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Chapter 4
Zeeman Effect

Introduction
The effect magnetic field on the spectrum was first discovered by Zeeman in 1836 and is called

Zeeman Effect. It was observed that, a single spectral line splits up into three components, one
has large frequency and other has lower frequency than original line. The third line has the
frequency of original line.

When a sodium flame is kept between the poles of powerful electromagnet, two lines of principal
doublet are broadened. According to Lorentz’s theory, when light source is placed in magnetic
field, the motion of the electron is changed. i. e. electrons will either speed up or slow down by
certain amount which depends on magnetic field (H), mass (m), charge on electron (e) and
velocity (v). If vo the orbital frequency of electron without field, frequency in presence of field

IS given as Lo +AU

eH
4mTMC

Where, Av =

Zeeman Effect-

Zeeman Effect is a magneto-optical phenomenon in which spectral lines are affected by an
applied magnetic field and split up into several components. The simple splitting known as
normal Zeeman Effect is obtained with strong magnetic field. Normal Zeeman effect consists of
a triplet in a transverse view (perpendicular to magnetic field) and doublet in longitudinal
direction (parallel to magnetic field). And more complex lines are observed in anomalous

Zeeman Effect in weak magnetic field.
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Fig. 4.2 : Normal and anomalous Zeeman effect

(viewed perpendicular to the magnetic field)



Experimental arrangement-

Experimental set up consist of an electromagnet MM produce strong magnetic field having
conical pole PP. Source L (Sodium vapour lamp) emitting spectral lines is kept between pole
pieces. High resolving power instrument such as Lummer Gerke plate with constant deviation
spectrometer S is used to observe spectral lines. To obtain a photograph, a camera is used in

place of eyepiece of spectrometer.

Fig. 4.3 : Experimental set up of normal Zeeman effect

When electromagnetic field is applied, spectral lines are observed in parallel view through the
holes drilled to pole pieces and found to split up into two (doublet) lines of different frequency.
And these lines are disappearing by removing electromagnetic field. In EM field these lines are
found to be symmetrically situated about the position of parent line so that Zeeman shift (change
in wavelength dA) is same in both side. These two lines are found to be circularly polarized in
opposite directions as shown by arrows.

When observed in perpendicular to the direction of magnetic field the line becomes triplet, the
central line has same wavelength as original line and other two lines occupying same position as
doublet in previous case. All these three lines are plane polarized, but vibrations of central line
are parallel to magnetic field and other lines are perpendicular to the EM field. These lines can
be photographed using camera in place of eyepiece of spectrometer and obtained Zeeman shift
dA.

In short Zeeman Effect is splitting of a single spectral line into two or more lines of different
frequencies observed when radiation (such as light) originates in a magnetic field. There are two

types of Zeeman Effect, Normal Zeeman Effect and Anomalous Zeeman Effect.
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1. Normal Zeeman Effect- The splitting of spectral lines into three components in a
magnetic field when viewed in a direction perpendicular to the magnetic field is called
Normal Zeeman Effect. Normal Zeeman Effect is obtained from Ca, Cu, Zn, Cd sources
of elements.

2. Anomalous Zeeman Effect- When a single spectral line is split up into four or more
lines when observed in a direction perpendicular that of magnetic field is called
Anomalous Zeeman Effect. This effect is observed in a weak magnetic field and obtained
from elements like Na, Cr, etc.

Classical theory of Normal Zeeman Effect-

We know that, the splitting of spectral lines into three components in a magnetic field when
observed in perpendicular direction to the magnetic field is called Normal Zeeman Effect.
Consider electron revolving in a circular orbit, the centripetal force acting on it is given by

m v?

Tr
Where v = velocity of electron, r = radius of orbit

But,v=ro = ZT”r = 2nrv
Now put value of v =2mrv in above equation,
F= %4n2r2v2
F = 4m2mrv?
If magnetic field is applied in direction perpendicular to the plane of orbit, the additional

force = Hev

= He 2 trv acts on electron.



Magnetic force produced

magnetic field

current

. . Fleming’s Left Hand Rule
According to Fleming left hand rule,

The direction of this force will be towards or away from the centre, so the motion of electron is
clockwise or anticlockwise. If additional force is towards centre of the atom, the orbit contract
and frequency of the rotation increases. If additional force is away from the centre of the atom,

the orbit expands and frequency of the rotation decreases, then net force is,

F+ He2nrv = 4qx2 mr'u[2
where LV = Frequency of orbit
Substituting in equation (4.2) from equation (4.3), we g
2
42 mr (vl - '02) = * He2m@rov
2 - Hev
Ve MEAT R o
Hev
(vt + v) (vi—v) = 5=
Hev
dov-2v = 5. m
He
dv = % 4xm
=
WV = o
e M 3\_% dA
a2 _He
dA = T - 4mtm

PN - =

A = Wavelength of original line. dA\= Change in wavelength or Zeeman shift.



Quantum theory of Normal Zeeman Effect-

Atom in a magnetic field:

When atom is placed in a magnetic field H, a magnetic dipole moment p exists. This magnetic
dipole moment has potential energy dE, it depends upon magnitude and orientation of this
momentum with respect to field.

Al

P

]

W l'.,/ Wl A

Magnetic dipole moment p at an angle 0 relative to magnetic field H.

A torque T acting on a magnetic dipole moment in H is given by,

T = uH sinB

Where 0 is angle between p and H

When p dipole moment is parallel or antiparallel to the field H then T is zero and P.E. is
zero. Any other orientation of u the external work must be done to rotate the dipole

from 90° to the angle 6

0
dEzf 7d0O
90

6
dE = qu sin® d6@
90

dE = —pHcos6
When i points in the same direction of H, then 6=0 and cos0

dE =-puH minimum value.

In magnetic moment of a current loop of area A and current | .Then i = IA
An electron revolving around nucleus of mass m, radius r with velocity v has angular momentum
L= mv r Where v=rw w = 27tn i. . V = 2ntnr and L= 2tmnr2

u is magnetic momentum of electron due to orbital motion of electron. L is angular momentum.

e

p=———1L
We know that,
dE = —pHcosH

Put value of p in above equation,



7
dE = — L Hcos0 -------------- 1
But, L = /I(l + 1).% { is orbital quantum number, h is plank constant and
Lz _ M
cos = L~ Jl(+1)

Lz is in the direction of magnetic field vector H and m; is magnetic quantum number has value,
me = (20 +1)

Values are from -f to +f through 0. Then put values of L and cos in equation 1.
dF = me(-2yH
-m (47tm)
The quantity % is called Bohr magneton and has value 9.27x10?*Joule /tesla. It is a unit of

magnetic momentum.
Suppose, electron goes from initial higher energy level to lower energy level Eoi to Eof
respectively when no field is applied. Then frequency is,
Eor — EOf
h
When magnetic field, H is applied the energy of initial and final state is given by,

UOZ

eh
E; = Eg; + my;(

H
47Tm)

eh
Ef = Eyf + mlf(—4nm)H

The frequency of emitted photon is given by,

Ei_Ef Epi—Eoj ( e )
v = = +(my —my;)|—H
h h ( u l]) amm

L = Vo + Amf (—

)H

4Tm

Selection rule for Amf = +1, 0, -1.



e
= + (—— =
U1 = Uo (4nm)H Vo +AU
U = Uo
= £ \H =10 -
L = Uo (4nm)H Vo - AU

Where, Av = (ﬁ)H Bohr magneton

But, C=uA
v=%
T2
di
du = -C)l_z

dA=- gdv Shift in wavelength is,

d}\=i£( “)H

¢ \4mm

Normal Zeeman Effect for single valence electron system-

The effect of magnetic field on the spectrum of an atom was studied by Zeeman in 1896, When a

sodium source is kept in between the pole pieces of a strong magnetic field, a spectral line splits

up into three components one having larger frequency and other having lower frequency than

frequency of original line and third line has equal to frequency of original line. Such splitting

effect is called normal Zeeman Effect.

Here electron has orbital and spin motion, but due strong magnetic field £-s coupling gets broken

and splitting is due to ¢ only. So we neglects the spin of electron, then angular momentum posses

by electron is given as,

P = o

And orbital magnetic moment is,

e
be = e4nm B Zmpl
Now, in presence of external magnetic field, ¢ possesses around the field

precession is called Larmour precession.

2 H

wl =HE =
Do 2m

direction. Such

Here and Py i.e. orbital magnetic moment and orbital angular moment is antiparalllel.

Here H is magnetic field and % ratio is called as gyro magnetic ratio.
11



The electron gains an additional energy due to this precession,
AE= w¢ X Projection of angular momentum on field direction.

AE =< H.PyCosO but Pe= b=
21 21
AE = H. L 1cosh
2m 21

A

CosSm :mg‘
w A 4
M= £ (R L
AE = %H : % me  where mg is £Cos6 and values are (2£+1) i.e. mf has value -{, 0, +£.

If Ein and E2n are energies of two levels in presence of magnetic field and if E1 and E> are

energies in absence of magnetic field having values of mf,

eh
Ew =E + mli(%)H

E,y = E, + eh H
2H = L2 TMyp (47Tm)
Hence, radiations will be emitted in presence of magnetic field,

eh
Eiy — E;y = E; —E; + (E)H(Tnli —myy)

hv = hvo + (%) H Amy



v =t (ﬁ)H Ami, where vo is the frequency of a line in absence magnetic field. The

splitting is observed on the basis of selection rule, Amy = 0 or £+1.

1. If Amy=0thenvi= vo

2. IfAme:+1thenvz=vo+( - )H

4Tm

3. IfAme:-lthem)g:vo—( - )H

4mTm

When atom is placed in a magnetic field, their energies slightly more or less than the energy of
original line, thus splitting of spectral line takes place. The spacing of spectral lines will depends

on magnitude of the field as shown in normal Zeeman Effect.
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In the diagram, three transitions in a bracket represent due to the value of Am{, and energy
changes, hence a single spectral line split up unto three lines.
Stark Effect
The action electric field on the spectrum of hydrogen atom was discovered by stark in 1913, he
was observed the splitting of Balmer lines. This phenomenon is exhibited by the spectra of all
elements and is called as stark effect. The stark effect is the splitting of spectrum line into sevsral

components by the application of an electric field.



Applications of Zeeman Effect

1.

The zeman Effect is very useful in NMR Spectroscopy, electron spin resonance ESR,
magnetic resonance imaging MRI and Mossbauer spectroscopy.

It may also be utilized to improve accuracy in atomic absorption spectroscopy.

It also used to determine the energy levels in atoms and identify them in terms of angular
moments.

It also provides an effective means of studying atomic nuclei.

It is used in LASER cooling and in Astrophysics, Zeeman Effect to produce magneto-
grams showing the variations of magnetic field on the Sun. It also used to study magnetic

field in the diffuse and dense interstellar medium.



