terms with same splitting. The lowest 4s 4p 
3ὖ  state constitutes the lower state of the multiplet while the upper state is an anomalous term 

which is labelled as 3ὖ that is not included in the normal term series of the atom. In this term, 

both the optical electrons are excited to 4p subshell. This configuration gives three terms, that 

is, 3P, 1D, 1S out of which 3P only combines to all in a strong manner, as per the selection rule. 

If we write the symbol in full, we get transitions 

4p2 3ὖŸ 4s 4p 3ὖ  

In this scenario, Ўὒ π, is possible, providing that Ўὰ ρ (even P  odd) for that one electron 

that skips or jumps. 

 

The j ï j coupling scheme in the vector model of two electron atom constitutes the spin and 

the orbital vectors, ίᴆ and ὰᴆ of one electron are coupled firmly to each other to give rise to a 

resultant ᴆ around which the two individual vectors precess swiftly. In the similar way, ίᴆ and 

ὰᴆ of the another electron give rise to resultant ᴆ. The two resultants ᴆand ᴆ, themselves 

couple with each other strongly, thus giving rise to ὐᴆ, which is the total angular momentum. 
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The individual resultant vectors precess quite slowly around the total angular momentum. 

(Figure 13)  

 

Figure 13. Vector model of two electron j-j coupling. 

The terms and the ὐ values for this type of coupling are similar to those of the L ï S coupling. 

Moreover, this type of coupling occurs seldom.  

 

3.9. Interaction Energy (Triplet separation) in L ï S and j ï j couplings 

For every different value of J, the atomic terms consists of multiplet components dues to spin-

orbit interaction. This interaction is dependent on the fourth power of atomic number Z which 

gets further large in heavier atoms.  

 From the relation of the shift in fine-structure level from the hypothetical centre, for a 

single electron atom, the interaction energy is given by: 

ЎὝ Ð ὮὮ ρ ὰὰ ρ ίί ρ cm-1 

ὥ
Ὦᶻ ὰᶻ ίᶻ

ς
 

Where ὥ Ð ὧά ; Ὦᶻ ὮὮ ρȟὰᶻ ὰὰ ρȟὥὲὨ ίᶻ ίί ρ 
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For two optical electrons there could be four possibilities of arrangement of angular momenta 

ὰᶻȟὰᶻȟίᶻȟίᶻ and these four possibilities can be paired um in six possible interactions the ways 

as ὥ ὰᶻ ύὭὸὬ ὰᶻȟὦ ίᶻύὭὸὬ ίᶻὧ ὰᶻ ύὭὸὬ ίᶻȟὨ ὰᶻ ύὭὸὬ ίᶻȟὩ ὰᶻ ύὭὸὬ ίᶻȟὪ ὰᶻ ύὭὸὬ ίᶻȢ 

It is seen that in L-S coupling, the interaction mentioned by processes (a), (b) are most probable 

over process (c) and (d), while the process I & (f) are least probable. Using the cosine law of 

Ὦᶻ  ὰᶻ  ίᶻ+ 2ὰᶻίᶻÃÏÓ ὰᶻίᶻ,  

Therefore, the general terms will be: ЎὝ ὥὰᶻίᶻÃÏÓ ὰᶻίᶻ. For the above interactions, the 

related energies are:  

ЎὝ ὥίᶻ ίᶻÃÏÓ ί 
ᶻίᶻ 

ЎὝ ὥὰᶻ ὰᶻÃÏÓ ὰ 
ᶻὰᶻ  

ЎὝ ὥὰᶻίᶻÃÏÓ ὰ 
ᶻίᶻ 

ЎὝ ὥὰᶻ ίᶻÃÏÓ ὰ 
ᶻίᶻ 

Since, in  ίᶻ and  ίᶻ precess around in the fixed angles to form their resultant S*, and therefore 

its magnitude remains fixed. Similar observations were taken for  ὰᶻ and  ὰᶻ around L*.  Again 

using the cosine law in terms to calculate S*2, L*2, we have, 

ЎὝ
ρ

ς
ὥ 3ᶻ  Óᶻ  Óᶻ   

ЎὝ
ρ

ς
ὥ ,ᶻ  Ìᶻ  Ìᶻ   

Here L* and S* also precess around J* in the similar manner as l* and s* do for a single electron 

process around j*. The energy of interaction is due to coupling in between l1
* and s1

* and in 

between l2
* and s2

*  is given by the terms ЎὝ and ЎὝ, respectively. Since the angle between 

the vector changes continuously, we have to involve the average values obtained by the cosine 

functions between the vectors. This average value is given by  

ÃÏÓὰᶻ ίᶻ ὧέίὰᶻ ὒᶻ ὧέίὒᶻὛᶻὧέίὛᶻίᶻ  

And      

ÃÏÓὰᶻ ίᶻ ὧέίὰᶻ ὒᶻ ὧέίὒᶻὛᶻὧέίὛᶻίᶻ  

 

Using the average cosine values from ЎὝȟЎὝȟ and rearranging the terms from the cosine laws 

on the we get: 

ЎὝ ЎὝ
ρ

ς
ὥὧ ὥὧ *ᶻ ,ᶻ 3ᶻ  

Where,  ὧ
ᶻ ᶻ ᶻ

ᶻ Ȣ
ᶻ ᶻ  z

 z
  and  
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 ὧ
ᶻ ᶻ ᶻ

ᶻ Ȣ
ᶻ ᶻ  z

 z
 

Since for any of the sets of triplet, ὰᶻȟὰᶻȟίᶻȟίᶻȟὒᶻȟὛᶻ are having fixed magnitudes therefore 

ὥȟὧȟὥȟὧ are all constant and could be summed up as A. Therefore the equation reduces to, 

ЎὝ ЎὝ
ρ

ς
ὃ*ᶻ ,ᶻ 3ᶻ  

Now the formula for the fine structure can be written as, 

Ὕ Ὕ ЎὝ ЎὝ ЎὝ ЎὝ 

Where T0 can be assumed to be a hypothetical centre of gravity for the entire electronic 

configuration. 

3.10. Comparison of the terms used in L ï S and j ï j couplings 

The L ï S coupling gives the singlet and triplet term, that is, 1P and 3P with high energy 

difference. The triplet term divides into three closely spaced components by the spin ï orbit 

interactions. Thus, after splitting, there are four plausible states, 1P1, 
3P0, 

3P1 and 3P2 with value 

of J = 0, 1, 2. On the other hand, in the j ï j coupling, this similar configuration gives broadly 

separated (j1, j2) terms ȟ  and ȟ . When a small interaction is taken into consideration, 

each term is divides into two closely spaced components. Here, for term ȟ , the value of J 

is 2, 1. For term ȟ , the value of J is 1, 0. Therefore, we can look that the number of the 

terms are similar along with the J values for both the type of coupling. The terms can be 

correlated in the Figure 14. Below. 

 

 

Figure 14. Correlation of two coupling is shown by dotted lines. 
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The coupling intermediate can exist with the extreme values but the terms can be determined 

through their J values as the total angular momentum of the atom is always conserved as the 

coupling changes. 

 

3.11. Regularities in Complex Spectra 

 Atomic spectra of a complex atom constitute different regularities which are as follows: 

(i).  The Hartley Law of Constant Doublet separation 

According to Hartley (1983), the components of the multiplets of a spectral series 

constitute constant wave separation. Let us take an example: same wave number 

separation is present in all the doublet lines of the sharp series of an alkali atom. 

It is an undeniable repercussion of the concept of energy levels. The transitions 

that are starting from or terminating on a doublet level gives two sets of lines, 

which are separated by the energy interval between two segments of the level. 

 

(ii).  The Rydberg ï series relationships 

According to the Rydbergôs observation, the spectral lines of a complex atom 

splits into several series, with many recognized series can be denoted by a formula 

comparable to Balmerôs formula of the hydrogen series 

 

○□ ○Ð
╡

□ Ⱨ
Ƞ ‘ ρ ÁÎÄ ά ςȟσȟτȟȣȢÐ 

Where, ὺÐ, also called convergence limit and ‘ are constant, which vary from one 

series to another. This can be interpreted from Schroedinger theory which 

explains that an electron which is at far distance from the nucleus travel through 

into the potential field and reach the field because of the singly charged nucleus, 

as that of hydrogen, due to the shielding effect of the inner electrons. Therefore, 

higher excited states of a neutral atom where only one electron is excited, reach 

for hydrogen. 

 

(iii).  The Alternation law of Multiplicities  

According to this law, the spectral terms that generates from the consecutive 

elements present in the periodic table, alternates between even and odd 

multiplicities. As taking an example, the elements in fourth period, the 

multiplicities are: 

K ï Doublets 

Ca ï Singlets, Triplets 

Sc ï Doublets, Quartets 

Ti ï Singlets, Triplets, Quintets 
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This law is an effect of the combination of the spin properties of different valence 

electrons. Therefore, the even multiplicity arises from the odd number of 

electrons while the odd ones arise from the even number of electrons. 

1 electron ï Doublet 

2 electrons ï Singlet, Triplet 

3 electrons ï Doublet, Quartet 

4 electrons ï Singlet, Triplet, Quintet 

 

 

(iv).   Connection between member of same Chemical Group 

The chemically similar atom spectra show noticeable connection. Such atoms 

have analogous electron configuration giving rise to analogous sets of excited 

energy levels, further results in similar spectra. 

 

(v).  The Displacement Law 

Kossel and Sommerfeld stated this law in year 1919. According to this law, the 

energy level and the spectrum of any neutral atom of Z atomic number closely 

simulate the energy level and the spectrum of the singly ionised atom of atomic 

number Z+1 coming next in the periodic table. This law is based on the fact that 

the electron configuration of two such atoms would be same. Therefore, the 

spectrum of the hydrogen atom is similar to that of the He atom while the doublet 

series of Li, Na, K, é and so on, which are the alkali metals, are similar to the 

doublet series of Be+, Mg+, Ca+,é and so on, the ionised alkaline earth metals. 

 

(vi).  Isoelectronic Sequences  

The displacement law can also be applicable to the series with adjacent elements, 

each one of them ionised to a successively greater degree. Therefore, the series 

of atoms, whose electron configurations are similar, are called as an óIsoelectronic 

Sequenceô. As per example, the atoms that form the isoelectronic sequence are as 

follows: 

 

K ï Z=19 

Ca+ ï Z=20 

Sc++ï Z=21 

Ti+++ï Z=22 

 

These can also be written as: 

K I, Ca II, Sc III, Ti IV  

 

The spectrum lines and the energy level generating from each of the atoms show 

great resemblance. For example, similar relative intensities for the various 

transitions, same type of fine structure splitting, etc.  
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3.12. Summary 

This unit III is in continuation with previously discussed Unit I and II where most of the 

basic details and properties related to Hydrogen atom and its spectra were discussed. In this 

Unit III, we have summarised the whole unit in two halves. The first comprises of studies 

about the spectra of alkali and the second half considers the spectra about the alkaline earth 

spectra.  

 In first part, the fundamental introduction to the formation of four spectral lines were 

observed and elaborated. The Rydberg-Schuster Law and Rungeôs Law were found to be 

established in alkali series. The concept of ócombinationalô series was established by Ritz 

combination principle. With the effect of increase in the shell value n, the alkali levels 

approach the corresponding H-levels because of the screening effect and also in comparison 

to hydrogen, it was found that the energy not only depends on n value but also on l. thus all 

alkali levels with a given n are shifted lower than the corresponding H-levels. The selection 

rule for the absorption spectra of Na atoms was revealed. It was noted that the optically 

active electron in atom absorbs quantised energy and gets excited to the higher levels. The 

concept of spin-orbit interaction leading to j was considered in details. The mathematical 

formulation for considering the screening effect gave a good agreement for doublet 

separation with experimental results. Quantitative rules for intensity relations were also 

discussed.  

 In the second half section of this unit, the essential features of alkaline earth spectra are 

elaborated in details. Vector Model, in which various angular momenta occurring in the 

atomic spectra are considered. In this model, the combined form of the resultant vectors, 

and subsequently their spectral properties were briefed. LS and jj coupling schemes are 

quantitatively and qualitatively discussed in details. Further, one can easily calculate the 

interaction energy for the triplet separation in L-S and j-j coup;ing using the mathematical 

operations therein.   
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3.15. Terminal Descriptive type questions 

1.  How will you explain the common features of spectra of alkali like atoms? 

2.  Even though H and Na belong to the single valance electron system, distinguish between 

the spectra obtained for two atoms. 

3.  Show the conception of spinning electrons that result for the doubling of levels in the 

spectra of alkalis. 

4.  Using the spin-orbit interaction energy for a single non-penetrating valence electron, 

elaborate and discuss the separation of 2P and 2D terms of alkali spectra. 

5.  Explain the theoretical background along with the essential features of the spectra of 

alkaline earth elements. 

6.  Describe using the vector model of an atom for explaining its spectra  with two electrons 

outside the closed shell. 

7.  Discuss the vector model of an atom consisting of the two valance electrons in terms of L-

S and j-j couplings. 

 

 

3.16. Numerical type (Self Assessment Questions) 

1.  The mean position of the first pair of lines of the principal series of sodium is 16960 cm-1. 

If the convergence limit of the sharp series lines is at 24490 cm-1, calculate the ionisation 

potential of sodium.  

Ans. The first principal line is obtained from the transition of 3s-3p and the convergence 

limit is obtained from 3p-Ð. The sum of wave numbers will be (referring to Figure 1) 

16960+24490=41450cm-1. This corresponds to 3s-Ð, resulting in the ionization of atom 

having energy 5.14eV. [Use 1eV=8066cm-1].  

 

2.  The longest wavelength lines in the series ὲȟὰᴼ τȟπ in potassium have wavelengths 

7699.0, 7664.9, 4047.2, 4044.1Å respectively. Construct the relevant part of the energy level 
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diagram and calculate the splitting between the levels with the same values of n and l but 

different j.  

Ans. The given wavelengths represent the first two doublets of the principal series of 

potassium, and arise from the transitions 

4 2P3/2, 1/2 O  4 2S1/2  

5 2P3/2, 1/2 O  4 2S1/2 

 

Diagram showing the splitting between the levels 

The line splitting in the wave number are the corresponding level splitting with the 

same values of n and l but different j. We know that the wave number ὺ is the reciprocal 

of wavelength ‗ 

’
ρ

‗
 

So that 

Ὠ’
ρ

‗
Ὠ‗ 

Numerically, it can be written as 

Ὠ’
Ὠ‗

‗ ‗
 

2
S
1/2

 
2
P
3/2

 
2
P
1/2

 

6s 

5s 

4s 

5p 

4p 

6p 

Potassium 

4044.1 ¡ 4047.2 ¡ 

7699 ¡ 

7664.9¡ 
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For the wavelengths 7699.0 and 7664.9 Å, we have 

Ὠ’
χφωωȢπ χφφτȢω ρπὧά

χφωωȢπ ρπὧά χφφτȢω ρπὧά
 

Ὠ’
στȢρ

χφωωȢπ χφφτȢω ρπὧά
 

Ὠ’ υχȢψ ὧά  
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4.1   INTRODUCTION 

The Zeeman effect is a magneto-optical phenomenon in which spectral lines are affected by an 

applied magnetic field and split into several components. This was first observed by Zeeman 

in 1896 and hence called Zeeman effect. He found if a source of light giving line spectra be 

placed in a magnetic field, the lines were split into a number of component lines, symmetrically 

distributed about the original line.  Doublets, triplets and even more complex system were 

observed.  

Primarily, it was observed that a single spectral line splits into three components such that one 

line has got a large frequency, other a lower frequency than the frequency of original line and 

a third one has a frequency of original line. This was named as normal Zeeman effect. But later 

on, more complicated splitting was observed and was called anomalous Zeeman effect. 

However, when a huge magnetic field is applied the splitting is called Paschen-Back effect. 

The effect of electric field on spectral line was observed by Stark in 1913 and is called Stark 

effect. 

 

4.2   OBJECTIVES: 

This unit introduces the effect of magnetic field on the spectral lines of atom which is called as 

Zeeman effect. Depending on the strength of the magnetic field we have normal, anomalous 

Zeeman effect and Paschen-Back effect.  In this unit we will study about these effects and their 

classical and quantum mechanical explanation. After going through this unit, the students will 

be able to know about  

1.  The normal Zeeman effect, anomalous Zeeman effect and Paschen-Back effect. 

2. The experimental study of above effects. 

3. The classical and quantum mechanical explanation of above. 

4. The spin orbit interaction. 

 

4.3   ZEEMAN EF FECT AND ITS EXPERIMENTAL STUDY  

Zeeman effect was discovered by Pieter Zeeman in 1896. He observed that if a source of light 

producing line spectrum is placed in a magnetic field, the spectral lines are split up into 
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components. When the splitting is into two or three lines, then it is called normal Zeeman effect 

because it can be explained easily by classical theory. But when the applied magnetic field is 

weak, then the splitting of a single line takes place into a number of components. This effect is 

called anomalous Zeeman effect. The normal Zeeman effect is observed rarely whereas the 

anomalous Zeeman effect is observed in general. The experimental arrangement for studying 

normal Zeeman effect is shown in fig. 4.1 

 

In the given arrangement, an electromagnet 

MM capable of producing a very strong 

magnetic field and having conical pieces 

PP, through which holes are drilled 

lengthwise, is set up. A source L emitting 

spectral lines; say a sodium vapour lamp, is 

placed between the pole pieces. The 

spectral lines are observed with a high 

resolving power instrument with a constant 

deviation spectrometer S. The light can be 

viewed perpendicular as well as parallel to 

the magnetic field. 

When light is viewed parallel to the magnetic field through the hole drilled in the pole pieces, 

a single line is observed to be split up into two components (doublet). One component has a 

higher frequency than the original line and the other lower. The original line is not observed. 

Also, the original line is not polarized but the other two components are circularly polarized in 

opposite direction. The outer components are known as ů components and the middle one is ˊ 

component. The ů components are symmetrically situated about the original line, so the change 

in wavelength dɚ, known as Zeeman shift, is the same in both cases (fig 4.2). 

When light is observed perpendicular to the magnetic field, a triplet i.e., three component lines 

are seen. One component line is observed in the same position as the original line and the other 

two components, one on either side of this line are separated by equal amounts. These three 

components are plane polarized but the vibrations of the central line is parallel to the magnetic 

field while those of outer ones perpendicular to the field (fig. 4.2). 

Figure 4.1: Experimental arrangement for 

studying Zeeman effect 
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Figure 4.2: Normal Zeeman Effect 

 

4.3.1 CLASSICAL INTERPRETATION OF NORMAL ZEEMAN EFFECT:  

It is observed that when magnetic field is applied, a single spectral line splits up into three 

components such that one line has got a larger frequency, other a lower frequency than the 

original line and the third one has the same frequency as that of the original line. This is called 

normal Zeeman effect. 

The normal Zeeman effect is explained on the basis of Lorentz classical theory. According to 

this theory if a source of light is placed in a magnetic field, the frequency of motion of electron 

moving in a circular orbit gets modified. 

Let us consider an electron in an atom moving in a circular orbit of radius órô with a linear 

velocity óvô and angular velocity óɤô. Let óeô and ómô be the charge and mass of electron 

respectively. The centripetal force acting on the electron towards the centre in the absence of 

the magnetic field, 

                                           F =   = άὶéééééé..(1)                                         

Now, let an external magnetic field óBô be applied in a direction perpendicular to the plane of 

the orbits of the two circular components. Then, an additional radial force of magnitude Bev 

acts on the electron. The direction of this force will be outwards from the center for clockwise 



             MSCPH507 

102 

 

 

motion but inwards towards the center for anticlockwise motion. The resulting complex motion 

of the electron subjected to an additional radial force is called Larmor precession. This 

produces change in the angular velocity without any change in the form of the orbit. 

Let dbe the change in angular velocity caused by the magnetic field. For the circular motion  

in the clockwise direction, the additional radial force is directed away from the center,  

Therefore                                            Ὂ ὄὩὺάὶ  Ὠéééééé.(2)              

άὶ άὶ  ὨὄὩὶ  

Or                                       -2mrὨ ὄὩὶ                ὲὩὫὰὩὧὸὭὲὫ  Ὠ  

Or                                         d                                                     éééééé(3) 

For the circular motion in the anticlockwise direction, the additional radial force is directed 

towards the centre. 

Therefore                                       F + Bev =  mr ( Ὠ  

Or                                                   d                                          éééééé..(4) 

The two cases can be combined into the equation 

                                                       d                                            éééééé(5) 

If ʉ ÂÅ ÔÈÅ ÆÒÅÑÕÅÎÃÙ of vibration of the electron, 

Then                                                        ς“’ 

Or                                                          d ς“Ὠ’ 

Or                                                          dɜ =    

Therefore, change in frequency of the spectral line,  

                                                               dɜ =   
    

                                 ééééé.(6) 

If ɜ and ‗ are the frequency and wavelength of the original line, 
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                                                                     ɜ =  

or                                                                dɜ = -   dɚ 

Therefore, the Zeeman shift 

                                                                    dɚ =  Ñ                             éééééé(7) 

Taking a spectral line of known wavelength ɚ, and applying a magnetic field B, the Zeeman 

shift dɚ is measured. 

From equation (7),  

                                            =  dɚ 

From above equation,  can be calculated.   is found to be 1.757  1011 CKg-1 which is in 

agreement with the value of  of the electron obtained from Thomsonôs experiment. 

 

4.3.2   VECTOR MODEL AND NORMAL ZEEMAN EFFECT:  

We have studied that Lorentz was able to explain normal Zeeman effect quite satisfactorily 

using classical theory. Later, Debye was able to interpret the same using vector atom model 

where, the concept of electron spin was not taken into account, but only orbital motion was 

considered. 

Here only the angular momentum possessed by the electron due to its orbital motion is taken 

into account. The magnitude of this orbital angular momentum which is quantized is given by 

                                              ὴ
   Ȣ  

                                                        éééééé.(1) 

The corresponding magnetic moment is given by 

                                             А
    Ȣ  

 

   =   ὴ                                    éééééé(2) 
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The vectors l and А  will act along the same line, viz., perpendicular to the orbital plane. In the 

presence of external magnetic field B, the vector l will execute Larmor precession round the 

field direction as axis whose frequency is given by 

                                           
     

А

  

   =    B                                          éééééé(3) 

The effect of this Larmor precession is to alter the energy of the system by an amount ȹE, 

which is given by 

    ȹE  =  Projection of mechanical momentum on the field direction     

    ȹE  =    B ὴ cos— =      cos— 

   ȹE   =     ά                                                                                           ééééé.(4)     

Since cos—  ά  

Now change in energy means that each energy level of the undisturbed state of the atom is, 

splitted into a number of levels which is given by (2l + 1) and the magnitude of separation is 

proportional to the strength of magnetic field. 

Now suppose that E1 and E2 are the energies of the two levels in the presence of magnetic field 

and E01 and E02 in the absence of magnetic field with the two values of ml as ά  and ά . Then 

we have 

                        E1 =  E01  +  ȹE1  =  E01  +  ά                                                           éééééééééé(5)   

                        E2 =  E02  +  ȹE2  =  E02  +  ά                                                           éééééééééé(6)   

If transitions take place between these two above multiplet states, a multiplet group of lines 

will result. The frequency ’ of any of these lines is obtained from equations (5) and (6) by 

using Bohrôs frequency condition i.e. 

                   E1  -  E2  =  E01  -  E02  +    ( ά   -  ά  ) 

                           hɜ   =  hɜ0  +  ȹml     
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                                             ɜ  =   ɜ0    +      ȹml                                                                           ééééééééé.. (7) 

Here ɜ0 is the frequency of the line in the absence of the field. Applying the appropriate 

selection rule; viz., ȹml  = 0 or  ρ ; we have three possible lines, 

                          ’    ɜ0    

                          ’  =   ɜ0   +      

                                       ’   =  ɜ0    -         

The frequency shift dɜ produced by the field is therefore Ὡὄτ“άὧȟϳ  the same as derived by 

the classical theory for normal Zeeman effect.  Ὡὄτ“άὧ ȟϳ  is called Lorentz unit. Fig. 4.3 

represents normal Zeeman effect. For three transitions in a bracket change in the value of ȹml 

is the same and hence they represent same change of energy and a single line.                                    

   

Figure 4.3: Normal Zeeman effect 

                         


