UNIT 1 SPECTRA OF ATOMS

Structui'e

1.1 Introduction
Objectives
12 The Electromagnetic Radiation
1.3 Interaction of Radiation with Matter

1.4 The Atomic Spectrum of Hydrogen

1.5 Fine Structure of Hydrogen Atom Spectrum
1.6 Spectra of Some Hydrogen-like Atoms

1.7 Multi-Electron Systems ' |
18 Atomic Spectrum of Helium

19 Spectroscopic States of Carbon
110 The Zeeman Effect

1.11 X-Ray Fluorescence Spectroscopy

1.12 Photoelectron Spcctroscopy
1.13 Intensity of Spectral Lines
1.14 Summary

L15 Terminal Questions

1.16 . Answers

a

1.1 INTRODUCTION

This is the first unit of the ‘Spectroscopy’ course. As suggested to you, we assume that
by now you miust 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:

® describe electromagnetic radiation,

e define and relate various parameters such as wavélength, frequency, wavenumber
etc. associated with the electromagnetic radiation,

e discuss the origin of various series of spectral lines in the atomic spectrum of
hydrogen,
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explain the fine structure of hydrogen atom spectrum,
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 Zeeman ellect 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 Molccules’ course that electromagnetic radiation consists of oscillating
clectric and magnctic fields directed perpendicularly to each other and also to the
direction of propagation of radiation, as is shown in Fig. 1.1.
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Fig. 1.1: The electric and magnetic flelds of the electromagnetic radiation.

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 terms of certain parameters such as
wavelength, frequency, 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 as you will be using them very often throughout
this course.

Wavelength (4) can be defined 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. '
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Fig. 1.2: Wavelength ussoclated with the electromagnetic radiation.
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Frequency (v) is the number of waves per second. Spectra of Atoms

Wave number (7 ) 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 A (lambda) metre (m)
Frequency v (nu) . heriz (Hz)
Wave Number _ ¥ (nu bar) metre™ (m™")

These parameters are related to each other by the following relations:
. The longer the wavelength, the

lower is the frequency; and the
..(1.1) shorter the wavelength, the
higher is the frequency,

A=

A )

where c is the velocity of the radiation in the medium. However, in vacuum
¢ =2998x 10°ms™. ‘

(12

o<

and 17=%=

You may also recall from Unit 1 of ‘Atoms and Molecules’ course that certain

phenomena like black body radiation, heat capacity variation, photoelectric effect and _

atomic spectra could not be explained with the help of classical mechanics. The :{J:‘i"‘;“s:‘:;’“;sd Lo g0 zhg:grwﬂs
classical mechanics puts no restrictions on the.value of a dynamic variable (e.g., of these phe.no.mcna. '
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 frequency (v)

of the radiation by the following expression: '

E=hv .(13)

where h is the Planck’s constant and has the valuc 6.626 x 10~ s.
From Eq. 1.1, we can say that
' _c
-7
Substituting the above value of v in Eq. 1.3, we get.

E=f | (14)

1 o - .
From Eq.1.2, ¥ = . Substituting this in Eq.1.4, we can write

E=hcv ) , - (15)

Learn che above :elationships by heart and do not confuse one with the other. If you
do not feel confident, go through them once again.
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Fig.1.3 shows the range of electromagnetic radiation in terms of the above parameters.
Carefully go through the values given for various regions. Try to apply the above
relationships (Eq.1.1 to Eq.1.5) to these values.

FREQUENCY NAME OF  WAVELENGTH
1D RANGE (m)
1073 Y-ray -4 10
A 4 101
_ X-ray 1pm -
. 10" | Vacuum ] nm
Violet 7.1 T ultraviolet 1 fm T :g-;o 420 Violet
Bluc 6.4 Ultraviolet — 470 Blue
Green 5.7 7 - 530 Green
Yellow 5.2 580 Yell
Orangc 4.8 Near 1 pm 620 Oe e
R 4'3 Infrared range
cd 4. 1¢ 02 1 s 700 Red
Far
x 10" Hz 1 infrared ! ™M
, - i lcm 4 1072
icr
10° <1 GHz crowave _
- Im — q0°
108+ 1 MHz -+ 10?
_ adio- I DU
_ frequency .1 km 10
10° T 1 kHz -+ 10°

Although you know the following
conversions from Unit 1 of ‘Atoms
& Molecules’ course (CHE-01), you
are advised to go through them
again and refresh your memory.

1 millimetre = 1 mm = 10> m
1 micrometre = L xm = 10" *m
I nanometre =1 nm = 107 m

1 picometre = 1 pm = 10~ 2 nn

1 Angstrom =13 =10""m

Fig. 1.3: The Range of Eleciromagnetic radiation.

After understanding the above section, answer the following SAQs.

SAQ1

- Calculate the energy associated with a radiation having wavelength (1) = 400 nm.

.......

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 10** mol™!
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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 E, to the higher energy state E,. Alternatively, a system initially in

the higher energy state E, can lose energy and go to the lower energy state E,. The energy
difference, AE, between these two states is given by the following equation.

AE=E,-E =hv ' , . (1.6)

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

E,

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

y E, system.

Fig.1.4: Energy levels of a system.

At this moment; can you think of the importance of the absorption or emission of
energy by a system as discussed above? Obviously, by dctermmmg the energy absorbed
or emltted 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 the atom or the ;
molecule.

The next question which will come to your mind is how to determine what amount

of ene'(gy is absorbed or emitted? Depending upon which one of the two modes 2
(absorptlon or emission) we choose for determining the energy change, we use the

instrument called absorption or emission spectrophotometer. These instruments

are dc51gned to measure which frequencnes of radiation are absorbed or emltted by

a particular sample on irradiation. The absorptlon spectrophotometer .
(Fig.1.5 a) consists of a source which gives radiation of known frequency ' o
range. The radiation, thus obtained, is passed through the sample. The sample '
absorbs some of the frequencies and transmits the others. The

transmttted radiation is then anéﬂlysed detected and the frcquencles

absorbed are recorded. The emission spectrophotometer (Fig. 1.5 b) consists of a

source of 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 stage, 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

~ frequencies will be missing and if a photographic plate is used as a detector, one
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Keep in mind that the valuec of £,

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 E_ is given as

follows:
2,4
E,= -zze 2
8¢ ™

where 4 is the reduced mass of
hydrogen atom.
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Fig.1.5: Schematic representation of (a) an absorption spectrophotometer and
(b) an emisslon spectrophotometer.

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

emission spectrum
of sodium vapor

Fig.1.6: (a) A typical absorption spectrum;
- (b) An emisslon 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, E,, can be given by the following expression.

72 4
= Zz ez "2'_ - (1.7)
8egh®n
where Z 'is the atomic number,




and

e is the charge of the electron, Spectra of Atoms

m is the mass of th: electron,

gy is the permittivity in vacuum and has the value
8854 x 1072 C N1m?

h is Planck’s constunt,

n is the number of 1he orbit.

Let us consider the energy differcnce between the first and the second energy state.
This can be given as

~Z4m —Z2e4m
2,22 2
8z~:hn7 Ssohn

22 dm(1 1
{_2.__2] /... (1.8)

AE==EQ—El=

2,2
8£h ny nj

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

2 4
v=fE_Zem |l 2 (19
he g eoh c|ny ny
Zle'm . :
The term is called the Rydberg coastant and is denoted by symbol Ry for

8egh3c

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

v =Ry (—5 - 4-5) : C..(110)

The experimental value of Rydberg constant as obtained from spectral datais
109677 x 10" m™!

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

Ry =

8 €2h3

(1% x (1602 x 1077 C)* x 9109 x 107> kg

" 8 x (8854 % 10 2N, a2 x (6626 x 1073 75)° x 2998 x 18 ms™?

1.09737 x 10’ m

The theoretical value of Rydbery; constant is denoted by R,,.

This difference between the expurimental value of Rydberg constant (Ryy) and

theoretical value of Rydberg con: tant (R,,) is about 60 cm™! This ic because the

calculation was made on the basi: of an infinitely massive nucleus. If we take into
account the finite mass of the nucleus then we have to consider the hydrogen atom as a
two particle system having massc-i m, and m,,.

11
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Basic Concepts and Rotational  The motion of a two particle system having masses m, and m, 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 mass u2. This mass u is referred to as the reduced
*  mass and is given by the following equation,
”11 mZ
po=—
where m, and m, are the masses of the two particles. The reduced mass of the
hydrogen atom can be calculated as
4o MM
m, +m,
my
=m, ———
m, +m,
1
=m. m,
my,
where m is the mass of the nucleus and m_ is the mass of the clectron.
1
Thus, a correction of A m, | is to be applied to the theoretically calculated value of
n
the Rydberg constant, R,. Thus the value of the Rydberg constant for hydrogen
should be
1
Ry =R m - (L11)
“li+ ==
Using spectroscopic o
determination, ratio of the mass
of proton to the mass of electron : .
was found to be 1836.15, i.c. = 109737 x 10" m™" x
9.109 x 10" kg
% b -27
. = 183615 1.6726 x 1077 kg
= 109677 x 10’ m™?
Thus, Eq.1.10 for hydrogen atom rewritten as,
- 1 1
VH =RH (—E - "E] . (1.12)
np n2

where Ry, is given by Eq.1.11.

Therefore, we can expect that when the hydrogen atem goes from its ground state

H(1s") to the excited state H(15°2s" or 15°2p') 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.1.7 which shows energy levels
forn = 1ton = 5.
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Fig. 1.7: (a) Possible transitions from ground state to excited states in hydrogen atom.
(b) Hydrogen atom spectrum.

One thing which you.can immediately observe in the figure is that for a particular n
value, s, p and d levels are placed at the same level, i.e., they have same energy. This is
also evident from Eq.1.7. If you see Eq.1.7 carefully, you can note that all other terms
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
called the principal quantum number,

You can also see in Fig.1.7 (a) that there are various possible energy levels. But if you

- analyse Fig. 1.7 (b), you will find that the spectral lines appear only at discrete

" wavelengths (or wave numbers). Thus, we can say that all the transitions from all the
levels are not allowed; or in other words, we say that only some transitions are allowed
and others are not allowed. Now, to decide which transitions are allowed we can
derive certain selection rules with the help of (time dependent) Schradinger equation.

.. In this course, we will not discuss the details of how'these selection rules are derived
" from Schrdinger equation. But we will discuss what these rules are and how they are
applied in case of various atoms to understand their spectra.

The selection rules for the hydrogen atom are:

(i) An = anyvalue

and (i) Al==x1,

Using these rules, let us begin from the lowest possible level, i.e., Ls level. For this
level,n =1 and! = 0. Thus, electron from this level (» = 1) can go to any higher level
withn = 2,3, 4... etc. but with the restriction that A 7 should be equal tox 1. Here A/
can only be + 1. Therefore, ! = 1 for the excited state which means that the s electron
can go only to p states of higher levels. These transitions are shown in Fig. 1.7 (a). Let
us also write value of v from Eq. 1.12 for these transitions.

Heren, = 1andny = 2,3, 4...... So we can say that

Spectra of Ators

Remember that the energy leveis
having same energy are called
degenerate.

Remember that the four quantum
numbers about which you studied in
Unit 2 of Block 1 of ‘Atoms and
Molecules’ are principal (n),

.azimuthal (/), magnetic (m,} and

spin (m,) quantum numbers. The
principal quantum pumber ()
represents the major cnergy level.
The azimuthal or angular
momentum quantum number (/)
represents the angular momentum
and shapc of the orbital. The
magnetic quartum number on)
determines the possible quantised
orientations of the angular
momentum and the orbital in space.
The spin angular quantum number
(m,) denotes the spin of an clectron.

Note that according to the selection

rules the transition for 1s' —s2s!
is forbidden but the transition from

15! — 25" 2p! state is allowed.

You may recall that Schrdinger

- equation has been discussed in Unit 2

of Block 1 of ‘Atoms and Molecules’
course.

The Schrddinger equation can be
written as

Vv

2
Hy=E here H =
v ¥whe anm
2 az

inwhicthis:tz+?+a—zz

This form of Schridinger equation
was time independent Schrédinger
equation and was used to calculate
the energy of the energy levels. But,
for the derivation of selection rules
for spectral transitions, we have to
use time-dependent Schridinger
equation. The time-dependent
Schrddinger equatlon can be written
38 follows:

-ht W (x,
= —Jﬁ+ V) ¥, o)
h‘ a\l’
47:21
Notc that accordmg to. the
selection rules, 15l to 2s! transmon
is forbidden.

Remember / represents the
azimuthal quantum number and
can take values from O ton—1.

13
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The value of ¥ as determined
from the observed spectrum of
hydrogen also led to the
calculation of precise value of Ry

which is equal to 109677.581 cm ™ .

as

: lem™'=1987x 107 2).
lonisation encrgy can be obtained
with the help of photoelectron
spectrosocpy which you will study
in detail in Sec. 1.12 of this unit.

Decreasing spacing between
spectral lines for Balmer serics of
hydrogen spectrum.

Wave number is related to energy -

n; Observed Calculated Spacing
;(cm'l)‘ ;(cm'l) 'i(cm_l)

3 15230 15233

‘ } 5340
é 4 20570 20565
. } 2460
S 23030 23032
} 1340
6 24370 24373
} 810
7 25180 25181
} 530
8 25710 25706

% 14

. (113)

T=Ry |5 -5

1
When we substitute the above values of 7, in Eq.1.13, we can get the values for ¥. For
example,

1 1 3_3
when ny = 2,7=Ry [—1- (2)2] Ry(1- Z) Ry % i 4RH
Thus, we can get

- _ _Zj 8 15 24 -1
V—-4 9RH, 16RH, 25 H ....... cm
for n, =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 lines corresponding to this series in Fig. 1.9 and also in detail in Fig. 1.8.

K

3Ry 8Ry 15Ry 24Ry Ry
o 5 6 &
-1
T T T T ' | om
80,000 85,000 90.000 95,000 100,000 105,000 110.000 -

Fig.1.8: Lyman series showing convergence at ¥ = R,

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

spectrum. From Eq. 1.13, you can see that 7 = Ry, only when n,

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 R,

. In other words,

orv.

Similar series of spectral lines called Balmer, Paschen, Brackett and Pfund series
were also observed for ny = 2, 3, 4, Srespectively and n, = (n; + 1), (n; + 2),

(nq + 3)....etc. The energy levels, electronic transitions and spectral lines
corresponding to these series are shown in Fig.1.9.

Fig. 1.9 also shows that in each series as the value of n, increases, the separation

between the encrgy levels decreases. In other words, separation between the spectral
lines decreases with increasing value of #, till it reaches a convergence limit at n,= «

As you know this convergence limit represents the ionisation of the electron, any
energy greater than this limit, if supplied to the system, will only increase the kinetic
energy of the ejected electron and will result in the Increase in the velocity of the
ejected electron. Since the kinetic energy is not quantised, it can be increased any
amount by supplying energy to the electron and that is why the spectrum in this region
shows a continuum.

Till this point, we have been successful in explaining the origin of different lines in
the atomic spectrum of hydrogen. However, when closely observed, hydrogen
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 line shows a
multiplet structure.
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Fig. 1.9: A sketch of encrgy levels for various serles of spectral lines observed in
the atemic spectrum of hydrogen.

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

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

Spectra of Atoms
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Note that we are using

A to represent —2:—‘

Note that we have used modulus
sign (| |) to represent the
magnitude of a vector in Eqs. 1.14
(a) and 1.14(b). Thus, magnitude of
lis represented as |1|. The same
convention will be followed for

other equations also.

Note that we are now using ¢ to

' denote the spin quantum numnber.

Conventionally, vector quantities
may be represented biy using an

arrow on it, for example, vector |
can be repreuntedT But we are

using bold letters to denote vector
quantities.”

16

SAQ3
If the ratio of mass of electron to the mass of nucleus for deuterium is 0.00027148, ,

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 first 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 fine
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 spln angular
momentum (s). The magnitude of these momenta | 1| and |s | is given by the
following equations:

Orbital angular momentum, [1| =Vi( +1). -2% .. (1.14 a).
Spin angular momentum, |s|=Vs(s+1) ?:hr— . (114 b).

In the above two equations / represents the angular momentum quantum number and
can take values from 0 to (n — 1) and s represents the spin quantum number. Since

thesc momenta are always expressed as multiples of (— 1.055 x 10~ 7 5), we can

take % as one unit and represent it as . Thus, we can rewrite Eqs. 1.14a and 1.14b

as given below:
|1] =VI@+1) inunitsofr=VI@+ 1) n . (1.15)
and |s| =Vs(s + 1) inunits of 1= Vs (s + 1) & . (1.16)

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

.(1.17)

But here / al;d s bath are vectors and their sum as given by Eq. 1.17 is a vector
addition. ‘

Let us now study about the vector nature of orbltal angular momentum and spin
-angular momentum.




Vector Nature of Orbital Angular Momentum Specira of Atoms

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  Note that for a free atom there is

specified. The magnitude of | is specified as given in Eq. 1.14a (or 1.15) and is no preference direction. Hence, the
ised. N hat about its direction? The quantum theory says that a reference Schrodinger equation tells us that

quantised. Now wi cion: qua Ty says the total angular momentum is

direction can be specified by applying the magnetic or electric field; and the angular  quantised and only one component

momentum vector can have only those directions whose components along the of the angular momentum out of
the three components has a definite

reference direction are integral multiples of /1. Such a reference direction is shown value. You may call it [, | or, but

in Fig. 1.10 as pointing in vertical direction and is conventionally used to by convention we call it , However,
represent z — axis, see Fig. 1.10a. when the aom is placed in a
magnetic ficld, there is a reference
z-axis m direction of the magnetic field

(which is called z direction) and the
component of the angular
momentum in the direction of the
field becomes quantised.

4

o lllcos®

Note that the magnitude of the
orbital angular momentum,

b
—

{1] = VI{T+1)  and the maximum
re.ferel.lce For I=1, m=+1, 0, -1 value of its components in a
direction . particular direction is I . Since

@) (b {1] >, the angular momentum

a ) vector cannot point in the direction

of the applied field. The angle
between angular momentum vector
and the dircction of the ficld is

z Z given by 0.
A
z component
d, =-%) z-component |
Y2k
angular
momentum
In Fig. 1.10(b)
m=4+1 _k___n
m =0 | Cos0 = = VIgFT D
(©) 1
Fig.1.10: a) The reference direction. - m
b) Allowed directions for the angular momentum vector and M
¢) The components of angular momentum in the reference direction. - - 1 =1
/ . For m, = 1,c0s6 m 75-
Now, the angular momentum can point in such a way that its components in the z N O=m45
direction are integral multiples of #, Fig. 1.10b. If L, is the component of angular m =0, cosf=0
momentum (1) in z direction, then ' o f=9r
~1 -1
= - 6= =
|| =mk _ w (L18) M= Lol = S TV

0 = 135°
Here my is an integral number called magnetic quantum number and can have values

as given below:

mp=1l,(—1),..0,...— ¢ —-1), - .(1.19)
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Also note in Fig. 1.10(c) that the
values of L, for/ = 1 are A, 0 and + n.

You will study in See O that tis
degeneracs can be fitted in the
presence of the magnetie tield

Note that in case of hydrogen atom,
the cnergy depends upon the principal
quantum number (1) only but for
multi-electron systems it depends both
onnandl

You should not confuse between s and
m . The spin quantum number s of an

clectron (which is generally referred as
spin) has the value % But m,, which is

the magnetic spin quantum number for
the z component of spin angular

1
momenium can take the values + 5

¥4

1
and-z.
s, mn -
0860 = ey ——————
co [s] VsG+ D

Whenm = +l
s 2
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Now what will be the value of m, for I = 0? It will be zcro as per Eq.1.19 and the
angular momentum will also be zero according to Eq 1.15.

Similarly, for! = 1,m; = +1,0, —1 from Eq.1.19. When we substitute these integral
values of m; in Eq.1.18, we get z components of angular momentum () as given

below:

When m=+1, L=1.hn =h ..(1.20a)
m=0, L=0n ...(1.20b)
m=-1, L=-1h =-h ..(1.20¢)

The angular momentum I and its L, components for / = 1(m; = +1,0, —1) are shown
in Fig.1.10(c).

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

N =vig+nhn
=VI(T+T)A
=V2n , «(1.21)

Thus, the magnitude of angular momentum vector for / = 1is V2 n. This is shown in
Fig.1.10(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 the z-axis is completely indefinite.
Thus, there is an equal probability of locating the angular momentum vector - all the
directions around z axis. Thus, this vector takes the conical shape as shown in
Fig.1.10(c). Note that vector m; = 0, has no z component (I, = 0) lies in the xy—plane.

It is also worth mentioning here that the energy of electron depends on the mﬁ_gnitude
of the angular momentum and not on its direction. This leads us to conclude that all
the values of m; (corresponding to a particular /) have same value of 1 and have equal

energy and are, therefore, degenerate.
Vector Nature of Spin Angular Momentum

You are aware that the spin quantum number s is equal to 1/2. The quantum laws again
specify that spin angular momentum, s, can take only those directions for which its

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

where m; is equal to +1/2 or -1/2 and is known as spin magnetic quantum number.

The allowed dircctions 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.
Therefore, we can now proceed to the concept of total angular momentum as given by
Eq. 1.17. : V




Fig. 1.11: The allowed directions of spin angular momentum for an electron.

Similar to Egs. 1.15 and 1.16, we can represent j in terms of total angular momentum

quantum number, j such that the magnitude of j can take the following values:
3] =Vit+D g =Vj(+1) in units of &
where j can take values | +s|, |[(+s—1] e, | =5)]

Let us find out j for an s electron.
Here/=0ands = 15.

Thus i=la+s], lt+s=1],.,]0-91

1 1 1
=[O+ D1 10+3 =Dl [0-]

=151, 1D

N =

Hence, J=Vi(+njn

Next we will do similar steps for a p electron. For a p electron,/ = 1 and s =

Substituting these values of / and s in the following expression.

L= )L [Crs= D] =9)]

These two values of j yield j = V -12§ # and ‘\/gﬁ using Eq. 1.22,

The two values of j represent two values of energy; thus, indicating the existence of two
energy levels of a p electron corresponding to / = 1, It may also be emphasised here

that all p-levels will be split into two energy levels corresponding toj = 1/2 and
j = 372, irrespective of whether they are 2p, 3p, 4p ..... states.

Similarly, for ad level when! = 2ands = —;— we can say that

I-O,.w-:1

N

Spectra of Atoms

1y

2
cm@-m

...(1.22) thn "!'.s -%

.k
oS = ———=——m=_

V2D

1

Therefore, 8= 144° 45’

For s electron

2
i=ld+9l, 1@+s-1|,
. | = [d=9)j
elileen]’

1
Y

J-

]
[ SR

For p electron

1
Il..v2

: 1 1 1
= a3 [ [+ ], |-

31
= =
2’2

For d electron

1
12,.5’2

. 1
i=l@+3l,

1 )
|(2+E—l)|' -..(2—5)

=5/2,3/2

Note that / + s gives the maximum
valuc of jand I -s (or s ~lifs>1])
gives the minimum value of j, The j
can take all positive values from
maximum to minimum, the succesive
values deffering by one unit only.

For an s clectron only the spin
angular momentum is responsible
for the total angular momentum.
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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

J can be replaced by in case of a

single electron system. B+ J

Here,

L is the orbital or angular momentum quantum number and can take the values 0, 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 values S,P,D,F,G... etc.

corresponding to the state of an
datom. Similar small letters s, p, d...

have been used for the states of  The superscript ' gives the multiplicity of the energy state and the
clectrons. © subscript, J is the total angular momentum quantum number (as expressed
by Eq. 1.22).

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

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

Here, s = -;-andl = (. Thus,

Note that we m;e representing . _ 1_1 -
L. =0by S in the term symbol. ]_1+s—0+2_2
and the term symbol will be
25+1 axl 41 2
Lj ="2 SVZ = SVZ

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

.1
S—:zandl—l

=(+s)(+s-1).(-5)
[ LG SO
3

T2 5
So, the term symbols for the two energy levels of a p state for hydrogen atom about
which you studied above are

1 1
zs+1Lj=(2XE+1)Ll and 2)('2""11‘2
2 2
= zPl and ZP;_
2 2

In the light of the above discussion, let us now see Fig.1.12. It shows the fine structure
20 of energy levels of hydrogen atom.
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Fig. 1.12 ; Splitting of p states Into two energy levels corresponding to two values of j.
The configuration of some lower atomic states is given in bracketts. Similarly,
we can write the configuration of atomlc states corresponding to higher energy levels.

The j values for the various p energy states are also shown in the figure. Now, if an
electron in Ls energy level absorbs energy and gets excited to the 2p state; it has two
options corresponding to two j levels. Here the selection rules say that in addition to
the earlier restrictions of An = anythingand Al = % 1;

Aj=0or =1

By applying these selection rules to the above transitions from Ls to 2p level, we can get

the following results:
.1 , 1 ,
]s(]:-z—]ﬁ 2p[]=5)andA}=0

and

Is (j=%)—> 2p (j=%),and Aj=+1

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.
This is called the fine structure of hydrogen atom spectrum. This pattern of lines is
similar to Lyman series but the difference is that each line obtained is a doublet. In the
case of hydrogen spectrum, the spacing between the lines is very—very less and they are
difficult to resolve. The spacing as shown in Fig,1.12 is many times greater than the
actual splitting observed. ‘

Further transitions from doublet P (2p) state to 2D or %5 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 like atoms.

1.6 SPECTRA OF HYDROGEN-LIKE ATOMS

The atoms of all the elements of the Ist group in the Periodic Table have a single
" electron in their outermost shell. The inner closed shells have zero total angular

Spectra of Atoms

The electronic configuration 1° 2‘0‘

.implies that the electron is present

inp orbital and s orbital is vacant.

Note that the electron configura-
tion 1s° 2p1 of hydrogen atom gives
rise to two levels with term symbols
2I'L and 2I's Each levelis(2/7+1) -

fold degenerate. Thus, 2P1 level
2

withj=%istwo
(7j+1=2x%+1=2)fold

degenerate and ZPg level with j= %
z

isfour()j+1=2x%+l=4)

fold degenerate. You will study in
Sec. 1.10, Fig. 1.16 that these
degeneracies can be removed by the
application of the magnetic field.

Actually the spacing between the

lines is 0.365 cm™ and requires the
use of high resolution instruments
or resolving these lines.
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2
31’:"

2
3 Pl"

589.592 nm
588.995 nm

2
3 SI"

Energy level diagram for transitions

corresponding to D-lines of sodium.

For 3s to 3p (or 4p, 5p,...

transitions, Al = 41,

momentum. Thus, these clements can be considered similar to hydrogen atom as far as
their spectrum is concerned. The energy level diagram of sodium is shown in Fig. 1.13.

Sin Pin s Dspsn

Fig. 1.13: The energy level dlagram of sodium atom.

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

levels available (corresponding toj = %and j= %) at the 3p, 4p, ... etc. levels. The 3s

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 higher s
and d states (A / = + 1). But we will not go into details of these transitions and stop
our discussion of spectrum of sodium here. Other species such as He*,Be™ and B2+
which have one electron in their outermost shelll show a spectrum similar to hydrogen.

SAQ4

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¥ = 17.19 cm™%,

1.7 MULTI-ELECTRON 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 multi-clectron
atoms which have more than one electron in their outermost orbit.




In these kinds of atoms, interelectronic interactions also affect the energy statcs.‘Therc
are two ways in which the orbital and spin angular momenta of many electron systems
can combine. The first method is called the LS coupling (or the Russel-Saunders
coupling) and the second method is called the j — j coupling. Let us now study about
these two schemes. We will discuss L~S coupling in detail because it is more relevant
to our discussion regarding lighter elements,

L-S Coupling

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 a]l.thc
electrons combine to give the total orbital angular momentum, L. Similarly, the spin
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
momentum could be added to get the total angular momentum, J.

Total orbital angular momentum |L| = VL (L + 1) in unitsof & ~(1.23)

where L is the total orbital angular momentum quantum number and c.:: be obtained
according to the following equati~u for the electrons 1 and 2.

Le |G+ | [Grh=D ], | G-t | - (129)

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

| $ ] =VS(S+ 1) in units of ir .. (1.25)

where S is the total spin quantum number of individual electrons. It can be obtained
by summation of the individual quantum numbers sy, 5, ... etc. of electrons 1, 2, ... etc.

and can take the values as

S=](y+s) |, | Gp+s=1) |,y | (57-5) | .. (1.26)

Now, we have L and § as given by Eqs.1.23 and 1.25 and can calculate J. For this the L
and S can be obtained from Eqs. 1.24 and 1.26:ndcombined to give J such that

J= @+ |, €+S- |, | €-9) | - (127)
This total angular momentum quantum number, J is related to total angular
momentum, J, as
| 3| =VI@ +1) in units of & .. (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 discussion 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 / as given below:

Iy +5y=]

Then, jy, j,, -.- for all electrons are combined to finally yield § as

J=j1+j2+...

Let us now study about the atomic spectrum of helium.

Spectra of Atoms

Eq. 1.24 is also known as
Clebsch— Gordan series.

Note that
i=zr

where J; is the' angular momentum
of individuai electron.

N .
—

Also. v/

TR Wb e e e g
[ERY RTINS

Y SR

sulurimomentum

reeinen
Similarly

$-3.

wheres, is the spin angular

momentum of the individual
electron.

Also,
MS . 2 ml"

where m, is the z, -~ component

of spin angular momentum of
mdividual electron and M, s be
component of total spin angular
momentum in the z = direction.
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Remember that according to Pauli’s
Exclusion Principle no two
electrons can have the same four
quantum numbers.

We can write the quantum
numbers of two clectrons of He as
given below:

n Im‘s myg

Ist

1 1
electron 1 0 0 3 + 2
Iind

1 1
electron 1 0 0 3 3

The state of an electron can
further be described as a or 8
~ depending upon its s and m_values.

Forastate (s,m)= (%, %)

and for f state (s,m,) = (%,-%J

(Remember that L = 0 is denoted
as s).

'So is pronounced as "singlet ess
zero”,

Note that capital italicised J is used
in the term symbol ¥ ¥ 1L, of an

atom having more than one
electron .

We are considering the exicitation
of only one clectron, since a very
large amount of energy would be
required to excite both the
electrons simultaneously.

When the principal quantum number, n for
the two electrons is different, then

. 1 1
m, and m, can lakc values +» and +
Sl .\:
leading to M, (and §) = | as well as
+ é and — é yielding M, (and 5)=0.
This gives rise to states with triplet and
singlet levels.
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1.8 ATOMIC SPECTRUM OF HELIUM

Helium represents the simplest multi-electron system. Let us first derive the term
symbols for the ground state of helium atom. The electron configuration of helium is

Is%. Here {, and /,, the quantum numbers of electrons 1 and 2, respectively have the
value 0. Hence L =/, + [, = 0. Now, in the lowest energy state (i.e., ground state) both
these electrons occupy 1s orbital. If the values of three quantum numbers n, /, m, are
same for the two electrons, the value of m_ should be different according to the Pauli’s

_ exclusion principle. Thus, if m; = + —;- then m; = —% . We can calculate S by (i) the

summation of "’;1 and msz. to first give M or (ii) Eq. 1.26.

(i) By summation of g, and mg,

=0

N =

M =my +’"s2= + %-

Since M, =0, hence § =0.

Knowing L and S, we can calculate JasJ = L + S. Thus,J = 0 + 0 = 0. Thus, the term
symbol for the ground state of helium 2 * 1 ; will be 2x0+ lLO = 1s0

So we can say that for the ground state of helium (1s%), the atomic state can be
represented by the term symbol 1SO.

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
ns', npl, nd’, ... etc. orbitals where n = 2. The corresponding electronic configurations
for helium atom in excited states could be written as follows,

Is' nst, ls'np(, 1s' nd', ... .etc. )
Corresponding to each of the above configurations, we have two possibilities:

i) the two clectrons can have opposite spins, i.e., m =+ % and mg, ==
e 1 1 '
This will lead to M, = my + g = + 3 5= 0.
i o 1 1
ii) the two electrons can have parallel spins; i.e., mg =+ > and mg =+ 3

leading to M, = mg +mg = ( +%) + ( +-;-) =1

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

(ii) S can also be calculated using Eq. 1.26

[1 1] 11 ] [1 1
—+—= L —F— =1 J——=—1=10
2 2 2 2 2 2

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

Hence, when §=0,25+1=2x0+1=1
andwhen §S=1,2854+1=2%X1+1=2+1=3

Thus, we have two spin states for each of the above configuration depending upon the
value of . For § = 0, when multiplicity is 1, the state is termed as a singlet state,



Similarly, when S = 1 and multiplicity is 3, the state is called a triplet state. These Spectra of Atoms

states are illustrated in Fig. 1.14.

h h 1 d, b b 1 al Thus, all electronic configurations
To decide transitions to which of these states are allowed, we have the selection rules 15 nst, 15 npl, 15! nd wheren = 2

for multi-electron systems as give rise to both singlet and triplet

. levels. .
AS=0,AL= x1, AJ=0, *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
_ e or triplet to singlet transitions are
§=1 > §=1 ) ; not allowed.

or )
§=3————> §=3

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

Let us next consider what A L = +1implies? AL = +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 itsJ value? J can be calculated as L +S. For this state L = 1 and
S=0s0J=L+S5S=1+0=1.

Note that for the singlet excited
state of He having the atomic
configuration 15! 2,01’ the term
= IP] A (Remember that L = 1 state symbol is 'P,.

is denoted by P letter)

The term symbol for the excited state will be

I+ _2x0+1;
7 = J

Thus, the allowed transition will be from

lS0 —_— 1P1 state. (Remember that one electron -
still occupies 1s orbital and the
configuration is 1512p.

Note that this 1P1 state could belung to any of the levels havmé n z 2. These
transitions are depicted in Fig.1.14 (a).. - '

Singlet Levels . Triplet Levels Energy (cm™t)
'S, ‘P, 'D, 1s, Piro Dyai > The three 2P states where 2 is the
1s5 i g o value of n in the excited triplet
s3s 1s5p 1s5d 1s5s 1s5p === 1s5d state of helium (as shown in Fig.
1sds 1sds 1sdp =—= 1s4d ==} - 10,000 1.14b) can be designated as -
: follows:
1s3p 1s3d ==
1s3s 1s3s o0 ~ [ — 20,000 ,3p
’ 0
: 3 3
- ~ 30,000 2P, 10 2P,
3.
1525 L~ 40,000 2 P2
1128 - - 190,000 )
) : You should also note that these
” - ~ 200,000 triplet levels correspond to

o atomic configuration 1s' 2p'.

These levels arise as a result of

Fig. 1.14: hnergy levels (for electrons) of Helium atom showlng (a) singlet to slnglet transitions spin-orbit_ coupling.

and (b) triplet to triplet transitions.

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




:“"‘:g""“"" and Rotatlonai But if the helium atom is already present in the excited triplet state, its configuration
pec!

~in the lowest level will be 15'25'. From this level one electron can be excited to higher
triplet levels. (A S = 0). These transitions are shown in Fig, 1.14 (b). Let us study the
transition from 1s2s to 1s2p level.

. For the 152s triplet level.

L=l +5,=0+0=0
J=L+S§=0+1=1

Term symbol of this atomic state B+ ; will be 3s 1

‘Thus, the configuration 152" For a 1s2p level (which is an excited state).

i ; 1 .
rives size to P (slnglet) as well as
g ) ! My=m; +m, ==+ ==1. ThusS = 1.
P, 1 o (triplet) states. 1 2

So, 24+1=2x142=3

Lol ety oy = ()

=(0+1),(0+1-D)...|{(0-1)| =1,0

J=|(L+S)]|(L+5-1)],...)(L-5)]
=|(L+S)],[{L+S5-1)]...](L-5)|
=(1+1),0+1-1),(1~1)
=2,1,0

Thys, the term symbols for this level will be

2541, _2x1+1 _3
Ly= Py 3,0="P310

Thus, this level has three states corresponding to 3P2, 3P1 3P0. Its triplet nature is

indicated by the 25 + 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
momentum quantum number associated with a particular state.

Let us now come to the transitions from "5 0 7. P and 7. slates.

To check whether these are allowed or not, let us calculate J for them.
For3;——> %P,;AJ=2-1=1
For 3s,+—> 3P ;AaT=1-1=0

and For 35;—————> 3Pj;A7=0-1=-1

Thus, AJ = +1,0and-1.

This is in accordance with the selection rule AJ = + 1, 0. So these transitions are
sflowed. Thus, these transitions will appear as triplets in the atomic spectrum.

Further transitions from 3P states to 3D or 35 states are possible and give complex
patterrs. But we will not go into details of these transitions and that is the reason why
these transitions are not shown in Fig, 1.14 (b).




At 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 S

Why for the ground state of He atom having configuration 15, triplet state (S = 1)is
not possible?

1.9 SPECTROSCOPIC STATES OF CARBON

The electronic configuration of carbon is 152 25% 2p2. We can term the two electrons in

2p? orbital as equivalent as they have same values of # and /. The 1s 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,
I,=1andl,=1;

5o ‘ L:}(I‘ - Mf/I sl I)‘; ;{/ ety ) 17 -/:,)i

= (]+1 1(1,1 \‘)‘ HI—H—'))

}
=2.4.0

Hence, the corresponding states will be denoted by D, P and §. Similarly, § 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

3p,%p,3s,'D,'Pand’s .

By applying Pauli’s exclusion principle, we can derive the allowed energy states which

are 1D, 15 and 3P states. To determine which one of the three states is a ground state,’
Hund’s rule is used. According to this rule,

interaction in magnesic field
1 1
5 Soj=o0 1
'D
2 j=2
&1
e ==
Pz.lo/
j=1 —/————3
\_L) 0 1

Fig. 1.15: Energy level diagram for carbon

Spectra of Atoms

Helium atoms in singlet states
constitute pearahediim and those in
triplet states constitute
orthohelium. Ordinary helium is a
mixture of parahelium and
orthohelium. Parahelium and
orthohelium arc inter convertible

by exchange of energy.
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Do not worry about the details of
how these allowed cncfgy statcs
are derived.

eh )
Note that Som a0 be represented as

Bohr magneton (ﬂe)' You will read

more about Bohr magneton in Unit
11 of Block 4.

~ Note that a charged particle having
angular momentum (e.g. an
electron or nucleus) acts like a tiny
magnet and has a magnetic moment
(«¢) which is proportional to the
angular momentum (J).

'l‘hus,/TaT
or?=yT

where y, the proportionality
constant called gyromagnctlc

e € g B,
ratio, is given by 7—- or ——-

gh
llcnce 1] = —}—" TT+Dn

= g P, VJZJ +15

: In a magnetic ficld because of the

] interaction between the magnetic

‘ moment of the charged particle and

the applied field, the charged

particle experiences a torque which

makes the angular momentum

precess around the direction of the

applied ficld. This is shown in Fig

! . 10.3. The precessional frequency

' (called Larmor frequency is
directly proportional to the applied
field, ie.

w=yB

Since the component of the angular
momentum in the direction of the
field is also quantised and can take
only discrete values of m,

therefore, only certain allowed
orientations of angular momentum
are possible. These allowed
orientations have slightly diffezent
energies as is also shown in

Fig. 1.16.
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(i) The state of greatest multiplicity is the lowest energy state and

(ii) In case the multiplicity is same the state with greatest L value is the lowest energy
statc. Thus, 2P state is of lowest energy and is the ground state. Can you predict the
next higher state? It is 1D (because it has greater L value). Then comes 1S state. The
3p state being a triplet has three energy levels 3P2,‘3P1 and 3P0'

(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 3 Py 3 P, and 3Po states,

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

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

. In the next section, you will be studying about the effect of magnetlc ﬁeld on the

splitting of encrgy levels.

1.10 THE ZEEMAN EFFECT

* When an atom is subjected to a magnetic field, each line in its spectrum splits into a

number of components. The splitting of the lines is proportional to the strength of the
applied magnetic field. This effect was first observed by Zeeman in 1896 and is known
as Zeeman effect.

Let us now understand why this effect is observed? You know that electrons have
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
atom (u) is related to the total angular momentum quantum number (J) by the
following expression:

, y | |
y=—-?f§\/1(l+ DAIT =g B, VIT+1) . .. (1.29)
Here, . '
m is the mass of the electron
and e is the charge of the electron

g, is called the Lande’s splitting factor which can be calculated as

g =14+l0TD+ 5}(.?7111)tl. (L+1) ... (130)

The component of this magnetic dipole in the z direction («,) can be written as
po=-g.Bm; - (131)

where m; represents the components of J (the total angular momentum) in the z
direction and m; can have the following values:

or0,..,-J .. (132)

In other words, we can say that for a particular value of / we have J+1)
components in the z direction. Also, note that m; will be integral or half integral

depending upon whether J is integral or half integral.




When we substitute different values of m, in Eq. 1.31, we get different 4, components. - Spectra of Atoms

The extent of interaction of different u, components with external magnetic field (B,)

will be different leading to different energy values and can be given as follows: Eq. 1.31 can also be expreased in

: ‘ ’ terms of y as follows:

interaction = AE=u,B, =-g,f,m;.B, ' : - (1.33)
. - H-=ymh

Thus we will have (27 + 1) different values for A E in the above expression. In other

words, this indicates the lifting of degeneracy by the application of external magnetic

field. This means that in the presence of external magnetic field, the energy levels netic ratio (7) s the ratio

which were earlier degenerate, split into 2J + 1 levels. of magnetic moment to the .
’ ' angular momentum.

Let us reconsider the hydrogen (or sodium) spectrum.

’ : : 7= % Using p from Eq. 1.29 and J

2 = = l = 1 - from Eq. 1.28,
Here, the lowest term is S;. IthasL =0,S 2 and henceJ =L + S = > .8, VIGT)
1 1 | ‘ ‘ vegty= VIg+1)R

So, my= +J..-J= +'2‘, 2 , =_8‘p.
Therefore, this level will be split into two (2J +1=2 X % + 1 = 2) levels in the Hence, Eq. 1.33 can be rewritten

: . asAE=yK m,B
presence of magnetic field. TR

o We can also write by in place of
You may also remember that the two doublet P states were characterised as zPl and ng. AE in the above equation.

2 2 - Thus,
The first state, *P1 has J = . Thus, it will lead to | hv=yRm,B;
. 2 .
yhm,B,
1 1P ! *T2x
my =3 and -3 (using Eq. 1.32) or
‘ watT0z
1 1 1 2=
Hence, when my=2, U, =-gP.X5=-58P (by Eq. 1.31)
2 2 2 .
A or?a\" =ym;B,
And from Eq: 1.33
When the two cnergy levels differ
1 bym, =1,weget 2nv =y B,
AE=-3¢g.f.B, .(134) 7 s
: The term 2xv is the angular
I : 1 1 1 frequency. It can be denoted by @
Similarly for ’ My ==k =8P % 2 E&ﬂe - (by Eq. 1.31) and is expressed in radians sec™’.
As you will study later in Block 4
and AE=%g,ﬂ,.B, . - (L 35) Unit 10, Sec 10.3, it is also known
as Larmor frequency.

Thus, according to the above equations, i.e., Egs. 1.34 and 1.35 2P_l_ level is further
2

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

separated by an energy difference of g, 8, B, . What ab‘but ng state? For this J = %
. . : 2 .
and it will be splitinto2J + 1 = 2x%+ 1=3+1=4levels.

The m, values for these four levels will be as given below: -
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This is diagramatically represented in Fig. 1.16 below.

No Field ﬁddApplnd m,
A ‘ o
-’I’ "’1’2
% _ -1
~h

‘_ -3’2

<

% (- sa8,)

2 -~
sllz . \ 8.AB, - 1/2 (+1/2 ‘m')
" mﬁgﬂﬂgmam
spplied field.

Fig.1.16: Splitting of various energy levels In the presence of magnetic fleld.

Thus, a transition from the lower 2S1 level to ,2}’1 level (which was a single line in the
2 2
absence of magnetic field) will show four lines 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 magnnetic ficld is split into four lines in the presence of
magnetic ficld. Here, the additional selection rule is Am; = 0, x1. Similarly, a

transition from 251 to 2P3 yields 6 lines in the presence of magnetic field.
2 2

Let us now understand the magnitude of splitting of these lines. If we calculate g, for

}S%. 2}’%, 21’% levels using Eq.1.30, we get, g, = 1, % and %, respectively for these
levels. These values are in the ratio 3:1:2. Since splitting is proportional to g, these
levels are split in the above ratio. In other words, we can say that splitting Is not
uniform 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 identlcal in the presence of magnetic field, thesd the effect
is known as normal Zeeman effect. For example, in helium atom  consider the
singlet states. For these states 25 + 1 = 1. It yields, S = 0, Then, L = J. Therefore, -
from Eq. 1.30. '

14 JOED+SE+ DL L+1)

& f 270 +1)
=1 +J,(J+ 1;;(?;Ii)(L +1) _ .
X [since L =J
=1+J(J;})(J—i(l-;+ De_14+0=1 L(F+l)=](]+1)]




Therefore, from Eq.1.33, when 8. = 1splitting will be identical and proportional to the Spectra of Atoms

applicd 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:

i) Number of lines obtained in presence of magnetic ficld 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 § values of the electron
undergoing the transition.

in the next two sections, you will study about two techniques which help us ip 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. ' N

Fig. 1.17: Various 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 - N

. . . The innermost shell is K shell and
flourescence. In this case, the spectrum so obtained is termed as X-ray fluorescence e maximum amount of energy is
spectrum. In such a spectrum, the emitted radiation is always lower in energy than the  required to remove an electron
excit'mg X-rays. from this shell.

When the transition of the electron (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 asKal, K,,‘2 ... etc. corresponding to the electrons originating from the

various sublevels of the L shell. This is shown in Fig. 1.18.
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Similarly, when the lines originate due to the transition of the electron from the M to K
level, they are termed as Kg lines. Similar to X, lines, they can also be subdivided as

Kﬂl’ sz, 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.

0 A n=>5
N n=4
MaMBI“v
M v n=3
Lo fta] Ly |Ls Lo |ls] Ly |Ls
L
YY VY n=2
Ka, R
KG;*K“’II(B Kyl Ks | K
K VYV VY n=1

Fig. 1.18: Various transitions responsible for origin of lines in X-ray spectrum.

The X—réy emission speét.{ﬁm so obtained is similar for all elements. But they differ
from each other in the fact that the wavelengths at which various lines appear are
different and depend upon the atomic number of the element. Such a relationship

- between wavelength and atomic number was discovered by Moseley and is known as

Moseley’s Law. This can be mathematically stated as
A=3=a(Z-0) | . (1.36)

Here, Z is the atomic number and o is a constant which depends upon series of lines
under consideration and g is another constant. »




Since the X-ray fluorescence spectrum 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 experlmcnt 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.
This results in the ejection of an clectron from the sample. The remaining excess
energy of the X-rays is imparted to the electron as its kinetic energy. Thus, we can say
that

Energy of the

incident

X-ray radiation

= Binding Energy + Kinetic energy «.(1.37)

The kinetic energy of the electron is measured. The binding energy of the electron can
then be obtained from the above relationship by knowing the energy of the incident
X-rays and kinetic energy of the ejected electron. Experimentally, the number of
electrons ejected as a function of their kinetic energy are detected. This leads to the
measurement of binding energies of all the electrons present in the system. This
information is also characteristic of a particular element and hence can be used to
identify it.

1.13 INTENSITY OF SPECTRAL LINES

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

Closct
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Fig. 1.19: The distribution of atoms or molecules in various energy levels.

Spectra of Atoms

An X-ray of wavelength 1 nm has

an energy of 2 X 10™ 163, This
amount of energy can cause
cjection of elcctrons from the
inner shells of many atoms.

A}
Binding energy of an electron is
the energy required to remove it
from the atom. It is also called
ionisation energy, which was
referred carlier.

Similar to X-ray photoelectron
spectroscopy is the technique of
ultraviolet photoelectron
spectroscopy. In UV photoelectron
spectroscopy, UV radiation is

used as incident radiation, The
energy of this radiation is sufficient
to gject a valence electron whose
kinetic encrgy is determined as
Jdone in case of X-ray
photoelectron spectroscopy.
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this question is NO. Fig.1.19 shows the distribution of atoms or molecules in widely spaced
and closely spaced energy levels.

The number of atoms or molecules N, in a state with energy Ej relative to the number
N; with the lower energy E; is given by Boltzmana distribution as follows:
N,

'17{}-. = e_AE/kT . .. (1.38)

[
where N, is the population (no. of particles) in the upper energy level (Ej),
N; is the population of lower energy level (E;),
AE is the encrgy difféerence between two levels,
T is the temperature in Kelvin.
and k is the Boltzmann constant having value 1.38 X 10” Bkl

Certainly, as the energy difference between the levels (A £) 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
clectromagnetic 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 andJ -/ ) 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 ficld on atomic

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, Cl, Ca, Cu, Ag, Ba

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

1.16 ANSWERS

Self Assessment Questions




_6.626% 10 55 x 2998 x 10¥ ms™!
400 nm

26626 x 10 75 x 2998 x 10° ms”!
40x197°m

= 4966187 107 = 497 x 10°1%)

2 Toobtamenergypermole theabovevalneofencrgyutobemulﬁﬂdbyth
Avogadro’s Number. Thus.

Eper mole = 4.966187 x 107°) x6.022 x 10® mol™" ~
= 299063 78114 J mol™' = 299.06378114 kJ mol”
=299 x 10°J mol?

me
3. — =0.00027148
vm

1

Rp = R T3 000027148
= 1.09737% 10" m! X = ——L—— = 109707419 x 10'm"1
i ooozms

= 1.09707 x 10" m™' (approximated using Slgmﬂcant ﬁgures)

VBalmer-RD(z--%] -_%RD 15237 can”!

4. Avy=17.19cm™’
AE=hcy |
=6.626 % 1055 x 2998 X 10°m s~ x 17.19 can™
=44x10%) ‘
5. Because Pauli’s Exclusion pmclpleu\nohted, asS= lmemm, and m,,

should be + E

Terminal Questions

1 Fpunm B (3-0) 2 25 - S e
;% X 109677 x 10" m ™! = 15233 can”t

2. Mg, Ca, Ba.

3. ForaDstate,/=2ands=1.

Now,j=[l+5=2+

_]_
2
lu

2

lia = 2; leading to term symbols 2Ds and D3 .
_ ' -2

4 (S [Y | v

adj=l-s=2-5

Thus,?.s+l-2x2

'.qnmu;u-
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