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This is the first udt  of the 'Spectroscopy' course. As suggested to you, we assume that 
by now you must have studied "Atoms and Molecules" (CHE-01) course. Since there 
must have been some time gap in-between, it will be useful to begin with by refreshing 
some of the concepts dealt with in the 'Atoms and Molecules' course. 

This unit is devoted to the spectra of Atoms. You are aware from Unit 1 of "Atoms 
and Molecules" course that atomic spectra results due to the interaction of electromagnetic 
radiation with atoms. Hence, we will start our discussion by defining what is 
electromagnetic radiation and how it propagates in space. We will also enlist some 
characteristics of electromagnetic radiation followed by the explanation of its 
interaction with atoms. We will discuss the atomic spectra of hydrogen and hydrogen 
like atoms in detail followed by that of helium and sodium. We will also explain the 
spectroscopic states by taking the example of carbon. Then Zeeman effect will be 
discussed. Finally, two techniques such as X-ray fluorescence and photoelectron 
spectroscopy used in the determination of atomic spectra will be explained. 

Objectives 

After studying this unit, you should be able to: 

a describe electromagnetic radiation, 

a define and relate various parameters such as wavelkngth, frequency, wavenumber 
1 etc. associated with the electromagnetic radiation, 

discuss the origin of various series of spectral lines in the atomic spectfum of 
hydrogen, 



I B d c C ~ c c p C l ~ ~ ~  explain the fine structure of hydrogen atom spectrum, 
s p c c h  

predict the spectra of hydrogen like atoms, 

discuss the possible transitions in the atomic spectrum of helium, 

write spectroscopic terms of an atom from its electron configuration, 

explain Zccman elect and 

give importance of the x-ray flourcscence and photoelectron spectroscopy. 

1.2 THE ELECTROMAGNETIC RADIATION 
- - -- 

Since atoms and molecules cannot be seen, we derive information about their structure 
by thcir interaction with electromagnetic radiation. You may recall from Units 1 and 6 
of 'Atoms and Molcculcs' course that electromagnetic radiation consists of oscillating 
clcctric and magnetic fields directed perpendicularly to each other and also to the 
direction or propagation of radiation, as is shown in Fig. 1.1. 

Direction of 
~rmaeat ion of 

Flg. 1.1: The eleclrk and mmgnetlc fields of (he eleclrornagaellc radlatlon., 

Similar to the other transverse wave motions such as that of stretched string or.water 
. wave, the electromagnetic radiation carries energy from one place to another. But 

unlike the other wave motions it does not require any medium for its propagation. 

The elcctromagnctic radiation can be described in ternu of certain parameters such as 
wavelength, ti-equency, wave number and energy. Although these parameters have 
been explained in Block 1, Unit 1, Sec. 1.4 of 'Atoms and Molecules' course, let us 
revise them and refresh our memory asyou will be using them very often throughout 
this course. 

Wavelength (A) can be detined as the distance between two successive crests or 
troughs (see Fig. 1.2). The wavelength depends on the system through which the 
radiation is passing. 

Fig. 1.2: Wavelength ussoelnled wllh (he eleclromagnellc radlntion. 



I Frequency (v) is the number of waves per second. 

Wave number ( P )  is the reciprocal of wavelength and it is the number of 
waves per unit length. 

The symbols and SI units of wavelength, frequency and wave number are listed in 
Table 1.1. 

Table 1.1 : Some characteristics associated with electromagnetic radiation. 

Parameter Symbol SI Unit 

Wavelength I (lambda) metre (m) 

Frequency 

Wave Number 
v (nu) 
G (nu bar) 

hertz (Hz) 

metre-' (m-') 

; Spectra of  Atone 

These parameters are related to each other by the following relations: 
The longer the wavelength. the 
lower is the frequency; and the 

C A = -  ...( 1.1) shorler the wavelength, the 
v higher is  the  frequency. 

where c is the velocity of the radiation in the medium. However, in vacuum 
c = 2.998 x lo8 m s-'. 

- 
and v=p c ...( 1.2) 

You may also recall from Unit 1 of 'Atoms Molecules' course that certain 
phenomena l i e !  black body radiation, heat capacity variation, photoelectric effect and 
atomic spectra could not be explained with the help of classical mechanics. The You are advised to go through 

Unit 1, Se~a. 1.5 and 1.6 for details 
classical mechanics puts no restrictions on the value of a dynamic variable (e.g., of these phenomena. 
energy, momentum etc.). The quantum theory proposed by Max Planck in 1900, 
suggested that the energy can be emitted or absorbed only by a specified amount, 
called the quanta and not continuously. Also when we consider the interaction of 
radiation with matter, its wave like description fails to explain the interaction. 
Therefore, the particle nature of the radiation has to be considered. These particles 
are known as photons. The energy (E) of the photon can be related to the tkquency (v) 
of the radiation by the following expression: 

where h is the Planck's constant and has the value 6.626 x I O - ~ ~ J  s. 

From Eq. 1.1, we can say that 

Substituting the above value of u in Eq. 1.3, we get, 

1 
From Eq.1.2, F = r. Substituting this in Eq.1.4, we can write 

a .  

Learn ihe above ielationships by heart and do not confuse one with the other. If you 
do not feel confident, go through them once again. 



I Fig.l.3 shows the range of electromagnetic radiation in terms of the above parameters. 
SP=- Carefully go through the values given for various regions. Try to apply the above 

relationships (Eq.l.1 to Eq.1.5) to these values. 

FREQUENCY NAME OF WAVELENGTH 
(Hz) RANGE (m) . 

4 10-l4 

t X-ray 
1 Pm 

nm 
420 Violet 
470 Blue 
530 Green 
580 Yellow 
620 Orange 
700 Red 

Microwave 
lo9 + 1 GHz 

1 MHz 

lo' t . Radio- 
irequencv 1 km 

1 o3 + I kHz 

- 

F k  13: The of Eledmmagnetle mdlatbn 

After understanding the above section, answer the following SAQs. 
Although you know the following 
conversions from Unit 1 of 'Atoms 
& Molecuks' course (CHE4l). you SAQ 
are advised to go  through them 
again and your Calculate the energy associated with a radiation having wavelength (A) = 400 nm. 

1 millimetrc 5 1 mm = 10-)m ........................................................................................................................................................... 
I micrometrc = I ,dm = lo-' m 

........................................................................................................................................................... I nanometre 4.1 nm = 10-'rn 
I picometre = 1 pm = lo-'' nh ........................................................................................................................................................... I Anptrom = 1 A = 10"~m. 

SAQ 2 

Generally, the energy is reported per mole. How will you convert the energy value 
obtained above in terms of energy per mole ? 

Avagadro Number = 6.022 x 1 0 2 ~  mol-' 



1.3 INTERACTION OF RADIATION WITH MATTER 

From the above discussion you have an idea about what a radiation is? You are also 
familiar with the fact that matter consists of atoms or molecules. When electromagnetic 
radiation comes in contact with matter, there may be an exchange of energy between 
the photons and matter. As mentioned in the last section, according to Planck, energy 
can change only in terms of quanta. Thus, a system may absorb energy and go from the 
lower energy state El to the higher energy state E2. Alternatively, a system initially in 

the higher energy state E2 can lose energy and go to the lower energy state El. The energy 

difference, AE, between these two states is given by the following equation. 

where hv is the energy abosrbed or emitted. This is also shown in Fig. 1.4. 

The lower energy state is called 
the ground state whereas the 
higher energy state obtained by 
absorption of energy is called the 
excited state for that particular 
system. 

Flg.1.4: Energy levels of a system. , 

At tl$i moment; can you think of the importance of the absorption or emission of 
energy by a system as discussed above? Obviously, by determining the energy absorbed 
or em$;ed, you can know about the energy levels present in an atom or a molecule. In 
other words, these energy changes can be related to the structure of h e  atom or the 
molecule. 

The next question which will come to your mind is how to determine what amount 
of en& is absorbed or emitted? Depending upon which one of the two modes 
(absd;ption or emission) we choose for determining the energy change, we use the 
instrukent called absorption or emission spectrophotometer. These instruments 
are designed to measure which frequencies of radiation are absorbed or emitted by 
a particular sample on irradiation. The absorption spectrophotometer 
(Fig.l.5 a) consists of a source which gives'radiation of known frequency 
range. The radiation, thus obtained, is passed through the sample. The sample 
absorbs some of the frequencies and transmits the others. The 

transm$ted rad~ation is then anflysed, detected and the frequencies 
absorbed are recorded. The emission spectrophotometer (Fig. 1.5 b) consists of a 
source%f excitation which energises the sample. The sample then emits a 
characteristic radiation which can then be resolved into its components and finally 
detected. 

Do not worry about the details of instrumentation at this stage. You will study them in 
Unit 9 of Block 3 and at other appropriate places in this course. 

At this stkge, you may be curious to know how the absorption and emission spectra 
look? In absorption spectra, certain frequencies are absorbed by the sample under 
observation. When the transmitted radiation is analysed, these particular 



Basle Cmeepts aod Rotational 
Spectra 

Sample Anrlyser Delectcr Recorder 

t M  1 

Keep in mind that the value olE, 
given by Eq. 1.7 is correct when the 
mass of the nuclei is infinite. 
Strictly speaking, when the motion 
of the nuclei is also taken into 
account, the value of En is given as 
followE: 

wherep is the reduced mass of 
hydrogen atom. 

I scanning 

Sample 

4 

Flg.1.5: Sehematlc represeahtloa of (a) an absorption speetrophuhmeter and 
(b) ma emlsslon rpectrophohmeter. 

can expect dark lines for each of these absorptions. This is shown in Fig. 1.6 (a). Fig 
1.6 (b) shows an emission spectrum which shows discrete set of Lines, each 
corresponding to the emission of radiation (energy) when the system changes from the 
higher energy state to the lower energy state. In this transition, the electronic 
configuration of the atom changes and it gives a signal in the spectrum of 
the sample. 

absrption spectrum 
of sodium vapor 

Flg.1.6: (a) A typical absorplloa spectrum; 
(b) An emlssloa spectrum. 

Since in this unit, we will be restricting our discussion to the spectra of atoms, we will be 
mainly concerned with the transition of electrons from one atomic energy level to the 
other. Let us start our study of atoms with the simplest atom, i.e., hydrogen. 

1.4 THE ATOMIC SPECTRUM OF HYDROGEN 

The hydrogen atom has a single electron. You can recall from Sec. 1.10, Unit 1, Block 
1 of 'Atoms and Molecules' course (CHE-01) that the energy of an electron in nth 
orbit of the hydrogen atom, En, can be given by the following expression. 

10 
where Z is the atomic number, 



e is the charge of tile electron, 

m is the mass of th: electron, 

E,, is the permittivit:; in vacuum and has the value 

8.854 x 10-l2 d N' m-2, 

h is Planck's constant, 

and n is the number of I he orbit. 

Let us consider the energy differance between the fust and €lie second energy state. 
This can be given as 

I Using Eq.1.5, we can say that the wave number of the radiation associated with the 
above energy difference can be expressed as given in Eq.1.9. 

1 
I 

2 4 
The term - is called the Rydkrg constant and is denoted by symbol RH for 

8e:h3c 
hydrogen. Thus, we can rewrite Eq.1.9 as given below: 

The experimental value of Rydbcrg constant as obtained from spectral data is 

1.09677 x 10' m-'. 

The theoretical value of Rydberg constant can be calculated by substituting the values 
of various terms as given below: 

The theoretical value of Rydberl: constant is denoted by R,. 

This difference between the experimental value of Rydberg constant (RH) and 

Spectra &Atom 

theoretical value of Rydberg con: tant (R,) is about 60 cm-' This i became the 
calculation was made on the bask of an infinitely massive nucleus. If we take into 
account the finite mass of the nuc.leus then we have to consider the hydrogen atom as a 
two particle system having masst ; ml and mz. 



Bade The motion of a two particle system having masses ml and m2 takes place around the Spectra 
- centre of gravity. If the centre of gravity is at rest, the motion of this two particle 
Such a motion is described in System can be described in terms of the motion of a single (fictitious) particle around 
detail in Unit 3. their centre of gravity having the massp. This mass p is referred to as the reduced 

mass and is given by the following equation. 

where ml and m2 are the masses of the two particles. The reduced mass of the 

hydrogen atom can be calculated as 

where mn is the mass of the nucleus and me is the mass of the electron. 

Thus, a correction of me is to be applied to the theoretically calculated value of 

ll+m,l 
the Rydberg constant,h,. ~ h d s  the value of the Rydberg constant for hydrogen 
should be 

Using spectroscopic 
determination, ratio of the mass 
of proton to the mnss of electron 
was found to be 1836.15, i.c. 

Thus, Eq.l.10 for hydrogen atom rewritten as, 

b 

where RH is given by Eq.l.11. 

Therefore, we can expect that whenthe hydrogen atom goes from its ground state 
~ ( 1 s ' )  to the excited state ~ ( 1 ~ ~ 2 s '  or 1 ~ ~ 2 ~ ' )  i.e., when the electron in hydrogen atom 
goes from the first orbit (n = 1) to second orbit (n = 2), a radiation corresponding to 
wave number given by Eq. 1.12 should be absorbed. In the reverse process, when the 
atom changes from its excited state to the ground state, the radiation with given by 
Eq.1.12 should be emitted. 

But what about the higher energy levels? Let us see Fig.l.7 which shows energy levels 
forn = l t o n  - 5 .  



1 = 0  1 = 1  1 = 2  
(s state) @ sum) (d rute) E " e r ~ ~  (em') 

0 

--0.2 R 

- -0.4 R 

- -0.6 R 

--0.8 R 

Remember that the energy leveis 
having same cnergy a w  called 
degenerate. 

Remember that the four quantum 
numbers about which you studied in 
Unit 2 of Block 1 of 'Atoms and 
Molecoles' are principal (n), 
azimuthal ( I ) ,  magnetic (m,; and 
spin (m,) quantum numbers. 'The 
principal quantum number (11) 
represents the major energy level. 
The azimuthal or angular 
momentum quantum number (0 
represents the angular momentum 
and shapc of the orbital. The 
magnetic qua1:tum number (m,) 
determines the possible quantised 

IR kviiriibled UV 
orientations of the rngular 

IY --- momentum and the orbital in space. I 
The spin angular quantum number 
(m,) denotes the spin of an electron. 

Note that accordinn to the selection .. 
rules the transition for ls1+2s1 

Fig. 1.7: (a) Possible trcmelUons from ground state b excited s t a b  In hydrogen abm. is forbidden but the transition from 
(b) Hydrogen atom spectrum. 

ls'_pQ?p1 state is allowed. 

One thing which you can immediately observe in the figure is that for a particular n 
value, s, p and d levels are pladed at the same level, i.e., they have same energy. This is you my ,mu that Schriidmpr 
also evident from Eq.1.7. If you see Eq.1.7 carefully, you can note that all other terms equation has beendiscussed in Unit2 

of Block 1 of 'Atoms and Molecules' except n are constant. Thus, for a particular atom, energy is governed by n. You may 
also recall from Units 1 and 2 of 'Atoms and Molecules' course (CHE-01) that n was 

The Schddinrcr equation can be 
called the principal quantum number. written as 

H q = E q w h e r e H = -  
You can also see in Fig.l.7 (a) that there are various possible energy levels. But if you 
analyse Fig. 1.7 @), you will find that the spectral lines appear only at discrete a2 a2 a2 

in which 9 is - + - + - 
wavelengths (or wave numbers). Thus, we can say that all the transitions from all the a2 q? a2 
levels are not allowed; or in other words, we say that only some transitions are allowed This of SchrBdinrcr equation 
and others are not allowed. Now, to decide which transitions are allowed we can was time independent Schr6dinger 
derive certain selection rules with the help of (time dependent) Schriidinger equation. and was used calculate 

the energy of the energy levels. But, 
for the derivation of selection rules 

In this course, we will not discuss the details of how'these selection rules are derived for~pectra l  traositions~we have to 
use timedependent SchrBdinger from Schrodinger equation. But we will discuss what these rules are and how they are evation. The timedependent 

applied in case of various atoms to understand their spectra. SchrMinger equation can be written 
$s follows: 

The selection rules for the hydrogen atom are: -h2 a2 Y (x, t )  - 
&r2m a2 + V(x) y (x, t )  

(i) An = any value h? aw =-- 

and (ii) Al = +I. di at 

Note that according to  the 
selection rules, lsl to 2s' transition 

Using these rules, let us begin from the lowest possible level, i.e., Is level. For this is forbidden. 
level, n = 1 and I = 0. Thus, electron from this level (n = 1) can go to any higher level repreents the 
with n = 2,3,4 ... etc. but with the restriction that A I should be equal to+ 1. Here A I azimuthal quantum number and 
can only be + 1. Therefore, 1 = 1 for the excited state which means that the s electron can take values from O ton-1. 

can go only top states of higher levels. These transitions are shown in Fig. 1.7 (a). Let 
us also write value of from Eq. 1.12 for these transitions. 
Here nl = 1 andn2 = 2,3,4 ..... . So we can say that 
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The value of % as determined 
from the observcd spectrum of 
hydrogen also led to the 
calculation of precise value of RH 
which is equal to 109677581 cm-'. 

Waw number is related to energy 
8s 

Ionisation energy can be obtained 
with the help of pbobelectron 
spectrosoepy which you will study 
in detail in Scc. 1.12 of this unit. 

Decreasing spacing between 
spectral lines for Balmer series of 

1 hydrogen spe-ctrum. 

When we substitute the above values of n2 in Eq.1.13, we can get the values for V. For 

example, 

when n2=2, iJ=RH [l i-- ( l ) 2 ] = ~ H ( l - i ) = R H X - = -  
1 3 3 

4 4 R ~  

Thus, we can get 

for n2 = 2,3,4,5, ... respectively. 

Such a series of lines with above wave numbers was observed in the atomic spectrum 
of hydrogen by Lyman and is called Lyman series after him. Experimentally, this series 
was observed in the ultraviolet region of the electromagnetic spectrum.You can see 
the limes corresponding to this series in Fig. 1.9 and also in detail in Fig. 1.8. 

Fig.l.8: Lyman serlccl showln# convergence at 5 = R, 

You can see in Fig. 1.8 that when V = RH, there is a continuum after this point in the 

spectrum. From Eq. 1.13, you can see that D = RH only when n2 = 00. In other words, 

this represents the removal of the electron from the atom which means ionisation of 
the atom. Thus, we can measure the ionisation energy of the electron by knowing RH - 
or v. 

Similar series of spectral lines called Balmer, Paschen, Brackett and Pfund series 
were also observed for nl = 2,3,4,5 respectively and nz = (nl + I), (nl + 2), 
(nl + 3) .... etc. The energy levels, electronic transitions and spectral lines 
corresponding to these series are shown in Fig.l.9. 

nz Observed Calculated Spacing 
Fig. 1.9 also shows that in each series as the value of n2 increases, the separati&n 

~(cm-'1, ~ ( c m - l )  qcm-l)  
between the energy levels decreases. In other words, separation between the spectral 

3 15230 15233 lines decreases with increasing value of n2 till it reaches a convergence limit at n2= a. } 5340 
4 20570 2056s As you know this convergence limit represents the ionisation of the electron, any 

} 2460 energy greater than this limit, if supplied to the system, will only increase the kinetic 
5 23030 23032 

} energy of the ejected electron and will result in the Increase in the velocity of the 
6 24370 24373 ejected electron. Since the kinetic energy is not quantised, it can be increased any 

7 25180 25181 
} 810 amount by supplying energy to the electron and that is why the spectrun in this region 
} 530 shows a continuum. 

8 25710 25706 

Till this point, we have been successful in explaining the origii of different lines in 
the atomic spectrum of hydrogen. However, when closely observed, hydrogen 

14 spectrum reveals a fine structure. For example, in the Lyman series, every line was 



observed to be consisting of two Lines (doublet) very close to each other. Thus, unless 
these lines were properly resolved, these two lines appeared as a single line. The 
spectrum becomes more complicated for other series where every lime shows a 
multiplet structure. 

rrlnctpal 
quantum 
number Continuum 1 

Lyman 
series 

FIg, 1.9: A sketch of energy levele for vubw serles of spcrtrnl Unes observed In 
the a C d c  spectrum of hydrogen. 

Let us study the next section to find out the reason for the fine structure of hydrogen 
atom spectrum. 

Spectra of A t o m  

But before that you can check your understanding of the above section by answering 
the following SAQ. 



If the ratio of mass of electron to the mass of nucleus for deuterium is 0.00027148, i 
calculate the value of Rydberg constant for deuterium. (use the same value of R, for 
deuterium as used for hydrogen). Also calculate the wave number for the fust Balmer 
line for deuterium. 

1.5 FINE STRUCTURE OF HYDROGEN ATOM 
SPECTRUM 

So far we have based our discussion on the Eq. 1.7, which relates the energy (E) of an 
energy level with the principal quantum number, n. But to understand the h e  
structure, we have to consider the effect of other quantum numbers as well on the 
energy levels. 

An electron possesses an orbital angular momentum (1) and spin angular 
momentum (9). The magnitude of these momenta I 1 I and I s 1 is given by the 
following equations: 

Note that we are using 
h 

fi to represent -. 
2u Orbital angular momentum, ( 1 ( = w. - h .... 

2a 
(1.14 a)- 

Note that we have ured modulus 
sign ( 1  I )  to represent the 
magnitude of a in 4 .1 .14  Spin angular momentum, 1 s 1 = w. 5 ... (1.14 b) 
(a) and 1.1qb). Thu, mrgnitudle of 
I is represented .r I I I .  lEe name 

be fouowcd for In the above two equations 1 represents the angular momentum quantum number and 
other equations a h  can take values from 0 to (n - 1) and s represents the spin quantum number. Since 
Note that we ue now using8 la h 
denote the pin quanlum monk .  these momenta are always expressed as multiples of - (= 1.055 x J s), we can 

27c 
h tike - as one unit and represent it as a. Thus, we can rewrite Eqs. 1.14a and 1.14b 
27c 

as given below: 

11 I =m inunitsofa= ... (1.15) 

and 1 s )  = m i n u n i t s o f a = m a  ... (1.16) 

The total angular momentum of the electron, J has contribution from both orbital 
and spin angular momenta and can be expressed as, 

+ + 
Conventionally, vectajr quantities J = 1  + S  

using bold ttzrs to denote vector 

Let us nowstudy about the vector nature of orbital angular momentum and spin 
angular momentum. 



Vector Nature of Orbital Angular Momentum SpecmdAtomm 

For a vector quantity, e.g., orbital angular momentum of an electron, to be 
completely described, it is required that both its direction and magnitude should be ~ o t c  that for a free atom there is 
specified. The magnitude of I is specified as given in Eq. 1.14a (or 1.15) and is ao preference direction. Hena,  the 

Schrodinpr equation tells us that quantised. Now what about its direction? The quantum theory says that a reference the total momeaturn 
direction can be specified by applying the magnetic or electric field; and the angular quantised and only one component 
momentum vector can have oniy those directions whose components along the of theangular momentum out of 

the three components h u  a definite 
reference direction are integral multiples of a. Such a reference direction is shown value. YOU may call it I,$orl,but 
in Fig. 1.10 as pointing in vertical direction and is conventionally used to by convention we call it I,. Hawever, 

represent z - axis, See Fig. 1.10a. when the aom is placed in a 
magnetic field, there is a ~ f m n c e  
direction of the mapctic'field 
(which is called z direction) and the 
component of the angular 
momcntum in the direction of the 
field becomes quantised. 

Note that the magnitude of the 
orbital angular momentum, 

( I  I = J-II and the maximum reference  or ~ 1 . 4  =+I, 0, -I value of its components, in a 
direction particular direction is la. Since 

(b) 
(I I > 1, the angular momcntum 

(a) vector cannot point in the direction 
of the applied field. The angle 
between angular momentum vector 
and the dircction of the field is 

z 

z-component I 

In fig 1.10(b) 

( 4  
Fkl.10: a) The nlercna dlreetlon. 

b) AUowd dlrectlons lor the angular mowntlun'vwtor and 
c) Tbe components 01 qdar momenlam In the rcfertnrt dlneUon. 

/ For m , = = l , u x 8 = - ~ = = j l Z  

Now, the. angular momentum can point in such a way that its components in thei  . 8 - 4 9 ,  

direction are integral multiples of k, Fig. 1.10b. If l, is the component of angular ml=0, C ~ ~ = = O  

momentum (I) in z direction, then .: 8-900 

14 I =m1h 

8  = 135" 
Here m, is an integral number called magnetic quantum number and can have values 
as given below 

I,,, = 1, (1 - I), ... 0, ... - (I - I), -1 



Baslc Concepts and Rotational Now what will be the value of rrtl for 1 = O'! It will be zero as per Eq.1.19 and the 
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angular momentum will also be zero according to Eq 1.15. 

Similarly, for 1 = 1, mI = +1,0, -1 from Eq.1.19. When we substitute these integral 

values of mI in Eq.1.18, we get z components of angular momentum (mI) as given 

below: 

When m I = + l ,  l , = l . A  = A  ...( 1.20a) 

Also note in Fig. l.lO(c) that the The angular momentum I and its 4 components for 1 = l(ml = +1,0, -1) are shown 
values of 4 for I = 1 are -h, 0 and + h. in Fig.l.lO(c). 

1 Remember that the magnitude of angular momentum (I) whose z components are 
given by the above Eqs.l.ma, 1.20b, 1.20c, is given by Eq.1.15 as 

Thus, the magnitude of angular momentum vector for 1 = 1 is fi A. This is shown in 
Fig.l.lO(b). 

Going back to Eq. 1.20, we can say that the z component of the angular momentum has 
precise values. If we apply Heisenberg uncertainty principle it says that the angle of 
orientation of the angular mementum vector around thez-axis is completely indefinite. 
Thus, there is an equal probability of locating the angular momentum vector ' 7  all the 

','(,(I \\)I1 \IO<l\ I l l  \CL I 1 ' 1  111 I1 [ I l l \  

dcgcnur~'\ L'In hc I ~ l r c i l  In [hc 
directions aroundz axis. Thus, this vector takes the conical shape as  shown in 

prc\cnce OI IIIC ~ i i ~ i ~ n c t ~ c  I I ~ I L I  Fig.l.lO(c). Note that vector mI = 0, has noz component ( I, = 0 ) lies in they-plane. 

It is also worth mentioning here that the energy of electron depends on the magnitude 
of the angular momentum and not on its direction. This leads us to conclude that all 

Note that in case of hydrogen atom, 
the upon the principal the values of mI (corresponding to a I) have same value of I and have equal 
quantu;nun;ber (n)bnl: but for energy and are, therefore, degenerate. 
multi-electron systems it depends both 
on n and I. 

Vector Nature of Spin Angular Momentum 

You should not confuse between and You are aware that the spin quantum numbers is equal to V2. The quantum laws again 
m,. The spin quantum numbers of an specify that spin angular momentum, s, can take only those directions for which its 
clcctron (which is generally referred as 

1 
spin) has the value - But m, which is 

components in the reference direction (s,) are half integral multiples of A. Thus, 
2' 

the magnetic spin quantum number for 
thez component of spin angular S, = "$A 

1 
momentum can take the values + - 2 

1 
and - - 

2' where ms is equal to + 112 or -112 and is known a \  spin magnetic quantum number. 

" 

The allowed directions for the spin angular momentum vectors are shown in Fig. 1.11. 

At this juncture, you have enough knowledge of orbital and spin angular momenta. 
Whenm = + -  

s 2 Therefore, we can now proceed to the concept of total angular momenhrm as given by 
Eq. 1.17. 



Spectra of M m  
mt 

Fig. 1.11: The allowed directions of s ~ i n  annu la r  momentum f o r  a n  electron. 

v3 
Similar to Eqs. 1.15 and 1.16, we can represent j in terms of total angular momentum 
. A  L . . -. A -. .- . I. & .-. &.~ . C - . l - . . .  .- - ---I ----- quantum numwr,] sucn mat me magtutuae o r ~  can tam me rouowmg values; .-. 8=3S015' 

where j can take values 1 (I + s I , I (I + s - 1 ( , ..., 1 (I - s) I 
Let us find out j for an s electron. 

Here1 =Oands = t f i .  I 
Therefore, B = 144" 45' 

Thus j=  I ( l + s ) I ,  I ( ~ + s -  1 I ,..., ICl-s>I. For s electron 

Hence. i = d i ( i + l \ i k  1 = -  I 

111 (1 . -\  - Forp  electron I 

1 
- 

Next we will do similar steps for a p  electron. For a p  electron, 1 = 1 and s = 7. 2' 2 
L. 

Substituting these values of I and s in the following expression, F o r d  ;~ectron 
1 

I 
1 = 2 , s = -  

2 - l j [  - I(I+.\)I, ( I  + . \ - I ) J  ,....... I(/-s)l 

weget, j =  ( I + + ) ,  (I-;) j =  I ( ~ + $ I ,  1 1 

l ( 2 + z - 1 ) l ,  ...( 2-51  

I 
= 3  1 

2 '  2 = 5/2,3/2 

These two values of j yield j = G k  and k using Eq. 1.22. Note that I + s gives the maximum 
value o f j  and 1-s (or s - 1 i fs  > f )  
ekes the minimum~valuc of i. The j -- - - - -. - - - - -- - - - - - - - - - - - - - - - a -  - - - - a  

The two values of j represent two values otenergy, thus, indicating the existence of two can take all positive valuer from 
energy levels of a p  electron corresponding to I = 1. It may also be emphasised here maximum to  minimum, the sucasi= 

I 
that allp-levels will be split into two energy levels corresponding to j = 1/2 and values deffering by one unit only. 

j = 312, irrespective of whether they are 2p, 9,4p ..... states. For an s electron only the spin 
angular momentum is responsible 

1 for the total angular momentum. 
Shnilarly, for a d level when I = 2 and s = 7 \\ e can say that I 



You will now learn about the nomenclature of these states using Term Symbols. 

Term Symbols 

The energy levels of an atom are called terms (or spectral terms). A term can be 
designated by a term symbol. A term symbol can be denoted as 

Jcan be rrplaced by/ in case of a 
single electron system. 

Here, 

L is the orbital or angular momentum quantum number and can take the values O,1,2, 

Note that capital letters are used 3,4 ... etc. and corresponding to these values L can be represented by a letter as 
to denote various L valuo S,P,D,F,G ... etc. 
comsponding to the state of an 
atom. Similar small letters IS, p, d... 
have been used forthestates of The superscript "" gives the multiplicity of the energy state and the 
electrons. subscript, ./, L.> the total angz~lar- nlomentunl qztantuni number (as expressed 

by Eq. 1.22). 

Let us first take the example of hydrogen atom for determining the term symbol. 

For the ground state of hydrogen atom, the electronic configuration is Is' 

1 Here, s = - and I = 0. Thus, 2 

Note that we err reprrsenting j = I + s = o + - = -  1 1  I .  = 0 by S  in the term symbol. 2 2 

and the term symbol will be 

1  
2 S +  lL = 2 x - +  IS 

i 2  f i  = 2 ~ y L  

Similarly, for a p  electron, in hydrogen atom, we have 

So, the term symbols for the two energy levels of a p  state for hydrogen atom about 
which you studied above are 

= 2 ~ 1  and 2 ~ 3  - - 
2  2  

d 

In the light of the above discussion, let us now see Fig.l.12. It shows the fine structure 
of energy levels of hydrogen atom. 



Spcctlr af A i m  

Energy ( 6 ' )  

0 
48 4 p - t t  4d-) '-1 

T T  
3s -- 3 a 2 3d 

3 5 
T T  The electronic configuration lsO 2p1 - - 0.2 R .implies that the electron is present 

3 
T inp orbital and s orbital is vacant. 

23 + (lf2P') 
Note that the electron configura- 

- - 0.4 R tion ls02p1 of hydrogen atom gives 
rise to two levels with tenn symbols 
'P and ' 1 ;  l c ~ ~ h l e \ e l ~ ~ ( 2 , + 1 )  

- - 0.6 R 
fold degenerate. Thus, 'pi level 

2 

1 withj = - is  two - - 0.8 R 2 
1 ( 8 + 1 = 2 x Z + 1 = 2 ) f o l d  

3 - - 1.0 R degenerate and 'P? level with j a - 
2 2 

F b  1.12 : Spllttlng o lp  s t a b  Into two energy levels corresponding to two values olj. fold degenerate. You will study in 
The configumtlon of some lower aiomlc states Is glven in bracketts. Sldlarly, !kc. 1.10. Fig. 1.16 that thcse 
we can wrlte the conflguratlon olatomlc states corrcspondlng to hlgber energy levels. degeneracies can be rtmovtd by the 

application of the magnetic field. 

The j values for the variousp ent:rgy states are also shown in the figure. Now, if an 
electron in Is energy level absorbs energy and gets excited to the 2p state; it has two 
options corresponding to two j levels. Here the selection rules saythat in addition to 
the earlier restrictions of An = anything and A  I = 2 1; 

By applying these selection rules to the above transitions from LF to 2p level, we can get 
the following results: 

Lr (j=$)- 2 ,  (j=$) and A j = O  

and 

So both these transitions are allowed and the spectrum of hydrogen shows one line'for 
each of these transitions. 

Thus, we can expect a doublet for the transition of an electron from an s to a p  level. Actually the spacing between the 
This is called the fine structure of hydrogen atom spectrum. This pattern of lines is lines is 0.365 cm-' and requires the 

similar to Lyman series but the difference is that each line obtained is a doublet. In the Of high instruments 
for resolving thcse lines case of hydrogen spectrum, the spacing beheen the lines is very-very less and they are 

difficult to resolve. The spacing as shown in Fig.l.12 is many times greater than the 
actual splitting observed. 

Further transitions from doublet P (2p) state to 2~ or 2~ states are possible but we will 
not go into details of these transitions. 

In the next section, you will be studying the spectra of hydrogen l i e  atoms. 

1.6 SPECTRA OF HI'DROGEN-LIKE ATOMS 

The atoms of all the elements of the 1st group in the Periodic Table have a single 
electron in :heir outermost shell. The inner closed shells have zero total angular 



B a e  CooeePbad-I-l momentum. Thus, these elements can be considered similar to hydrogen atom as far as 
SpcCb their spectrum is concerned The energy level diagrm of sodium is shown in Fig. 1.13. 

E n e w  level diagram for transition# 
corresponding to D-liner of sodium. 

For 3s t o w  (or 9, Sg,... 
transitions, A 1 = +I. 

Fig, 1.1% The energy level dlnyam of mdlum atom 

Here, the 3s electron will require least energy to get excited as compared to the inner 
electron of flrst and second shell. Similar to the hydrogen atom, there are two energy 

3 1 levels available (corresponding to j = z and j = -) at the 3p, 9, ... etc. levels. The 3s 2 

electron can be excited to any of these two 3p levels and the energy required for these 
excitations corresponds to 588.995 nm and 589.592 nm. These two lines of atomic 
spectrum of sodium are commonly known as D-lines (Fig. 1.13). Also note that on 
further absorption of energy this electron from 3p levels can be promoted to highers 
and d states (A 1 = + 1). But we will not go into details of these transitions and stop 
our discussion of spectrum of sodium here. Other species such as ~ e + ,  ~ e +  and B ~ +  
which have one electron in their outermost shell1 show a spectrum similar to hydrogen. 

SAQ 4 

Calculate the difference in the energy of the energy levels in J units corresponding to 
two D lines in the atomic spectrum of sodium if A t = 17.19 cm-l. 

1.7 MU LTI-ELECTlit ) N SYSTEMS 

So far, you have studied about the spectra of atoms containing a single electron in 
their outermost orbit. In this section, we will discuss the spectrum of ~: i t i I t i - c lc .c  I ,  t I I 

atoms which have more than one electron in their outermost orbit. 



In these kinds of atoms, interelectronic interactions also affcd the energy states. There 
' 

are two ways in which the orbital and spin angular momenta of many electron systems 
combine. The first method is called the L S  coupling (or the ~usse lSaunders  

couplhg) and the second methpd is called the j - j coupling. Let us now study about 
these two schemes. We will diLcuss L . 4  coupling in detail because it is more relevant 
to our discussion regarding lighter elements. 

Spectra &Atom 

LS Coupling Eq. 1.24 is also known as 
Clebsch- aordan reria. 

This scheme of coupling explains the atomic spectra of elements having atomic 
number upto 30. In this method, we assume that the orbital angular momenta of all the 
electrons combine to  give the total orbital angular momentum, L. Similarly, the Spin Note that 

angular momenta of various electrons can be combined to give total spin angular 
momontum, S. Finally, the total orbital angular momentum and total spin angular 

e - Z T  
momentum could be added to  get the total angular momentum, J. where 1, ia the'anplar momentum 

of individual electron. 

Total orbital angular momentum ( L 1 = in units of A ...( 1.23) 
'\l,,\ 1 lf' 

where L is the total orbital angular momentum quantum number and c.i:r be obtained 
according to the following equatirn for the electrons 1 and 2. ,, , 

, . . . . 1 : .~i.a:iol 

I. . 2 , l l i , , , ~ ~  . , .:, , ,,,, 

L =  1.(11+12) 1 ,  ! ( l l w x - l )  I , . - . ,  l(4-ld 1 ... ( 1 )  8 . 8  , , : I ,  L , . ,  : r , ,  
c . >. . ,! I;), I ~ ~ . : ; ! , ! I  ,!.,jll:cnt,lm 

! ; ,  ' , . , .  . 8 q , , L , ! , , , ! ,  

Similarly we can write total spin angular momentum, S of individual electrons 1,2, ... 
etc. as Similarly 

( S 1 = in units of k . . 
h e r e s i  is the spin angular 

where S is the total spin quantum number of individual electrons. It can be obtained momentum of the individual 

by summation of the individual quantum numbers sl, s2, ... etc. of electrons 1,2, ... etc. electron. 

and can take the values as Alw, 

s =  I (s1+s2) 1 ,  I (s1+S2-l) I, . . . . ,  I (s1-s2) I ... (1.26) Ms = 2 mai 

where m is the z:.- component 
Now, we have L and S as given by Eqs.l.23 and 1.25 and can calculate J. For this theL 5 

and S can be obtained from Eqs, 1.24 and 1.26:1ni{ combiied to give J such that of spin angular momentum of 
I I I~ I I~ I JLIJ I  c l ~ , c t r o ~ ~  JIIIJ \I, I,  I I ) C  

component of total spin angular 
J =  I ( L + s )  I , !  ( L + s - 1 )  1 ,  ...,I (L-S) ( ... (1.27) momentum in the z - direction. 

This total angular momentum quantum number, J is related to total angular 
momentum, J, as 

I J I = in units of f i  ... (1.28) 

Thus, from the above equation, we can calculate J values corresponding to various 
values of J, which correspond to various energy levels for a given atom. 

With this we finish our discussiorl of LS coupling. Before going to the next section 
which deals with the,Atomic Spectrum of Helium, let us briefly go through what is 
known as j-j coupling. For larger atoms, the orbital angular momentum and the spin 
angular momentum of each individual electron is combined to yield total angular 
momentum i as given below: 

Then, jl, j2, ... for all electrons are combined to finally yield J as 

Let us now study about the atomic spectrum of helium. 
23 



BPdc Cancepta and Rotatlooal ' 

Spectra 

Remember that according to  Pauli'i 
Ewclusion Principle no two Helium represents the simplest multi-electron system. Let us first derive the term 
electrons can have the same four symbols for the ground state of helium atom. The electron configuration of helium is 
quantum numbers. 

Is2. Here lI and 12, the quantum numbers of electrons 1 and 2, respectively have the 
We can write the quantum value 0. Hence L = ll + l2 = 0. Now, in the lowest energy state (i.e., ground state) both 
numbers of two e k d r o n r  of He ar 
given below: these electrons occupy Is orbital. If the values of three quantum numbers n, I, ml are 

n I m, r m, same for the two electrons, the value of m, should be different according to the Pauli's 

1 
Irt 

exclusion principle. Thus, if m = + - then m = - - 
2 

. We can calculate S by (i) the 
1 1  Sz 2 

elecuon O O 2 + 5 summation of ms and m, . to first give Ms or (ii) Eq. 1.26. 
1 2 

IInd 1 1  
electron 1 0 0 - -- 

2 2 (i) By summation of nts and Ins 
1 2 

The rtate of an electron can 
further be dacribed ar a o r b  1 1  Ms=ntsl +mSz= + - - - = O  

-. depending upon ib s and m, valuca. 2 2 
Since M, = 0, hence S = 0. 

For a atate (s, m,) - (i, i) 
Knowing L and S, we can calculate J as J = L + S. Thus, J = 0 + 0 = 0. Thus, the term 

( ] symbol for the ground state of helium + 'L, will be O + ' L ~  = 'so and f o r b  rtate (r, m,) - - - - 
(Rmember that = oil amad SO we can say that for the ground state of helium (ls?, the atomic state can be 
as s). represented by the term symbol 'so. 

IS, ir pronounced ar Singlet caa 

zero". Let us consider the excited state of helium. If one of the electron is excited to a higher 
state, the electron configuration will change. The excited electron can now occupy 

Note that capitel italicbed J is used nsl, ttpl, ndl, ... etc. orbitals where n r 2. The corresponding electronic configuration! 
in the term wmbol " 'L, of an for helium atom in excited states could be written as follows, 
atom having more than one 
electron. 15'  nr l ,  1s' np l ,  l s ' nd ' ,  .. .etc. 

Corresponding to each of the above configurations, we have two possibkties: 
We arc conridering the aticitation 
of only one electron, dnce a very 
large amount of energy would he i )  
q u i r e d  t o  a c i t e  both the 
elcctronr simultaneously. 

ThiswillleadtoM,=m, +nz =+- - -=  0. 
1 Sz 2 2  

leading to Ms = nt, + msz = ( +$) + ( +;) = 1. 
I 

The component M, = 1 can arise only when S = 1. 

When the principal quantum number. n for 
the hro electrons is different, then (ii) S can also be calculated using Eq. 1.26 

leading to M, (and S) = I well as s = 1 (s, + s2) l , I 01 + s2  - 11, -.-.., I (s* -s2) I 
I I + and - yielding M, ( and S) = 0. 

This gives rise to states with triplet and 
s~nglet levels. 

From the above S values (0 and 1) we can get niultipliciry of a state which is given as 
2S + 1, as stated earlier. 

Hence,when S = 0 , 2 S + 1 = 2 x O +  1 =  1 

andwhen S = 1 , 2 S + 1 = 2 x 1 + 1 = 2 + 1 = 3  

Thus, we have two spin statcs for each of thc abovc configuration depending upon thc 
24 value of S. For S = 0, when n~ultiplicity is 1, thc statc i\ tcrmcd ils ik bir~glrt sti~tc. 



Similarly, when S = 1 and multiplicity is 3, the state is called a tripiet state. These 
states are illustrated in Fig. 1.14. 

Spcctra v l  A t o m  

Thus, all electronic configurations 
To decide transitions to which of these states are allowed, we have the selection rules t ~ m ~ ,  ti ,,,,I, ti where ,, 
tbr multi-electron systems as give rise to both singlet and triplet 

levels. . 
AS=O, AL = k1, AJ=O,  &1 

Here, A S  = 0 implies that S should not change for an allowed transition. Thus, the 
transition will be allowed from Remember that singlet to triplet 

or triplet to singlet transitions are 
not allowed. 

Thus, transitions frotpsingiet to singlet and triplet to triplet states will be allowed. 
Since the ground state of helium has S = 1 and is a singlet state, the allowed 
transitions are only to higher singlet states. 

Let us next consider what A L = k 1 implies? A L = & 1 means that when L was 0 
(zero) in the ground state, the excited state can have L = 1. This indicates that the 
excited state should be a P state. 

Now what about its J value? J can be calculated as L +S. For this state L = 1 and 
S = O , s o J = L + S = l + O = l .  

The term symbol for the excited state will be 

*+ l~ ,  = 2x0 + lL, = I 4  (Remember that L = 1 state 

is denoted by P letter) 

Thus, the allowed transition will be from 

'so - 'P, state. (Remember that one electron 

still occupies Is orbital and the 
configuration is k12p'. 

Note that this 'pl state could belung to any of the lev& havingn z 2. These 

transitions are depicted in Fig.l.14 (a). 

Singlet Levels . Tripht Lcvtia EMoy (cm-') 
Is0 IPI ID' 9, 'Pz 1.0 'D*2; 

0 
lsSs - lsSp - l s5d-1 lsSr - 

Note that for the singlet excited 
state of He having the atomic 
configuration t' 2p1' the term 

symbol is 'PI. 

The three 2P states where 2 is the 
value of n in the excited triplet 
state of helium (as sl~own in Fig. 
1.14b) can be designated as. 
follows: 

You should also note that these 
triplet levels correspond to 
atomic ionfiguration t1 2p1. 

These levels arise as a result of 
Fig. 1.14: Energy levels (for electrons) of Helium atom showlng (a) slnglet to slnglet transitions 

spin-orbit coupling. 
and (b) triplet to triplet transltions. 

From this excited state, further transitions are possible in accordance to the selection 
rule A L = + 1. When AL = + 1, transitions will occur to higher S or D states and when 
A L = - 1, the system will return to the ground state (with L = 0): 
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'Ihus, the configuration IS'@' 

giws size to 'pl (singlet) as nc 
3 Pz ,, (triplet) states. 

But, if the helium atom is already present in the excited triplet state, its configuration 
.in the lowest level will be ls12s1. From this level one electron can be excited to higher 
triplet levels. (AS = 0). These transitions are shown in Fig. 1.14 (b). Let us study the 
transition from ls2s to lsZp level. 

For the ls2s triplet level. 

= 1 ; hence S = 1 

L = 1 1 + 1 2 = 0 + 0 = 0  

Term symbol of this atomic state 2s + lLJ will be 3~1 .  

For a lsZp level (which is an excited state). 

Thgs, the term symbols for this level will be 

3 3 Thus, this level has three states corresponding to 3 ~ 2 ,  PI PO. Its triplet nature is 
indicated by the 2S + 1(= 3) value as a superscript in the atomic term symbol. You 
should also keep in mind that the subscript gives the value of J, the total angular 
rnomcntum quantum number associated with a particular state. 

Lct us now come to the transitions from \ (L) 'I' !' , ~ ~ l d  1) \t,ttcs 

To check whether these y e  allowed or not, let us calculate J for them. 

and For3s1- 3 ~ O ; ~ ~ = ~ - l = - l  

Thus, A J = + 1 , O  and- 1. 

This 1s in accordance with the selection rule A J = -t l,O. So these transitions are 
.ilo\vcd. Thus, these transitions will appear as triplets in the atomic spectrum. 

Furl.her transitions from 3~ states to 3~ or 3~ states are possible and give complex 
patterrs. But we will not go into'details of these transitions and that is the reason why 
thcsc transitions are not shown in Fig. 1.14 (b). 



~t this stage, it is enough for you to know that the spectrum of helium shows two types 
of transitions, viz., from singlet to singlet and from triplet to triplet states. Since 
A S  = 0, transitions from singlet to triplet or triplet to singlet states are not allowed 
and are called spin forbidden transitions. 

The alkaline earth metals such as beryllium, magnesium, calcium etc. and other 
species having two electrons in their valence shell show spectrum similar to  that of 
helium. 

SAQ 5 

Why for the ground state of H e  atom having configuration ls2, triplet state (S 1) is 
not possible? 

1.9 SPECTROSCOPIC STATES OF CARBON 

2 2 2  The electronic configuration of carbon is IJ 2s 2p . We can term the two electrons in 
2p2 orbital as equivalent as they have same values of n and I. The Is and 2s orbitals 
being completely filled, do  not contribute to the angular momentum. Therefore, only 
2p2 electrons will be responsible for the angular momentum. For these two electrons, 
l l = l a n d 1 2 = l ;  

Hence, the corresponding states will be denoted by D, P and S. Similarly, S can also 
take values 0 and 1, depending upon whether the spins are paired or not. So, we have 
singlet and triplet levels for each of D, P and S states. Thus, the possible states are 
3 ~ ,  3 ~ ,  3 ~ ,  ID, 'P and . 
By applying Pauli's exclusion principle, we can derive the allowed energy states which 
are 'D, 'S and 3~ states. To  determine which one of the three states is a groudd state,: 
Hund's rule is used. According to this rule, 

Ftp. 1.15: EDergy level dla&am for carbon 

Spectra &Atom 

Helium atoms in singlet rtatu 
c t w z l l l i l l ~ ,  / ' ~ I I L I / I C . / , I I I I I  ; I I I ~ I  I I ~ O ~ C  ill 

triplet rtatu constitute 
onhohdium. Ordinary helium is a 
mixture of panhelium and 
orthohelium. Panhelium and 
orthobelium arc inter wnvcrtible 
by exchnfe a l e n e w .  



Basic Concepts and Rotatlooal (i) The state of greatest multiplicity is the lowest energy state and 
Spectra 

(ii) In case the multiplicity is same the state withgreatest L value is the lowest energy 
110 not worry about the details of 
how statc. Thus, 'P state is of lowest energy and is the ground state. Can you predict the 
are derived. next higher state? It is 'D (because it has greater L value). Then comes 'S state. The 

3~ state being a triplet has three energy levels 3 ~ 2 ,  3 ~ 1  and 'PW 

(iii) For half less than filled atomic orbitals, out of the states with same L value, the 
state with lowest J value will be the most stable state. For more than half filled orbitals, 
states having higher J values have lower energy. Thus, out of 3p 3 and 3 ~ o  states, 

2' Pl 

I 3 will be having the lowest energy. Such an energy level diagram is shown in Fig. 1.15. 
Po 

Similarly, we can arrive at the possible energy states of other atoms from their 
electronic ,configuration. - 

e Fi 
Note that -can b e  represented as 

2 tn .. In the next section, you will be studying about the effect of magnetic field on the 
I3ohr magneton (8,). YOU will read splitting of energy levels. 
more about Bohr magneton in Unit 

1.10 THE ZEEMAN EFFECT 
Note that a charged particle having 
angular momentum (e.g. an When an atom is subjected to a magnetic field, each line in its spectrum splits into a 
electron Or nucleus) actslike a number of components. The splitting of the lines is proportional to the strength of the 
magnet and has a magnetic mc~ment 
01) which is proportional to the applied magnetic field. This effect was first observed by Zeeman in 1896 and is known 
angular momentum (I). as Zeeinan effect. 

-1% us, jfa 3 Let us now understand why this effect is observed? You know that electrons have 

or$= y f  charge. The motion of charge (electrons around nucleus) produces a circulating 
electric current and this in turn generates a magnetic field. The magnetic dipole of the 

where y ,  the proportionality atom (u) is related to the total angular momentum quantum number (4 by the 
constant called gyrornagnetlc following expression: 

g c  e ge Pe 
ratio, is given I?y Or 7' 

p = -E-~JT-~=-~~~,W 
Ilence ,111 = 9- J v + T n  Here, 

= ge. Pe m is the mass of the electron 
and e is the. chaige of the electron 

In a magnetic field because of !.he 
interaction between the magnctic 
mome"t of the char& particle and gc calIed the Lande's splitting factor which can be calculated as 
the applied field, thicharged . - 
particle experiences a torque which 
makes the angular momentum g e = l +  J ( J +  1) + S ( S +  1)-L(L + 1) 
precess around the direction of the 2 J ( J+  1) 

... (1.30) 

applied field. This is shown in A g  
10 3. Ihc precessional frequen-y 
(called Larmor frequency is The component of this magnetic dipole in the z direction @,) can be written as 
directly prqportional t o  the applied 
field, i.e. 

pz = -ge P e h J  ... (1.31) 
w = y B  

where mJ represents the components of J (the total angular momentum) in the z 
Since the component of the angular 
momentum in the direction of the direction and m, can have the following values: 
field is also quantised and can rake 
only discrete values of r n ~  

therefore. only certaln allowed 1 rnn~=J,J-1, ..., - or 0 ,..., -1 
. 2  

... (1.32) 
orientations of angular momentum 
are possible. These allowed 

I OrieitatiOns In other words, we can say that for a particular value of J we have (2 J + 1) 
energies a s  is also shown in 
Fig. 1.16. components in the t direction. Also, note that mJ will be integral or half integral 

depending upon whether J is integral or half integral. 



When we substitute different values of mJ in Eq. 1.31, we get different pz components. q w T 8  d Atom 

The extent of interaction of different pz components with external magnetic field (B,) 
will be different leading to different energy values and can be given as follows: Eq. 1.31 can a h  be upmmed in 

terms of y as follows: 
interaction s A  E  = pz Bz = - ge& mJ . Bz 

Thus we will have (W + 1) different values for A  E  in the above expression. In other 
words, this indicates the lilring of degeneracy by the application of external magnetic 
field. This means that in the p'esence of external magktic field, the energy levels 

. 

which were earlier degenerate, split into 2 J + 1 levels. Gyromagnetic ratio (y) is the ratio 
of nmpetic moment to the 
angular momentum. 

Let us reconsider the hydrogen (or sodium) spectrum. 
I -  I vng p troln Eq 1 9-9 and .I 

1 
Here, the lowest term it? 4 1 .  It has L = 0, S = and hence J - L + S. = - 

I 

from Eq. 1.28, - 
2' 2 2' 7 , B ,  -1 

1 1  mJ= + J . . . - J =  +-  -- 
="'- 

=)E 
So, 2' 2' -&Be 

=- 
A 

1 
Therefore, this .level will be sp!it into two (2 J + 1 = 2 x + 1 = 2) levels in the Hena, Eq. 1.33 can be rewritten 

h A E - y k  mJB, 
presence of magnetic field. 

We can abm write hv in place of 
You may also remember that the two doublet P s t a  2 ~ L  and 2p3. - AE in the a h  almtim. 

2 2 
Tbw, 

The f i t  state, ' P ~  has J = +. n u s ,  it w i ~  lead to hv =yamJBz  
2 

7 h mJ Bz 
a- 

1 1 2% mJ = i and - - (using Eq. 1.32) 
2 or 

Y ~ J  Bz 
1 1  

na- 
1 2% Hence, when m j S y  h = - g e & x  2 = - ~ & / %  (by Eq. 1.31) 

or2m,=ymJBz 
And from Ecl: 1.33 

When the two energy kvelr differ 

. & 

Tbe term 2m, is the angular 

Similarly for 
.,.. 

and 1 
A E  = p e P e . 4  

frequency. It can be denoted by o, 
@Y lS3l) 4, q& in mdia- =-I. 

k you will study later in Block 4 ... (1.35) Unit lo, Sec 10.3, it is also lmcnvn 
asLumorfreqwg. 

Thus, according to the abwe equations, i.e., Eqs. 1.34 and 1.35 2~~ level is further ' 

2 
split into two energy levels in the presence of magnetic field. These levels are 

3 separated by an energy difference of gepe Bz . What about ' ~ 1  state? For this J  = 2 
2 

3 andit will be split into 2 J  + 1 = 2x  y + 1 = 3 + 1 = 4 levels. 

The mJ values for these four levels will be as given below. 



This is diigramatically represented in F5g. 1.16 below. 

- - an-! 

Thus, a transition from the 1- 'SI level to 'PI level (which was a single line in the 
2 2 

absence of mapctic f ~ l d )  will show four lben according to the four transitions 
possible in the presence of magetic field. In other words, we can say that the original 
single line in the absence of magmetic field is split into four lines in the presence of 
magnetic field. Here, the additional selection rule is Am, = 0, *I. Similarly, a 

transition from 2 ~ 1  to 'pj yields 6 llnen in the presence of magnetic field. 
2 2 

Lc4 us now understand the magnitude of splitting of these lines. If we calculate & for 
1 2  3~ 'PL 2~ kvch using Eq.130, we get, & = 1, 3 and 5 respectively for these 

' 2  2 2 
levels. These values are in the ratio 3:1:2. S i  splitting is proportional tog, these 
levels are split in the above ratio. In other words, we can say that spUttlng Is not 
unlform or equal for all the levels. This is known as anomalous Zeeman effect. 
Now, you may be curious to know what is normal Zeeman effect? When the 
splitting of levels is ldentlcal in the presence of magnetic field, thed the effect 
is known as normal Zeeman effect. For example, in helium atom consider the 
singlet states. For these states 2S + 1 = 1. It yields, S = 0. Then, L = J. Therefore, 
from Eq. 1.30. 

& = I +  J ( J+  1) +S(S + l)&L(L + 11 
2J(J+ 1) 



Therefore, from Eq.1.33, wheng, = 1 splitting will be identical and proportional to the 

applied magnetic field only and will have a constant value for a particular value of the 
applied magnetic field, B,. 

Thus, the Zeeman effect gives very useful information which can be used to deduce the 
term symbols in the following way: 

3) Number of limes obtained in presence of magnetic field is related to the J value 
of the initial and final states involved in that particular transition. 

ii) g, values obtained from the splitting tell about the L and S values of the electron 
undergoing the transition. 

1 1 1  l l le  nest t \ \o  wctio~ls, you wiU study about two techniques which help us ia the 
experimental determination of energy levels of atoms. 

1.8 X-RAY FLUORESCENCE SPECTROSCOPY 

When an X-ray or a fast moving electron collides with an atom, its energy may be 
absorbed by the atom. In case the energy is sufficient to knock one of the electrons 
from the inner shell (K L, M, etc.) of the atom, it removes the electron creating there 
a vacant position. Then, the outer electron falls into this vacant position and the X-ray 
photons are emitted in this process. The X-rays so emitted are characteristic of the 
element bombarded. 

Spcetm of Atom 

Fig. 1.17: Varlous shells of an atom. 

Here, you should note that within a shell, there are many energy levels. The electron 
can be knocked off from any one of these levels (transitions between these may also 
take place) giving rise to a range of radiation. This is shown in Fig. 1.17, 

In case the initial excitation is brought about by X-rays, the phenomenon is known as The innemast shell isKshell and 
flouresceoce. In this case, the spectrum so obtained is termed as X-ray fluorescence the maximum amount of energy is 
spectrum. In such a spectrum, the emitted radiation is always lower in energy than the rrquired to =move an electron 
exciting X-rays. from this shell. 

When the transition of the electr~~n (to fill the gap) takes place from the L to the K 
shell, the lines appearing in the spectrum are called K, X-rays. These can be further 
subdivided asK Ka2 ... etc. corresponding to the electrons originating from the 

=l' 

various sublevels of the L shell. This is shown in Fig. 1.18. 



Bat C m c e ~ i s a d  Rotatio~l Similarly, when the l i e s  originate due to the transition of the electron from the M to K 
Spertr* level, they are termed as Kg lines. Similar to K, lines, they can also be subdivided as 

Kpl, Kg2, etc. 

If an electron is ejected from the L shell and an electron from M shell takes its vacant 
place, then the lines corresponding to this emitted X-ray radiation in the spectrum 
will be called as L lines. 

Flg. 1.18: Various trnasltloas responsible lor orlgln 01 Unes In X-ray spectrum. 

The X-ray emission spectrum so obtained is similar for all elements. But they differ 
from each other in the fa& that the wavelengths at which various lines appear are 
different and depend upon the atomic number of the element. Such a relationship 
between wavelength aqd atomic number was discovered by Moseley and is known as 
Moseley's Law. This can be mathematically stated as 

Here, Z is the atomic number add u is a constant which depends upon series of lines 
under,&nsideration and a is another constant. 



Since the X-ray fluorescence spcctrum is characteristic of a particular atom, it can be 
used in its identification both qualitatively and quantitatively. The quantitative 
measurements involve the measurement of intensity of the lines. 

Elements having atomic numbers between 12 and 92 can be analysed in air; but for 
elements having atomic numbers between 5 and 11, the experiment is to be carried out 
in vacuum because the fluorescence is absorbed by the air. 

This method of detection of elements is non-destructive and does not require 
much sample preparation. Its applications are numerous and range from 
determination of trace elements in plants, analysis of ores, vulcanisation of rubber 
(detection of sulphur ensuring high quality of rubber) to the analysis of objects of 
art and antiques. 

1.12 PHOTOELECTRON SPECTROSCOPY 

You now know that various energy levels exist in an atom. In this section, you will 
study about a technique with the help of which electronic energy levels (of atoms and 
molecules) can be determined. 

In this method, the sample is irradiated with monochromatic X-rays of known energy. &x-rayof wavelength 1 nm has 
This results in the ejection of an electron from the sample. The remaining excess an energy of z x lo-16 J. This 
energy of the X-rays is imparted to the electron as its kinetic energy. Thus, we can say amount of energy can cause 
that ejection of clcctrons from the 

inner shells of many atoms. 
Energy of the , 
incident = Binding Energy + Kinetic energy ... (1.37) ~ h c ~ n g  energy of an electron is 
X-ray radiation the energy required to remove it 

from the atom. It is also cnlled 
ionisation energy, which was 

The kinetic energy of the electron is measured. The binding energy of the electron can =femd =diere 
then be obtained from the above relationship by knowing the energy of the incident 
X-rays and kinetic energy of the ejected electron. ~x~e&nenta l l~>he  number of Similar to X-ray photoelectron 

spectrosco~ is the technique of electrons ejected as a function of their kinetic energy are detected. This leads to the Ultraviolet photoelect- 
measurement of binding energies of all the electrons present in the system. This spectmbcm. In UV photoelectron 
information is also characteristic of a varticular element and hence can be used to &a&, uv raciiation is 
identify it. ukd as incident radiation. The 

energy of this radiation is sufficient 
to elect a valence electron whose 
kii;tic energy is determined as 

1.13 INTENSITY OF SPECTRAL LINES tone in case of X-ray 
photoelectron spect&opy. 

We have based most of our discussion on the spectra of individual atoms. But what , 

happens when there is a bulk of particles and a number of possible energy levels are 
available to them? Do all the particles occupy the lowest energy level? The answer to 

W i l y  spaced -Y- 
levels levels 

I 0.. . . . . . , m e * .  m * a  

Q R) 

Fig. 1.19: .l'lic distribution of atonis or molecules in various energy levels. 



w e  Cmccp(rmd R d ~ ~  this question is NO. Fig.1 . l9  shows the distribution of atoms or molecules in widely spaced 
a- and closely spaced energy levels. 

The number of atoms or molecules Nj in a state with energy Ej relative to the number 
Ni.with the lower energy Ei is given by Boltzmann distribution as follows: 

where NJ is the population (no. of particles) in the upper energy level (Ej), -~ 

Ni is the population of lower energy level (Ej), 
AE is the energy difference between two levels, 
Tis the temperature in Kelvin. 

and k is the Boltzmann constant having value 1.38 X lrU J K-l. 

Certainly, as the energy difference between the levels (A E) increases, the relative 
population of the upper level decreases. 

Since: the intensity of the spectral lines depends upon the initial population of the 
level. Other factors being equal, the transition arising from the most populated level 
will give rise to the most intense spectral line. 

1.14 SUMMARY 
& 

In this unit, you learnt about the nature and characteristics of electromagnetic 
radiation. Various parameters such as frequency, wavelength etc. associated with 
electromagnetic radiation were defined and their interrelationship was discussed. 
Then, we discussed about the particle nature of electromagnetic radiation. The 
interaction of electromagnetic radiation with atoms was explained by taking the 
example of hydrogen atom spectrum. A detailed discussion of hydrogen atom 
spectrum was done including its fine structure. These concepts were extended to 
the spectra of hydrogen-like atoms. Then, spectra of multi-electron systems were 
taken and coupling schemes (L -S and J - I  ) of angular momentum of these system 
were explained. In these systems, nomenclature of various energy states by using 
term symbols was also discussed. The spectra of helium and carbon were dealt as 
examples of multi-electron systems. Finally, the effect of magnetic field on at,omic 
spectra was discussed under the title Zeeman effect. This was followed by sections 
on experimental techniques followed in detection of elements using atomic spectra 
which include techniques such as X-ray fluorescence spectroscopy and 
photoelectron spectroscopy. Lastly, the intensity of spectral lines was dealt. 

1.15 TERMINAL QUESTIONS 

1. Calculate the v for the first spectral line of Balmer series for hydrogen atom. 

2. Which of the following elements would have singlet and triplet states in their 
atomic energy levels? 

Na, Mg, C1, Ca, Cu, A& Ba 

3. Derive the term symbol for the D state of a hydrogen atom. 

1.16 ANSWERS 

Self Assessment Questions 



2 To obtain energy per mole,, the a h  nlw of eoogy b to bs multipbd* 
Amgadro'r Nwnbu. Thus 

- i.ma lo7 m-I x 
T,m7148 

= i m 4 i 9  x io7m-1 

= 1.09707 x 10' rn-' (approximated using significant figures) 

1 1  5 P B h a  = RD (;-' ?) =HiD = 1~ma- I  

4. A  v = 17.19 cm-' . 
A E = ~ C ~  

= 6.626 x lrW J r x 2.998 X 108 m 8-' x 17.19 an-' 

- 4 . 4 ~  ir% 
5. Because Pauli'r Exclusion principle ir violated, as S = 1 m,, .nd m+ 

- 

Terminal Questions . 

the 




