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« Quantum mechanics explains certain properties of the hydrogen
atom In an accurate, straightforward, and beautiful way.

« However, it cannot approach a complete description of this atom or of
any other without taking into account electron spin and the exclusion
principle.

« Many spectral lines actually consist of two separate lines that are very

close together.

» An example of this fine structure (electron spin and relativistic corrections): first
line of the Balmer series of hydrogen, theoretical prediction is for a single line of
wavelength 656.3 nm while in reality there are two lines 0.14 nm apart.

 Another failure occurs in the (normal) Zeeman effect that the spectral lines of an
atom in a magnetic field should each be split into the three components.

« Round and round it goes forever. two Dutch graduate students,
Samuel Goudsmit and George Uhlenbeck, proposed in 1925 that

Every electron has an intrinsic angular momentum, Il o meeeue e
called spin. Associated with this angular momentum l]]]‘*ha-m ield present
IS & magnetic moment. Expected splting

Figure 7.1 The normal Zeeman effect.
15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 3
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 Classical picture of an electron as a charged sphere spinning on its

axXIs.

» The rotation involves angular momentum, and because the electron is negatively charged, it has a
magnetic moment |, opposite in direction to its angular momentum vector S.

 Serious objection: observations of the scattering of electrons by other electrons indicate that the
electron must be less than 10-16 m across, and quite possibly is a point particle. In order to have the
observed angular momentum associated with electron spin, so small an object would have to rotate
with an equatorial velocity many times greater than the velocity of light!

* In 1929 the fundamental nature of electron spin was
confirmed by Paul Dirac's development of relativistic
guantum mechanics. He found that a particle with the mass
and charge of the electron must have the intrinsic angular Paul Adrien

Maurice Dirac

momentum and magnetic moment proposed for the electron g0, 1684
by Goudsmit and Uhlenbeck. s i 1035
The quantum number s describes the spin angular momentum of the electron. The only

value s can have is s =1/2, which follows both from Dirac's theory and from spectral
data. The magnitude s of the angular momentum due to electron spin is given in terms

of the spin quantum number s by S = /sGFh= \/53)& (Spin angular momentum)

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 4
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7.1 Electron Spin

Example 7.1

Find the equatorial velocity of an electron under the assumption that it
IS a uniform sphere of radius r=5.00x10-1" m that is rotating about an
axis through its center.

Solution

The angular momentum of a spinning sphere is Iw, where I = 2 mr? is its moment of inertia
and @ = w/r is its angular velocity. From Eq. (7.1) the spin angular momentum of an electron

is S = (V3/2#, so
5= ?ﬁ, = lw = (Emrz)(ﬂ) = imur

2 r 2
V3N A 5V3)(1.055 X 1073 ] -5
v= ( ) - OV - J Ld =501 X 10”mk =167 X 10"¢
4 mr (4)9.11 X 10 kg)(5.00 X 10 *' m)

The equatorial velocity of an electron on the basis of this model must be over 10,000 times the
velocity of light, which is impossible. No classical model of the electron can overcome this
difficulty.

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan
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» The space quantization of electron spin is described by

the spin magnetic quantum number m,.

 Spin angular-momentum vector can have the 2s + 1 =2 o
orientations specified by m=+ 1/2 (“spin up”) and m= - 1/2
(“spin down”), as 1n Fig. 7.2. K

» The component S, of the spin angular momentum of an electron
along a magnetic field in the z direction is determined by the spin
magnetic quantum number, so that g — ,, 5 = j:%ﬁ (z component of spin

|
[

angular momentum) Figure 7.2 The two

possible orientations

« The gyromagnetic ratio for electron orbital motion is P e sain anat

momentum vector are

-e/2m. The gyromagnetic ratio characteristic of electron 7% o8

spin is almost exactly twice. oy
* Spin magnetic moment L, of an electron is related to its
Spln angU|aI' momentum S by Hs = —iS (Spin magnetic moment)

m

The possible components of Y, along any axis, say the z axis, are
h
therefore limited t0 .. = i‘— =dpup  Gorrerro " where g 1S the Bohr

magnetic moment)

magneton (9.274x10-24 J/ T 5.788x10° eV/ T).

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 6
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The introduction of electron spin into the theory of the atom means that
a total of four quantum numbers, n, I, m,, and m, is needed to describe
each possible state of an atomic electron. These are listed in Table 7.1.

7.1 Electron Spin

Table 7.1 Quantum Numbers of an Atomic Electron

Name Symbol Possible Values Quantity Determined

Principal n 1,2,3,... Electron energy

Orbital I 0,1,2,...,n—1 Orbital angular-momentum magnitude
Magnetic 0l -1, ..., Q, ..., +1 Orbital angular-momentum direction
Spin magnetic ms —2 3 Electron spin direction

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 7
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« A different set of quantum numbers for each electron in an atom.
* In a normal hydrogen atom, the electron is in its quantum state of

lowest energy.

« What about more complex atoms? Are all 92 electrons of a uranium atom in the
same quantum state, jammed into a single probability cloud?

« An example is the great difference in chemical behavior shown by certain elements
whose atomic structures differ by only one electron. Thus the elements that have
the atomic numbers 9, 10, and 11 are respectively the chemically active halogen
gas fluorine, the inert gas neon, and the alkali metal sodium.

Since the electron structure of an atom controls how it interacts with other
atoms, it makes no sense that the chemical properties of the elements should
change so sharply with a small change in atomic number if all the electrons =%
In an atom were in the same quantum state. Wolfgang Paul
(1900-1958)

* In 1925 Wolfgang Pauli discovered the fundamental principle  novei prize in
. . . - Physics in 1945
that governs the electronic configurations of atoms having
more than one electron. His exclusion principle states that
No two electrons in an atom can exist in the same quantum state. Each
electron must have a different set of quantum numbers n, I, m;, m.
15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 8
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 Organizing the elements )

e In 1869 the Russian chemist Dmitri I\/Iendeleev formulated: ‘

When the elements are listed in order of atomic number,

elements with similar chemical and physical properties recur at

Dimitri

regular intervals Mendeleyev
(1834-1907)
 Elements with similar properties form the groups shown as vertical

columns.

« Group 1 consists of hydrogen plus the alkali metals, which are all soft,
have low melting points, and are very active chemically.

« Hydrogen, although physically a nonmetal, behaves chemically much like
an active metal.

« Group 7 consists of the halogens, volatile non-metals that form diatomic
molecules in the gaseous state.

« Like the alkali metals, the halogens are chemically active, but as oxidizing
agents rather than as reducing agents.

« Group 8 consists of the inert gases. As their name suggests, they are
Inactive chemically: they form virtually no compounds with other

elements, and their atoms do not join together into molecules.
15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 9
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* The horizontal rows are called periods. Fiure 7.6 How chemical aciviy
* The first three periods are broken in order to kegp ~ veres i the periodic table

Increasing Increasing
cta |1 nonmetallic

their members aligned with the most closely related _:
elements of the long periods below. IL | E'”
« Most of the elements are metals. e
 Across each period Is a more or less steady tran3|t|on from an actlve
metal through less active metals and weakly active nonmetals to
highly active nonmetals and finally to an inert gas.
A series of transition elements appears in each period after the third
between the group 2 and group 3 elements.

 The transition elements are metals, in general hard and brittle with
high melting points, that have similar chemical behavior.

« Fifteen of the transition elements in period 6 are virtually
Indistinguishable in their properties and are known as the lanthanide
elements (or rare earths).

 Another group of closely related metals, the actinide elements, Is

found in period 7.
16 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 10
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[Table 7.2 |
|T]1E Periodic Table of the Elemenis |
|Gmup 1 2 3 4 5 G T 8 |
Pariod 1 =
1 H He
Hydragen The number above the symbol of each element is its atomic number, and Helum
1.008 the number below its name is its average atomic mass. The elements 4003
5 whose atomic masses are given in parentheses do not occur in nature but
3 4 E ] 7 E o 10
Li Be have been created in nuclear reactions. The atomic mass in such a case is B c N o E Me
Lt | Beryinum the mass number of the most long-lived radicisotope of the element. Nitrogen 0 | rustne | neon
£.041 3012 Elements with atomic numbers 110, 111, 112, 114, and 116 have also been 10,84 1204 14,01 18.00 19.00 50.1E
created but not yet named.
2 1 12 i3 14 16 16 17 16
Ma Mg Al Si P 3 Cl Ar
Sodium [Magnesium Aluminium | SWicon (Phosphorus|  Sufur | Chiorne | Amon
2285 24,31 Transiion metals 26.98 2E.08 an.a7 207 35.45 39,85
4 1o 20 = 2z 22 24 25 o8 27 28 29 an a1 %2 as 24 35 26
K Ca Sc Ti W Cr Mn Fe Co i Cu n Ga Ge As Se Br Kr
Potzssium| Calcum  [Scancdum|  Theanum | Venadum| Chromiem | Mangansse ran Cobait M| Copper anc Gallem  |Sarmanium | Arsanic | Salenium | Broming | Krypton
20,10 40,08 4498 47 BE 50.04 E2.00 5404 GEE 5883 5EED E1EE £5.20 83,72 7250 T4 T80 7.0 E3.80
5 a7 ag ) A0 41 42 43 44 45 45 47 48 43 =i E1 52 53 54
Fb Sr A Zr Mk Mo Tc Fu Rh Pd Ang Cd In Sn Sb Ta I Xe
Rublkdlum | Stromtum | ¥irem | Zirconium | Motblum | Molybdanum | Technetium | Rutheniem | Ahodium | Peiladum | Siver  |Cadmium|  Indum Th Antimony | Tellwium | lodne | Xanon
BE.4T a7z 8.5 ai.22 a2 81 55.94 (B8] 0.4 10248 108.4 1078 1124 1148 118.7 1213 1276 6.8 1318
B =5 BE 72 T2 T4 TE T8 77 78 70 a0 E1 B2 B3 84 B 86
Cs Ba Hf Ta W Re Q= Ir P Au Hg Tl Pb Bi Po At Bn
Ceslum | Barum Hatlum | Tentalem | Tungsten Anenlum | Osmium | Indem | Platinum Goid | Mercury | Thalium Lead Eismuth | Polonlum | Astatine |  Radon
1325 1373 1785 160.9 i8am 1862 1802 1822 185.1 1970 2006 204.4 207.2 208.0 209) [l 222)
Tl a7 BE 104 106 108 107 10E 108 Halogens Inert gases
Fr Ra Rf O 30 Ns Hs Bt
Francium | Radwm | | Rutharfordum| Dubnium | Ssaborgium |Mislsbohrium| Hasslum  (Meknerum
(223 2260 (261) (262 [263) (262) [264) (268)
Alkall metals Lanthanides (rare earths)
57 BB EG 80 &1 62 &3 54 86 68 E7 BE &9 T 7i
L] La Ce Pr MNd Pm am Eu Gd Tb Cry Ho Er Tm b Lu
Lamnthanum Carlum Praamrnlum NHIP_.'ITI um | Fromethium | Samarium EI]I'I:FIILI“ Gadolinium| Terbdum D]'BPI'IJB-II..I'H Holmium Erbium Thulum Yherolum| Lusstum
1363 14131 1408 1442 [145) 160.4 162.0 157.3 1665 182.5 1648 167.2 1685 173.0 1760
as a0 &l az 53 o4 95 £ a7 = &3 100 101 102 108
Ac Th Pa U Np Pu Am Cm Bk Ci Es Fm Md No Lw
Actiium | Thonum | Protactniem | Urenlum | Mephunium | Plutonium |Amedcium| Curlem  |Berkalium| Calfomium (Sinstainium|  Farmium | Mendaavium |Mobeium | Lawrancium
(227) 2zn 2o 2380 [2a7) (244) (243 [247) [247) [281) [252) [25T) (260} [259) 262)
Aciinides
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» Shells and subshells of electrons
 Two basic principles determine the structures of atoms with more than

one electron:
1. A system of particles is stable when its total energy is a minimum.
2. Only one electron can exist in any particular guantum state in an atom.

« While the various electrons in a complex atom certainly interact
directly with one another, much about atomic structure can be
understood by simply considering each electron as though it exists in

a constant mean electric field.
» Nuclear charge Ze decreased by the partial shielding of those other electrons that
are closer to the nucleus.

 Electrons that have the same principal quantum number n (same
atomic shell) therefore interact with roughly the same electric field

-

and have similar energies. "= 1 23495 omicoms
KLMNO ...

* The energy of an electron in a particular shell also on its orbital
guantum number [, though not as much as on n.

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 12
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* In a complex atom the degree to which the full
nuclear charge is shielded from a given electron by
Intervening shells of other electrons varies with its
probability-density distribution.

 An electron of small | is more likely to be found
near the nucleus where it is poorly shielded by the
other electrons than is one of higher | (see Fig. 6.11).

 The result is a lower total energy (that is, higher
binding energy) for the electron.

 The electrons in each shell accordingly increase in
energy with increasing | (see Fig. 7.8).

 Electrons that share a certain value of | in a shell are

said to occupy the same subshell.

 All the electrons in a subshell have almost identical
energies, since the dependence of electron energy upon m,
and m, is comparatively minor.

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan
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Atomic number
Figure 7.8 The binding
energies of atomic electrons
in rydbergs. (1 Ry=13.6 eV
ground-state energy of H
atom.)
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* How an atom s electron structure determines its . /. RN
chemical behavior. Crd )| Y

« An atomic shell or subshell that contains its fuII AN
quota of electrons is said to be closed. o

» The total orbital and spin angular momenta of the /- =< _ / N
electrons in a closed subshell are zero, and their - N s
effective charge distributions are perfectly Figure 7.9 Schematic representation of

. electron shielding in the sodium and

symmetrical. argon atorms.

 The electrons in a closed shell are all very tightly bound, since the
positive nuclear charge is large relative to the negative charge of the
Inner shielding electrons (see Fig. 7.9).

 Because an atom with only closed shells has no dipole moment, it does

not attract other electrons, and its electrons cannot be easily detached.
We expect such atoms to be passive chemically, like the inert gases.

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan
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« An atom of any of the alkali metals of group 1 has a single s electron in

Its outer shell.
« Such an electron is relatively far from the nucleus.

« It is also shielded by the inner electrons from all but an effective

nuclear charge of approximately +e rather than +Ze.
* Relatively little work is needed to detach an electron from such an

atom, and the alkali metals accordingly form positive ions of charge
+e readily.

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 15



Example 7.2

The 1onization energy of lithium is 5.39 eV. Use this figure to find the

effective charge that acts on the outer (2s) electron of the lithium atom.
Solution

If the effective nuclear charge is Ze instead of e, Eq. (4.15) becomes

. Z°E)
n2
Here n = 2 for the 2s electron, its ionization energy is E; = —5.39 eV, and E; = —13.6 eV is

the ionization energy of the hydrogen atom. Hence

E, 530 eV
Z=n /— =2 =1.26
E, 13.6 eV

The effective charge is 1.26¢ and not ¢ because the shielding of 2¢ of the nuclear charge of 3¢
by the two 1s electrons is not complete: as we can see in Fig. 6.11, the 2s electron has a certain
probability of being found inside the 1s electrons.

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan
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lonization Energy 4' AT et

* Inert gases have the highest &
lonization energies and the alkali
metals the lowest. 3 2

» The larger an atom, the farther the  :
outer electron is from the nucleus and
the weaker the force is that holds it to
the atom. | ﬂ

- This is why the ionization enerqgy T e T
generally decreases as we go down g 7'ovre "0 veriaton ofonization energy with atomic number
group In the periodic table.

» The increase in ionization energy from left to right across any period is
accounted for by the increase in nuclear charge while the number of
Inner shielding electrons stays constant.

« At the other extreme from alkali metal atoms are halogen atoms, whose
imperfectly shielded nuclear charges tend to complete their outer
subshells by picking up an additional electron each.

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 17
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« The periodicity in Fig. 7.11 has a similar
origin in the partial shielding by inner
electrons of the full nuclear charge.

» The greater the shielding, the lower the
binding energy of an outer electronand -
the farther it is on the average from the
nucleus.

« The relatively small range of atomic N I
radil is not surprising in view of the Figure 7.11 Atomic radii of the efements.
binding- energy curves of Fig. 7.8.

* In contrast to the enormous increase in the binding energies of the
unshielded 1s electrons with Z, the binding energies of the outermost
electrons (whose probability-density distributions are what determine

atomic size) vary through a narrow range.
« The heaviest atoms, with over 90 electrons, have radii only about 3 times that of
the hydrogen atom, and even the cesium atom, the largest in size, has a radius only

4.4 times that of the hydrogen atom.

Rb

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 18
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* The origin of the transition elements lies in the f -~ =
tighter binding of s electrons than d or f . L e
electrons in complex atoms. P

» The first element to exhibit this effect is L=
potassium, whose outermost electron is in a 4s =
Instead of a 3d substate. : -

 The difference in binding energy between 3d -
and 4s electrons is not very great, as the I

configurations of chromium and copper show.  Figure 7:12 The sequence of quantum

states in an atom. Not to scale.

[ | Subshell | Capacity
2121+1)

» In both these elements an additional 3d electron is present |
at the expense of a vacancy in the 4s subshell. g
» The order in which electron subshells tend to be filled, S
together with the maximum occupancy of each subshell, ==

is usually as follows: 1s° 25° 2p° 3s* 3p° 4s° 3d" 4p° 55° e ow | ow
4dl[] Sp[b 652 4f14 Sdl[] E]\'p[} TSQ E}dl[] Sfll

0 ls

2p

G2 )= o = D

5p [
6s 2
4f 14
5d 10
1 6p 6
0 Ts 2
3 5f 14
6 2 6d 10
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Transition Elements ’4 KATIP Crtsol
» The remarkable similarities in chemical behavior among the
lanthanides and actinides are easy to understand on the basis of this
sequence.

« All the lanthanides have the same 5s25p®6s? configurations but have
Incomplete 4f subshells. The addition of 4f electrons has almost no
effect on the chemical properties of the lanthanide elements, which
are determined by the outer electrons.

« Similarly, all the actinides have 6s26p®7s? configurations and differ
only in the numbers of their 5f and 6d electrons.

 These irregularities in the binding energies of atomic electrons are
also responsible for the lack of completely full outer shells in the
heavier inert gases.

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 20
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° | N general : the electrons Table 7.5 Electrpn Configurations‘of E!ements from Z=5to Z=10. The p electrons
. . have parallel spins whenever possible, in accord with Hund’s rule.
In a subshell remain

Atomi Spins of
unpalred_that iS, have Element Nu?nnl;gr Configuration Erl)ér::irgnsp
= Boron 5 1 _-22522].1' T
parallel spins-whenever : 22 T
- A I'_[’L"\};L’f'l i 52-\_:2 -\j i
possible (see Table 7.5). ;- : T
Meon 10 1 522522;1"’ T T T

 This principal is called Hund s rule.

 The ferromagnetism of iron, cobalt, and nickle (Z=26, 27, 28) is In
part a consequence of Hund's rule.

» The 3d subshells of their atoms are only partially occupied, and the
electrons in these subshells do not pair off to permit their spin
magnetic moments to cancel out.

« Iniron, for instance, five of the six 3d electrons have parallel spins, so
that each iron atom has a large resultant magnetic moment.

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 21
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 The origin of Hund's rule lies in the mutual repulsion of atomic
electrons.

 Because of this repulsion, the farther apart the electrons in an atom are,
the lower the energy of the atom.

» Electrons in the same subshell with the same spin must have different
m, values and accordingly are described by wave functions whose
spatial distributions are different.

 Electrons with parallel spins are therefore more separated in space
than they would be if they paired off.

« This arrangement, having less energy, is the more stable one.

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 22
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 They arise from transitions to inner shells.

» We learned that the x-ray spectra of targets bombarded by fast
electrons show narrow spikes at wavelengths characteristic of the
target material.

 The line spectrum comes from electronic transitions within atoms that
have been disturbed by the incident electrons.

 The transitions of the outer electrons of an atom usually involve only a
few electronvolts of energy, and even removing an outer electron
requires at most 24.6 eV (for helium) (in or near the visible part).

 The inner electrons of heavier elements are a quite different matter,
because these electrons are not well shielded from the full nuclear

charge by intervening electron shells and so are very tightly bound.

* In sodium, for example, only 5.13 eV is needed to remove the outermost 3s
electron, whereas the corresponding figures for the inner ones are 31 eV for each
2p electron, 63 eV for each 2s electron, and 1041 eV for each 1s electron.

 Transitions that involve the inner electrons in an atom are what give
rise to x-ray line spectra because of the high photon energies involved.

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 23
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Figure 7.20 shows the energy levels

(not to scale) of a heavy atom.
Let us look at what happens when an "
energetic electron strikes the atom and
knocks out one of the K-shell electrons. | s

« An atom with a missing K electron gives up
most of its considerable excitation energy in
the form of an x-ray photon when an electron
from an outer shell drops into the “hole” in
the K shell. Kol g 1 kg

 As indicated in Fig. 7.20, the K series of
lines in the x-ray spectrum of an element
consists of wavelengths arising in transitions
fromthe L, M, N, . .. levels to the K level.

* Itis easy to find an approximate relationship «
between the frequency of the K, x-ray line Figure 7.20 The origin of x-ray spectra.
of an element and its atomic number Z.

Z o

—
-

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 24
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« K, photon is emitted when an L (n = 2) electron undergoes a transition to a vacant K
(n=1) state.

« The L electron experiences a nuclear charge of Ze that is reduced to an effective
charge in the neighborhood of (Z - 1)e by the shielding effect of the remaining K

. Con2d : : :
electron. Thus = m(Z — 1)% (1 1 —cR{Z—l)Q(i—i)

8egh? n n?) 12 22
U = SK:R{Z B 1:'2 (7.21 K, x-rays)
| 4
« The energy of a K, x-ray photon is given in electronvolts in terms of (Z - 1) by the
formula B(K,) = (102 eV)(Z - 1)2 a2

* In the operation of this x-ray spectrometer, a stream of fast electrons is

directed at a sample of unknown composition.

« Some of the electrons knock out inner electrons in the target atoms,
and when outer electrons replace them, x-ray are emitted whose
wavelengths are characteristic of the elements present.

 The identity and relative amounts of the elements in the sample can be

found in this way.

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 25
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7.9 X-Ray Spectra e

Example 7.3
Which element has a K, x-ray line whose wavelength is 0.180 nm?

Solution

The frequency corresponding to a wavelength of 0.180 nm = 1.80 X 107" m is

C 3.00 X 10% m/s 18
A 180X 10 " m

From Eq. (7.21) we have

o [+ \/ (4)(1.67 X 10"® Hz) e
3R (3)(3.00 X 10® m/s)(1.097 X 10" m™ 1)

£Z=127

The element with atomic number 27 is cobalt.
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Auger Effect 7

« An atom with a missing inner electron can also lose excitation energy by the Auger
effect without emitting an x-ray photon.

* In this effect, an outer-shell electron is ejected from the atom at the same time that
another outer-shell electron drops to the incomplete inner shell.

« Thus the ejected electron carries off the atom's excitation energy instead of a photon
doing this (see Fig. 7.21).

* In a sense the Auger effect represents an internal photoelectric effect, although the

photon never actually comes into being within the atom. SN

« The Auger process is competitive with x-ray . \I /-' oo
emission in most atoms, but the resulting TN
electrons are usually absorbed in the target [T
material while the x-rays emerge to be detected. \7_{/ ra

+ Those Auger electrons that do emerge come 1%, e
either from atoms on the surface of the material i ".. :[

- }'ln T atomic b /:
or just below the surface. eleciron N
Figure 7.21 When an electron from an outer shell of an

* Because the energy |€V€|S Of an atom are atom with a missing inner electron drops to fill the
aﬂ:ected by itS participation in a Chemical bond vacant state, the excitation energy can be carried off by
. ) o ' an x-ray photon or by another outer electron. The latter
the energies of Auger electrons provide insight  process s called the Auger effect.
into the chemical environment of the atoms

involved.
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1. (a) How many different sets of quantum numbers (n, I,m, ,m,) are
possible for an electron in the 4f level? (b) Suppose a certain atom
has three electrons in the 4f level. What is the maximum possible
value of the total m, of the three electrons? (c) What is the maximum
possible total m, of three 4f electrons? (d) Suppose an atom has ten
electrons in the 4f level. What is the maximum possible value of the
total m, of the ten 4f electrons? (e) What is the maximum possible
total m, of ten 4f electrons?

D) IF > m=b L=3 > ry= W’%@iﬁ/‘/ % sx2
7 L A /Do 5/[/e._rm ﬂd%ﬂ/]f
6) Three s> 7€s can have stak me=+*Vo. > €5 mJ:fo/:@

p, #2724 B4 14 Y2E]

+4 £ 3es (ow/;dycjb;é’/ﬂ = /,)

(J’) 7enm 65 - }e; can '7m/£ 5/7:)&/775

= FHY) + 3x(~4)- 2]

=t/ Mc="4 s= %
M= =% o= i =
)"’z' +3-7 12 2 ,{_fl ATs= B < Aé-///c- +f ""L"*‘//.L.FE/”(:C\>”&‘-"," ’("L,m;-"/
m)': 4/&. m}.z Ve ; . 2
' ' Q. 2. X = -
JO€s L 1

= J(f/) « 25( f/_/ of 2 #{ H) rza‘fo) ‘s 2x(-1) ~(_/j
15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 28



1ZMIR
KATIP CELEBI
UNIVERSITESI

2. Copper has the electronic configuration [Ar]4st3d1° in its ground
state. By adding a small amount of energy (about 1 eV) to a copper
atom, it is possible to move one of the 3d electrons to the 4s level
and change the configuration to [Ar]4s23d°. By adding still more
energy (about 5 eV), one of the 3d electrons can be moved to the 4p
level so that the configuration becomes [Ar]4st3d%4pt. For each of
these configurations, determine the maximum value of the total m, of
the electrons.

C’/)ﬁer el o ‘“?q/m&?m””“l stte o ff% 4s e condrButes 1o rus : 21,
acklog 10V 3 DH1455A" O 8B Ll hur epicd i
dd/? moe Sevryp LAY 45/34/34/0’@) %fp_" /n my=1t), sTHotes.

O 2 4s - o “sat 14l O.

9 85~ SH(L) £ Yu(4) = oy

(2 - .
O 7 4s e ~71Y, j s @?/Mcfﬂ’//mm

9 3des~smp ) mor34,
- V74
/ /1/) e /\,;f//.//é_
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3. (a) The ionization energy of sodium is 5.14 eV. What is the effective
charge seen by the outer electron? (b) If the 3s electron of a sodium
atom is moved to the 4f state, the measured binding energy is 0.85
eV. What is the effective charge seen by an electron in this state?

ﬁL ‘Zgg'__L. /uép,g & =~l36eV
a e o & '_ 2[-skeV _
)3s , Bya-sheV > Zepp= V,,gic,i /-/360/7‘ -[1-24 |

Na: 1s*2s%2 p63.s , 1+e) in nuckus e -on 4441
10(-¢) /n. cort €5 34 =2y as

So, {ess screaned é? #e imer Es. 3s chern ”Wnéfiz
é)(,’C E--0.85eV 5 &g -4 _—9_8_5_6_\_/_- ianer or

—/3.6eV

s0, Sc,rzm;/g 75 {omp/&&_.
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4. Use Hund’s rules to find the ground-state quantum numbers of
nitrogen.

/S//'/() 3 292
;/ea 15°25°20% | Quondbym. numbes - oy, ms , Growd stHe
2P . 3 o= —/Dlma /)75-:*/4 f‘-’ms=*%é=‘> AT 2l s[)i\uﬁ)doétm/f

n=2 (fokl) —-

f;/{:’\’mf" 0Ad: M@Mm are in Thire e Sfffh"//
R, — { o 1.
(bosal) 2 1 - ’/j
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5. Compute the energy of the K X ray of sodium (Z = 11).

Sedtum, =l ~ E(/g‘):/v,m(z-/)fd 7 R ) 3¢a(&~/"‘ lo.2 N)/z—:f
‘ gezh’ \r R,
~ E(K)=(10.2bev)10” 1£°
)——(/ 02. Ze)v WM /04/«2\/)
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7 Solved Problems

6. Some measured X-ray energies in silver (Z = 47) are AE(K )= 21.990
keV and AE(K,)= 25.145 keV. The binding energy of the K electron
In silver is E,(K)=25.514 keV. From these data, find: (a) the energy
of the L, X ray, and (b) the binding energy of the L electron.

Sllyer (2=47) See. f5s 7, =T 1L &
cet)oamler 870 Tl G eo=7
DECKy )= 25 145 eV Ke %8l Kk Afg’;}f’{"ﬁ&mg%)

ClK)=25.514 kv ) )
6_/—"‘_\/\/\-/ -
) AB(Ky)=EWL)-ElE ~BE()= 25 14S eV

énw(/%_ onsyy AE(K) 250 4 ELK) - 21990 k)= 3.155 &%

it :‘EZ&A = bois — 25.54 N
4 = 2/,990 e P
= -3.524 keV = 5O = & (L) =355 Lol
-SgSL b
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5 Quantum Mechanics

Additional Materials

15 Mav 2018 MSE 228 Enaineerina Ouantum Mechanics © Dr.Cem Ozdogan 34



