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4.1Magnetic moment of electron
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As a rough model, think of an electron circulating around
the nucleus as a circular current loop. The current loop
has a magnetic moment
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where L=mvr is the magnitude of the orbital angular

momentum.
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Bo’rh 'rhe magne’rlc momen’r and angular momen’run; are
vectors so that

Gyromagnetic ratio

Y= 5
2m
In classical electromagnetism, if a magnetic dipole having
a magnetic moment, is placed in an external magnetic

field, the dipole will experience a torque
7=ixB
which aligns the dipole with the magnetic field.
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The dlpole also has a po’renhal energy in ’rhe ﬁeld glven

—

by Vp=—p-B
According to classical physics, if the system can change its
potential energy, the magnetic moment will align itself
with the external magnetic field to minimize energy.

Precession in gravitational field
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Magnetic moment of electron 4% i £ ¥

An atom with magne’rlc momen'r in an ex’rernal magne'rlc
field has Larmor precession.

Precessional frequency

dp 1 dL
W
PTdt  Lsind dt
Newtons second law in angular form
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7

YTV T — (T e Te——



Orbn‘ angular momen’rumoperm‘or ;

A

L=7rXxp
The components of orbit angular moment
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Magne’rlc moment of elec’rron

Elgenstate and elgenvalue

Qf =Af

f is the eigenstate and A is the corresponding eigenvalue.
The eigenstate and eigenvalue of orbit angular moment
L?Yyn = L?Y, = 11+ DYy,
L.Yim = muiYim,

| is the quantum number of orbit angular momentum
m; is the magnetic quantum number




[=0,1,2,3,...n—1
m;=—[,—[+1,...,0,1,..
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The eigenvalue of magnetic moment

—%\/Z(Hl)

eh
He = o™
Bohr magneton
_eh
HE = 2m

The energy of the orbiting electron in a magnetic field

bp=—p.B = ,LLBmlB
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AIn 1922 O S’rern and W. Gerlach reporfed the results of
an experiment that clearly showed evidence for space
quantization.
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Stern-Gerlach experiment

Spin of Particles

why we need it and why it is discrete
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IF an ex’rernal magne’nc ﬁeld is mhomogeneous, fhe Force
on the particles is

dE g dB \ /
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Sfern-Gerlach experlmen’r

S’rern and Gerlach performed fhelr experiment wu’rh sulver
atoms and observed two distinct lines,

not three.
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This was clear evudence of space quantization, although
the number of m;states is always odd and should have
produced an odd number of lines if the space quantization
were due to ’rhe magne’rlc quan’rum number m;.
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4.3 Intrinsic Spin 4% ,%f! * ¥

In 1925 Samuel Goudsmu’r and George Uhlenbeck fwo

young physics graduate students in Holland, proposed that
the electron must have an intrinsic angular momentum and
therefore a magnetic moment




Intrinsic Spin

In order to achieve th
Ehrenfest showed that the surface of the spinning
electron (or electron cloud) would have to be moving at a
velocity greater than the speed of light!

If such an intrinsic angular momentum exists, we must
regard it as a purely quantum-mechanical result.

To explain experimental data, Goudsmit and Uhlenbeck
proposed that the electron must have an intrinsic spin
quantum number

s=1/2
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mg = +1/2
The electrons spin will be oriented either “up” or “"down” in
a magnetic field, and the electron can never be spinning
with its magnetic moment msexactly along the z axis




Infrmsuc Spln

The m’rrlnsnc spln angular momem‘u
S| = /s(s + 1) = \/3/4h
The magnetic moment of intrinsic spin
fs = —gsppS/h=—2upS/h

where gs is the Lande factor and

gs = 2
The z component of spin magnetic moment

Ms 2 — —2my "B
where

ms = +1/2
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4.4 Total angular momentum of

single electron ,
If an atom has an orbl’ral angular momenfum and a spm

angular momentum, these angular momenta combine to

produce a total angular momentum,
J=L+S
Because L, Lz, S, and S:zare quantized, the

total angular momentum and its z component
Jzare also quantized

J=+/j(G+1)h
Jz — mjﬁ
Because mis integral and msis half-integral, m;will always

be half-lntegral o -
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Total angular momentum of

single electron . o
The quanhzahon of the magm’rudes of various angular are

all similar,

L=+/I(+1)h N
S =+/s(s+ 1A
J =i+ 1)n (&

The total angular momentum quantum number for
single electron can only have the values,

7=1=%xs
1
— l Zt 5
The notation commonly used to describe these states
25+1r L=0,1,23,...

=S5, P D,F,...
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Total angular momentum of
. IT<
single electron
Energy S P D F
(e;/) L ¢=0 1 2 3 4
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Tofal magnehc momen’r

The total magnehc momem‘ |s,

:u] = [ + s, By
= —g;uBJ/h
and,
Hj,z = —g;M;iUB

where, g; is the Lande factor of
total angular momentum and

3+S(S+ 1) — L(L+1)

979 2J(J + 1)
_3+§2—L2
2 2
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States

28112 ) o

- 2/3 £1/3

2P3)2 4/3 1273, +6/3

2Dz 4/5 12/5. +6/5

2Ds; 6/5 +3/5, £9/5, £15/5
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Spin-orbit coupling

This classical picture indicates that the orbiting proton
creates a magnetic field at the position of the electron.
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Spln-orbn‘ couplmg

An electron movmgfhroughan elec'rrlc ﬁeld E experlences
an effective magnetic field B given by

S 1 S
B = ——2’17 X B
C
Since, the electric field is
- 10V T
We have 16 1T gV
B = L

mec? er Or
The potential of the electrons magnetic moment with the

orbital field gives S
U=—us-B

1 o0V - -
= g, L-S
st mec2er 87“ 7
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Spin-orbit coupling

With Coulomb potential and relativistic correction that
arises because we are calculating the magnetic field in a
frame of reference that is not stationary but rotates as the
electron moves about the nucleus,

1 Ze?

U = L-S
dreg 2m?2c?rs

The expectation value of this potential gives an energy
change of ,
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Spin-orbit coupling

The expectation value of spin-orbit coupling

- o= JU+1) —i0+1) —s(s+1)
(L-§) = ;

hZ

The expectation value of radii

1 A

<7“_3> - n3l(l+1/2)( + 1)a3

Thus the spin-orbit interaction produces a shift in energy of

B Z?h? (G +1) —1(1+1)—s(s+1)
"% 16megmiclal n3l(l+1/2)(1+ 1)
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Spln-orbl’r couplmg

A smgle electron has s -1/2 so, for each l |’rs total angular
momentum quantum number j has two possible values:

1
= [+ =
/ 2
We find that the energy interval between these levels:
Z4 232 1
AE. — e“h :
8regm2cay n3l(l + 1)
(aZ)*
E
2m3l(l+1) °

The energy interval of 2p state of hydrogen
AFEs, =4.53 x107° eV
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4 6Zeeman effecf

1896 Ple’rer Zeeman found fhaf fhe 5pl|’r’r|ng of sPecfral
lines by a magnetic field
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Zeeman effect % ,%ﬂ /’ %7

(a)
Gas inlet
P M1 M2
\iB/ Lond [E=f | b5
AR -y R |- D
Lamp - U O\\*Dl
Signal

Electromagnet | |

To vacuum pump

16/11/2018



Zeeman effec’r

Ina magnehc ﬁeld fhen, ’rhe energy of a particular
atomic state depends on the value of m;as well as on that
of n

bEp=—p.B=pupmB
Each (degenerate) atomic level of given | is split into 21+1
different energy states according to the value of m,

The energy degeneracy of a given nl level is removed by a

magnetic field 0 =1 mg
| AE=p, B :
S —_— S 0
Y AE
—1
—> —> A
b5=20 b = Bok

~Tenizois e



Zeeman effec’r

IF fhe degenerafeenergy of a s’ra’re is glven by Eo, the
three different energies in a magnetic field B for a |=1

state are i %
¢=1
2 .
Ly = ko, Lo+ ppb !
Energy
m Energy T
I Ly + upb
0 E,
—1 EO o MBB
1y =0 Y VY
B) =0 1_3) = B()]%
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Zeeman effec’r

Because m; can have ’rhe 2l+l values, a sfafe of glven
orbital quantum number | is split into 2l+1 substates that
differ in energy by psB when the atom is in a magnetic

field.

However we expect a spectral line from a transition
between two states of different | to be split into only
three components for selection rules

Aml — O, +1

due to the spin of phonon as one.
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Zeeman effec’r

The normal Zeeman effecf consnsfs of 'rhe spll’r’rmg of a
spectral line of frequency into three components whose
frequencies are

€
VW — Vo — B
4mm,
Vo — 1
€
V3 = Vg + 47TmB

where, the Larmor frequency is defined as

v = 2 = B(T) = 14B(T) GHz
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Zeeman effect

No magnetic field Magnetic field present

my = 2
ml =1
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Anomalous Zeeman effec'r :

Soon af’rer the dlscovery of fhls effecf by Zeeman in

1896, it was found that often more than three closely
spaced optical lines were observed

.. No magnetic field
lll. Magnetic field present

Expected splitting
| | No magnetic
7\ 74NN lield
H H HHH Magnetic field
present
I
EXpected sphttmg
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4 7Anomalous Zeeman effecf :‘ % ‘%ﬁ X %7

lgq

We shall see fha’r fhe anomalous effecf depends on the
effects of electron intrinsic spin.

/’L ] p— /,Ll —|_ ,usy Whole system 1_9) ¢ gslir;fﬁﬁf
. precesses slowly N
= —g;upJ/h woune B

— ———
-_—

-~
T

The energy in magnetic field is,

Lp = gijm;upB

The frequency of splitting spectra ,

€

B

v =1+ (Mmagz — m191)4ﬂm
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Anomalous Zeeman effec
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Polarlzaﬂon of llgh’r

Tlectric ield

A ///// I -
///// lll ///// lllll of wave

Magnetic field

v A

)

///il

D




16/11/2018

All

Polarization o)Feemnf 4% EIES %7
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Polarization of Zeeman effect

 AMy=0 corresponds to an infinitesimal dlpole osculla’rmg
parallel to the magnetic field. No quanta are emitted in
the direction of the magnetic field. The light emitted
perpendicular to the magnetic field is linearly polarized

B B B
W@ 222> «vﬂvﬁvﬂkw o "l ou | 222>
= Y = —g
(AM, = -1) (AM, = 0) 5" (AM, = +1)
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AM;=1 corresponds to two parallel dipoles oscillating with

a phase difference of 90°. The superposition of the two
dipoles produces a circulating current (¢+, 6-).

B B B
W@ I 1 | 222>
= Mm\" ==
c (AM, = -1) n (AM, = 0) c (AM, =+1)
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Grotrian Diagram

p,, 32 -2 1R 3/2
p. W
-3/2 -1/2 1/2 3/2
Tc A
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Homework

The Physics of Atoms and Quanta

12.1, 12.3, 12.5, 13.1, 13.2, 13.3, 13.4
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Exercise class

1.Treat the hydrogen atom as a one-dimensional entity of
length 2a0and determine the electrons minimum kinetic
energy.
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Exercise class

1.Treat the hydrogen atom as a one-dimensional entity of
length 2a0and determine the electrons minimum kinetic
energy.

Solution:
A (hc)*
I<min — 9 — 9,9
2me 2mc
(197 eV - nm)Q

B = 3.4 eV
(2)(0.511 X 10° eV)(2 X 0.0529 nm)g €
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2.An atom in an excited state normally remains in that state
for a very short time ( 10-8s) before emitting a photon
and returning to a lower energy state. The “lifetime” of
the excited state can be regarded as an uncertainty in
the time t associated with a measurement of the energy
of the state. This, in turn, implies an “energy width,”
namely, the corresponding energy uncertainty AE.
Calculate (a) the characteristic “energy width” of such

a state and (b) the uncertainty ratio of the frequency
Af/f if the wavelength of the emitted photon is 300 nm.
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Exercise class 1% P

/1919

Z

Solution: (a)

A 658X 107"%eV-s

AE

“9A (2)(10 °s)

ution:
Solution (b) (b) The frequency is found to be

3 %X 108
= =~ = Iilg/s = 10'° Hz
A 300 X 10" m

The uncertainty Afis

AE 3.3 X 107 % eV

_ _ 6
= 5o 8 X 10° Hz
h 4.136 X 107 eV-s

Af=

The uncertainty ratio of the frequency Af/fis

Af 8% 10°Hz
/ 10" Hz

=8 X 107°

= 3.3 X 107 %eV




Exercnse class

3.Find ’rhe quanhzed energy levels of an electron
constrained to move in a one-dimensional atom of size 0.1
nm.
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Exercise class

P e e =il e ———— —— - ==

3.Find the quantized energy levels of an electron
constrained to move in a one-dimensional atom of size 0.1
nm.

Solution:

P n2 h? _ n2 hQCQ
8ml* 8mecL*
) (1239.8 €V -nm)~
" (8)(0.511 X 10° eV)(0.1 nm)?

= n7(38 eV)

T 16/11/2018 R a—



Exercise class

4.Determine the expectation values for x, x?, p, and p®of a
particle in an infinite square well for the first excited

state.
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Exercnse class

4 De’rermme 'rhe expec’ra’rlon values for X, X%, p, and P of a
particle in an infinite square well for the first excited
state.

L
. L
Solution: (x), _y = 2 J N Sin2<2wx> L
L L 9
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4.Determine the expectation values for x, x%, p, and p®of a
particle in an infinite square well for the first excited
state.

Solution:
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Exercise class

5.What are the possible quantum numbers for the state
n=4 in atomic hydrogen?
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Exercise class

5.What are the possible quantum numbers for the state
n=4 in atomic hydrogen?

Solution:
n ¢ my
4 0 0
4 1 ~1,0,1
4 - -2, -1,0,1, 2
4 8 _3’ _29 _19 07 1; 2, ?)
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Exercise class

6. What is the value of the Bohr magneton? Use that value
to calculate the energy difference between the m=0 and
mi=1 components in the 2p state of atomic hydrogen placed
in an external field of 2.00 T ?
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Exercise class

6. What is the value of the Bohr magneton? Use that value
to calculate the energy difference between the m=0 and
mi=1 components in the 2p state of atomic hydrogen placed
in an external field of 2.00 T ?

Solution: The Bohr magneton is determined to be

_eh
MB 9m

(1.602 X 107" C)(1.055 X 1077*J - )
2(9.11 X 107* kg)
pmy = 9.27 X 107 J/T

AE = (9.27 X 107*]/T)(2.00 T) = 1.85 X 107 ]
=1.16 X 107 *eV
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Exercise class

7. Show that an energy difference of 2*10-3eV for the 3p
subshell of sodium accounts for the 0.6nm splitting of a
spectral line at 589.3 nm.

T 16/11/2018 R a—



Exercnse class

7. Show that an energy dlfference of 2*10-3ev For the 3p
subshell of sodium accounts for the 0.6nm splitting of a
spectral line at 589.3 nm.

Solution: since

/\2
=" AA| = - |AE|

(589.3 nrn)2 (2 X 1077 eV)
A = 3 = (0.6 nm
1.240 X 10° eV -nm
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sodium is 0.0021 eV, what is the internal magnetic field
causing the splitting?
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Exercise class

8. If the 5pin-o »_# - 3P3/nd 3P/, states of
sodium is 0.0021 eV, what is the internal magnetic field
causing the splitting?

Solution:
eh \h eh
st im0
Then
mAE (9.11 X 107 kg)(0.0021 eV)
T eh (1.6 X 107°C)(6.58 X 100 eV-s)
= 18T
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