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1.1 Introduction

The conception that matter is composed of srmallvisible particles is redundant now.
However, it took lot of time and rigorous effetb come up with modern day experiments.

In late nineteenth century, most of the scientists were convinced that the matter is made up of
atoms In 1898, British sciet i st J . J. Thomsondés suggested pl
that atoms are like positively charged solid spheres of matter and electron is embedded on it. It
also stated thatlectronsare negatively chargedehdard in 1903, observed that théhoae

rays pases mostly undeviatethrough materials of small thickness. He proposed that the atoms

are composed of positive tiny particles and electrons. However, these models were not
consistent with each other. Thigas solved by Ernest Rutherford frol806 b 1911. He
performedaseries of experiments in alpha particle scattering.

He bombarded the target (thin gold foil) with alpha particles and carefully studied their
deflection patterns. He observed that most of the alpha particles passed undeviated/ small
deviation through the gold foil. However, some of them showed large deflectiorsvany

few completely rebounded back. Alpha particles completely reflect because it might have
encountered very heavy mass on its path. However, most of them pasdetected. This

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

After analysingquantitatively, he also suggested that the heavy mass/particle due to which the
alpha particle showed complete or large deflectionspeagively charged and almost all the

mass of atom was concentrated in it. He also estimtesize of the particle to be ~101°

m. On the basis of thes#bservationshe suggeste@ nuclear model. In accordance with this
model, an atom contains ptgely charged particlé nucleus, placed at the center of the atom.
Almost all the mass of the atom is concentrated at the nucleus of the atom. Outside the nucleus,
electrons with some separation move around it. The space between nucleus and the electron
in an atom is empty and determines the size of the atom.

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

an atom. He also suggested that electrons are constantly in inet@unse the electrons at rest

would experienceo ul ombi ¢ attraction and fall into nu
explain much about electronés motion. I't cou
obtained for hydrogen and hydrogen like atoms.

Niel Bohr proposedraatomic model in 1913 which could explain the hydrogen spectral lines.
He suggested that electrons would revolve around the nucleus in circular orbits under the
coulombic attraction between positively changed nucleus and negatively charged electrons. His
model is in accordance with classical laws of mechanics and as per classical laws, the electron
orbit around the nucleus in fixed orbit. These electrons revolveokital angular momentum,

® having a magnitude of—p , Where nis the orbit number 12, é . . hastllePl anc k 0 s

constant. This introdied the concept of quantisatiade also postulated that the electrons

3
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didndét r adi aalginte fixed tlloveedhals, mepitei otbeing in acceleration
motion. This showed that the electsomoved in stationery orbits without falling into nucleus.
He further stated that the electrons nmavin an orbit having enerd® when jumpsa lower
orbit having energyO emits. Electromagniet radiation with frequencyn as n

—— ¢ 100 "n. Further, electron could also absorb energy quanta of suitable frequency

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

in hydrogen as well as atoms with higher atomic number. The observed line specirafc

atoms could be now explained with the help
coul dnot explain the o6fine structured of hy
observed under high resolution it showed several components of onelsiree with close

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

the Bohrés circular orbits as elliptical. He
orbit. However, the introduction of gllit i ¢ a | orbit didndét add any |
failed to explain O6Fine Structured. Therefo

explain the OFine Structuredéd to an extent.

The discrepancies were further removed by considering the higacy whid accounted the
spintorbit couging effect and quanturihmechanical relativistic corrections. The fineusture

of hydrogen atom shalle discussed later in this unito understand the quantum mechanical
approach, th& ¢ h r ° d treatmento bysrogen atom should be understood.

1.2 Objectives
After studying this unitthe learnershould be able to:

1 Explainandapplys ¢ hr © di n gnelepéndent Wiave Equation

Understand and describe theef Structure of Hydrogen

ApplyPaul i 0 s piihgiptelandse)xcltamge symmetry

StateHunddés Rul e

Understand and explaintihke | i um At om and ités Spectrum

= =4 =4 4

1.3Sc hr ° d iTimegladegesdent Wave Equation

With the development of dBroglie idea of matter waves, Schréedinger presented his wave
equation in 1926. This equation is known to be the fundamental equations in quantum
mechanics as it represents a differential form of thBrdglie waves associatedtiv moving
particles, similarly what Newtoné6és second | a
for bulky objects.

A mathematical functiog was introduced b$chroédingerlt is a complex function of variable
space (the three axes) and time cawaths, associated with a moving particle. The
mathematical representation of wave funciocan be written as:

4
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7 ofuhim

where[ is called the wave functioaf the moving particlebeingthe characteristic of the
associatedle-Broglie wave It is postulated that has the form of aolution of the classical
wave equation.

The differential equatiothatrepresergthe 3Dimensionalwave motion is:

wherev is known as the wave velocity.

Now,t he wavelength associndmewi mwg tvi tedis givea It 0 cil tey
by:

Using Einsteinds postul at e E-Brogliehwawes wittetheat i n g
total energy E of the particle, we have

C___

Making this replacement in equation)(1

— — =7 —— 6 (p

The result of the above equation is of the formula [ ‘Q e (B

Where is thewave function of onl\space coordinatgbere independent of time), i.e.

I ooy

On dfferentiating the equation }3v.r.t timet, we get

—n

[ . ¢ Q0

By substituting fof and— in equation (2, we get
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— — —

[ e (¥

Considering this case for particle havingsioe | at i vi sti ¢ motion, the
K=1/2m\%. Thus, ifV is the potential energy of the particle, then we can write

-0 U O w
Or a0 ¢ca 0 w
Making this substitution in equation (iv), we get
— — — T —T
Let us use the mathematical symbol <called 6L

ya
n -
[ 0 O wl m
Above equation ik n o wnS cahsr °a i n-(ndepeddent wavereguaton f or a part

withitstimei ndependent Yasitsgautonf uncti ono

Since, you must be awaoéthe properties of eigen function (i.e. it must be finite everywhere,
singlevalued, continuouand should have continuous first derivative everywhere) during your
graduation, let us now concentrate on the quantum mechanical interpretation for one electron
atom (e.gH-atom) being the simplest bounded system having a positively charged nucleus and
negatively charged electrore], moving under Columbian attractive forces.

Consideronee | ectron of anmbandmt iha vmn ndglbnowesmotidt mas s
the centre of masghich is assumed to be fixed. We may consider substituting this atboal

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

the electron haeduced masqud gi ven by

0«
0 «a
The electron with reducethass moves about the infinitely massive (hence, also considered to
be sationary) nucleus with the equivalent electrarcleus separation as in the actual atom.

We consider an el @anouingundeotie thredirdenstoratlColomabgars 0O
potential defined as a function of (X, y, and z) such as:

™ o 0w aq
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wherex, y, zare the rectangular coordinates of the electron relative to the nucleus, which is

fixed and taken aradiusvhced ior iog icn . & 1Bhheelecteamr m 6
nucleus separation.

You must be well aware till noabout the Schréedinger equation as discussed previously.

In Cartesian coordinates, we have

[ [ oy

Tt oT o
To Te Ta o O er T

Since this equation involves three coordinates of V and hence, three equations must be
required, it iIs always easy to useFiglpherical

>N

X

Fig. 1 The correlation between Cartesian coordingtey, z) and Spherical polar coordinates
(r, fofapoidtpP

The relation between Cartesian coordindies, z)and the spherical polar coordinates |, d,
4 pf pointP are:

w 1d QaxEie 1d Q8 Qanmdd 180¢ 1 —
And polar angle— ®$¢ | ———and azimuthal angle 0 ®&-

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



MSCPHS507

- - — Mt ——— — 0 w] mnée(rp
The potential energy V(r) can also be expressed as —_— e (6)

Using the method of separation of variable, we first separate the radial compame:angular
terms (d, () assuming that

[ ik Yi 8P

whereR(r)i s the called as radial function depenc
known as angular function depending ugiandd. Thus, equation jlcan be rewritten as

—_ i -0 — I ==Y ——Y — 0 wi YO m
Multiplying the entire equation by and rearranging, we get
— i — 0 —— 0O wi -— i Qt— ——

The left side of this equation depends on the variable r, while the right side depends upon the
ot her variables d and 4. Hence, this equatio
the same constant. Let this constant(bel). Thus, we ged radial equation.

—— i — 0 — 0 wi aa p e (y
And angular equation
el L0 T,
DT QF — F — T 08 % P
The last equation cab be further separated by substituting
r Hh 0—8 -
This egation gives
-1 Q&—+ Q&— aa pi Q& «a e (B
we Q—— & ée(p
Equation (6), (7), and J9can be written as
— a B ™ ée( Do
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—— i Q&— a0 p —g T é( 11
Hte—1 — —0 o1 —Y m  é(D2

Thus, we have fragmented the Schréedinger equation of Hydrogen atom into three ordinary
differential equations, each having a single variable ,despedively. After finding the
adequate soludins of these equations, we find the following quantum numbers:

Solution of the equationsThe appearance of quantum numbers is explained ahead as:

1. The solution lofisBa(G)oequati & )3
whereA is the known as the constant of integration. In order that it is an acceptable
solution, the wave functiog must be a singlgalued function of position, that is, it
must have a single value at a given point in space. It is evident that the azigiath an

d and (+2° are actually the same angl e.
B « B -
or 0Q 0Q
or p Q
or 1=cosfm2 ) +isin(m2 )

This can only happen when ia O or positive or negativiateger, i.e.
a mh ph ¢h of8
The constanin is a quantum number of the atom.

2. The solution oYfiskiownatpbeequati on (11

gg — Ug 0° YQ¢i — é( 14

wherel 5 is a constant and® ®i sAssociated Legendre Polynondial whi ch has di
forms or different values dfand |m, that is

[ =|m]|, Im|+1, |m|+2, |m| + 3, é
This requirement can be expressed as a condition onthe following form:
a tmh ph ch ofBh &
The constanktis another quantum number.

3. Forsolving equation (I2we must specify V(r). In the present case

9
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Then, the solution of the equation is known to be
Yai 0 FQ — 0 — é( 15

Where 0  is a constant and i s OAssociated Laguerre P
different forms for different values af andl. The parametes, is — which, in the old

guantum theory, is the known as the smallest Bohr orbitatoih.

The solution to above equation iscgptable and it remains finite the constant E in equation
(12) is positive, or has one of the negative valuesdfnich corresponds to bound states),
given by

0o A

wheren is an integer, which must be equal to or greater thRhnThat is,
n=I+1,1+2,1+ 3 , é
This requirement may be expressed as a condition on | in the form
l= 0, 1,-12, 3, é (n
Here, the constamtis also a quantum number
The total eigen functions for oredectron atom can be written as:
[ fr IR0 YRl gp —B %

where R, U, 0 are given by equat,ignandA xi v) ,
elaborated in these equations are so adjusted that each equation is normalized. The exact
normalized eign function for ground state (correspondingfrior 1,1 = 0, m = 0) of one

electron atom is r =— Q ]

Physical interpretation of various quantumumbers:The three quantum numbers originated
from the solutions of Schroedinger equation are:

n=_1, 2, 3, 6@

= 0, 1,-1)2, 3,6 (n
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These quantum numbers can be explained as:

Consider the case of one electron atom; we have theetwedy of bound states atom obtained
from Schroéedinger Equati@h —— — . Since the energy eigen values depends only

on quantum number, they were in excellent agreement experimental values based on with old
guantum theory of Bohr modédenceni s sai d t o be HRincpahQuardusn i Tot a
Numbeb .

To understand the value hfwe have to consider the radial wave equation based on equation

(12): — 1 — 20 o1 — Y 7

Here, the total energy of@an comprises of two components, viz. kinetic energy K and potential
energy V (for its electrons). Further, kinetic energy is subdivided into radial components due
to motion of electron round the nucleus and orbital component due to the nucleus itself.
Therefore, we have

O v 0 Wi
Using this substitution in the radial equation, we have

— i — —0 0 — Y m

Since the radial component is basically originated due to electron motion, hence it is free from
orbital counterpart. And this is only possible when the last two terms are equal to each other
i.e.

0 —
If angular momentum is denatdy © , then we know thak * U and therefore,
. P, . U
oY oA
6 i A A
Or L  &aa p —
Sincel varies fromO , 1, -D),thisBrpvés(that the electron can have discrete values of

angular momentum. iially, the total energy E is also quantized like the orbital angular
momentum and it remains conserved. And this is just demonstrated by quantizatibenok,

lis termed as the oOorbitalé quantum number.
obtaina through the theory of BorBommerfield, wherd& was replaced by aa p . The

method for denoting the state is writing the total angular quantum number along with the

11
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various angular momentum states as letters {likd=6)( p(=1), d(=2), f{(=3) , o} . F
example, a state with= 2 with| = 0 is shown a&sstate. Similarly, another state with n = 3
andl=1 is written as3p.

The analysis om originates when the atom is placed in an external magnetic field. You can
imagine that when an electron is revolving round the nucleus, it behaves like a small loop of
current having magnetic dipole when placed in an external magnetic field. Its pateat@y
depends upon its magnetic moment and its orientation with respect to the field. But here, the
magnitude and direction of the magnetic moment depends upon the magnitude and direction

of angular momentun® of the electron. This also determines thegn&dic potential energy.
Since the direction of L is also quantized with respect to external magnetic field. If the field is

along the zaxis, the component #can be defined as
0 & — where & mh phchoBha

Since we can observe thataescribes the quantization,Bfn magnetic field (known as space
guantization), and finally, the discretization of magnetic energy of the electron. Therefore, m
is known as magnetic quantum number.

Therefore,n, I, andm are the three quantum numbers used to specify each of the eigen
functions of single electron atom here n specifies the total energy (the eigenhsee)fies

the angular momentum amad determines the-zomponent of the angular momentum of the

election. For a given value of n, there are different valudsaofl for every different value of

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

the same eigenvalue.EAnd this property of eigen functionsissdid be &édegener at

In accordance with old quantum theory the quantoethanical interpretations of
energy states of single electron system matches well with each other. The differences that are
crucial to understand is that in quantum mechaniesetéctron should not be considered as
moving around the nucleus in definite orbits. Here it is necessary to consider the relative
probabilities of finding the electron in volume elements at various locations rather than is
specific orbits. For this consdation, we relook the wayenction of singleelectron system
ie.

[ rp b6 Yil gr —B %o

Where the symbols have thaisual meaning as specifiadovein equations9), (10) and (1)
respectively. We must know till nowahthe electron probability density, given $ys was
mathematically formulated as:

z

g§S SYs8ysB8BS,whereg s 17T

We observe thafss BB willresultinA>’and since A is a constant
independent of GO0 and does notgsdirhisalsotdispgls det er
that the dependent factors we¢s 8gs &rom the relation of radial probability density for

12
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finding the electro between r and r+dr is given Bys 1“1 Qi. The value of probability

density P(r) is maxima & and4a.. These values of radéi, and4a, corresponds to n=1 and

n=2 Bohrdés orbit where the electrodasthda s mos
average distance of electron from the nucleus is given by

ir. i0oiQi —p -p —
where, ais the smallest Bohr orbit. This is same as for the EBBdmmerfeld elliptical orbit.
Solved Example No 1:

QuestionFind the parity oN atom in ground state.

Solution It is known that the parity is even if the sum of | valu@kfor all the electron
is even; and it carriean odd parity ifSl is odd.

The electronic configuration of N atom in ground state is given as:
pi ¢i ¢n
The value of | = 0 for  electron and | = 1 for p electron.

ThereforeSl = 3

Hence, the parity is odd.

1.4 Fine Structure of Hydrogen

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

are observedian emission spectrum. The wavelengths of these lines are in accordance with
Rydbergds formul a. These are coll ecWhewel y k
these spectral lines split duesjoin- orbit coupling effect and quantum mextical relatistic

corrections, it gives rise to fine structure

1.41 Effectduetoelet r onds spin and orbital mot i
The interaction due to internal magnetic f i e
moment is partly responsible for the fisguctureof one electron atoms (excited state). It is

wel | understood that the internal magnetic f

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

Let us consider electric fiel@, defined as a gradient of potential function V(r), where
represents the distance between nucleus and electron of an atom.

Q0 " wll

13
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e (8q

wherei H8 the unit vector in which electric fiel@is directed. The magnetic field caused due
to the orbital motion of the associated electron moving with veladrtyelectric fieldQis:

® —0 b
—— b b (I £ ¢ é (17)

The orbital motion of an electron causes angular mome®umhere® is further defined as
® d&ip  thus equation ()7may be written as

» —- 6( D8

The magnetic fieldPor i ent s t he el ect r 6 raddhencephe magmticgnet i
potential energwf orientation3Oy,. The expression @Oy, is given as

30Oy, - 8P ée( D9
But spin magnetic moment s’ ‘Q — Hwhere'Q (¢ (for electrons) an®is spin
angular momentum.
Thus, equatioii19) can be written ag-Op, — B é( 230

Substituting the value @Pfrom equation (18) into (9Qwe get
30, — "y é(21

I n accordance with &édThomson precess3Op:nd whe
reduced by a factor of 2, i.e.

30y ——"9y é( 232
Let us now express the equation 22terms ofj, | ands quantum numbers.

We know that ® & v é(23

Takingself dot products of equation (R3ve get
8 ©® W8P ¥
g? 08y ™y WY

B ey B ¢ ey WD
14



MSCPHS507

-0 0 Y
WM -0Qp aa p ii p — é( 24
C 30, TQp aa p ii p -— {from eq.22} (25

As electron is in motion the terms—— is not fixed. Therefore, an average value during
unperturbed motion must be considered. So,

3O, TQp aa p ii p -— é€(26

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

potential function Vr) is considered. The potential functior(ry/for oneelement atoms in
Colombian field is:

=0
& %":’—
—_— —_— e(97
Substituting the value ef¥— from (27) into (26, we get:
3Oy, ————— 00 p aa p ii p — ....(28)

Considering radial density function ofAtom, the average value of 1#an be evaluated as:
— — henl>0 é (29a
where® —_— é (2B

ao is the radius of the smallest Bohr orbit for hydrogen atom. Substituting the vatuiarh
equation (29)a in (98we get

30Oy, 8 TQOp aa p ii p ¢ ()30

The above equation is simplified to the following equation:

~

30, — T p aa p i p é(31
15
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Where'Y = —— (Rydberg constant for infinitely heavy nucleus) and —— (Fine

structure constant).

Due to spirorbit coupling effect, term shiit"Y; arises

o

VY, On
TS
=— 00 p aa p i p é(32
For one electroatom like hydrogens=1/2ar@ & i & P c
Solving the term™@Q p a& p i p islandi(l+1) forE a P CandE a
p ¢ respectively .
The term shifcorresponding t& & P c is
Y'Y — é(33
The term shift corrgmonding toE & P c is
% ———a p e(34
Therefore, the coupling effect due to electr
energy level into two levels with differefg s f orl. a gi ven
The difference irthe energy levslis obtained by subtracting (33) from (34
Y Y'Y YV
Y o ‘
o ca p
ccaa = a p
C
_— e( 35

Putting the valuesf Rp=1.09%10'm*andU=1/ 137 f or Hydr o-greitn at om
interaction.

YY uvys——a e T WA é€(36

From equation no. 36t is clear that the splitting due to sgirbit coupling increases with
increasing atomic number (Z) and decreases with highad].

16
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1.4.2Effect due torelativistic corrections

Apart from spirorbit interactions, the relativistic effect also contributes in the splitting of
energy levels of hydrogen atom. In order to evaluate the shift due to relativistic corrections,
relativistic Hamiltonian function H foan electron is considered.

It is known that H=K+V where, k=8 +ms>c*)*>moc?, is the relativistic kinetic energy,is
the relativistic potential energgy is the rest mass of electron gmids linear momentum.

~

O o & o 4 O o e (37
4 0 p — 4 0 o
GOop — — E a0 o
B é (39)

Neglecting the higher order terms, it is evident thatt@nge in H due to relativistoorrection
is

D since 'O — w without relativisticcorrection

Considering as perturbation term first order change in energy level can be evaluated.
The operatopis "Q—.

Therefore, —— becomes —— 9 —

or oné(39

For hydrogen atom, let us consideras unperturbed wave function, thierst order shift in
energy due to perturbation term is given as

30 _* —=2—nr1 Qt é (40
Evaluating the integral in equation no. 25 gives

30 @—— — é6( 41

WhereUis the fine structure constantan®BRs t he Rydber gdéds Constant

17
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Hence, the term shift due to relativistic correction is

vy L _ _ 6 (42

To incorporate the combinezffect of spirorbit coupling andelativistic corrections in a H
atom pectrum, let us add equations 32 and 42

1.4.3 Term shift

o

vY ——— G p aa p ii p — — —

— — — é (43

—— - 644

For j4-1/2,

18
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Y —— - — (45

Equation 44 and 4&ab be replaced by one single equation.

'Y —_ - é( 96
Equation 46is identical to equation of energy ks of hydrogen like atom given by
Sommer feldds relativistic equation; as

Y| ®

w p O
3Y S -
€ Q 1¢

As seen above, the equation is similar to the equation number 31, where k is &jual to
This equation is known as Dirac Equation.

By substituting the values &f = 1.097x 10’ m%, Uis Rydberg Constant where  — (fine
structure constant) and Z = 1 for hydrogen atom, we get term shift

Y — — — mt?

o 8 -
or3Yf — — — cmt

Using, the term shift values itm?, the fine structure of Hline for n = 3Y n =2 lewl is
deduced as shown in Fig. 2

19
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Bohr Level (n=3)

(g o /S T — 32,
4 | 1 0.036 cm! /2
o KT o -i T *32D., 32p,,
14 [ | e /2 /2
- | 1 0.108 cor- |
l\_k—f: T i I A7 T i Y 32}31{z , 3251}.?—
I |: | |
: I | L —}: Iq— 0.108 cm’
Iﬂ | l 0.329 cor? | ]|
|7 |
| || | |
ar, | | | | l Bohr Level (n=2)
--------- R S et sl
I - T
- | | I < 0.097 em! | |
=24 v ** " I ! . 22P3!;2
| |
[t I . |
I = < 0.365 cm! |
= | 1
|| | _
k=1 b B 1‘ ¥ Ezpl,r'z ) 2251}(3
vV >

Fig. 2The fine structure of Hline for n = 3hn = 2 level

The selection rules for fine structure of hydrogen atom are

=0,+ 1 butj=0z j=0 is notallowed

The above selection rules allow five transitions as shown in the figoweever, only doublets

are observed in general practise instead of these five components. This happens due to thermal
motion of the molecules that results into Doppler broadeiWhen the Doppler broadening

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

Solved Example No 2:

The "OQ doublet splitting of firstexcited state?) - 20 ) is 5.840 & . Evaluatethe

corresponding splitting value of H.

Solution The doublet digting separation due to spiorbit interaction is given as:

DT = =
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Where,Y,i s Ry db er ¢ dsdine stuatusetcanstant, Z is atomic number and
n, | areconstant for a given state.

DT” @
ForOQ,Z=2andforH,Z=1
D
Therefore,D— = —)=16
DY=—D0Y =—*584=0.365 0

15Paul i 6 s EXxc | andgeaxanangepymmetry i p |l e

To study the spectra of mukltlectron atoms, the quantum mechanical properties of identical
particles should be considered. As per the quantum mechanical wave thepgytittes that
can be described by the symmetric total wave

y(1,23é6é.. Wo0l= 2, 3é..N)

From this it is inferred, that all the particles with the integral spins are known as Bosons.
Examples are photons, gravitons, pions, etc.

Opposite to it, the particles that can be completely described by the asymmetnatatal
functions are known as O6Fermionsd. Therefore

y(1, 2, 3g€l, ™) 3é..N)

From this it can be inferred that all the particles with the half integral spins are Fermions.
Examples are electrons, protons, neutrons, etc.

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

at oms. Paul i 6 s EXx c Ifino$wofermionB cam axist in the samesquaattine s t h
state . This can be further extended that t he
orientation in one atomic orbital is not possible.

Let us consider two identical ndrinteracting particles 1 and 2 having quantum state, a and b,
then the wave function of the system is

¥ ab(1, 2) =Y«(1).¥6(2)

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

Y ba(1, 2) =yn(1)Ya(2)

As these patrticles aiadistinguishabley apandy »a both have equal likelihood. Therefore,
the system can be described by linear combination of both.
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[ phg %rprcrprc
Vg

Where = is the normalisation constant

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

rpF:\ﬁ_rprcrprc
VG

And for Formions (Anti symmetric Wave),

~

Y
[ phg —[ P ¢ [ pl (¢
709

If the quantum stateslab, then
[ phg
r phg

Therefore, two Bosons can exist in the same quantum state where&grnwonscannot
because because the wave functionistzes identically in case of rfaions. This further
indicates thatermionscannot be described by the same set of quantum numbers.

Solved Exampldlo 3

Consider a system comprising two Bose particles with same quantum number a construct
normalised wave function.

Solution Let the two Bse particles be 1 and 2. The normalised wave function is given
as:

y 2)==1 plr ¢ [ pl ¢

Wherem—_ is normalisation factor. Both the Bose particles are associated with same

guantum number 6éabé. Therefore, a = b.
)/(1,2):ff pr ¢ I prI G

Wy py ¢
1.6 Hundodés Rul e
These rules are as follows:

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

3. The levels withdwest value of J lies at the lowest for haliiled or lesser in outermost
sub shell and for more than halfilled sub shell, the level with longest J has lowest in
energy for terms of an atom.

1.7Hel i um Atom and i1 tds Spectrum

1.71Heat omb6és spectrum

Two identical particles, when treated quantum mechanically act under the influence of
exchange of forces. This force may be attraabiveepulsive depending on the orientation of
spin of the patrticles. If we consider two electrgregalkl spins repel, however tlantiparallel

spins attract.

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

The two electrons two and two have spin quantum numbeérs as andi - respectively.

Thus, thé®(spin angular momentum) of the considered syste;n iISY'Y p .S can have all
the values fromi( i )to (i i ) with a difference of one. Therefore, S =1, 0.

S =1 corresponds to antiparallel spins and0&eparallel spirns

i - - andi - -givesS=1
i - = andi - ®gives S=0

The Z componentY) is given asY =0 "Q¢p, whered has all the possible values from
+S toi' S. That is

0 phth pforS=1
And 0 nforS=0

Therefore, there are three possible valoéd for S = 1, resulting into three possible spin
states known as oOtripl et si atmendhussifgletrsgm s ,
state arises due to parallel configuration and singlet state due to antiparallel configuration.

TheHeatm6s emi ssion spectrum f or Figr3bgowet and
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Helium
Hvdrogen Singlet Terms : Triplet Terms
|
ISn IR ID? IF.J’ : ISn IR ID? 1F3
4 | 4 -
If- | , 4d If.
n=1 s s 3p 3d
' 74
n=3 3s i35
|
|
I
n=2 2s i ’
|
|
Principal i25
_ Series :
n=I1 |
|
Parahelium i Orthohelium
|
1s llSO i
:
|
Ground State i
|
|
Fig. 3 The He atomO6s emission spectrum

From the above figure, it may be inferred that for every single energy level of singlet state there
corresponds a triplet state. The energy difference between the lowest excited state ¥Nd state
i s quite |l arge. The tr isipgletstatesst ates donét con

This non combination of triplet state with singlet state indicates the existence of two forms of
heliumi orthohelium and parahelium. In orthohelium form, the electron spins are parallel
giving rise to the triplet state while, in the parahelium form, fhiessof the electrons is
antiparallel giving rise to the singlet state. In the process of collision, the orthohelium form
may lose excitation energy and become parahelium. On the other hand, parahelium atom may
gain this energy via collision to becomehmtielium. Therefore, in general helium is found as

the mixture of both. However, it is well understood that the splitting of He into twe non
combing systems arises from quantum mechanical treatment.

1.7.2Quantum Mechanical treatment of He atom

Let us cosider a system comprised of two electrons. Then the general form of the normalised
wave function, in space domain for symmetric and antisymmetric conditions is given as:

=Y Py q Yy py ¢ Symmetric Wave function ... 47)

=Y Py q y p Yy ¢ Antisymmetric Wave function....48)
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Where a and b represent space quantum numbers.

The spin coordinate can have two orientatiorspin up (+1/2) and spin dowrl1(2). Thus

there are only two possible wave functieis andb™. Thus, there are only twpossible wave
functions corresponding to spin up and spin down states. These lead to four possible ways in
which spin wave function can exist. The normalised form of these spin wave functions are
given below.

b b

— b b b b —»  Symmetric (Triplet State)......49)

=

b b

— b b b b —>  Antisymmetric (Singlet State)........ (%0

n

The first three forms (eqn #@re for parallel orientation of electrons giving rise to the triplet
states and the last form (egn ¥ due taantiparallel orientation that results into singlet state.

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

y yb 61)

Therefore the total wave function for He mtonay be written as:
3\

=Y PY G y py ¢ bb

FY PYC vy mbb bbb

=Y PY G y py ¢ bb y

These forms represent the parallel orientation (Triplet State)

=Y PY G Yy Py G =bb bb

This formrepresents the antiparallel orientation (Singlet state)

Due to first three forms of symetric spin wave function (eqn ¥9riplet state arises while the
antisymmetric spin wave function (egn b@ives rise to singlet state. If we ignore the
interaction de to coulomb field, all these four states are degenerate. However, if the coulomb
interaction is considered, the exchange degeneracy gets removed and splits each state into
singlet and three fd degenerate triplet state (Fig). & herefore, splitting of E atom into

Singleti Triplet can be explained under coulomb effect.
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Singlet

, Triplet

Without Coulomb interaction

Fig. 4 Splitting of He atom into SingletTriplet can be explained under coulomb effect

The electrons in the ground state have same quantum numbers, that is a = b = 1s and hence
there exists single wave function in the space domaigr ap y ¢ . This space wave

function is symmetric with respect to the exchange of electrons. Inordeatoi sfy t he p
exclusion principle, the space wave function needs to be combined with antisymmetric spin
wave functionilz b b b b . Such a combination results into singlet state. This further

indicates the absence of triplet state for the ggostate.

Except for this ground state, there exist triplet states with singlet states for higher energy levels.
The energy due to coulomb interactiege—— between the two electrons is lesser in the triplet

state compared to the singlet stateisTis because the average distance) (between the
electrons is greater in triplet state compared to singlet state. Henceforth, the singlet states lie in
the upper level compared to triplet states.

It is also observed that the energy level of the gdostate is much lower compared to other
higher levels. The electrons of the ground state are strongly bounded by the nucleus compared
to higher energy levels. The perturbation may be adopted to calculate the energy of ground and
higher levels of He atom.

Let us now consider He atom (Z = 2) having charge on nucleus (+Ze) and two electrons say 1
and 2. Then the Hamiltonian operat¢r is given as:

— b b _ —— —— e 2
( p pe pe pe (2)
Wherei andi are the distances between the nucleus and electrons 1 and 2 respectively.
While,i is the distance between the electrons 1 and 2. Due to the coulomb repulsive potential

26



MSCPHS507

energy between the two electrons, the te;igq— is taken positive while hbther forces are

attractive. The motion of the nucleus and few interactions such asm@pirand spirorbit
coupling are neglected in the present calculation as they are very weak compared to the
coulomb interaction. The attractive potential energy betwthe nucleus and the electrons

make the termsp—e— Al Al;— make the terms negative. Hence the wave equation

becomes:
( Yy ,0_ b b F— F— ?— y (53
Andalso,(y o (54

The perturbation method is employed to solve&'sﬁmmﬁ— is considered as the perturbing

term. Here eqb3 can be written as:
(0 (s O
Where( 0 ( (

Thus the wave equation (for ground states1s) for unperturbed paran be written as:

(0 Qyo (55
Whereyd yo pyo0 ¢ }
And% %0 p %0 ¢

The unperturbed wave function is treated as the product of two wave functions of hydrogen
like atoms in the ground state. Thigen valueofe i s t he sum of the ind
of yd p AT y® ¢ respectively.

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

y0 M—ﬁ:A‘A@DWA ........ 67)
And the eigervalue of they0 is%0 : %
Here O —— p &Ae (59

Subgituting the values from eqns 58 and 57 into w6 get:
yo - A Age®! !
%0 ¢ %
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As for He atom Z = 2
%0 b
=-8x13.6eV
=-108.8 eV

However, the experimental results show that this valu#8i98 eV. This simply highlights the
role of coulomb interaction between the two electrons play a key role in determining the energy
state of He atom.

Therefore, the introduain of perturbation term representing coulombic repulsion term is done.
Now, for the evaluation of first order energy perturbation evaluation of first order energy
perturbation, we will consider the following equation:

% .ydyA
(@) Pig Agp®l 1 B Aop®l U 4 A& A
D A A tpei  p A A
~ COT 1
Q Q &)
— T Q1 Q-0 1 Q1 QeQ—0

vaQ v, Q
_— w

4EAOA\AEI'GDAGC6A t® VoA

] cC

v
d’)‘O?cp@oﬁfQ(b

The ptal energy become% % %
=-108.8+34.0
=-74.8eV

This value is almost equal to the experimental results with an error limit of ~5%. However, for
higher precision and accuracy, the variation method may be employed. If we consider He like
atomsthat are heavier than the He atoms likeé Be™, B™" and many more, the error gets
reduced. This is because the nuclear charge increases and the interaction between the nucleus
and the electrotbecomemore important rather than the electron interactod hence the
perturbation term becomes more accurate.

1.6 Summary

The Schrbéedingettreatment on hydrogen arike atomsgives rise to principal quantum

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

conceptof discreeness andquantization of energyThese quantum numbers and their

discreteness could explain the line spectra of the hydrogen and hydrogen like atoms. Further,
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thesedi screte energy |l evels split due to el ect
corrections in addition to spiarbit coupling effect give rise to term shift. THerm shift
determines the fine structure of hydrogen and hydrogen like atoms.

For atoms with more than one electron, t he
symmetybecomes i mportant. T h eno twa farinion8 san gxistiinn c i p |
the same quantum stafievo particle systems like He atom hawe identical particles. \Wen

such a system igeated quantum mechanicallyreyact under the influence of exchange of

forces This force may be attractivar repulsive depending on the orientation of spin of the
particles. If we consider two electrons, parallel spins repel, however the antiparallel spins
attract Due to symmetric Sp wave function, triplet state arises while the antisymmetric spin

wave function gives rise to singlet state. If we ignore the interaction due to coulomb field, all
these four states are degenerate. However, if the coulomb interaction is considered, the
exchange degeneracy gets removed and splits each state into singlet and three fold degenerate
triplet state. Therefore, splitting of He atom into Singléiriplet can be explained under
coulomb effectForevery single energy level of singlet state themeasponds to a triplet state.

The triplet states dondét combine with the si
with singlet state indicates the existence of two forms of hélionthohelium and parahelium.

In orthohelium form, the electra@pins are parallel giving rise to the triplet state while, in the
parahelium form, the spins of the electrons is antiparallel giving rise to the singlet state. In
general helium is found as the mixture of both.

The transitions taking place between théedént energy states gives rise to spectral lines. By
employing appropriate selection and intensity rules, these transitions between different energy
levels are determined. In one electron atoms, all the states exist as doublets except the ground
state. Tle fine structure is obtained due to the transitions between these doublets. However, the
selection rules must be accounted for actually observable fine structure. A more complex fine
structure is expected for more than one electron systems as these tevolsavith higher
multiplicities. However, the determination of these transitions is again governed by selection
rules. Due to the closed shells in the atoms, the optical electrons available for transitions and
hence spectra formation are few. Therefasethe periodic number increases the complexity

in the determination of fine structure of at
rules also reduce its complexity. Further mo.l
also reduces itsomplexity.
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1.9 Terminal Descriptive type questions

Q-1. Consider a te+ electron system and writesitspin function for anti symmetric and
symmetric combinations.

Q-2. Describe the heliuratom with the help of energylevel diagram. State the conditions
under which helium electrons transitsartigher state.

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

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

Q-5. Discuss the helium spectra for parahelium@midohelium tates.
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Q-6. Evaluate the energy for ground state of He atom.

Q7. Apply Pauli 6s exclusion principle to pro
ground state.

Q-8. What do you understand by identical particles? Describe the exchange syrfumetry
identical particles wave function.

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

Q10. State and discuss Pauli ds exclusion pr
functions.

Q-11. State the limitations of Bofir Sommefeld model. Discuss the quantum mechanical
treatment on hydrogen atom.

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

Q-13. Obtain the energy levels and associated quantum numbers of a hydrogemigytiselvi
radial part of the Schroedinger wave equation.

Q14. Di scuss the physical significance of ql
Schroedinger equation.

Q-15. Discuss fine structure of hydrogen atom in light of sporbit coupling and relatistic
corrections.

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

Q-17. Deduce the expressions for spirorbit interaction energy and relativistic correction
energy terms hence evale the net term shift for hydrogen like atoms.

Q-18. Consider hydrogen like atoms and apply first ordetupkation theory to deduce the
fine 1 structure splitting of n | due to spinorbit interaction.

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

Q20.Comment on t he she grauednstate of Heé &tamt liestmiuah de@per
comparedtotheldt o m6 s g r oweved thd egcited $tgtes lre closely to each aiher.

1.10Numerical type (Self Assesment questions)

Q-1. The first order excited staf® - 20 ) doublet splitting values is 0.3656 for a H

atom. Evaluate the corresponding splitting separation val(iefof
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(Ans-5.840 4 )
Q-2. Find the parity of O atom in grousthte.
(Ans- Even Parity)

Q-3. The first order staté{_-20 ) doublet splitting value is 0.365 & for a H atom. Evaluate

the corresponding splitting separation fofQ.
(Ans-29.60 G )

Q-4. Prove that the total number of electronsés for a closed shell ( n is principal quantum
number)

Q-5. Consider a wave function for two particles

y pht 'y py ¢ °y pJy ¢ .Evaluatethe value of A.
(Ans-m—_)

Q-6. Write the exchange symmetric wave functfionground and excited state (1s 2$)He
atom.
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UNIT 2 SPECTROSCOPIC TERMS

2.1 Introduction
2.2 Objectives
2.3 Spectroscopic Terminology
2.4 L-S Coupling
2.4.1 Lande Interval Rule
2.4.2 Normal and Inverted Multiplets
2.4.3 Determination of Spectral terms
2.4.4 Selection Rules in-§ coupling
2.5j-] Coupling
2.5.1 Selection Rules injjcoupling
2.6 Summary
2.7 References
2.8 Suggested Readings
2.9 Terminal Descriptive type questions
2.10 Numerical type (Self Assessnteuestions)
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2.1 Introduction

The atomic models given by Rutherford, Bohr and Sommerfeld were incapable of explaining
spectral lines due to fine structure splitting of simplest system (one electron atoms). Although,
the Sommerfeld model could give some theoretical explanation totfunetse of spectral

lines, it was partial succesthe Sommerfeld modetas incapable of predicting number of
spectral lines correctly and the relative intensities amorsg#pectral lines. Going forward,

the findings of theelativelynew experimets like Zeeman effect, PascheBack effect, Stark

effect etc., could not get accommodated in the older atomic models. Bohr model suffered from
one more major objection. It was based on two fundamental theories that opposed each other.
The frequencies corrpsnding to emission spectra was explained and understood on the basis
of quantum theory, however the motion of electrons in the stationary orbits was as per the
classical laws. Therefore, the older models had become insufficient to explain and interpret
new ideas related to atomic structure. This finally resulted in evolution of vector atom model.
The vector atom model inculcated the conception of space quantization and the electron spin.
Before detailing the concept sl eacftandvarbisnt i z at
coupling schemes, we shall first discuss the concept of orbital magnetic dipole moment and
Bohr Magneton.

Let us consider one electron atom with orbital quantum nuinibet is orbiting around the
nucleus. This orbiting electrogerves as a tiny current loop and its movement produces
magnetic field. An kectron with electronic charge, mass m revolves around the nucleus in
Bohr orbit of radius r with @locity v as illustrated in Fig.helow. The current produced is
given as:

‘Q ‘X'Y(Magnitude only)

Where T is the electrond rd e perio
Yo o¢a T
Therefore, 'Q Qg 2
L —}_, » -electron

Also, we know that the magnetic dipole momemtn a ™. ro
current loop with area a and current i is given as: -
m Q0 5

A\
m —pi _

P Fig. 1 Movementoé | ect r on

B — . (1) circular orbit

As electron is negatively charged, the directiomo$ opposite to that a. Also the magnitude
of 0 is given as:
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K]

Theratio=i s constant for an electron and is call
The egn 3 may be rewritten in vector form as:

m Q—0B0....... 4)

Negative sign indicates thaband®are oppositely directed.

m "Q— @, where’Q p (orbital g factor)

The magnitude values &f(orbital angular momentum) andd (orbital magnetic momentum)
are given as:

@—paap

m — ad
P Y
Where,| is orbital quantum number.

The quantityp— is called Bohr magnetomé and has a value o X p ™ 0 & for an
electron.

m aa pm

The eqn number 4 can be written as

s C o
m Q g
Solved Example 1:

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

Solution: The spin magnetic moment is given as:
m Q—Y
The magnitude ofn is given as;

m Q—"Y
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For'Q ¢andi ii p

o |

Y 57 (4 - forS=12

Thereforeym ¢ —M—Ep

No—
p

But the Bohr magneton i# -
Thereforeyn Viom
Quantisation of Space

The quantisation of space was based on quantum theory. In the presence of magn@}ic field
the electron precesses along the direction of the magnetic field. The orbital angular momentum

(®traces a conaround?. The angle betwee®and®is q as shown in the fig. 2 below.

The z component L is given as:

0 00€&i —
_)
B
0€i —
The magnitude of orbital angular momentuPand its Z I

component is given as:

b — aa
- p

0 a —

Where| is orbital quantum number ad is magnetic orbital

Electron
guantum number.

orbit
0¢éi —
0€i —— Fig. 2 Representation of angte
between orbital angular momentum
a mh ph ¢lB88 & & for a givenl in 2+1 vector,P and external magnetic fiel@

possible waysforagivdn These furgoheanstates that 0
have 2+1 discrete values. These discrete orientations give
rise tospace quantization.
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The space quantization of orbital angular momenfRourresponding t&«  p is shown in the
fig. 3 below.

& phh p

0 —hth — - .
LZ _) \'\\ mf- 1

The orient adgbisgivesas.gi ven by

6&i — -
L H
0 » | my=0
6ei R . _ Mtda p 135°
Qg

0 €1 —| Q¢ I ?

Spinning Electron Fig. 3 Discrete orientations of orbital
angular momentur®for =1

8ei —P _ "Qtda
I3

The relativistic corrections inculcated by sommerfeld

atomic model could explain fine structure of hydrogen atom to an extent. This explanation
failed in case of atoms ot her t han hydr oge
experimental results obted by Zeeman Effect. In 1925, Goudsmit and Uhlenbeck introduced

the conceptionod Sp i n ni n g ThEy seggdstedothatstiée electrons must be treated as
charged particle that spins about its own axis. Thus the electron itself carries intrinsic spin

argular momentum® and magnetic spin dipole momentunm)(
The magnitude values &¥given as:
Y

— i
o Y

Where,sis spin quantum number and has a value of -

The z component S is given as:

Y o oa —
Whered i s called as the O6spin magnetic quantum
a - according toc O p  ¢. This states that the electron spin can have only two

possible orientations in up and down directions.

Experimentally, it is been determohéhat the gyromagnetic ratio of the spinning electren

is two times the gyromagnetic ratio due to the corresponding orbital metia
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Therefore, C—Y

Negative sign indicates thapand®are oppositely directed.

) ‘Q— ®wvhere’Q ¢ (spin g factor)
Vector Model of Atom

The spin & and orbital @ angular momentums are combined to determine the total angular
momentum of the electrons. Since tMéand @ are vector quantities, the total angular
momentum & is alsoa vector quantity.

The Orbital angular momentun® (

b6 — aa
- P

0 & — (Z component)

| is the orbital quantum numbaet, is the orbital magnetic quantum number such éhat
don pB 88 dmh a ph &

The Spin angular momenturi®(

“y

— i
b Y

"Y & — (Zcomponent)

sis the spin quantum number, is the magnetic spin quantum number suchdhat 6hx
(9

Therefore the total angular momentéhis given as:

® & v

) > QQ p
0 & — (Zcomponent

j is often called as inner quantum numiger,is the magnetic inner quantum number such that
G 80 pB88dmh Q ph Q

Also, 0 0o Y
a a a
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Sinced is the integral number arid pXc, thereforeQ & i is half integral number.
The quantum numbe® ®and®arequantised and the relative orientations correspond to
Q& i ford>L
Qa i ford<L

In the vector model, th@ and ®precess around as shown in fig. 4a; but when placed under
the influence of external magnetic figRl 8precesses arour#(Fig. 4b).

- B
- -~~

Fig. 4a Fig. 4b

Fig. 4 Representation of Vector model of an atom

Solved Example 2:

Question: Corresponding to j= evaluate the number of possible orientations tai emgular

momentum J along with axis.

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

J=T0p
And 0 = mj—
p

Now for j=-

39



MSCPHS507

Corresponding to mj and j, the angleetween J and z axis is determined.

Rip —=—

Therefore A T ¢O= =
For mj=-,-,—,—we haveA | ¢@s:
AT ¢>0.775, 0.258;0.258,-0.775

Thereforeg=39.2,75.0, 105 , 140.8

There are four possible orientations.

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

1 Understand and explain thencepts of space quantisation, spinning electron and
hence visualise vector model of an atom.

1 Define various spectroscopic terminology

1 Apply L-S coupling ang-j coupling schemes on the atoms and hence determine the
spectroscopic terms

T Di scuss nalmukari Normahandeinverted multiplets

1 Apply selection rules while determining the transitions durisf§ &ndj-j coupling

2.3 Spectroscopic Terminology

There are few spectroscopic terms associated with the atomic spectra. To understand the
couplingcriteria and mechanism, the acquaintance with following terms is necessary.

1. State:
It defines the overall motion of the electrons in atoms. Four quantum numbers
associatedvith each electron defines the state of an atom. Ground state has lowest
energy. &ates with same energies are denoted as degenerate states.

2. Energy Level:
It is defined as aggregation of states with same energy, provided external electric or
magnetic fields are absent. It is specified by total angular momentum J. The energy
level of gound state is minimal.
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3. Sublevel:
In the presence of external magnetic or electric field, the energy levels spit into
sublevels. These sublevels are specified by different magnetic quantum numbers.

4. Spectroscopic Term:
It is defined as aggregation l&vels specified by multiplicity and an orbital angular
momentum. F®W@ro dxamplies, Wkd Poé d’Rille &an of 06

5. Configuration:
The electronic configuration of an atom is characterized by quantum numbers n and |
associated with the otthais of the electrons. For example the electronic configuration
of °Bis 1€ 2¢° 2pt.

6. Equivalent Orbitals:
It is defined as orbital having same value of n and |. The electrons present in these
orbitals are known as equivalent electrons.

7. Statistical Weigh
It is defined as the number of states present for a particular J. For a certain specific
level, the statistical weight is calculated as 2J+1.

8. Line Transition:
It is defined as transition between two energy two energy levels.

9. Component:
It is definedas transition between two sublevels.

10. Multiplet Transition:
It is defined as aggregation of transitions associated with two terms.

11.Resonance Line:
The transition representing lowest frequency among all the transitions from ground to
higher energy levels known as resonance line.

Let us now consider an atom with N multielectrons and atomic nhumber Z suchdizatThe
nucleus acquires the charge +Ze. The multielectrons are distributed as completely filled
subshells around the nucleus and some as afilEd. The electrons in the outermost shell

are optically active, only if it is partially filled. Five following prominent energy terms should
be present in the Hamiltonian of the considered atom:

(a) The kinetic energy of the electrons
(b) The electrostatienergy of the electrons
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(c) The residual electrostatic energy of the electrons
(d) The spinspin correlation energy
(e) The spinorbit interaction energy

In the heavier atoms, the spanbit energy term dominates over the other four energy terms
and this type of atomsombine in accordance witkj coupling. In the lighter atoms, the
residual electrostatic energy of the electrons and thesgmncorrelation energy of electrons
show dominance over the other terms and this type of atom combine in accordanceSwith L
coupling. Let us now discuss-& andj-j couplings individually.

2.4 L-S COUPLING

Apart from the kinetic energy of the electrons and the electrostatic energy of the electrons, the
perturbations due to residual electrostatic interaction,-gpim correlationand spirorbit
correlations are involved in the Hamiltonian of an atom. As theahiih correlations are much
weaker compared to residual electrostatic interactions,sgmcorrelations for a lighter atom,

the L-S coupling is followed by these atonh®t us now discuss these two dominant effects
independently.

(i) Spinspin Correlation Effect:

As an effect of spispin interaction, a resultant spin angular momern®isobtained
due to strong coupling of individual spin angular momentum ve@&aifsindividual

optical electrons. The magnitude’ﬁ’fs—p Y'Y p and can have values as

Y dp ip ip 88&Bmin,dp ip ip 8 8FBmin+l, iptip ipt+...8

The energies associated with differ@s also different. The state with lowest energy
has highest values & This further indicates that the sgBpin interaction between the

individual electrons splits the principal energy level with different value® ahd
multiplicity 2S + 1.

For lelectron atom:
Yo -
Thus, 2S+1 = 2 (Doublet level)

For 2 electron atom:
i C
S=d is,d Qs+l ...(i +i)
=0,1
Thus, 2S+1 =1 and 3 (Singlet and triplet levels)

For 3 electron atom:
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i i o
For this evaluation, let us considgraS combination of two electrons and then couple

with third electron i individually. We know $=0, 1

For § = 0 in combination with give'Y plc.
For § =1 in combination with give'Y -h-

Therefore, we get S = 1/2, 1/2, 3/2, that is., two sets of doublets and one set of quartets
are obtained for three electron atom.

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

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

S$=0,1
S=1/2,&,5/2, ...... N/2 (when N is odd)

Previously, it has been stated that the state with highest S has lowest energy. To
understand this statement, an atom with two electrons is considered. We have seen that
the spinspin interaction effect splits the unpetied energy level into siteg andtriplet

levels. As the total eigefunction remains antisymmetric with respect to exchange of
electrons, the distance between the two electrons is smaller for singlet state having
antiparallel spins. This distance is larger for triplet state with parallel spins. Therefore,

in the triplet ate the electrostatic repulsion energy (positive) is less compared to singlet
state and hence the triplet energy level lies deeper compared to singlet level.

(il) The residual electrostatic interaction effect:
As an effect of residual electrostatic irgtetion, a resultant orbital angular momentum

® is obtained due to strong coupling of individual orbital angular momentum véctors
of individual optical electrons. The magnitudé&ifs—p 0 0 p andcanhave values
as:

® o P P 88&Bmin, P P &P 8 &&Emin+l, P+P P+.....8

The energies associated with differéhis also different such that the state associated

with lowest energy has highest values@fAs discussed in the earlier section, the
energy levels split due to spapin interaction. Similarly, the energy levels also split
due to residual electrostatic interaction. However, the separation in the split energy

levels due to residual electrostatic interaction is lesser compared tespapin
interaction. Each splitted ergy level carries different values of .

For® miphchott8 8 &he associated levels are designated as S, P, D, F, G, ......
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Let us evaluate for:

For 3p3d electrons:

a p;a g

S=x as, v as+1, ... @ +a)
=1, 2, 3 (For P, D and F states)

For 2p3p4d electrons:
For this evaluation, the two p electrons will be combined firgtg& they are not tightly
bound.

a p;a g
Thusj=0,1, 2

Now let us combine with d electroa (o) individually
Li=0;a ¢

Thus L = 2 (D state)

Li=l;a ¢

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

Li=2;a ¢

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

Therefore, overall we get one S, two Po&s,

Earlier in this section, is been mentioned that te&ate with lowest enerdyaslargest

value of L. The coulomlvepulsion between two electrons is mininalmaximum
distance. Thughe ekctrostatic repulsion is leashen the electrons are present at the
opposite ends of a diameter of an orbit. In this condition, electrons revolve in same
direction around the nucleus and their individual orbital angular moments are in parallel
direction. From exchange symmetry of wduactions, it is very well known that the
antisymmetric eigen function corresponds to parallel direction of two electrons. Thus,
state with higher Lis associated with antisymmetric total wave function carries lower
energy.

(iif) Spin- Orbit interactioneffect:
As the spinrorbit interactions is weaker compared sppin interaction and residual
electrostatic interaction, the spin angular moments and orbital angular moments couple

individually first to resultan®and®respectively. Thereaftethereailtant spin angular
momentum®andthe resultant orbital angular momeitcombine with each other to
form resultant total angular momea®of the atom.

® O+¥
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The magnitude o@is—p 0L p and quantum numbdthas values as:
® ® Wh® ¥ pB88YP W

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

S is integral value, J also has integral value and if S is half integral value, J also has half
integralvalue. This further indicates that teplitting due to spirorbit interaction is
comparatively less spaced than splitting due to-spin interaction and residual
interaction. These levels are characterised by quantum number J which has degeneracy
(2J3+1) . The collectiostob@ctihresemdl tliep/led tsi
spacing between these multiplets is defined.dryde Interval Rule.

2.41 Lande Interval Rule
The spinorbit interaction energy for the atoms obeyin® Icoupling is given by:

DO, w® ¥,
wheread i s known as interaction energy consta

We know that
b P+

L e t 6 selfscaldepeoduct of above equation
&P P+ ¥

®@P P "BY B8P
UBY b ® L

U8y (2] ® hid

"allxe)

Thus,00;, - ® ® @ ®

DO; - O 0+1)71 L(L+1) T S(S+1)] R/4p?
{As ® 00 p Qgp; @ 00 pQcpand® Y'Y p Qqp}

Thus,00; & U O+1)T L(L+1) T S(S+1)]
where A= af/8p? (another constant).
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As L-S coupling multiplet hasame values of L and S for fine structure levels and only differs
in values of j. Therefore, the energy difference for the fine structure levels having J as one level
and J+1 for another level is given as:

(0] O 0 0Uu+r1)(J+2)i J(I+1)]
0O O ¢d I+

This shows that the energy difference is proportional to the term (J+1). Larger the value of J,
greater will be the energy difference and consequently larger spacing.

2.4.2 Normal and Inverted Multiplets

Generally, the lowest lying leveh a multiplet carries lowest value of J. These types of
multiplets are known as normal multiplets. However, the multiplets in which the lowest lying
level is designated with highest value of J are known as inverted mutiplets.

The normal multiplets areattle in nature. The orbital angular momen®amd the magnetic

field @ caused by the motion of electrons in orbit (under the influence of nucleus) in same
direction. In such a situation the spin magnetic moneenif the electron lies in the same

direction as that of®. This builds up a stable state as illustratefign5. As the electron is
negatively charge® is in opposite direction t& Therefore[?and®re in opposite directions
and hence attain Weest energyas well as the lowest value 8f In this condition'®® points

opposite to®, corresponding to inverted multiplet (least stable). Some perturbing influences
give rise to inverted multiplets.

. B 5
L I
M, )
-
g |
L_:_:_--_—I - F:-.-_:: y
;__:—:-] =
__'___._- i
s
Normal Multiplet Inverted Multiplet

Fig. 5 Orientations 0b , @ ®and®in normal and inverted multiplets
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Solved Example:3

Question:The energy levels with increasing energy in a multiplet are separated with 3:5 ratio
for line spectrum of an arbitrary atom. Designate S, L and J quantum numbers to these levels
viausingandebs interval rul e.

Solution: Let us consider a normal mutiplet in accordance with the energies associated
with a level, the lowest energy is designated with J and the consecutive higher levels are
designated with J+&nd J+2 respectively. Then the energy (E) of of the levels with J+1
and J+2 level is 5/3 EAccording to Lande interval rule, the energy interval of
consecutive levels for a given multiplet is directly proportional to the J value of the upper

level
O g0 U p
Y .
— GO UL ¢
By dividing the above two equations, we get
g 0
v b ¢
30+2)=5J+1)
3J+6=5J+5
2J=1
J=-

The values of J with increasing energy levels are givénlas-; - ; -.

We also know,
& ® ®h® & pB88YP W

The maximum and minimum values of J arend- respectively.

If L>S

L+S = -
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Subtraction and addition gives
L=-andS=1
But L cannot be half integral, theredre S < L, then
STL=-
S+L=-
Subtraction and addition gives,
S=-andL=1
2.4.3Determination of Spectral Terms

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

of L-S coupling. This idecause the core electrons present in the atom do not contribute in the
determination of angular momentum.

The odd or even spectral terms are determined by the electronic configuration. The odd
electronic configuration results into odd spectral terms aet spectral term is associated

with the even electronic configuration. The even or odd electronic configuration is further
determined by | 6s of opti cSdisoddltherctherelectranic | f
configuration is odd and if th8l is even then the electronic configuration is also even. The
superscripte is written after L symbol for only odd spectral term. Let us understand this
statement with & axiampheg.f Aomeam o6édd el ectr
as’Pgon &P 66 ari sing from an even electromd.c con
Now we would determine the spectral terms of the atoms under below given three categories:

(a) One optical electron atoms:
Let us compute the spectral term for atom$wite optical electron such as hydrogen like
atom. The ground state electronic configuration of hydrogen like atom is given as 1s
And for this configuration pf¢;a T
SuchthatY i p¥c and the multiplicityY 2S+1 =2
0 a 71 (S State)
® ©® ®h® ® plB88Y® ® pIg

Hence, the spectral term for the ground state hydrogen like atom W0u|{ﬂ be:

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

3d, 4d.....eerrerrrie. 2e R2p

Now, we would compute the spectral terms for alkali atoms. For this, let us consider Lithium
(Li) as alkali atom, having electronic configuration a¥2%s
The spectral term would B

(b) Two or More NorEquivalent optical electron atoms:

We would now compute the spectral term for an atom having tweeqoivalent electrons in
its outer shell, having an electronic configuration: 4p4d

For the aboveonfiguration
i o a pi,a p

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

Therefore, we have a total of six terinfree singlet and three triplet terms.
All these terms arise from odd electronic aguafationi 4p4d and this configuration h& =
1+2=3

The spectral terms associated with above configuration are:
'PeDe'F &R eDeF ¢

Let us now evaluate J
b ® WYhe ¥ pF888i§) i

For Singlet terms we have,

Y onp pQQuiip Y W0¢
Yo omp ¢ QQUic Y TOf
Y onp o QQOQicY G

For triplet terms, we have
Y oplh pQQUintph; ¥ 30¢,30¢ %0¢
Y oplp ¢ QQUIiphcho Y P07, 3Ck, 308

Y pfp o'QQURIcHR ¥ ¥C,%C, %0
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1p 1|:>1
D 1
D
5=0 !
1F 1F1
4p4d 3
P2
- 3
JP 3P Pl
Unperturbed Level . o 3p
s=1 °D - D,
! 3
3F, D,
Spin-Spin Correlation 3F 3F3
energy . 3F,

Residual electrostatic

energy Spin-Orbit Interaction

energy

Fig. 6 Splitting of 4p4d level under& coupling scheme

This indicates that the single level representing the configuration 4p4d splits into 12 levels as
shown in thefig. 6. The spirspin interaction splits it into singlet (S = 0) and triplet (S = 1)
levels. As shown in the figure, the triplet state lies lower to the singlet state owing to higher
multiplicity. The residual electrostatic interaction further splits the twelsemto three levels
namely; P, D and F levels. Here also the F level lies at the lowest owing to highest | value.
Now, due to spin orbit interaction, the triplet state is further split up into threstfineture
levels characterised by different Jwesé. The spacing between these levels is determined by
Lande Interval Rulesuch that the levels with lowest J lie at the lowest for a given normal
multiplet. Furthermore, each J level is 2J+1 fold degenerate. Henceforth, a total of 60
degenerate levels ©de obtained for a level representing 4p4d electronic configuration.
Let us now evaluate for three nequivalent optical electrons. For this, the spins of two
electrons are first combined then the third spin is combined. Simitakdyorbital angular
momentumof two electrons that are more closely bound is combined first and thereafter the
third electronds orbital angul ar momentum i
consideration is 3d4s5@®l(= 3; odd configuration)

Let s combirste the spins f

i C o

Lets combind and i first to get $= 0, 1. Thenj is combined with

Sjto getvalues as S = 1/2, 1/2, 3/2. Subsequently, the multiplicities 2S + 1 are 2, 2 and
4. These states correspond to two sefdadbletsa nd one set dquartet

Let us now combine orbital angular moments
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Consider 3d and 4s first
a ¢;a T
Thus, Lj=2

Now combine thé for 5p electronlg = 1).
Therefore, L = 1, 2,3 (P, D, F states)

Hence, there exists two sets of three doublets terms and one set of three quartet terms.
The spectral terms are:

PEDSFEREDF R eDe'Te W@’ (Ep (R¥DeFe

By inculcating the spin orbit interaction, we get now:

V%5 7@ %5 7@ 2Crinr @, V%5 rh7. % rhh o7
“Orv 7h 15 7
A total of 23 levels are obtained.

(c) Two or more equivalent optical electron atoms:
The quantum numbersnahér e same for two equivalent e
exclusion principlem and ms (remaining quantum numbers) differ. Due to equivalence,
certain spectral terms are not allowed. Let us understand this with example of two non
equivalent and equivaleptelectrons.
Non equivalent 2p and 3p give rise &8, P, D, 3S,%P,*D
Equivalenti 2p? gives rise tdS,'D and®P spectral terms respectively. ThiB, 3S and'P
are missing.

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

1. 'Yterm is always formed for closed sabell ($, p°, d'°, ....)
The maximum number of equivalent electrons in a closedhbalbis 2(2 + 1). These
exist in antiparallel pairs. These electrons have:
Sm=0 ;Sms=0
And hence M= 0; Ms=0
Correspondingly, L = 0 (S State)
S = 0 and the multiplicity 2S +4 1 (Singlet State)
J=0

These above values are satisfied only for the f&¥mThis suggests that the total spin
and the angular momentums are zero for completely filled sub shell.

2. The electronic configuration (fland (ny)have same spectral tern
represents maximum number electrons presentinashdlH{2(2L ) ) and 0906 be
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integral number. This implies that the electronic configurations fkang g; d® and
d? will have same spectral terms.

Let us now consider two equivaleptelectrons (p) and evaluate its spectral term. For
this we would place the atom under very strong magnetic field so that all the internal

couplings are broken and individugandb vectors exist. For p electronl = 1, m=-1,
0, 1 and m=1/2,-1/2. Therefore, mand mcan possibly combine in following ways:

m

1 0
1/2 Z
(@) (b)

-1
Yo

(©)

1

-1/2

(d)

0
-1/2

(e)

-1
-1/2

(f)

Thus, there exists six possible wags b, c, d, e, fpf configuration. The above six

combinations are for single p electrons. This can be done by taking these six ways twice
at a time. Howevem andnmsc a n n ot
exclusion principle. Such a type of combinatiallows fifteen possible way$Q,=
6!/2!(6- 2)! = 15)

be

The possible combinations are given as follows:

ab ac
bc

ad
bd
cd

ae
be
ce
de

same

af:
bf;
cf:
df;
ef:

for

t wo

equi val

Under strong field twam and ms values combine individually to form Mand Ms
respectively. Therefore, the followinglMnd Ms are obtained.

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

(i)

a =1 |0 |-1

- =210 (1

- |=]1 e /-1]|0

- |=]0 |-1[=2]1
S|P |D|&

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

The spectral term &® (S = 0)
Apart from M. = 2, M_ has values2, -1, 0, 1 and with M= 0 gives

The spectral term &®

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

(i) ForM.=1land =1
The spectralterm P (L=1, S=1)
ForM_.=1,0,-1; L = 1(P State) and = 1
The spectral term % and the combinations are

Combinations ab ac bc bd cd ce de df ef
ML 1 0 -1 1 0O -1 1 0 -1 p
Ms 1 1 1 O O 0 -1 -1 -1

0) ForM_=0and =0
Only one combination is justified and the spectral tert$if. = 0, S = 0)

Combinations bc
My 0 s
Ms 0

Therefore the spectral terms for two equivalent p electronarf®,'S. Henceforth, the fine
structure levels artDy, 3P0, 1, 2 1So.

The above exercise is bit cumbersome. These spectral terms can be evaluatedBy usingt 6 s
SchemeUnder this scheme, a table as shown below is written bearing all possible values of
ML The M. values are evaluated by combini’ng and | i, values of two electrons
respectively. Thel ;, and [ j_ values are written in row and column respectively. The
summation of Mare noted below j, and towards the left off i,- As shown in the table below,

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

2 1 0 -1 -2 (i set)
1 0 -1 (ii set)
0 (iii set)

For the above Mvalues, the corresponding L =2, 1 and O gives one D, P and S term.

Singlet (S = 0) or tripleS = 1) are obtained by combing the spins of two electrons. The spin
guantumnumbergo f t he el ectrons is same for the tri
exclusion principle mshould differ. Therefore, Mvalues placed on the diagonal cannot be
combined { I andi I values are same at the diagonal). Thus, for S = 1, theaMes are

1,0-1 (i set)and the corresponding tefdR or3Py, 1, 2fine - structure multiplet.
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Let ds discuss Dmow. The spigduantum sumlaetdidfer 4n& herce any
value of M. is allowed. As the Mvalues corresponding to sehave been designated for term
3P, the remaining setsndiii are combined for Singlet state. Thus, the spectral terms obtained
are'D; and'S.

Therefore, the two equivaleptelectrons give the following spectral termsSe, ‘D2, *Po, 1, 2.
The ¢ will also have same terms.

Let us repeat the above exercise for two d electrons which has electronic configurafion (nd)
Wr i te t bckem8forehe Mv@lses.

iy, [=]2]1]0|-1]-2
M_|=|4|3]|2]1]0]2
M_|=|32|1]0|1]1
M_|=|2]|11Q|-1]-2]0
M |=|1]0|-112|3]1
M_|=]0]|-1|-2]|-3[4]-2
S[P[D|F|[G|[T,

The above table deduces five sets of\dlues:

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

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

2 1 0 -1 -2 iii set

1 0 -1 iv set

0 v set

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

For the Triplet state (S = 1). As discussed in the above exanfmer(figuration) here only
diagonal M values are not taken into consideration. Therefore, the limitedaMes are:

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

For above Mvalues; L = 3 and 1 which give 3F and 3P term¥g&, sand>Po 1 2fine-structure
multiplets respectively.

For Singlet state (S = 0); theLMalues of left out sets, thatijsii andv are combined and term
G, 1D and'S are obtained.

Therefore, the term values of two d electron &e:'Da, 1Ga, 3Po 1.5, 3F2.3.4.
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The atoms in which 1S coupling is applicable abide by following selection rules:

1. When an electron jumps to make one transition at a timd tredue should change by one
unit. Thatiso/  °1.
The above selection rul
T dipole transition, the parity of the electronic configuration must change and her@te the
must change by an oddimber for one electron atom. If two electrons are involved in a
transition simultaneously théd will be odd for one electron and even for second electron.
ThatisDj, °1;0. O

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

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

D
B
o)

Off 1 (DL = 0 is not allowed for one electron atom)

0
PpbutforJ=& £ J=0

e

f ol

oOwS

OLaporte

When the coupling between the spin and orbit is wegk,doupling holds good. The spacing
between the finstructurelevels for a given multiplet is much less compared to spacings
between different multiplets itself. This happens only in lighter atoms, thus-$hedupling
holds good. This we saw in case of fiit I, Section 1.7jhat there was no inteombination
betweersinglet and triplet state. As the atoms become heavier, th@dpinnteraction starts
predominating and hence theS_.coupling breaks up. This gives rise4apupling in heavier

atoms.

Solved Example N&

QuestionThe separation, between the adjat components for a normal triplet state is 20cm

L and 40crmt respectively for an atom following-8 coupling. The separations for higher states

are 22crt and 33crTt respectively. Evaluate the terms for the two states and draw energy level

diagrams fothe allowed transitions.

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

triplet state. By applying

Tt

Cc
o
N

c
N
—
|

This gives J=0,

Therefore, J=0, 1, 2 (in increasing energy order)
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We knowJ=|L-S|, |[LS| +1, é. , | L+S|] . The mini mum and

2, respectively.

|L-S|=0,

(L+S)=2

If L>S, then L-S=0 and L+S=2
This gives S=1, so that 2S+1=3
L=1 (p state)

This givestheterm0 h 0 h v .

Let us evaluate for higher states,

b p <
O ¢ 0O

This gives J=1,

Therefore, J= 1, 2, 3, € (in increasing en

Since J=|LS|, LS| +1, é . , | L+S]| . The minimum and m;:

respectively.

IL-S|=1,

(L+S)=3

This gives S=1,sthat 25+1=3
L=2 (D state)

This gives the term©O h 'O h 'O

By applying selection rule oJ=0, N 1
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This gives a total of six transitions as shown in figure above.

2.5j-] Coupling

In heavier atoms, the magnetic spirbit interaction factor present in the Hamiltonian,
dominates over the spspin interaction and residual electrostatic interaction. This dominance
results intg-j coupling. This spirorbit interaction dominance alsmplies that the interaction
between spin and orbit for a single electron is strongly coupled compared to spin momentum
coupling and orbital momentum coupling in the individual electrons. Therefore, the splitting
of the unperturbed energy level is more etiéel by spirorbit interactions compared to spin

spin interactions and residual electrostatic interactions.

The resultant angular momentum j of magnitudeE p Efcp is obtained due to strong
coupling between spin and orbital angular momentums of indivelaatrons. The quantum
number j takes vales frojpe | T 1/2toj = | + 1/2 (half integral values only). This implies that
the well spaced split energy levels are obtained due to strongosbininteraction. Each of

these energy levels correspond tifedent j values such that | 7 1/2 be lowestand | =

| + 1/2 be highest.

Thereafter, this j of individual electrons combine due to residual electrostatic argpspin
interaction with each other. The resultant total angular mome®aiman dom vary from®
B P B 8&kmn B B P 8&smintl, PP B+...8 and magnitude

asP  ** p Elgp.

Let us understand thej jsplitting illustratively by considering the level having electronic
configuration as 4p4fig. 7),
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For the pi electronsty  1Ni, érfi éFg
, N A 1, 35
For the di electronsi; 2NQ A ErE

The above values & and & may possibly combine in following ways:
(1/2,3/2): (1/2,5/2): (3/2,3/2); (5/2,5/2)

Thus the §j coupling splits the energy lexeinto four ways such that (1/2,3/2) is the lowest
and (3/2,5/2) is the highest level. These levels further combine to give:

(/2,312 J=1,2
(1/2,5/2y 1J=2,3
(3/2,312¥ J=0,1,2,3
(3/2,5/2¥ J=0,1,2,3

It is relatively quite seldom to find purg coupling. As atoms transit from being lighter to
heavier there is a gradual shift frorrSLto fj coupling.

7
-
e 3
50
(3/2.5/2) (2521214
2
1_
3
-7 ¥
kT 2
G2372) L BR3212s
1
0_.
4pad
(112.5/2) 3 oo
: (2.572)5
: .
-
(12372) 29 ans3mn,

Unperturbed level + spin-orbit energy + electrostatic and spin-spin energy

Fig. 7 Splitting of 4p4d level undg¥fj coupling scheme
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2.5.1 Selection Rules inj Coupling

The atoms in whichj coupling isapplicable abide by following selection rules:

1. The selection rule follows &6Lapor t-égipol®ul ed.
transition, the parity of the electronic configuration must change and hen&e riingst
change by an odd numberfone electron atom. If two electrons are involved in a transition
simultaneously the®l will be odd for one electron and even for second electron. That is
Di  °p; D OR. This rule is same as for& coupling.

2. When an electron jumps to make one tramsiat a time then j value should folldy
Off 1 and for other electror§ 0

3. For a complete atom, the J must follow:
0) OflbutforJ=& £ J=0
DS OandDL OF 1do not hold good forj coupling.

Solved Example 5:

Question: Two optically activeelectrons in twe valance electrons are associated with
following quantum numbers as:

€ =6,0=3,i = -
€ =5a=1,i =-

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

Solution: (a) Given Data

a=3,a =1

Therefore) & ag®Y  AS  ph-—m-mmmommmmmms o as
L=2,3,4
i =-;i =-

Therefore, S g [ 99 R S————— g i s
S=0,1

Therefore, J values are = ™ -----------=----=-m--=- 9 "

ForS=0andL =2, 3,4thevaluesofJ=2,3,4
ForS=1andL=2,3,4thevaluesofJ=1,2,3;2,3,4and 3,4,5

(b) Gven Data

Foré¢ pa =3,i =-

Therefore Q=21 | &1 | § ph--mmmmmmmmeeeem- @« Qs
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Fore¢ ,a=1,i =-
Therefore Q =-, -

This gives four combinations &and’Qas:

-k - ;- -h
These combinations give J values as follows:

-h GivesJ=2,3
-h GivesJ=3 4
-h GivesJ=1,2,3,4

-k GivesJ=2,3,4,5

There are a total of 12 in number J values.

2.6 Summary

As the Bohr-Sommerfeld model became incapable of explainingfitiee structure splitting,
Zeeman effect, Pasch@&ack effect, Stark effect etc.,. The, evolution of vector model of an
atom seeded the concept of space quantization and spinning electrons. Thisekyitiaed

the splitting due to various interaction energiethe kinetic energy of the electrorthe
electrostatic energy of the electroresidual electrostatic interaction, sfsipin correlation and
spin-orbit correlationsthat are involved in theHamiltonian of an atomThis gave rise to
splitting due to various coupling schemes namely andj-j coupling.In the heavier atoms,
the spirorbit energy term dominates over the otimeractionenergy terms and this type of
atoms combine in accordanah j-j coupling. In the lighter atoms, the residual electrostatic
energy of the electrons and the sppin correlation energy of electrons show dominance over
the other terms and this type of atom combine in accordance ¥@tbdupling

As the spirorbit interactions is weakan L-S coupling,compared sphspin interaction and
residual electrostatic interaction, the spin angular moments and orbital angular moments couple

individually first to resultant® and P respectively. Thereafter, the resultapinsangular
momentum® and the resultant orbital angular momeghtombine with each other to form
resultant total angular mome®wf the atom.
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In heavier atoms, the magnetic spirbit interaction factor present in the Hamiltonian,
dominates over the spspin interaction and residual electrostatic interaction. This dominance
results intg-j coupling. This spirorbit interaction dominance also implies that the interaction
between spin and orbit for a single electron is strongly coupled compared to spentum
coupling and orbital momentum coupling in the individual electrons. Therefore, the splitting
of the unperturbed energy level is more affected by-spit interactions compared to spin
spin interactions and residual electrostatic interactions.

Thespectroscopic terms are further determined as per these coupling schemes and the allowed
transitions follow the selection rules governed by these coupling schemes.
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2.9 Terminal Descriptive type questions

Q-1. Discuss different types of coupling schemes in atoms with the help of illustrative
examples.

Q-2. What do you understand by3 coupling? Discuss various interaction energy terms
involved in =S coupling of an atom.

Q-3. Consider twevalance electron atom. Apply-& and §j coupling on this atom and prove
that the numbers of terms are samnder both the coupling schemes for ps electronic
configuration.

Q-4. Differentiate between-5 and §j coupling. Give examples to support your answer.
Q-5. Explain the concept of equivalent arah-equivalentlectrons with the help of examples.
Q-6. Discuss vector model of an atom.

Q-7. Deduce an expression for magnetic dipole moment for a hydrogen atom. Also evaluate
Bohr magneton.

Q-8 . Di scuss Landeaaplingnt er val rul e for L

Q-9. State various selection rules fgrgnd L-S coupling scheme&onsider an oxygen atom
and apply the selection rules to find the allow transitions fidrand!S terms.

Q-10. What is the condition of the atoms thaSlcoupling transits intajjcoupling? Explain
with the help of examples.

2.10 Numerical type (SelfAssessment questions)

Q-1. Consider an electronic configurat@nc¢i ¢ry . Evaluate the values of |, s and j for the
corresponding L, S and J of an atom.

(Anssa 0 p:i Y =Q 0 -h)

Q-2. Evaluate the term symbol for an aluminium atom ktzest two 3s electrons and one 8p
electron in the outer most shell.

(Ans-20 )

Q-3. Two 3s electrons are present in the outer shell of magnesium. Evaluate term symbol of its
ground state.

(Ans- Y)

Q-4. Evaluate the spectroscopic notation for theofeilhg states;
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@0 peny P
(k)0 Ny X C
(00 onY o

Q-5. Find the values of L, S and J for the spectroscopic4érm

(Ans ¢y -y -)

Q-6. Compute the spectral terms for two equivateatectrons.

(Ans-*'Y;*0 ; ¥0; %0 s PO

Q-7. Consider an odd electron configuratmn or] and evaluate its spectroscopic terms.
2. 2% .2 .2 A . 48 . &y

(Ans- <Y U_ﬁ(S), O_R(Z), 0., ™Y, 0 s O-ﬁﬁﬁ)

Q-8. Diagrammatically represent the term valuesmf'Q electronic configuration for 4S
and }j coupling.

Q-9. Compute the spectral terms arising from neutral nitrogen atom.

(Ans-?0 ;0 ; and*Y)

Q-10. Evaluate the electronic configion of N" and hence evaluate the spectral terms.
(Ans-pi ci ¢n MY;*0 ;30 r)

Q-11. Prove that the neutral carbon atom gives spectroscopic tefs ,a® rr and*O .
Draw the energy level diagram for it.

Q-12. Consider the data of gomtum numbers of two electrons in a two valance electron atom
as:

¢ uvna mi -
e tha peNi -
Find the possible values of the | and j under (& toupling (b)4 coupling

Q-13. Evaluate the angle betweRand z axis largest value of j andg (@ivent T weE Q
-)

(Ansi25. 2¢e)
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3.1. Objectives

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

1 Understand and explain the features of spectra of alkali or alkali like atoms.

1 Better comprehend the absorption spectra and simultaneously the ionisation potential

1 Apply thespin-orbit interaction to understand the doublet separation for an alkali
atom.

1 Elaborate in depth the splitting of S and P levels in alkali atoms resulting of the four

series.
1 Appreciate the quantitative intensity relation of the doublet spectra staBat dpsr,
Dorgelo and Ornstein.

1 Understand the broad and fisructure spectra of Alkaline Earth atoms with vector

model of to valance electron atom.

1 Apply the selection rules for analytical investigation of smibit interaction showing
the triplet ancanomalous triplets splitting.

1 Calculate the energy of interaction involvingSLand §j coupling.

3.2. Introduction to Alkali Spectra

As we all know, hydrogen is the simplest atom, studied so far. Next that comes in line with
respect to italispkttcamad.i sTheaee Al Kkal i at oms
Fr having their individual spectra whose experimental study was done by renowned scientists
Bergmann, Rydberg, Living and Dewar. The study recognized that emission spectrum of the

alkali atoms sbw spectral lines in form of four series. These includqariacipal series of

bright and constant lines sharp series of fine lines, diffuse series of approximately broader

lines and dundamental (also called Bergmann) series in th&a-redregion.

From the Bal merdés formula for hydrogen,
by similar formulae, as given below:

As per Bal merdés for mul a,

Rydbergds representation,

Principal : ’ p —, m =2, I 4eéeé

Sharp: ’ "y ), m

11
N
v
IN
o)
o)

Diffuse: ' "y m = 3, BI, 5¢éé
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Fundamental: P —, m = 4, B, 6¢¢é

Where’ ; of all the equations are the wave numbers of the convergence limits of its specific
series and these terms are called as o0fixed
the Rydberg corrections for the specific series.

Rydberg perceived thadifferent series of same atom have following relations among
themselves:

1. The convergence limit is same in diffuse and sharp s€rigs D -

2. The common convergence limit of sharp and diffuse series is equal to the first running
term of the pringal series.
Y
[
3. The convergence limit of the principal series is equal to the running term (with m=1)
of the sharp series.

b b

Y
p i
4. The convergence limit of the fundamental series is equal to the first running term (with
m = 3) ofthe diffuse series.

b

b o Q

Therefore, keeping the above relations into consideration, the above Rydberg formulae can be
represented as follows:

Principal: ' , m =2, P 4éé
Sharp: ’ , m =2, P 4éé
Diffuse: ’ : m = 3, B, 5éée
Fundamental: ’ : m = 4, B, 6¢ééeé

Rydbergi Schuster Law: The difference in the wave number of the principal series limit and
the sharp (odiffuse) series limit is equal to the wave number of the first line of the principal
series:
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Y Y

° °  p i ¢ N

R u n g e 6Fhe diffarance in the wave number of the diffuse series limit and the fundamental
series limit is equao the wave number of the first line of the diffuse series:
Y Y

3.3. Ritz Combination Principle

The plausibility of the occurrence of other species was pinpointed by Ritz, as a result of the
change i n tpnesentdnfthie forenaa fdar #ne nmaid series. Such new series has been
recognised in many different spectrabds, even

For example, the main principal series and sharp series of the alkali spectra are explained in
the form of abbreations as follows:

’ PY a0, where mb=¢é2¢é8e146.

0 a4 where mb=épgé¢éag24é.

Ritz predicted the series that was achieved
3Sé. .3Pand4P, é. . . Thus, the principal series

Y 4O EADA orhu8ad . 3
oY aox EADA thohp8 8® o

And the combination sharp series are represented as

o0 aWwEADA thvhp88D , , . |
W a W EADA vhpx8 &b
It can be observed that the fixed terms that existed in equation number 3 are included

in the running terms of equation 2. Moreover, the fixed terms occurring in equation 4 are
included in the running terms of equation 1. Thus the final predictioarmssis simple sum

or the difference of the terms of the main series. The resulting series are therefore termed as
the 6combination seriesd and the possibility

principled.

3.4. Theory of comprehensive featues of the Alkali spectra

It is understood till now that in case of alkali atoms, one can assume it to be consisting of an
inert atomas atom as its core composed of the nucleus and completstdls) plus a single
valence electron. In this case, the next incompleteskhel) iss sub shell coming next after

fully occupied outermosp subshell. It is known widely that during the optical excitation
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process, only the valence electron is responsible for its optical spectra. The inert gas atoms are
neutral due their symmetrical digtution of charge throughout.

Considering the case of Na atom, it has the outer most configurations of 3s, which leads
toanSt er m. For other possible exxtermasti p,t &mpms
Pt er ms; 3 d-term§,df, 5f, 6f & ,-tdrbDs. With the constant energy of the core, the
total optical energy of the optically active electron in that state is consider to be its total energy
(taking the energy due to core as constant and as zero, here for the sake of simplicity). One
canlook into the quantum mechanics for considering the energiesabbd. In Hatom, the
total energy is dependent on shmatinly. When we consider the case of alkali atom, the electron
revolves around the O6cent r alelectrang Mathématchlly,t h e n
this is given by

where mis the reduced mass,
Zqe is the effective charge of the nucleus fBishell.

The value of 4e will be greater than that of e becaus&@@etharge of the nucleus blye (Z-
1)echarge of the electron in the core, which is not equated or perfectly balanced. This results
in the more negative energy of the alkali atoms as comparedaimril With samen.
corresponding to above result, one can conclude that the energy levels of alkali atoms will be
lower in energy values as compared tatdm. Although, with increasing value mfevels in

alkali atoms, energy will finally approach to those corresponiging of Hatom and try to
stabilize the atom more and more with increasing screening effect.

In contrast to Hydrogen, the energy of an alkali atom not only depenubutralso depends

onl values. Since the probability of finding the electron near tlutens is largest fde=0 (s-

electron) and decrease for increasing valuésidfus for a given n, the energy is most negative

for s electrons and further keeps on decreasingpfdf ¢ el ectr ons. This is
Figure 1.
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Hydrogen § P D F

n=f6¢

n=54¢

n=44
-1

n=34
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|
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SODIUM (*Na)

5.
3s

Figure 1.The alkalievels of Na atom, where the shift is greatessfand becomes smaller for
p, dlevels. é

The selection rule for such allowed transitionsae any integer, an® = ° 1. The observed
transition in the emission spectra corresponds to the followingsseri

np- 3s,n> 2, known aBrincipal Series
ns- 3p, n >3, known aSharp Series
nd- 3p, n>2, known aBiffuse Series
nf- 3d, n> 3, known aBundamental Series

Experimentally, we have huge number of atoms, so we observe all the foucsheets/ely.
Ultimately, the principal series is observed because the entire excited electron returns to the

ground state making this series as most intense.
The important observations noted from Figure 1 are stated as follows. The sharp and

diffuse serie have the same limit that corresponds to the jump of electron from infinity to 3p
level. The absorption spectrum of Na is obtained when the light from a source is passed through
the cooled vapours of Na. The absorption spectra of alkali atoms folloseléetion rule of

O= °1. Usually at room temperature, the atoms in the vapour state are in ground energy state,
the only possible absorption transition occur8ssnp, for n>2. This results as the principal
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series, which is the only series occurring Hothabsorption and as well as emission. The limit

of this series corresponds to either the complete removal of 3s electron (in case of absorption)
or deexciting to 3s level from infinity (in case of emission). This gives the ionization potential

of the abm, when converted in eV.

With the above understanding of the methodology of absorption, when the electron transits
from 3s 3p, the only transition possible is-3[8s which results in the only resonance yellow
D-line in emission spectra. These are termeteasnance lines. Usually the other transition
may results from other possible paths, say for e.g. the transition frod@Band back to
normal state may occur from (i) 48s, (i) 4p 4s 3p- 3s, (i) 4p 3d 3p- 3s, thus
emitting other lines in the spectruas well.

3.5. Fine structure in Alkali Spectra: The Spinning Electron

Splitting of fine structure is obtained by the alkali atoms when the lines of the optical spectra

are emitted from the atoms. The fine structure splitting is smaller for the light weabtad

and increases promptly with the increase in the atomic number. Sharp series constitutes lines

in close doublets with separation of similar wave number. In the same way, for the principal
series, each line is also in doublet form but here the waveernseparation declines speedily

between the two components and the declination is towards the lines of increase in the wave
number. On the other hand, diffuse as well as the fundamental series express a three component
fine structure and therefore,arsad known as &6 Compound doubl et s
However, the fundamental series has negligible fine structure in the lines.

Alkali spectral analysis show that the line splitting are etched back to the level splitting
and the S levels are singldnile other levels like P, D, F are the doublet levels. The spin of the
electron give rise to the splitting of the levels. It is through the nuclear electric field, the electron
moves and that creates the interaction between the spin magnetic momeatdpfichlly
active electrons) and the internal magnetic field. This type of interaction is known as the Spin

i Orbit interaction. This interaction causes the coupling of the orbital angular mom&atum
the optical electron with that of the spin angular momeritiim give rise to the resultamt

about which both the coupled momentuBasmdibprecess furthemis also termed as the total
angular momentum of the alkali atom as the angular mommeaofuhe core is equal to zero.
There are two values which the quantum nunoan exhibit as the spin and orbital angular
momenta are parallel or artarallel:

The placement of the spin with respect to the orbit results in the splittearb energy level
in two, one which corresponds @ & - and the other correspondsQo a -. The
exception is the $vel for which | = 0. The complete notation of levels is as given below:
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Level I S Multiplicity ] Full
(2s+1) notation
S 0 Yo 2 1/2 2Sip
P 1 Yo 2 3/2,1/2 P32 2Py2
D 2 Yo 2 512, 312 Ds/2. ?D3j2
F 3 Yy 2 712, 512 °Fr12,°Fsi2
The components in every doublet | evels

thus placed deeper. The stable state arrives when the spin magnetic moment of the'edectron,
channels in the direction of the magnetic fiékdyenerated due the orbital motion of the
electrons in the nuclear electric field. Moreover, tRis in the same direction as that of@he
which is the angular momentum. Since the electron is negatively charged, the directions of the
spin moment pandipare @posite to each other. A®is in the same direction to that &for

a stable state, the latter becomes opposit While the value of is very low, j =171 s. On

the contrary, the higher value jodorresponds to the unstable or the less stable state, as shown

in Figure 2.

(A) More Stable

Figure 2. (A The lower value of corresponds to less stable state wihiseopposite td (B)

j=C-s

the higher value gfcorresponds to less stable state.

The interaction be&te e n

magnetic
called as the Spin Orbit Interaction. Although, it is a weak interaction, it is the pargason
behind the fine structure of the excited states of an electron atom. Thieospininteractions
that acts on the optically active electron cause the splitting of the energy levels of the alkali

fi

el

t he

d

ar i

spin
sing f

(B) Less Stable

j=C+s

magneti c
t he

rom

mo me n t
el

atom, and can be calculated by deriving the egwador the interaction energy.
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Let us take th@® as the electric field, in which the electrons are moving with a gradient of a
potential functionv(r). Hebr e s6 t he di stance between the el

® "Qi )
Since," QI @ 'Q 2

PQ®

i Qi
The magnetic field, thati€®, whi ch arises from the eldectron
in the electric field@can be written as

@ Q0 b

P
®
P Qui

———— D
wl Qi

Since, the angular momentum of the electroexjzressed & G b W,

P PQ

dol Qi

The internal magnetic fiel® of the atom can cause different orientations for the spin magnetic
moment pof the electron and the electron itself. For different orientations, the potential energy
is also different. The magnetic potential energy of the orientation can be expressed as

YO ‘ p8P
But,
‘P ‘Q—ib where'Q ¢

Therefore, the abovexpression for the magnetic potential energy can be written in terms of
the spin angular momentum of the electianyhich is given below

o Q
YO ,—TI'EGTJ
o W
Now, substituting the value @, we get
o Q pQw
YO —~E— (3312
a wi Qi

This is the energy in the reference frame in which the electron is at rest. The relativistic
transformation to the normal reference frame in which the nucleus is at rest, the energy is
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reduced by the factor of 2. Thdrafose,thespinhorhitl | e d
interaction energy can be expressed as

o Q pQw

0 o wi Qi esl

In the terms of quantum numbers, that is, |, s, and j, the expression can be written as
p 8 b
If we take a self dot product of the above eqmtive have

BB 8 P88 b

Since,pd® &b
B &8 b PR
Therefore,
EB gaaa 88 b
P oo ad i <
C p p p I
Now,
Yo X Q0 o i i PR«
I I L L B oY
Generally,-—— term is not constant during the motion of electron. Therefore, its average

value is taken.

This is the general expression for the interaction energy, provided thattheaverage value
is calculated through the probability density which is attained from the Hartree eigen functions.

The above equation reveals that the interaction energy, théDis, 1 whend TasQ
i - For the other values &f YO has two values, one being positive and the other being
negative.
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As per the Hartree theory, an orbital el ectr
potential field,

wi -
I
Here® is a constant which is equalddi examined athe average value of r for the shell n.
The value ofoi issuchthatoi © wasi © mand®i © pasi © B. The above quantity
@ ‘Qis called the effective nuclear charge for a particular shell n.
Qi ®»Q

Qi i

Therefore, the final equatiaran be expressed as follows:

i
Y _-II
e v Z0O 5

En vy —

— is calculated using the radial eigen functiovis(r) of an alkali atom. The value ef is
finally written as

P MOl OBARA
®WEaa a p

N0

Where® is the radius of the smallest Bohr orbit of hydrogen atomiand

Now if we introduce the value @ in the above equation of interaction energy will be:

L | .

Y|F.v —JL | B | vy
ZD'II' =i:-.._.

The above equation can be simplified as

v i L
Yy (] | vy
B E — ®

Where'Y

is the Rydberg constant for a very boundlessly heavy nucleus and

—— is the finestructure constant.

The shift of energy level in the wave number due to theispmit interaction is
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y y » 4
Ha v I'E'L v a mEm vy
r B — ®H
For a single optically active electron of an alkali atom,
. PAtma i oa b
C C
Substituting this,
T~y oY r r A g T T \ p
QQ p aa p {10 p oh £I'D a c
3~y N r r \ 'l T S \ p
QQ p oaa p 11 p a phEI®a -

Now, the shift in the level, with respect™® & -and’Q & -is expressed as

.. Y| @
Y'Y .. P .
¢ a ¢ ap
o Y| ®
A —
¢eE aa C

Therefore, the spihorbit interaction causes the splitting of théevel into two different levels
of 'Qone in upward direction and the other in downward direction. The separation between the
two,

YY Y'Yy Y Yy

o Y| ®©
yy YL©& e P
¢ & P a a p
C
o Y| ®©
e aa p

i ) = a P
Putting the value oY =1.097 10°cm?and| p 0,)yve get

~

. & )
VY @ e—— Al

€ aa p
If | is the screening constant, thbn & ,,, such that
ol i1 @
Y4 8 Hi
- mm
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This equatiorshows that the splitting of the levels for an alkali atom decreases with increase
i n 6nd f oarFurthex imecredseswithlincrease in the atomic number and decreases
withincreaseii( f or same 6énd) . Mo rrethesphttingis efjualto zerdr e v a |

For a givndn vheueebft éD?and¥#Ilpvels dartbe drayvn asfollovdh e P
(in Figure 3):

‘PEI.-

+2

‘.DE-."

.r.Pllr

+2

Figure 3. The relative splitting of thé,®D? and F levels

The splitting of Alkali levels involved in thex@ssion of the lines of the four series are shown

in Figure 4. The SBare the single components and writted%®. The splitting ofP is given
as?Pspand?Piz, where’P2i s deeper and there is decrease
the same way,’D and?F levels can be splitted int®s/2, D32, 2F72 and?Fsy,, although these

splitting are very small.
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Figure 4. The emission of lines of the four series due to the splitting of involved alkali levels.
There are selection rules which are:
Y 0OE @ 0 QODm A GEXKREEQ
Ya p
YyQ mh p

These rules provide an insight to the formation of the single as well as the compound doublet
structure of the spectral lines.

As per example, let us take the resonance doublet afrecatiom, called as and D lines.
These lines arise from thémBO 32S transition, which is corresponding to the given two
transitions:

3?P120 3°Sy2 (D15896 A)
3?P32 O 32S;2(D25890 A)

The separation in the wave number betweeardl I lines and that betweer’dR8, and 3P,

is similar as shown in Figure 5. Other higher wave number lines of the principal series owe
their doublet structure to the doubling of higherdevels such as®, P, éé .|l evel s.
know, I n cr e asssehe spiitting of thesallevelsritecauses the decrease in the wave
number separation between the doublet components.
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32P3«"2
32P<|: 2
3°Py,

328 \ 4 v 3281.‘-‘2

D, D,

Wavenumber (v)

Figure 5. The separation in the wave number between D1 and D2 lines

Now for the sharp series, the doublets are formed by the tran®8os° 32Ps2, 3°P12. Here,

the value of n = 4, 5, 6é. . In this type of
doublet components of all the lines is equal and similaraittetween 35, and 3Py, levels

where there is termination to all the transitions.

On the other hand, for the diffuse as well as the fundamental series, the lines display a three
component structure and are called compound doublet. In the given Ejguaasition 3Ds),,

3?D32 0 3%Psp, 3Pi arise for a diffuse series. Here, both Beand?P levels split and allow

three transitions via selection rules.

3Ds),
2

L A 4 32P3,-2
3°p
A4 32}::1;2

Wavenumber (v)
Figure 6. The splitting of allowed both thig and?P levels.
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However, the’D level splitting is too small to cause ordinary resolution to display only two
components. Ignoring th&D level splitting, all the lines of the diffuse series have similar
doublet separations since the lines of the sharp series are equal to the selpetraéon 33/

and 3Py levels.

The lines of the diffuse as well as the fundamental series are called doublets, although it has
three components to be called as triplets. This is because they come from the doublet level
transitions. Hetré theatleymr édeud® to the mul't
not to the number of the components in the spectral lines.

3.6.The Ratio of Intensity (for the Doublets)
There are certain intensity rules that line intensities follow in doublet spectra:

1. The tansition wheré&anddachange in the similar manner give rise to the strongest line
in any doublet.

2. If the same doublet contains more than one such lines, then the line having the highest
value of Qis the strongest.
Taking Figure 5 into consideratiowe can see in the principalseries doublet, line
P32 1 2Su2 is stronger than linéPy2 i %Sy, as in thePsz i %Sy line, the value ofQ
and&change in same way, that is, Hy. On the other hand, in lirf®w2 i 2Sy, the
value of Changes by zero whikechanges by1.
Similarly, it can be seen in Figure 6, there is a diffiuseries compound doublet with
two strong lines?Ds/2 i P32 and?Ds2 i 2Py, where both the value danddachange
in same way, that is, byl. Having the higher value of) makes théDsp i 2Pap,
stronger. On the other hand, for the faint satelfi®, i ?Ps-, the values change
differently, that is, the value dhanges by zero whilechanges byl.
In the doublet spectra, quantitatiméansity relations have been observed. The intensity
ratio in the doublet of the sharp series line in sodium is 2:1. Similar ratio was observed
for the diffuse and the principal series, if tielevel splitting is unresolved andsélf-
absorptioris avoded, respectively.
Burger, Dorgelo and Ornstein discovered the quantitative rules for the relative
intensities, according to which these apply not only to the doublets, but to all the
multiplets also. These are as follows:

(A) The sum of the intensities ofdbke lines of a multiplet arising from a common level
is proportional to the quantum weighf2 p of that level.

(B) The sum of the intensities of those lines of a multiplet ending on a common level is
proportional to the quantum weight of that level.

Taking anexample of a principal series doublet (Figure 7), here are the two component
lines beginning from the upper levéRs > and?P1,, and terminating on the common
lower level?Sy,.

79



MSCPHS507

3Py,
32p .
3Py,

a b

35S Y y 3281,

[#]

D, D,

Wavenumber (v)

Figure 7.Schematicshowing the generation of principle series doublet.

Ratio of the intensities would be same as the ratio of the quantum weights of the doublet
levels. Therefore,

(0}
0 S P 1
cop
o . P G
C¢c P

Similarly the ratio can be calculated for the sharp series.

Now taking an example of diffuse series compound doublet as shown in Figure 8
bel ow. The | i néDsdtededr iwhdd ef tdie tihenes
level ?Dz2. Therefore,
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Figure 8.Schematicshowing the diffuse series compoundibket.
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Further, the |ine?Ppowditl er diavabes &pot herlr
level.
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Thus, solving both the above equations, we get
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This means that
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Similarly, the intensity ratio for the compound doublet of the fundamental series is
calculated and is fond to be 1:20:14 that will roughly be equal to 3:2.

This is the splitting between the levefPd.and 4P

Now, for the wavelength 4047.2 and 4044.1 A, we have

TN TTHT pTTAOAE
Q’ T T
T PTTWA THNWHT pTWA
Q’ oP
TNMBX TNHPT pT A
Q p @owd

This is the splitting between the levelPHand 3P

3.7. Essential factors of Alkaline Earth Spectra

An alkaline earth atom constitutes two electrons in its valence shell, which are optically active,
outside the subshells or the closed shells. Alkaline earth atoms ilB#udéy, Ca, Sr, Band

Ra. Two types of spectral lines arise from the spectrum oh dype of atoms, which aiie
Singlets and Triplets. As discussed in chapter 10, the lines of all the types can be categorised
into four different series: Principal, sharp, diffuse and fundamental. There are certain relations
among these series, which asefollows:

1. A common convergence limit has been observed between the singlet'S)ap yell
as the singlet diffus€') series. Similarly, the triplet sharp and diffu$gé and*D)
have different common convergence limit.

2. The common limit of thesinglet sharp and diffuse serié§ (and'D) and that of the
principal series'P) have a difference of wave number and is equal to the wave number
of the first member of the principal seriéR). On the other hand, when we look into
the triplet serieshie wave number difference between the common convergence limit
of triplet sharp and diffusé$ and®D) series and that of the convergence limit of triplet
principal series®P), is equal to the wave number of the first member of@)esharp
series. Ths is called as thRydberg Schuster Law

3. Runge Lavstates that the difference in the wave number between the convergence limit
of 1S and'D series and that of the limit &F series is equal to the wave number of the
first member of théD series. Thisaw holds true for the triplet series also, that is, the
wave number difference between the common limit of the triSletnd®D series and
that of the limit offF series is equal to the wave number of the first member ébthe
series.
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4. When the fine strcture is taken into consideration, the above relation holds true here
also.

A fine structure is observed in the lines of all the triplet series:

) A three component fine structure is observed in all the lines of the principal
series with decrease in thegaeation of the wave number approaching a single
limit.

(i) On the contrary, similarity in the separation of the wave number approaching a
triple limit although three component fine structure is observed in all the lines
of the sharp series.

(i) A six component fie structure was observed in the all the lines of the diffuse
and the fundamental series, approaching triple lintitree satellite and the
other three strong ones. Due to the fine structure, these are called as compound
triplets in contrast to the abosgemple triplets of principal and sharp series.

(iv)  There is another class of triplets, called anomalous triplets, within which some
lines display a fine structure and features very different from the normal
compound and simple triplets.

(V) There are some otheinkls of alkaline earth atom spectra which display lines
that do not comply to any of the above mentioned series. These types of lines
are called as Combination and intembination lines.

All the features of the fine structures can be detailed by thenvexidel of an
atom.

3.8. Two valence electron Vector Model

The vector model of an atom can be easily explained by several atomic spectra, within which
different angular momenta present in the atom along with their combinations, have been
described using the vectors and their quantum numbers. In the Vector Madglantum
vector@has been used to express the orbital angular momentum of each electrantvalsile

been used to express the spin angular momentum. In different conditions, the resultant vectors
arise from the combination of these individual vectarsit er ms of whi ch t he
properties are described.

Suppose, for an alkaline earth atoms, with two valence rather optically active electrons present,

the vector model constitutes four vectaBoPi pi p) with the resultant vectd® Two varying
coupling schemes are responsible for the formation of the resultant vector and these are known
asL-Scoupling and-j couplingas shown in Figure.9
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Figure 9: Thevector model of LS coupling

TheL-Scouplingis a common type of couplirand exists in most of the lighter atoms. In this

type of coupling théPanddPof two electrons, that is the individual orbital angular momentum
vectors are coupled to each other strongly, thus giving rise to a resultant orbital angular

momentum vecto®. Therefore, the corresponding quantum number L can take the values
0 @ ady as pB&8Ba &

This can provide numerous terms of the atom.
the value of L= 0,1, 2¢é.

In similar manneri pandi pof two electrons, that is the individual orbital angular momentum
vectors are coupled to each other strongly, thus giving rise to a resultant orbital angular

momentum vecto® Therefore, the corresponding quantum number S can take the values
0 4 (dNd is pM&BI i
Since the value df i -, the S=0, 1.

Thus in value of multiciplicity (2S+1) is 1 and 3, which means that the two electrons give rise
to singlet and triplet terms.

Now, for the formation of the total angular momentfresultant) of an atom, the spirorbit
interaction, that is? and ®are less strongly coupled to each other. Therefore, Baiid &
move slowly around® Therefore, the values of quantum numfdean be

L O D ¢ pBEBO Y
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The spin orbitinteraction is important for each and every multiplet term, which being a
combination of fine structure levels, each designated withadue.

Now this vector model can be used to descri
suppose Ca (Z=20).hE configuration, generally called as ground state configuration is

pi ¢i ¢n ol on |Ti

For the electrons which are optically active,

o e T g i g
Thus,
L =0 (Sterm)
S=0,1sothat(2S+1)=1,3
And

J=0,1

The terms used atSy and®S,. Since the electrons @sre equivalent, the terf®; is excluded
by Paulids princi pl-®erm'Slahsesfreni toememalaoml vy si ngl e

The optically active electrons, either one or both present in the outer valence shell rise to the
higher levels or states when the atom is excited. It seems true that excitation of just one of the
optical electrons can give rise to the lines of all thétesgries present in a spectrum.

Configuration Terms

4s5s,4566,. | 5'S, 6'Sy, € é 5/nES, éé.

4s 4p, 49 1, 5% 4, é 43md,o;50 2 1,0; é é

45 3d, 4s 4@, . | 3'Dy, 4'Dy, € €  &%Dul2,3; 4°D1,2,3; éé .
4s4 f , é |4¥0z6 é . . 4HOnd,4; € €.

The energy levels with respect to the terms given in the table above, can be designed as per in
Figure 10When the spiii orbit interactions are studied, it displays different levels with triplet
splitting of the levels of the same L which converges swiftly with the increasing value of n.
Moreover, it shows that intervals #® are broader than that of thespective intervals oiD.

Similarly, the intervals ofD are broader than that of the respective intervaf§ ahen the

excited electron jumps back through any path, as per the selection rules, it emits different
spectral series.

v

YY 1
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Figure 10 Energy levels corresponding to various configuration terms of excited. states

The permitted transitions can be expressed #seifrigure 10Here, a singlet principal series
arise from the transition of electrons from the: level to the normal and lower leveiSh. On

the other hand, the triplet sharp series arise from the transition beginning fré& seeies
level and terminating on the lowest levels, that38, 4, 1, o; the triplet diffuse series arise from
the transition from®Ds, 2, 1 to lowest 40 », 1, o levels and the triplet fundamental series arise
from the transition froni'O4, 3, 2 to the lowest 3Ds, », 1 levels. Those lines that start from the

transitions between the levels that are higher #seRigurel0ar e cal |l ed as t he
|l i nes 6. 38 e-'SJtmmsitiontthatés the transition that takes place between the triplet
and the singlet | evel s, -caornebianlastoi osne elni.n eTshée.s e
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Figurell. (a)Simple andb) Compound triplet structure formatiomespectively

Figure 11(a) and (b) displagssimple as well as the compound triplet structéiie ( ¥P),

respectively. The order of the levels is regular as the Ipwalued levels are placed lower.
Moreover, the spacing obé&RbPtaiddP iCRintehads i nt
exists in ratio 2:1, and that &3 i D, and®D, 1 °D; intervals exists in 3:2 ratio.

There are following rules which govern the relative intensities of the spectral lines. This rule
says that wher®0 changes in the similar way as that/df Out of these, the transition with
the largest value df andJ, give rise to the strongest lines.

The Anomalous Triplets: The alkaline earth elements as well as the alkaline earth ion
spectrabds exhibit few mul ti pdfenpke orwompdundst r uc
triplets, with respect to the intensities and the relative separations. These multiplets are then
called as anomalous triplets and these are generated as a result of excitation of both of the
optical electronsKigure 12.
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Figure 12 Depiction of the transition resulting in the formation of anomalous triplet

A multiplet in Ca at 4300A gives rise to six lines. An examination of this multiplet proposes
its generation from the transition between fRaerms with same splitting. The lowest4p

3) state constitutes the lower state of the multiplet while the upper statansmalous term
which is labelled a& that is not included in the normal term series of the atom. In this term,
both the optical electrons are excited posdibshell. This configuration gives three terms, that
is, °P, 1D, 1S out of which?P only combins to all in a strong manner, as per the selection rule.
If we write the symbol in full, we get transitions

4730 Y sup 30

In this scenarioy0 T, is possible, providing thakx p (evenP odd) for that one electron
that skips or jumps.

Thej T j coupling scheme in the vector model of two electron atom constitutes the spin and

the orbital vectors,pand® of one electron are coupled firmly to each other to give rise to a
resultant paround which the two individual vectors precess swiftlthinsimilar wayj pand

0P of the another electron give rise to resultamtThe two resultantseand b, themselves

couple with each other strongly, thus giving riséBtavhich is the total angular momentum.
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The individual resultant vectors prasequite slowly around the total angular momentum.
(Figure 13)

Figure 13. Vector model of two electrofngoupling

The terms and thévalues for this type of coupling are similar to those ofLtfieS coupling.
Moreover, this type of coupling occurs seldom.

3.9. Interaction Energy (Triplet separation) in LT Sand |1 j couplings

For every different value of J, the atomic terms consists of multiplet components dues to spin
orbit interaction. This interaicin is dependent on the fourth power of atomic number Z which
gets further large in heavier atoms.

From the relation of the shift in firgtructure level from the hypothetical centre, for a
single electron atom, the interaction energy is given by:

Yy —=2—"00p aa p ii p cm?
JO o i
&
C
Wherety —2——®a ; T TWoph a&aa phoed {1 p
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For two optical electrons there could be four possibilities of arrangement of angular momenta
dhtH “H * and these four possibilities can be paired um in six possible interactions the ways
as O d 0 "Who (70 0d 0" @WhQAd0 " MWhQdo MW HhQd v (B8

It is seen that in 1S coupling, the interaction mentioned by processes (a), (b) are most probable
over process (c) and (d), while the procke&s(f) are least probable. Using the cosine law of
T d i“+2d it AT dd*

Therefore, theeneral terms will be: Y'Y i *AT & . For the above interactions, the
related energies are:

Y'Y Qifi*ATi6i°
YY oddAT dOd
YY O&iCAT di’
Y QO&EiCAT di’

Since, ini“ and i * precess around in the fixed angles to form their resulfa@ing therefore
its magnitude remains fixed. Similar observations were takei fand & around L. Again
using the cosine law in terms to calculatg 8, we have,

vv 2oz 6 06
C

vv Po o1
C

Here L' and S also precess aroundid the similar manner asand s do for a single electron
process around.jThe energy of interaction is due to coupling in betweearld s* and in
betweend and g" is given by the term¥"Y andY"Y, respectively. Since the angle between

the vector changes continuously, we have to involve the average values obtained by the cosine
functions between the vectors. This average value is given by

Al &i’ QETD QEDY e iYi®
And

AT ®I° Qed D OEDY OETVI®

Using the average cosine values fr¥fiYfY”Yhand rearranging the terms from the cosine laws
on the we get:

Where, & 88— and

90



MSCPHS507

e
Qo

Since for any of the sets of triplgffii i “fi “AY*RY are having fixed magnitudes therefore
& oo o are all constant and could bemmed up as A. Therefore the equation reduces to,

yY Y'Y ga*l o

Now the formula for the fine structure can be written as,

YUY YY ¥YY YY YY
Where b can be assumed to be a hypothetical centre of gravity for the entire electronic
configuration.

3.10. Comparison of the terms used irL 7 Sandj T j couplings

The L i Scoupling gives the singlet and triplet term, that'R,andP with high energy
difference. The triplet term divides into three closely spaced components by thieaspin
interactions. Thus, after splitting, there are four plausible st&gsP,, >P1 and®P- with value
of J =0, 1, 2. On the other hand, iefhi j coupling, this similar configuration gives broadly

separated {j j2) terms -h- and -h- . When a small interaction is taken into consideration,
each term is divides into two closely spaced components. Here, fort&m the value of J

is 2 1. For term -h , the value of J is 1, 0. Therefore, we can look that the number of the

terms are similar along with the J values for both the type of coupling. The terms can be
correlated in thé&igure14.Below.

Figure 14 Correlation of two coupling is shown by dotted lines
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The coupling intermediate can exist with the extreme values but the terms can be determined
through their J values as thatal angular momentum of the atom is always conserved as the
coupling changes.

3.11. Regularities in Complex Spectra
Atomic spectra of a complex atom constitute different regularities which are as follows:

(). The Hartley Law of Constant Doublet separation
According to Hartley (1983), the components of the multiplets of a spectral series
constitute constant wave separation. Let us take an example: same wave number
separation is present in all the doublet lines of the sharp series of an alkali atom.
It is anundeniable repercussion of the concept of energy levels. The transitions
that are starting from or terminating on a doublet level gives two sets of lines,
which are separated by the energy interval between two segments of the level.

(i). The Rydbergi series elationships
According to the Rydbergds observation
splits into several series, with many recognized series can be denoted by a formula
comparable to Bal merdés formula of the I

O H
Where,Up, also called convergence limit and@re constant, which vary from one
series to another. This can be interpreted from Schroedinger theory which
explains that an electron which is at far distance from the nucleus travel through
into the potential field and reach the field because of théysth@rged nucleus,
as that of hydrogen, due to the shielding effect of the inner electrons. Therefore,
higher excited states of a neutral atom where only one electron is excited, reach
for hydrogen.

N pARa clohB &

(iif). The Alternation law of Multiplicities
According to thislaw, the spectral terms that generates from the consecutive
elements present in the periodic table, alternates between even and odd
multiplicities. As taking an example, the elements in fourth period, the
multiplicities are:
K i Doublets
Cai Singlets, Tiplets
Sci Doublets, Quartets
Ti 1 Singlets, Triplets, Quintets
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This law is an effect of the combination of the spin properties of different valence
electrons. Therefore, the even multiplicity arises from the odd number of
electrons while the odd onessa from the even number of electrons.

1 electrori Doublet

2 electrons Singlet, Triplet

3 electrons Doublet, Quartet

4 electrong Singlet, Triplet, Quintet

(iv). Connection between member of same Chemical Group
The chemically similar atom spectra showticeable connection. Such atoms
have analogous electron configuration giving rise to analogous sets of excited
energy levels, further results in similar spectra.

(v). The Displacement Law
Kossel and Sommerfeld stated this law in year 1919. According ttathjthe
energy level and the spectrum of any neutral atom of Z atomic number closely
simulate the energy level and the spectrum of the singly ionised atom of atomic
number Z+1 coming next in the periodic table. This law is based on the fact that
the eleaton configuration of two such atoms would be same. Therefore, the
spectrum of the hydrogen atom is similar to that of the He atom while the doublet
series of Li, Na, K, € and so on, whic
doublet series of BeMg*,Ca, € and so on, the ionised

(vi). Isoelectronic Sequences
The displacement law can also be applicable to the series with adjacent elements,
each one of them ionised to a successively greater degree. Therefore, the series
ofatoms,whe e el ectron configurations are si
Sequenced. As per example, the atoms tF
follows:

KT Z=19

Ca' 1 Z=20
Sci Z2=21
Tit™ 72=22

These can also be written as:
KI, Call, Sclll,Ti IV

The spectrum lines and the energy level generating from each of the atoms show
great resemblance. For example, similar relative intensities for the various
transitions, same type of fine structure splitting, etc.
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3.12. Summary
This unit lll is in conthuation with previously discussed Unit | and Il where most of the
basic details and properties related to Hydrogen atom and its spectra were discussed. In this
Unit lll, we have summarised the whole unit in two halves. The first comprises of studies
aboutthe spectra of alkali and the second half considers the spectra about the alkaline earth
spectra.

In first part, the fundamental introduction to the formation of four spectral lines were
observed and elaborated. The Ryde8rg hust er Law aerafouRduombge 6 s L
established in al kald] series. The concept
combination principle. With the effect of increase in the shell value n, the alkali levels
approach the correspondingléiels because of the scraemeffect and also in comparison
to hydrogen, it was found that the energy not only depends on n value but also on I. thus all
alkali levels with a given n are shifted lower than the correspondilegéls. The selection
rule for the absorption spectra & atoms was revealed. It was noted that the optically
active electron in atom absorbs quantised energy and gets excited to the higher levels. The
concept of spirorbit interaction leading to j was considered in details. The mathematical
formulation for onsidering the screening effect gave a good agreement for doublet
separation with experimental results. Quantitative rules for intensity relations were also
discussed.

In the second half section of this unit, the essential features of alkaline eatth apec
elaborated in details. Vector Model, in which various angular momenta occurring in the
atomic spectra are considered. In this model, the combined form of the resultant vectors,
and subsequently their spectral properties were briefed. LS and jjnrgpbgphemes are
guantitatively and qualitatively discussed in details. Further, one can easily calculate the
interaction energy for the triplet separation k5land §j coup;ing using the mathematical
operations therein.
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3.15. Terminal Descriptive type questions

1. How will you explain the common faaies of spectra of alkali like atoms?

2. Even though H and Na belong to the single valance electron system, distinguish between
the spectra obtained for two atoms.

3. Show the conception of spinning electrons that result for the doubling of levels in the
spectreof alkalis.

4. Using the spirorbit interaction energy for a single npenetrating valence electron,
elaborate and discuss the separation of 2P and 2D terms of alkali spectra.

5. Explain the theoretical background along with the essential features of theasplect
alkaline earth elements.

6. Describe using the vector model of an atom for explaining its spectra with two electrons
outside the closed shell.

7. Discuss the vector model of an atom consisting of the two valance electrons in terms of L
S and §j couplings

3.16. Numerical type (Self Assessment Questions)

1. The mean position of the first pair of lines of the principal series of sodium is 16960 cm
If the convergence limit of the sharp series lines is at 2449%) caiculate the ionisation
potential of sodium.

Ans. The first principal line is obtained from the transition ef3fsand the convergence
limit is obtained from 3. The sum of wave numbers will be (referring to Figure 1)
16960+24490=41450ch This corresponds to I8, resulting in the ionization ofitom
having energy 5.14eV. [Use 1eV=80664m

2. The longest wavelength lines in the seriekx © tht in potassium have wavelengths
7699.0, 7664.9, 4047.2, 4044.1A respectively. Construct the relevant part of the energy level
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diagram and calculate thelisfing between the levels with the same values ahdl| but

different;.
Ans. The given wavelengths represent the first two doublets of the principal series of
potassium, and arise from the transitions

4 2P, 1120 42Sy;

52Pss2, 120 425y

Diagram showing the splitting between the levels

The line splitting in the wave number are the corresponding level splitting with the
same values afandl but differentj. We know that the wave numhers the reciprocal
of wavelength_

So that

Numerically, it can be written as
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For the wavelengths 7699.0 and 7664.9 A, we have

XOBWX Q@X pmOA
XOBWPMTwad XOoO@ pTwda

o®
XPBWYX @@L p T WA
Q' v RO
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UNIT 4 ZEEMAN EFFECT

STRUCTURE:

4.1. Introduction
4.2. Objectives
4.3. Zeeman effect and its experimental study
4.3.1. Classical interpretation of normal Zeeman effect
4.3.2. Vector atom model and Normal Zeeman effect
4.3.3. Quantum mechanical interpretation of normal Zeeman effect
4.4. Anomalous Zeeman effect
4.4.1. Quantum mechanical treatment of anomalous Zeemaaoteff
4.5. PaschefBack effect
4.5.1. Quantum mechanical treatment of PaseBank effect
4.6. Spin orbit correction
4.7. Summary
4.8. Glossary
4.9. Terminal Questions
4.10. References

4.11. Answers
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4.1 INTRODUCTION

The Zeeman effeds a magnetaptical phenomenon in which spectral lines are affected by an
applied magnetic field and split into several components. This was first observed by Zeeman
in 1896 and hence called Zeeman effect. He found if a source of light giving lineaspectr
placed in a magnetic field, the lines were split into a number of component lines, symmetrically
distributed about the original line. Doublets, triplets and even more complex system were

observed.

Primarily, it was observed that a single spectral line splits into three components such that one
line has got a large frequency, other a lower frequency than the frequency of original line and
a third one has a frequency of original line. This was nam@&di@nal Zeeman effect. But later

on, more complicated splitting was observed and was called anomalous Zeeman effect.
However when a huge magnetic field is applied the splitting is called Padthehn effect.

The effect of electric field on spectral limeas observed by Stark in 1913 and is called Stark
effect.

4.2 OBJECTIVES:

This unit introduces the effect of magnetic field on the spectral lines of atom which is called as
Zeeman effect. Depending on the strength of the magnetic field we have noromaglaus
Zeeman effect anBascherBack effect. In this unit we will study about these effects and their
classical and quantum mechanical explanation. After going through thitherstudents will

be able to know about

1. The normal Zeeman effect, andoas Zeeman effect and Pasctgack effect.
2. The experimental study of above effects.

3. The classical and quantum mechanical explanation of above.

4

. The spin orbit interaction.

4.3 ZEEMAN EF FECT AND ITS EXPERIMENTAL STUDY

Zeeman effecivas discovered by Pieter Zeeman in 1896. He observed that if a source of light
producing line spectrum is placed in a magnetic field, the spectral lines are split up into
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components. When the splitting is into two or three lines, then it is called noeeralan effect
because it can be explained easily by classical theory. But when the applied magnetic field is
weak, then the splitting of a single line takes place into a number of components. This effect is
called anomalous Zeeman effect. The normal Zeeefi@et is observed rarely whereas the
anomalous Zeeman effect is observed in general. The experimental arrangement for studying

normal Zeeman effect is shown in fig. 4.1

In thegivenarrangement, an electromagn |

MM capable of producing a very stron i
magnetic field and having conical piece
PP, through which holes are drille

lengthwise, is set up. A source L emittir M

R T <O e
" —r

spectral lines; say a sodium vapour lamp.™ « {===-1  ___ = &~

placed between the pole pieces. T

spectral lines are observed with a hig

resolving power instrument with a constain
Figure 41: Experimental arrangement for

deviation spectrometer S. The light can studying Zeemasffect

viewed perpendicular as well as parallel v

the magnetic field.

When light is viewed parallebtthe magnetic field through the hole drilled in the pole pieces,

a single line is observed to be split up into two components (doublet). One component has a
higher frequency than the original line and the other lower. The original line is not observed.

Also, the original line is not polarized but the other two components are circularly polarized in
opposite direction. The outer components are
component. The 0 component s ainatlinesspthechangei c al |
in wavelength dea,,iskhe samelin btk caZes (gd®@n s hi f t

When light is observed perpendicular to the magnetic field, a triplet i.e., three component lines
are seen. One component line is observed in the sasit®pa@s the original line and the other
two componentspne on either side of this line are separated by equal amounts. These three
components are plane polarized but the vibrations of the central line is parallel to the magnetic
field while those of owr ones perpendicular to the fiefig( 4.2).
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Figure 42: Normal Zeeman Effect

MSCPHS507

4.3.1 CLASSICAL INTERPRETATION OF NORMAL ZEEMAN EFFECT:

It is observed that when magnetic field is applied, a single spectral line splits up into three

components such that one line has got a larger frequency, other a lower frequency than the

original line and the third one has the same frequency as thatarfdhml line. This is called

normal Zeeman effect.

The normal Zeeman effect is explained on the basis of Lorentz classical theory. According to

this theory if a source of light is placed in a magnetic field, the frequency of motion of electron

moving ina circular orbit gets modified.

Let us consi der an el

velocity oO6vd and angul ar

ectron i

n

an

vel ocity

atom movi

6v0.

Let

respectively. The centripetal force agtion the electron towards the centre in the absence of

the magnetic field,

F=—=0a1]

Now, | et an external

rrrrrr

eeeeee.

magnetic

field

- (1)

6B6

be

the orbits of the two circular components. Then, an additional radial force of magnitude Bev

acts on the electron. The direction of this force will be outwfas the center for clockwise
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motion but inwards towards the cenfior anticlockwise motion. The resulting complex motion
of the electron subjected to an additional radial force is called Larmor precession. This

produces change in the angular velocityhwiit any change in the form of the orbit.

Letd be the change in angular velocity caused by the magnetic field. For the circular motion

in the clockwise direction, the additional radial force is directed away from ther,cent

Therefore O 6QLail ]  Q éééééél
il ail  Q 0Q1 i

Oor 2mp Q1 6'Q1 i £ 'QQa QOAIQE Q

//////

Or d — eéeeée(3)

For the circular motion in the anticlockwise direction, the additional radial force is directed

towards the centre.

Therefore F+Bev=mr]{ Q]
Or d — eééeéeé. . (4)
The two cases can be combined into the equation

d — eeeeéeé(bh)

If A O EAO A N Gohvibdation of the electron,

Then ] ¢’
Or d ¢ Q’
Or d3s —=

Therefore, change in frequency of the spectral line,
d3s =—— eééeeé. (6)
| f 3_arathalfrequency and wavelength of the original line,
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3 -=
or d3-=dao&
Therefore, the Zeeman shift

dee =— N eeeééée(7)
Taking a spectral l i ne of known BwlaewZeemangt h
shift de is measured.

From equation),

From above equatior; can be calculated- is found to be 1.757 10 CKg! which is in

agreement with the valueefof t he el ectron obtained from Tt

4.32 VECTOR MODEL AND NORMAL ZEEMAN EFFECT:

We have studied that Lorentz was able to explain normal Zeeman effect quite satisfactorily
using classical theory. Later, Debye was able to interpret the same using vector atom model

where,the concept of electrospin was not taken into account, but only orbital motion was
considered.

Here only the angular momentum possessed by the electron due to its orbital motion is taken

into account. The magnitude of this orbital angular momentum which is quantized i®given
n o eéeéeé. (1)

The corresponding magnetic moment is given by

A =— 1§ 666666(2)
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The vectors | and will act along the same line, viz., perpendicular to the orbital plane. In the
presence of external magnetic field B, the vector | will execute Larmor precession round the

field direction as axis whose frequency is given by

//////

The effect of this Larmor precession is to alter the energy of the system byaamount E,

which is given by

E 1 = Projection of mechanical momentum on the field direction
E —=Br cos—= — — cos—
pPE — = eéeée. (4)

Since cos— @

Now change in energy means that each energy level of the undisturbed state of the atom is,
splitted into a number of levels which is given by (2| + 1) and the magnitude of separation is

proportion&to the strength of magnetic field.

Now suppose thdf; and E are the energies of the two levels in the presence of magnetic field

and bi1and ke in the absence of magnetic field with the two values|@fsia andd Then

we have
Ei= Bo1 +pk = BEo1 +G0 — ceccceeece(D)
Eo= B+ = Ep+ G — ceeécccceee(0)

If transitions take place between these abovemultiplet states, a multiplet group of lines
will result. The frequency of any of these lines is obtained from equations (5) and (6) by

using Bohrdéds frequency condition i.e.

Ei - Eo=FEon- Ep+ —(a -4 )

h 3 o = | €hm3
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3 =+ —3pm cececcecee. (7)

He r ¢is tie frequency of the line in the absence of the field. Applying the appropriate
sel ecti on 40wl @ ;wehavezthree pogaible lines,

30
’ - 0 + 3—
1 - 0 .3 —

The frequency shiftl produced by the field is thereforeQ § 1 & kbhe same as derived by
the classical theory for normal Zeeman effe@§1* & fis called Lorentz unit. Figd.3
represents nor mal Zeeman effect. For tihree t

is the same and hence they represent sdiaege of energy and a single line.

Figure 43: Normal Zeeman effect
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