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Atomic structure

Atomic structure of an atom is the result of solving the
Schrodinger equation for that atom.

Most of the sciences of chemistry and semiconductor
physics rise from this procedure.

More quantization appear during the process of solving
the Schrodinger equation.

Bohr model deficiencies

— Only good for hydrogen and hydrogen-like atoms.

— Provides no insight to the process of emission &
absorption of radiation

— Mixed the concepts of classical physics and quantum
mechanics

— Predicted wrong magnetic properties for the hydrogen
atom.

— Assumed a localized position for the electron.



Schrodinger equation for the
hy drogen atom |

The 3-dimensional version of the Schrodinger equation:

12 (%w(x,y,z2) *w(xy,z) &*w(xy,z
_Zm[ (aXZ )+ (ayz )+ (822 ) +U(X’y’Z)W(X’yiz):El//(X,y,Z)

Most of the atomic problems are spherically symmetric and the potential
depends only on the distance of the particles from the center of symmetry or

r=x2+y?+7°.
and we have U(x,y,z)=U(r):
The Coulomb potential has the form:

U(r=—1%

Argy T
For such a potential the wavefunction is product of three functions each

function of only one variable y(x,y,z)=R(r)0(8)®(¢)

When we insert this solution into the Schrodinger equation we get 3
separate equations each depending only on one variable which is an
enormous simplification.



Schrodinger equation for the
hydrogen atom ||

The separate wave functions forming the y should satisfy different conditions
(X, y,2)=R(r)©(0)®(¢)
lim R(r) since the particle is somewhere in the vicinity of the nucleus

r—o0

O(p+27)=D(¢)

©(0+27)=0(0)

Both ©(6) and ®(¢) have to stay finite for all values of 8 and ¢

Without solving the equations we state the form of the three functions

R(r) ce ™ and @(6?) contains polynomials in powers of sind and cosé

D (p)oce™ where m =0,+1,+2,...

While serching for the solutions that satisfy the boundary conditions we
impose conditions that lead to quantum numbers. The energy levels are then:

4

E, =- L > mrze > :_13.6(2)ev , N=1,2,3,.. Iis the principal guantum number.
(47ng) 2N°h n

This result is compatible with Bohr model's result but does not have limitations

of it. We can use this approach for an atom with any number of electrons.




Angular momentum

In classical mechanics:
The angular momentum is defined as
— L=#%

L=rx B = mrxv
Which is a vector quantity and its magnitude is:

L =~

|L|=‘mr><v‘:rlp

L = -2

It is the component of the momentum in a

(a) (b)

direction perpendicular to the direction of motion.
You can think of the linear momentum as what ptusheg: -
the object forward and angular momentum what takes the object out of its linear path

and move it around a curved trajectory.
In guantum mechanics magnitude of the orbital angular momentum is quantized as a

result of confinement of the electron in the potential field of the nucleus and is given by:
L=Jl(l+D)n (1=0,1,2,..n-1)
L's accurate direction can not be determined due to uncertainty principle but the

magnitude of its z component is given by:
L,=m#a (m =0,£1,£2,..., )



Radial probability distribution
functions P(r) as a function of r/a

Let P(r) be the radial probability distribution function of a particle with a

normalized wavefunction y where j \y/\z dv =1

entire space

probability of finding the particle in a volume dV of space surrounded by
two spheres of radius r and r+dr is

P(r)dr:\r,y\2 dv

IV, }P(r)drzy/24yzr2dr

2

Usuallly the distance is expressed in units of a = o ~=5.29x10""m, the
7m e

smallest distance between the nucleus and the elctron in the Bohr model.
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3-D probability distribution functions for the
spherically symmetric wavefunctions of
hydrogen atom (1s,2s,3s) with /=0 & L=0
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3-D probability distribution functions for hydrogen
atom with different quantum numbers

Z z Z z Pay attention to the
|=1 orbitals with nonzero
angular momentum
ls,my =10 25,m; =10 2p,my = *1 2p.my =10
z z z =2 z z

=1

1 (ee) § ag o ©

b

3p, my =0 3p,myp = %1 3d,m;=0 3d.m = £1 3d,m; = =2
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Zeeman Effect (1896): Splitting of the atomic
spectral lines in presence of magnetic fields

e Splitting of the atomic
energy levels leads to
separation of the
observed atomic
spectral lines

 An atom is composed of
charge in motion.

 Moving charges feel a
force if placed in a
magnetic field F=qVxB

B-field

‘With
B-field




Degenerate states share the same energy level
with different magnetic quantum numbers

fﬂ! .‘TE}I m!r

E=0
n=4 U-————u———-——l— ——— R Z—I —————— —0.85eV
n=23 (52t [ 25—t [ —1.51eV
=1 =1
—
1 d: b2
A2 [ e ~3.40eV
sil=0 p:i=1
f AE
O If placed in a B field all d states 2upB
that have the same n and the same lugB
energy will split to separate states
with different energies. Eq | 0
d The amount of splitting is | Tl
proportional to the magnitude of the B=0,
B field | ~2upB
| B increasing
I
- Mo oo i e e o
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Magnitude of the Zeeman splitting
External magnetic field B |

An orbiting electron has a magnetic moment of x#=1A where | A|= area of the loop
r= ,ux B The torque exerted on a magnetic dipole in a magnetic field of B

U =uB The potential field felt by a magnetic dipole in a magnetic field of B
For simplicity we use Bohr model. An electron orbiting in a circle of radius r around a

‘A‘zzrzﬁ—>;= |'A=zr?IR
stationary nucleus: Sy SN S
8o & & 27t 2
T v/2pr 2xr )

p
For a current loop

The magnitude of the angular momentum is: \L\ = =mvr in the direction of u

— emvr . elLl_ |- L . :
y:e—n :—Mn y:—e— — The gyromagnetic ratio: £__—=
2m 2m 2m L

Because of negative chage L and x have opposite directions.

For Bohr model L =ni — |y, | = nze—h: Nty
m

eh
2m

eV

We give the name Bohr Magneton for |z, = = 5.788><10'5? = 9.274><10'24% or Am?

Bohr Magneton is the quantum of the magnetic moment for an electron in Bohr model.
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Magnitude of the Zeeman splitting
xternal magnetic field B Il

The Bohr model gives a correct gyrbmagnetic ratio but fails to predict correct
magnetic interactions since it doe not provide correct numbers for the angular

E
momentum of all energy levels. A AE
: i L 2upB
Let us place an atom in a B-field in a + z direction:
- 3\ II'LBB
U = I[joB = _Ilsz
E 0
= e [ __°®n ‘ |
77 AL =T A | — 1B
2m, 2m, B=0! B
eh | —2upB
U =—,UZB=m|2—B=m|,uBB (m, =O,i1,i2,...) | B increasing
m, |

yright © 2004 Pearson Education, Inc., publishing as Addisan Waos

—
Orbital magnetic interaction energy

When we place the atom in a magnetic field, the energy of the levels will be
shifted by AE =U =m, z;B.

For m, =0 states there is no shift

For +m, states there is a increase in energy of the state

For —m, states there is a decrease in energy of the state



An atom in a magnetic field

 An atom with |=1 emits
a photon of wavelength
600 nm and decays to
1=0.

e |f the atom is placed in
a magnetic field of
2.00T determine the
shifts in the energy
levels and in the
wavelengths of the
emission spectra.



Selection rules

Of all the possible transaction between the energy levels of an atom, only
those are permitted that obey specific selection rules for quantum numbers.

The selection rules are set by restrictions set by conservation laws (angular
momentum, etc)

Photon carries one unit of angular momentum (h/2pi) means in a transition

— I'must change by 1

— m, change by +/-1
Those transitions that are not allowed by the selection rules are called -
forbidden transitions

3d
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Anomalous Zeeman effect

Equally spaced splitting of the energy levels was explained by the (normal) Zeeman effect.
Sometimes there was unequally spaced splittings that was not understood so they were called
anomalous Zeeman effect.

Also splitting was observed in absence of external B field.

Closely spaced multiplets such as sodium doublets were not understood by regular Zeeman effect.
Splitting of the atomic gas in presence of magnetic field (Stern-Gerlach 1922) experiment suggstes
half-integer angular momentum quantum numbers.

Zinc sharp triplet

Zinc singlet Sodium principal doublet (only one of three patterns shown)
No No
B-field B-field
f,f \ s AN D,
With With
B-field B-field

L1 | 5 | LI |

Nli'lrﬂ‘lill PE]“EI’I’I Anomalous F-‘l“r."[ﬂ: .-"'u!'H'I'l]'I-'lll;'II.I.‘-L PE][IEI’I’I Anomalous ]THHI'_"FI'I



Spin angular momentum

Goudsmidth-Uhlenbeck (1925) suggested additional motion for the electron spin
simmilar to the classical idea of spinning spherical charge around itself.

So we should have additional angular momentum associated with this motion and
it must be quantized.

This is analogous to the earth's motion around itself and the sun.

1
S,=mjh m, = iE z allowed values of m, and s, for an electron

two possible orientaions: up and down.

S = /%(%Hjh = \/gh maghnitude of the spin angular momentum of an electron

The z-component of the associated spin magnetic moment g, is related to S, by

1 = —(2.00232)%32 and U_=-p-B

Paul Dirac (1928) developed the relativistic version of the Schrodinger equatiuon

which solved the spin problem with gyromagnetic ration of 2%.

Quantumelectrodynamics (QED) 2 decades later explained the number to its
higher sig figs.



Stern-Gerlach Experiment

Beam of atoms
(1n vacuum)

/

Oven
VN
Slit |
Sy
Magnet | Glass plate
_;._-/ detector
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Spin magnetic interaction energy

e Calculate the interaction energy for an electron in a =0
state in a magnetic field with magnitude 2.00 T.

Us:_/uz.B

U, =—|-200232-"|s.B
2m
e 1

U, =—| -2.00232— (i—
2m 2

e

U, =+1.86x10°J =+1.16x10°eV

For spin up the + value

and for spin down the - value

E=E, +U
U,=hc/1— 1=10.684

>

E, + (5.795 X 1077 eV/T)B

> E; — (5795 X 1077 eV/T)B




As electron revolves around the
positively charged nucleus in
Bohr model, it sees a B field
caused by the relative motion of
the nucleus at its location. This
causes the splitting of the energy
levels without an external
magnetic field.

The effect is called Spin-Orbit
coupling in the Schrodinger
model which has interaction
energy equal to dot product of
the spin and orbital angular
momentum vectors.

This is effect is responsible for the
splitting of doublets in Sodium
spectrum

Spin-Orbit coupling: the fine structure

Total angular momentum: J =L+S
Possible values for magnitude of the

J are given by: J =,/j(j+1)n

j:IJ_r% for a given |

When | :I+% the L&S have
parallel z-componnets
When | :I+% the L&S have

anti-parallel z-componnets
This splitting is called fine structre




Hyperfine structure

e Interaction of the  Example of hyperfine
magnetic dipole moment structure is splitting of
of the nucleus with the the ground level of
spin angular momentum hydrogen atom by 5.9x10
or orbital angular %eV which leads to radio
momentum causes waves of 21 cm coming
further splitings that is from all stars and is the
known as hyperfine base for radio-astronomy.
structure. We detect objects that

are too cold to emit in the
visible of IR.




The exclusion principle and Many
electron atoms

In many electron atoms the electrons have the same quantum numbers as the
hydrogen atom with two key differences.

1) The effect of the screening of the potential of the nucleus by inner electrons
2

Z
as seen by the outer electrons. E, =——"—(13.6eV ) where Z,, <Z
n

And the quantum numbers are: n>1 0<l<n-1 |m|<I

atom

2) Pauli (1925) stated the exclusion principle as:

no two electrons can occupy the same quantum-mechanical state in a system,
or no two electrons can have the same

quantum-numbers(n,l,m;,m,) in an atom.

This justifies and explains the radical
differences between the atoms that have
small differences between their atomic
number and the shape of the periodic table.

1s subshell /
- 25 subshell
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Periodic table and the quantum
numbers (read on your own)



Determining Z



Energies for a valence electron



Continuous X-ray spectra

e Accelerated beam of
electrons with V,_

hitting surface of a ok P
target generating ol
energetic photons. ey

e The minimum
wavelength is
determined by V.,
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Moseley’s law

Mosley's law states that the frequency of a K,

X —ray which is a result of an electron from

and L shell with n=2 is dropping to an K -shell
with n-1 from a target with atomic number of Z is

f =2.48x10"Hz(z-1)
The characteristic x - ray spectra results from !

a transition to a hole in an inner energy level o
an atom.

(A)

—h

Al
OJ\ISO 40 50 60 70 80 90

¢ ht © 2004 Pearson Education,

A(pm)



Graphic representation of the

Jf % 10 8(Hz'?)

Mosley’s law

f =2.48x10°Hz(z-1)’

JT =+/2.48x10°Hz (2-1)

24
/r
o
al's
16 Cu
0 C%.' Zn
. Cr_e"Nj
Ti o® Fe
¥ V
Cl e
gl o K
Al"Si
| | | |
01Z=1 16 24 32 4()
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A(pm)
0 50 100 150 200
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X-ray absorption

e When energy of a beam
of x-ray passing through a
material matches the

material’s characteristic x- “Pserpton | |

ray lines, we see \  p-Kabsorption

increased absorption. \ [\ cdee

* Material are capable of \ |\

absorbing whatever N\

spectral lines they emit | N

and vise versa. L1 eV
o 10 20 30 4o~ &Y

e We can identify the
material with their x-ray
lines such as Kalpha
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